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Summary
Candida dubliniensis shares many phenotypic and genetic characteristics with its 

closest relative, Candida albicans, which most likely delayed the identification and subsequent 

classification o f C. dubliniensis as a distinct taxon. Previous population structure analyses o f C. 

dubliniensis were based on DNA fingerprinting using the species-specific probe Cd25, and 

sequence analysis o f  the internal transcribed spacer (ITS) region o f the ribosomal gene cluster. 

These studies showed that C  dubliniensis is comprised o f three major clades (Cd25 groups I -  

III) com prising four distinct ITS genotypes (1-4). M ultilocus sequence typing (M LST) has 

proved useful for investigating the population biology o f C. albicans, identifying many distinct 

clades. In the present study, MLST was used to investigate the population structure o f C. 

dubliniensis for the first time. Combinations o f ten loci previously tested for M LST analysis of 

C. albicans were assessed for their discriminatory ability with epidemiologically unrelated C. 

dubliniensis isolates from diverse geographic locations, including representative isolates o f the 

previously identified three Cd25-deflned major clades and four ITS genotypes. UPGMA 

dendrograms generated using the data from these loci revealed a population structure which 

supports that previously suggested by Cd25 fingerprinting and ITS genotyping, identifying three 

main M LST clades (termed C 1-C 3) comprising four ITS genotypes. Application o f a common 

MLST scheme to C. dubliniensis and C. albicans revealed that the population structure o f C. 

dubliniensis is significantly less divergent than that o f  C. albicans. On the basis o f  the highest 

number o f genotypes per variable base the following eight loci are recommended for MLST 

analysis o f  C. dubliniensis', A A T lb , A C C l, A D P l, PMlb, RPN2, A LAI, exVPSlS, and exZW Flb. 

When 14 avian-excrement-associated C. dubliniensis isolates recovered from two separate 

locations in Ireland, approximately 150 km apart, and 36 C. dubliniensis isolates recovered from 

humans in Ireland were com pared using these recommended loci, all 50 isolates were found to 

belong to M LST clade C l and belonged to ITS genotype 1. However, 13/14 o f  avian- 

excrement-associated isolates were found to be genetically distinct from the human isolates. Six 

new diploid sequence types (DSTs) were identified in 13 o f 14 avian-associated-excrement 

isolates. The remaining isolate was identical to a human isolate, suggesting that transmission 

may occur between humans and birds. In total, the C. dubliniensis MLST scheme has identified 

37 DSTs from the 78 human and avian-associated C. dubliniensis isolates examined to date.

The M LST clade C3 comprises C. dubliniensis isolates recovered exclusively from the 

M iddle East exhibiting high level resistance to 5-fluorocytosine (5FC) (M IC 50 > 128 ng/ml). 

Candida albicans also exhibits clade-specific 5FC resistance, most commonly mediated by an 

A rglO lC ys substitution in the FUR} gene product. The DNA sequences o f the C dFU Rl gene 

and the Ct/FCK2-encoded cytosine permease genes were compared between 5FC-resistant and 

5FC-susceptible C. dubliniensis isolates and revealed no amino acid transitions, indicating that
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m utations in these gen es w ere unliitely to be associated  w ith 5FC resistance. Broth 

m icrodiiution  assays u sing 5-fiuorouracii (5F U ), the tox ic  deam inated form o f  5FC , sh ow ed  that 

both 5FC -resistant and 5F C -su scep tib le C. d u b lin ien sis  iso lates exhib ited  sim ilar 5FU M IC s,  

su ggestin g  that the C. du b lin ien sis  cy tosin e deam inase (F c a lp )  en cod ed  by the C d F C A l gene  

m ay play a role in m ediating C. d u b lin ien sis  c lad e-sp ec ific  5FC resistance. A m ino acid  

seq u en ce analysis o f  F c a lp  identified  a h om ozygou s Ser29L eu substitution in all 12 5FC- 

resistant (MIC50 > 128 n g /m l) isolates investigated , w hich  w as not present in any o f  the nine  

5F C -su scep tib le (MIC50 < 0.25 ng/ml) iso lates exam ined. T etracyclin e-in du cib le exp ression  o f  

the C d F C A l  gen e from a 5F C -su scep tib le C. du b lin ien sis  isolate in tw o  separate 5FC -resistant 

iso lates restored 5FC susceptib ility  (MIC50 < 0.25 ng/ml). H ow ever, tetracycline-inducib le  

exp ression  o f  the C d F C A l  gen e from a 5FC -resistant isolate in a separate 5F C -susceptib le  

iso late did not confer 5FC resistance (MIC50 < 0.25 |ig/m!), dem onstrating that the Ser29L eu  

substitution is recessive . R eal-tim e PCR analysis sh ow ed  no sign ifican t d ifferen ce in C d F C A l  

exp ression  betw een  5F C -susceptib le and 5FC -resistant iso lates either in the presence or absence  

o f  sub-inhibitory concentrations o f  5FC, su ggestin g  that the Ser29L eu substitution in the 

C d F C A l  gen e w as the so le cause o f  clad e-sp ec ific  5FC resistance in C. du blin ien sis.

A  com bination  o f  culture and C. d u b lin ien sis-sp ec ific  PCR w as used to accurately  

determ ine the prevalence o f  C. du b lin ien sis  in a normal healthy population o f  students, an 

im m unocom prom ised  hum an population o f  cystic  fibrosis patients, as w ell as in avian- 

excrem ent-associated  sam ples. The use o f  oral rinse sam pling and culture-based m ethods as the 

so le  m ethod o f  prevalence determ ination resulted in the recovery o f  C. du b lin ien sis  from  the 

oral cav ities o f  2.7%  o f  the norm al healthy population. A sim ilar an alysis carried out u sing oral 

sw ab sam pling  and a com bination  o f  both culture and PC R -based identification  m ethods  

revealed  a three-fold  higher prevalence rate (8.3% ) in the oral cav ities o f  a separate normal 

healthy student population, su ggestin g  that prevalence rates m ay be underestim ated w hen  so le ly  

using culture-based m ethods. In the present study, persistent C, du b lin ien sis  carriage w as  

identified  in the respiratory tracts o f  12% o f  the cystic  fibrosis patients investigated. C a n d id a  

d u b lin ien sis  w as recovered from 3 /134  (2.2% ) o f  av ian -associated -excrem en t sam ples, a m uch  

low er prevalence than previously  reported from the surface o f  Ixodes uriae  ticks liv in g  in 

seabird excrem ent in a previous study.

In con clu sion , the present study is the first to dem onstrate that M L ST  can be used  

effec tiv e ly  to analyse the population structure o f  C. du blin ien sis. The application o f  a com m on  

M LST sch em e to C. du b lin ien sis  and C. a lb ica n s  enabled a com parative population structure 

analysis, w hich  revealed that the population structure o f  C. du b lin ien sis  is sign ifican tly  less 

divergent than that o f  C. a lb ican s . The present study a lso  dem onstrated for the first tim e that the 

primary cau se o f  clade C 3 -sp ecific  5FC resistance o f  C. du b lin ien sis  isolates recovered  in the 

M iddle East is a recessive  Ser29L eu substitution in F ca lp .



'“■1 ■- 
I - ''.

: i :  ̂ ■>,5 : % f , ' ^ -  * > :

i  f .  „ - W - . V ' " ' f t . ' > ' ‘  t i .  ,
^ T r ’ ' ' V ' " 4 , .- ^  "*• r  f ".1 '

; . v ' ^ r ; " '  .

'7 t -
l i 'J ' "  ' f t  v ^ ;  - -  ( - > i

j , + ^ .  ■‘ - ' > 1 . ;  . V  • - *  •■’  I*

r r ' V ' .  ■ " "

’ '' '  . i '  ^ ' . * V  ■ ‘ " ' ^ '  i i ; . '  ' '

7 f  ;7rt-:{ii y. , i P
i *  " 5^ -  * 1 1 . " ^ N f * - ,  -f t  • [ • •

■ J  - >  • ' j y ;

; J : >. - S f t  ‘  ^  » , .  ■■)

, - v .  , - v r ' - -^7 T^'V .,;; I T''̂ . *jV‘, = '-Ir.. " ' i  -■

•_'i • ; ' = " T f w k v ,  s i ^ ' W ’ .

■ -V-

SisisaM*
l i ^ * ’ *' ' ‘ '■■^ ' ’ •

' : ' l -  ■ -S ' -  i *•- , • /  T r fC  -  . " i ; , . - , • : ^ - ,  r

i  I ■ ' ■TTf*̂ ! " ^ 1-- •
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Chapter 1 

General Introduction



1.1. Candida and Candida infection

In recent decades, fungi have emerged as one o f the major causes of human 

disease, especially amongst the immunocompromised population who particularly 

susceptible to infection (Wisplinghoff et a l, 2003a, 2003b, 2004; Pfaller & Diekema, 

2007; Warnock, 2007). The majority of these mycotic infections are associated with 

Candida, Aspergillus, and Cryptococcus species. Data from the National Nosocomial 

Infection Survey (NNIS) found that Candida species are the fourth most common cause 

of hospital-acquired bloodstream infection in the USA (Wisplinghoff et al., 2003a; 

Wisplinghoff et al., 2003b; Wisplinghoff et al., 2004), predominantly caused by 

Candida albicans and Candida glabrata.

Candida species normally colonise the human epidermis or mucosae as 

harmless commensal organisms, but are opportunistic pathogens that cause infections 

when host immunity is compromised. There are many risk factors that predispose 

individuals to invasive Candida infections. The use of broad-spectrum antibiotics 

inhibits bacterial growth but permits fungal colonisation -  the first step of an invasive 

fungal infection. Disruption of skin barriers with indwelling medical devices (such as 

catheters and central venous lines), surgical procedures, the use of prosthetic devices 

(such as dentures), and burns all provide opportunities for Candida species to cause 

infection. Immunosuppressive medical treatments, such as the use of corticosteroids and 

immunosuppressive drugs in the treatment of autoimmune diseases and organ 

transplantation, and chemotherapy and radiation therapy in the treatment of 

malignancies also predispose patients to Candida infection. Diabetes and cystic fibrosis 

patients and HIV-infected individuals are also predisposed. Candida species are one of 

the most frequent causes of fungal diseases in humans, most commonly resulting in 

superficial infections such as vulvovaginal and oropharyngeal candidiasis, although 

more invasive forms of infection such as candiduria, peritonitis, and endocarditis are 

also very common.

Candida albicans is the most frequent cause of candidiasis, and is the most 

pathogenic. However, candidiasis can also be caused by species such as Candida 

parapsilosis, C. glabrata, Candida tropicalis, Candida krusei, and Candida dubliniensis 

(Powderly, 1992; Hazen, 1995). Candida infection by species other than C. albicans is 

being encountered more frequently than in previous decades. Emerging and inherent
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resistance to prophylactic and therapeutic antifungal drugs amongst Candida species 

other than C. albicans is a major contributing factor. Candida krusei is intrinsically 

resistant to fluconazole. Fluconazole-resistance has also been encountered in C. 

albicans, C. dubliniensis, and C. glabrata  in clinical settings (Moran et a l ,  1998; 

Ghannoum & Rice, 1999). Increases in life expectancy may also play a role in a higher 

frequency o f infection caused by Candida species other than C. albicans. For example, 

C. glabrata  is often associated with infection in the older and more debilitated 

population (Lockhart et a l ,  1999; Warnock, 2007). In contrast, C. parapsilosis has been 

noted as a frequent cause o f candidaemia in paediatric patients and neonates 

(Pasqualotto et al., 2005). Nosocomial Candida infection is also common. Candida 

parapsilosis has been reported to be often found on the hands o f healthcare workers in 

European and Latin American countries (Pfaller & Diekema, 2004; Colombo et al., 

2006), and is also known to adhere well to materials o f  indwelling medical devices such 

as intravascular lines (Weems, 1992).
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1.2. Emergence of a novel species; Candida dubliniensis

Prior to the development of molecular-based techniques, fungal taxonomy 

relied heavily on phenotypic and morphological characteristics, which proved 

problematic due to the variability of certain phenotypic characteristics within Candida 

species. A number of studies published in the early 1990’s reported the recovery of 

atypical C  albicans isolates from HIV-infected and AIDS patients. The isolates in 

question produced germ-tubes and chlamydospores, which were previously considered 

to be morphological characteristics that were unique to C. albicans.

A study from Dublin in 1993 (Sullivan et a i, 1993) examined eight putative C. 

albicans isolates that were recovered from HIV-infected and AIDS patients. These 

isolates produced germ-tubes and chlamydospores, but yielded unusual profile codes 

with the API ID32C and API 20C AUX yeast identification systems, preventing the 

definitive identification of these isolates. These eight isolates were thus referred to as 

“atypical isolates”. The same study used oligonucleotide fingerprinting, random 

amplification of polymorphic DNA (RAPD) analysis and DNA fingerprint analysis 

using the C. albicans-spQCiTic complex probe 27A to examine the eight atypical isolates, 

and found that the atypical isolates yielded RAPD fingerprints that were clearly distinct 

from the RAPD fingerprints of the typical C. albicans isolates. Furthermore, the study 

found that the atypical isolates hybridised weakly to the C. albicans complex DNA 

fingerprinting probe 27A (Sullivan et a l,  1993).

Sullivan et al. (1993) also included the former reference type strain (NCPF 

3108) for the former species Candida stellatoidea in this study. Candida stellatoidea 

was previously thought to be a distinct species that was closely related to C. albicans. 

Isolates of C. stellatoidea could be divided into two genetically distinct types, I and II, 

which did not metabolise sucrose in contrast to typical isolates of C. albicans. Candida 

stellatoidea type I isolates differed substantially from C. stellatoidea type II and typical 

C. albicans isolates on the basis o f several genetic characteristics (Kwon-Chung et al., 

1989), whereas the genetic differences between isolates of C. stellatoidea type II and C. 

albicans were less distinctive. Candida stellatoidea type I isolates are now classified as 

a true subgroup of C. albicans, and type II isolates are now classified as a sucrose- 

negative variant of C. albicans (Kwon-Chung et a l,  1989). The atypical isolates 

described by Sullivan et al. (1993) were observed to be more similar to type I than type

4



II isolates o f C. stellatoidea, and therefore the investigators hypothesised that the 

atypical isolates might be sucrose-positive variants o f C. stellatoidea type I (Sullivan et 

al., 1993).

A research group in Australia (McCullough et al., 1995a, 1995b) examined 18 

similarly atypical C. albicans isolates that failed to hybridise with the C. albicans- 

specific DNA fingerprinting probe 27A. Using RAPD analysis these atypical isolates 

also generated different sized amplimers to those of typical C. albicans isolates using C. 

a/6/cam-specific primers. Another study (Boerlin et a l,  1995) examined 13 unusual C. 

albicans isolates that had been recovered from HIV-positive intravenous drug users in 

Switzerland. All of these isolates were (3-glucosidase negative. The group used 

multilocus enzyme electrophoresis (MLEE) to examine 16 enz>'me loci, and DNA 

fingerprinting using the C. albicans-spQcific complex fingerprinting probe Ca3, in order 

to carry out a population-genetics study. The analysis found that the phenotypically 

atypical isolates could be distinguished from most phenotypically typical C. albicans 

isolates using the MLEE method, and that only faint bands were produced by the 

atypical isolates following Southern blotting and hybridisation to the C. albicans 

species-specific Ca3 probe.

A further study from Dublin undertook a detailed comparative investigation of 

the atypical C. albicans isolates (Sullivan et al., 1995). Phenotypic characterisation 

based on growth temperatures, carbohydrate assimilation profiles, germ-tube and 

chlamydospore production, as well as genotypic characterisation using DNA 

fingerprinting analysis with the C. albicans-s^QC\f\c complex DNA probe 27A, RAPD 

analysis, and karyotype analysis were undertaken. Many differences were reported 

between atypical isolates and typical isolates of both C. albicans and C. stellatoidea. 

The authors suggested the presence of another taxon composed of the atypical isolates. 

This was further confirmed by nucleotide sequence analysis of the V3 variable region of 

the large subunit ribosomal RNA gene from atypical isolates and typical isolates of C. 

albicans, as well as a reference C. stellatoidea isolate, NCPF 3108. Phylogenetic 

analysis classed the atypical isolates as a separate taxon which was named C. 

dubliniensis (Sullivan et a l, 1995).

Since its recognition as a species distinct from C. albicans, a widespread 

geographical distribution for C. dubliniensis has been reported (Pujol et a l, 1997; 

Schoofs et a l,  1997; Sullivan et a l,  1997; Odds et a l,  1998; Pinjon et a l,  1998; Salkin 

et a l,  1998; Jabra-Rizk et a l,  1999; Polacheck et a l,  2000; Ponton el a l, 2000;
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Redding et a l,  2001; Gee et a l, 2002; Blignaut et a l,  2003; Fotedar & Al-Hedaithy, 

2003; Montour et a l,  2003; Ahmad et a l, 2004; Bujdakova et a l,  2004; Al Mosaid et 

a l,  2005; Melkusova et a l, 2005; Brito Gamboa et a l,  2006 Asmundsdottir et a l, 

2008; Alvarez et a l, 2009). Retrospective identification studies have reported that at 

least 1.2% of isolates recovered in a clinical setting that were previously identified as C. 

albicans were in fact C. dubliniensis (Coleman et a l, 1997b; Odds et a l,  1998; Jabra- 

Rizk et a l, 2000). Recently the recovery of C. dubliniensis from non-human sources 

was reported for the first time (Nunn et a l, 2007).

1.2.1. Phenotypic properties of C. dubliniensis

The phenotypic similarities, such as germ-tube and chlamydospore production, 

of both C. dubliniensis and C. albicans are the most probable reasons for the late 

identification o f C  dubliniensis as a separate species. However, since its classification 

as a distinct species in 1995, a number o f phenotype-based methods have been 

described in order to distinguish C. dubliniensis from C. albicans, with varying degrees 

o f success.

1.2.1.1. Production o f  germ-tubes and chlamydospores

The ability to produce germ-tubes in serum was previously considered a 

phenotypic characteristic of C. albicans. However, C. dubliniensis also has this ability, 

although C. dubliniensis is unable to produce germ-tubes following incubation in 

medium containing jV-acetylglucosamine, whereas C. albicans can (Gilfillan et a l, 

1998).

The production of chlamydospores on Rice Agar Tween medium (RAT agar) 

or cornmeal agar is another characteristic shared by C. albicans and C. dubliniensis. 

Chlamydospores are spore-like structures that are typically produced at the termini of 

pseudohyphae, via a single suspensor cell. On RAT agar the chlamydospores produced 

by C. albicans usually occur singly, with one chlamydospore attached terminally to 

pseudohypha via a suspensor cell, whereas C. dubliniensis produces chlamydospores 

that are frequently arranged in pairs, triples, or in multiples attached to a terminal 

suspensor cell (Sullivan et a l,  1995; Coleman et a l, 1997b) on RAT agar. This 

characteristic does not hold true for all C. dubliniensis isolates however, as has been 

demonstrated by a number of laboratories (Schoofs et a l,  1997; Kirkpatrick et a l,  

1998).
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1.2.1.2. Growth at elevated temperatures

Early comparative analyses o f C. albicans and C. dubliniensis revealed that 

isolates o f C  albicans exhibit good growth at 42°C, whereas isolates o f C. dubliniensis 

do not (Sullivan et a l ,  1995). However, C. dubliniensis isolates that were able to grow 

at this temperature were later reported. A further study revealed that C. dubliniensis was 

unable to grow at 45“C, whereas 99% o f C. albicans isolates demonstrated growth at 

this elevated temperature (Pinjon et a l ,  1998). No isolate o f C. dubliniensis to date has 

been shown to have the ability to grow at this increased temperature. However, some 

isolates o f C  albicans cannot grow at this temperature (Kirkpatrick et al., 1998; Pinjon 

et al., 1998), which suggests that this is not a 100% accurate method o f distinguishing 

between the two species.

1.2.1.3. Colony colour on CHROMagar Candida™ medium

On chromogenic medium such as CHROMagar Candida^^ agar, C. albicans 

colonies are typically pale green/blue and moderately sized following incubation at 

37“C for 48 h. The colonies formed by C. dubliniensis on this agar are typically darker 

green/blue in comparison to C. albicans and are much smaller in size. However this 

characteristic is not absolute and intra-species variation does occur. The typical colony 

colour o f C. dubliniensis on CHROMagar Candida^*^ medium (CHROMagar, Paris, 

France) may be lost after subculture or prolonged storage o f isolates, and colonies may 

appear a slightly paler shade o f green, making them more difficult to distinguish from 

those o f C. albicans (Schoofs et a l ,  1997).

1.2.1.4. Carbohydrate assimilation profiles

The analysis o f carbohydrate assimilation profiles offered by commercial yeast 

identification kits is one method for distinguishing the closely related species C. 

albicans and C. dubliniensis from each other. One such kit is the API ID32C system 

(bioMerieux, Paris, France) which consists o f a strip o f 29 different carbon sources. 

Candida albicans and C. dubliniensis differ in their abilities to assimilate four o f these 

carbon sources during incubation for 48 h at 37“C. When the kit is used according to the 

manufacturer’s instructions, C  albicans assimilates lactate, xylose, trehalose and 

methyl-a-D-glucopyranoside, none o f which are assimilated by C. dubliniensis (Pincus 

e t a l ,  1999).
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1.2.2. Genotypic properties of C. dubliniensis

The species that subsequently became known as C. dubliniensis was originally 

observed as atypical germ-tube-positive and chlamydospore-positive isolates o f  C. 

albicans that yielded unusual fingerprint patterns on hybridisation with olignucleotide 

probes that hybridised to eukaryotic microsatellite repeat sequences. These fingerprint 

patterns were distinct fi-om those o f other isolates o f both C. albicans and C. 

stellatoidea (Coleman et a l ,  1993; Sullivan et a l ,  1993). Restriction endonuclease- 

digested DNA from these isolates also showed weak hybridisation to the complex DNA 

fingerprinting probe 27A, and yielded distinct profiles with RAPD analysis (Coleman et 

al., 1993; Sullivan et al., 1993). Distinct hybridisation patterns were also observed 

between atypical and typical C. albicans isolates using a different C. albicans-s\)Qc\T\c 

complex DNA fingerprinting probe Ca3. Typical and atypical isolates could also be 

separated into two distinct groups according to MLEE (Boerlin et al., 1995; Pujol et al., 

1997).

Comparative sequence analysis o f the V3 variable region o f  the large 

ribosomal subunit genes and the A C Tl gene encoding actin identified substantial 

nucleotide sequence divergence between C. albicans and C. dubliniensis (Sullivan et 

a l ,  1995; Donnelly et al., 1999). This sequence divergence enabled the design o f 

species-specific primers that specifically amplified the ^C H -associa ted  intron o f C. 

dubliniensis, enabling rapid and definitive identification o f the species in as little as 4 h 

using the polymerase chain reaction (PCR).

Since the classification o f  C. dubliniensis as a distinct species, a species- 

specific complex DNA fingerprinting probe, known as Cd25, has been developed for 

DNA fingerprint analyses o f C. dubliniensis (Joly et a l ,  1999). This probe is based on 

semi-repetitive genetic elements that are dispersed throughout the C. dubliniensis 

genome. Following restriction endonuclease digestion o f C. dubliniensis DNA, the 

probe is hybridised to the resulting digestion bands that display nucleotide sequence 

identity to the Cd25 probe, resulting in a Cd25-fingerprint pattern that may be compared 

amongst different isolates in order to assess genetic relatedness, as discussed further in 

Section 1.4.5.

The Wellcome Trust Sanger Institute Pathogen Genomics group has 

undertaken a C. dubliniensis genome sequencing project which is now complete 

(http://www.sanger.ac.uk/sequencing/Candid^i/dubliniensis/) . The isolate sequenced was
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the C  dubliniensis type strain CD36, as this is the isolate that has been studied the most 

intensively to date. Whole genome shotgun sequencing of the type strain has identified 

5,758 genes amongst a total of 13 chromosomes. The entire C. dubliniensis genome is 

14.6 Mb whereas the C. albicans genome is 14.3 Mb. However, 98.1% of putative 

genes in C. dubliniensis display nucleotide sequence composition and positional 

similarity with those of C. albicans.

1.2.3. Virulence of C. dubliniensis

Despite the close phylogenetic relationship and phenotypic similarities between 

the two species, C. albicans is significantly more pathogenic than C. dubliniensis. 

Candida dubliniensis is rarely recovered from normal healthy individuals (Coleman et 

al., 1997b; Ponton et a l, 2000; Montour et al., 2003), and is more commonly associated 

with immunocompromised individuals, such as those undergoing organ transplantation, 

treatment for malignancies, or those who are infected with HIV or have AIDS (Moran et 

al., 1997; Sullivan et al., 1997; Sebti et al., 2001). A recent study by Magee et al. 

(2008) compared the karyotypes of C. albicans and C. dubliniensis using several 

genomic techniques and concluded that, while the organisation o f chromosomes was 

very similar in both species, the genomic organisation and frequency of translocation 

differed between the two species. Distinct karyotypes were identified for each C. 

dubliniensis isolate examined in the study, in contrast to C. albicans for which half of 

the isolates had a standard karyotype (Magee et al., 2008). The authors suggested that 

the higher frequency of genomic reorganisation in C. dubliniensis may contribute to a 

lower genomic stability than that of C. albicans, possibly contributing to the lesser 

virulence of the former species (Magee et al., 2008).

A number of studies have undertaken comparative analyses of the virulence 

factors of both C. albicans and C. dubliniensis, examining the kinetics of hypha 

production (Gilfillan et a l, 1998; Stokes et a l, 2007), phenotypic switching (Hannula et 

a l, 2000), as well as comparing the genes that encode virulence factors such as 

phospholipases, proteinases and adhesins in both species (McCullough et al., 1995b; 

Moran et al., 2004; Hoyer et al., 2001).

One of the most important virulence factors for any microbial species is its 

ability to adhere to and colonise the mucosae of the host. A number of research groups 

have carried out studies comparing the adherence of C. albicans and C. dubliniensis to 

human buccal epithelial cells (BECs) with inconsistent results. Some studies have
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claimed that C. dubliniensis is more adherent (Gilfillan el a l,  1998; McCullough et al., 

1995b; Jabra-Rizk et al., 2001), while other studies have claimed that the opposite is 

true (Vidotto et a l, 2003). Candida dubliniensis has been shown to be more adherent 

than C. albicans in the presence of the antifungal agent fluconazole, which may explain 

the increased prevalence of C  dubliniensis in patients who receive prophylactic 

treatment with this antifungal drug (Borg-von Zepelin et al., 2002). Homologues of the 

C. albicans agglutinin-like sequence (ALS) proteins have been identified in C. 

dubliniensis. However, the nucleotide sequences of this gene family display substantial 

divergence in both species (Hoyer et a l,  2001).

A number of previous studies have revealed that C  dubliniensis isolates have 

lower filamentation rates in comparison to C. albicans isolates in vitro, in reconstituted 

human epithelial (RHE) models, and in murine infection models (Gilfillan et a l, 1998; 

Stokes et a l,  2007), while C. albicans switches to its filamentous form and increases 

production of proteinases and adhesins, C. dubliniensis remains in the yeast form 

(Gilfillan et a l, 1998; Vilela et a l,  2002; Stokes et a l ,  2007). Secreted aspartyl 

proteinases (Saps) are believed to be another important virulence factor for Candida 

species, and homologues o f seven of the ten C. albicans SAP genes have been identified 

in C. dubliniensis by Southern hybridisation (Gilfillan et a l,  1998). Comparative 

genomic hybridisation analysis identified the absence of the SAPS gene in C. 

dubliniensis and identified only one gene possessing nucleotide sequence similarity to 

the SAP4, 5 and 6 genes. This absence has been confirmed by the annotation of the C. 

dubliniensis genome which is now complete. The absence of these SAP genes may 

possibly account for the lower virulence of the species in comparison to C. albicans 

(Moran et a l, 2004).

Many previous comparative studies have indicated that C  dubliniensis is less 

tolerant of environmental stresses such as elevated temperatures, high salt 

concentrations and oxidative stress than C. albicans (Pinjon et a l, 1998; Alves et a l, 

2002; Vilela et a l,  2002). Recent comparative genomic studies have highlighted that 

4.4% of C. albicans gene sequences (representing 247 genes) are significantly divergent 

or absent in C. dubliniensis (Moran et a l,  2004). More recent investigation using 

genome-wide gene expression profiling has revealed that C. albicans and C  

dubliniensis display similar core transcriptional responses to environmental stresses. 

However, differences in the expression of the ENA21/ENA22 genes were noted between 

the two species in response to osmotic stress (Enjalbert et a l, 2009). These genes were
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strongly induced in C. albicans but were not in C. dubliniensis. The authors suggested 

that insufficient expression o f the Ena21/22 sodium ion efflux pump in C. dubliniensis 

may contribute to the increased salt sensitivity o f the species (Enjalbert et al., 2009).

1.3. Identification of C  dubliniensis from clinical specimens

In order for the true prevalence o f C, dubliniensis to be determined, the 

development o f  accurate and reliable identification methods is required, with particular 

regard to the differentiation o f C. dubliniensis from the closely related C. albicans. 

Previously culture- and phenotype-based methods have been used for this purpose. 

However, intra-species variation and unreliability have hampered such prevalence 

studies, most likely underestimating the true prevalence o f  C. dubliniensis. However, 

over the last decade, a number o f PCR-based methods as well as a highly accurate 

culture-based method have been developed which have improved the ease with which 

the two species may be differentiated, thus enabling more accurate C. dubliniensis 

prevalence studies to be carried out.

1.3.1. Phenotype-bascd methods for clinical identirication of C. dubliniensis in 

clinical specimens

1.3.1.1. Production o f  germ-tubes and chlamydospores

Prior to the first description o f C. dubliniensis as a distinct species in 1995, the 

formation o f germ-tubes and chlamydospores was used in the definitive identification of 

C  albicans. However, C. dubliniensis also produces these structures. A number of 

differential agars have been developed in recent years in an attempt to distinguish C. 

dubliniensis from C  albicans, and are based on the production o f a hyphal fringe by 

colonies o f C. dubliniensis, and the absence o f such structures surrounding colonies of 

C. albicans following specific periods o f  incubation.

Staib agar (Staib & Morschhauser, 1999) is based on an aqueous extract o f 

Guizotia abyssinica seed (nigel seed or blackseed) and is commonly known as 

“birdseed agar” . Candida dubliniensis was observed to produce a hyphal fringe 

composed o f hyphae, pseudohyphae and chlamydospores on this agar, in contrast to C. 

albicans which grew as smooth shiny colonies composed o f  yeast cells, following 48 h 

o f incubation at 30°C. This finding was supported by another study (Al Mosaid et a l ,  

2001) which demonstrated that 97.7% of 130 tested C. dubliniensis isolates formed
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colonies with surrounding hyphal fringes on this agar, and that all o f 166 tested C. 

albicans isolates grew as smooth shiny colonies composed o f yeast cells (Fig. 1.1 A).

Pal’s agar was also examined for the differentiation o f the two species (A1 

Mosaid et a l ,  2003). This medium contains an aqueous extract o f Helianthus annus 

(sunflower) seeds (including kernel and shells) and differentiates the two species on the 

basis o f the production o f a hyphal fringe by C. dubliniensis after 48 h of incubation at 

30°C. This hyphal fringe consists o f  abundant hyphae, pseudohyphae, and 

chlamydospores. All 128 tested C. dubliniensis isolates produced a hyphal fringe on this 

agar, in contrast to all 124 tested C. albicans isolates, which grew as smooth colonies 

composed o f yeast cells (Fig. 1.1B).

Mosca et al. (2003) demonstrated that the milk-based Casein agar can be used 

to distinguish C. albicans from C. dubliniensis isolates according to the production of 

chlamydospores following 48 h incubation at 24°C. All C. dubliniensis isolates 

produced chlamydospores on this medium, in contrast to C. albicans o f which only 

9/120 isolates produced chlamydospores.

Khan et al. (2004) investigated the efficacy o f tobacco (Nicotiana) agar for the 

differentiation o f C. dubliniensis from C. albicans. This agar was based on an aqueous 

extract o f tobacco from commercially available cigarette brands and offered high levels 

o f  discrimination between the two closely related species with 100% accuracy (Khan et 

al., 2004). Using this medium, isolates o f C. albicans formed smooth white-creamy 

colonies that lacked a hyphal fringe or chlamydospores, in contrast to isolates C. 

dubliniensis, which formed rough yellow-brown colonies with surrounding hyphal 

fringes consisting o f hyphae, pseudohyphae and chlamydospores following 48-72 h 

incubation at 30°C (Fig. I . IC)  (Khan et al., 2004).

Recently, two studies used CHROM agar C andida '^  medium supplemented 

with Pal’s agar to discriminate between different Candida species on the basis o f colony 

colour, as well as between isolates o f C. dubliniensis and C. albicans on the basis of 

hyphal-fringe production by the former species (Sahand et al., 2005; Raut & Varaiya, 

2009). Both studies demonstrated that the majority o f tested C  dubliniensis isolates 

grew as rough blue/green colonies with surrounding hyphal fringes, in contrast to the C. 

albicans isolates, all o f which were light green and smooth, and did not produce hyphal 

fringes.
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Figure 1.1. DifTerentiation of C. dubliniensis and C  albicans on Staib, Pal’s and 

tobacco agar.

Colonies formed by C  dubliniensis are surrounded by a hyphal fringe composed of 

hyphae, pseudohyphae and chlamydospores on Staib agar (panel A) Pal’s agar (panel B) 

and tobacco agar (panel C), in contrast to C. albicans colonies which are smooth and 

shiny on each agar following 48 h incubation at 30°C.





1.3.1.2. Growth at elevated temperatures

The inability o f C. dubliniensis to grow at 42°C was originally thought to be a 

useful method o f differentiating between isolates o f C. dubliniensis and C. albicans, as 

isolates o f C. albicans grow well at this temperature in contrast to C. dubliniensis 

(Sullivan el a i ,  1995). However, isolates o f C. dubliniensis that were able to grow 

poorly or well at this temperature were later reported (Coleman et a l ,  1997a, 1997b; 

Sullivan et a i ,  1997; Pinjon et a l ,  1998; Sullivan & Coleman, 1998), and further 

studies suggested that inability or ability o f isolates to grow at 45°C offered a higher 

level o f discrimination (Pinjon et al., 1998). No isolate o f C. dubliniensis has 

demonstrated an ability to grow at this increased temperature to date, whereas the 

majority o f C. albicans isolates are able to grow at this temperature. However, some 

isolates o f C. albicans have also demonstrated an inability to grow at 45°C, (Kirkpatrick 

et a l ,  1998; Pinjon et a i ,  1998), which suggests that although this method is a simple 

and inexpensive method o f differentiation, it is not 100% reliable.

1.3.1.3. Colony colour on CHROMagar Candida^^^medium

The most commonly used medium for the presumptive identification o f 

medically important Candida species is CHROMagar Candida™  medium (Odds & 

Bernaerts, 1994). Different Candida species can be putatively identified according to 

colony colours formed on this medium that are typical o f individual Candida species. 

Candida albicans forms large green to blue/green colonies. Candida tropicalis grows as 

colonies that are blue/gray in the centre and surrounded by a dark brown/purple halo in 

the agar surrounding the colony. Candida krusei grows as pale, flat, papillate colonies 

with spreading edges. Candida glabrata grows as dark pink colonies that are paler in 

colour around the edges o f the colony, while C. parapsilosis grows as white-pale pink 

colonies (Odds & Bernaerts, 1994). Candida dubliniensis grows as green/blue colonies 

that are typically darker in colour and smaller than those formed by C  albicans. 

However, paler green colonies can also be formed by C. dubliniensis on this agar. 

Although CHROMagar Candida™ medium is highly useful for the presumptive 

identification o f a several medically important Candida species, it is not reliable enough 

for the definitive differentiation o f C. albicans and C. dubliniensis.
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1.3.1.4. Carbohydrate assimilation profiles

A comprehensive study was undertaken by Pincus et al. (1999) in order to 

determine the usefulness o f commercial yeast identification systems for the 

identification o f C. dubliniensis. These identification systems rely on the differential 

assimilation o f a range o f substrates by different species. Individual species have 

distinct assimilation patterns that give rise to a numerical code or profile, from which a 

species is identified from a corresponding database. Pincus et al. (1999) examined the 

API 20C AUX, API ID32C, VITEK YBC, VITEK 2 ID-YST (bioMerieux) and the 

RapID Yeast Plus (Remel Inc., Lenexa, KS, USA) yeast identification systems. The 

percentage o f isolates capable o f assimilating each substrate was compared for both C  

albicans and C. dubliniensis. Any substrate that showed > 50% difference in reactivity 

was considered useful in species differentiation. The study found that following 48 h 

incubation according to the manufacturer’s instructions, the assimilation o f four 

substrates in the API 20C AUX system [glycerol (GLY), D-xylose (XYL), methyl-a-D- 

glucopyranoside (MDG) and D-trehalose (TRE)] could distinguish the two species, as 

could four substrates [XYL, MDG, TRE, and lactate (LAT)] in the API ID32C system, 

as well as four substrates [TRE, MDG, LAT, and 4-methylumbelliferyl phosphate 

(MUP)] in the VITEK 2 ID system. Only two substrates [MUP and a-D- 

glucopyranoside] enabled the differentiation o f the two species using the RapID Yeast 

Plus system. The VITEK YBC kit showed differential assimilation o f three substrates 

[TRE, XYL and GLY] after 24 h incubation, and o f only one substrate [XYL] after 48 h 

(Pincus et a l ,  1999). This study reported that o f all the systems analysed, the API 

ID32C system yielded the most consistent results with C. dubliniensis. However, only 

four different profile numbers were obtained with the 80 isolates tested. Prior to the 

identification o f C. dubliniensis as a separate species, the API ID32C codes obtained for 

such isolates were not present in the API ID32C database, resulting in low identification 

scores for Candida sake or C. stellatoidea or no identification (Sullivan et al., 1993; 

Boerlin et al., 1995; Sullivan et al., 1995, 1997; Coleman et al., 1997a; Pujol et a l ,  

1997). However, the database has since been updated so that several C. dubliniensis- 

specific API ID32C codes are now included.

1.3.2. Identification of C. dubliniensis using PCR-based methods

Due to the many phenotypic characteristics shared between C. albicans and C. 

dubliniensis, definitive identification o f each species is difficult based on phenotype-
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based methods alone. Although Pal’s agar and tobacco agar offer high levels of 

discrimination (A1 Mosaid et a l ,  2003; Khan et a l ,  2004), the most reliable and 

definitive methods o f identification are molecular based methods such as PCR. The 

genome sequences o f C. albicans and C. dubliniensis display approximately 90% 

nucleotide sequence identity (Moran et a l ,  2004), presenting sufficient nucleotide 

sequence divergence to enable the use o f PCR-based techniques, which are easy to 

perform, rapid, specific, and are highly reproducible.

Elie et al. (1998) developed a method enabling the differentiation o f five 

clinically relevant Candida species using PCR amplification o f  the internal transcribed 

spacer 2 (1TS2) region o f the rRNA locus, followed by enzymatic immunoassay. The 

method enabled identit'ication o f C. dubliniensis from template DNA in 7 h, thus 

providing a more rapid means o f  identification than phenotype-based methods.

Park et al. (2000) also used the ITS2 region o f  reference Candida strains to 

develop molecular beacon probes enabling a rapid and definitive means o f C. 

dubliniensis identification. These molecular beacon probes are small single-stranded, 

nucleic-acid-hairpin probes with a high specificity that fluoresce highly on binding 

target DNA, due to the presence o f fluorophores and quenchers that are covalently 

linked to each end o f the probe. The study identified C. dubliniensis isolates with 100% 

accuracy and reduced identification times to 6 h approximately.

Examination o f the A C T l exon and intron sequences in ten epidemiologically 

unrelated C. dubliniensis isolates as well as a number o f other yeast species revealed 

sufficient nucleotide sequence divergence o f the A C T l intron between different species, 

and little intraspecies variation in this region amongst the C. dubliniensis isolates tested 

(Donnelly et al., 1999). Primers were designed that amplified a 288-bp product from the 

A C T l intron o f C. dubliniensis template DNA specifically, offering a rapid and 

definitive method o f  discrimination between C. albicans and C. dubliniensis that could 

be achieved in as little as 4 h (Donnelly et al., 1999).

1.4. Molecular typing of Candida species

Molecular typing systems have proved very useful in the epidemiological and 

population structure analyses o f microbial pathogens. The study o f  microbial population 

structures facilitates the understanding o f the dynamics o f infectious organisms in 

human populations, the complex relationships between commensal and infectious
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organisms, the origins of infection, the emergence of drug resistance in populations, and 

the genetic relatedness of isolates in the same species (Soil, 2000). To provide such 

information about pathogenic microorganisms, molecular typing systems should be:

• Effective at discriminating between isolates of the same species that are highly 

related but are non-identical.

• Able to recognise the same strain among different isolates and to generate 

reproducible data.

• Resistant to high-frequency genome reorganisation and evolutionary pressure so 

that genetic differences are relatively stable over time and mutate with a medium 

frequency, thus reflecting evolutionary change only.

• Able to determine the genetic distance between isolates that are more closely 

related and those that are less so.

• Amenable to computer-based analysis to enable data normalisation, analysis and 

storage.

1.4.1. Multilocus enzyme electrophoresis (MLEE)

This has been used as a powerful method for assessing genetic diversity, 

population structures and epidemiological analyses of microorganisms, and has been 

used for such studies of several yeast species including C  albicans (Caugant & 

Sandven, 1993; Pujol et a l ,  1993; Boerlin et a l ,  1995). This technique is based on 

single nucleotide polymorphisms (SNPs) that give rise to amino acid substitutions in 

approximately ten house-keeping enzymes. Amino acid changes lead to alterations in 

the charge and mobility of the encoded protein, which is detected following starch-gel 

electrophoresis or polyacrylamide-gel electrophoresis of cell extracts and visualised 

with enzyme-specific stains. Each isolate generates a staining profile that is used in 

computer based analysis and population structure studies. This method is time 

consuming, requiring the analysis of approximately ten enzymatic loci. Furthermore, 

MLEE is based on the indirect analysis of genotypes. It will not detect SNPs that do not 

result in amino acid substitutions or changes that do not affect the charge or mobility of 

the encoded protein (Caugant & Sandven, 1993; Soli, 2000; Gil-Lamaignere et a i ,  

2003).
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1.4.2. Restriction fragment length polymorphism (RFLP) analysis

This technique was one o f the first DNA fingerprinting methods to prove 

useful in assessment o f genetic relatedness amongst fungal species. It relies on the 

variable patterns generated by restriction endonuclease digestion o f  chromosomal DNA 

following agarose gel electrophoresis. These patterns can vary amongst isolates due to 

SNPs in restriction sites, acquisition/deletion o f restriction endonuclease sites, or 

insertions/deletions o f DNA sequence between restriction endonuclease sites. These 

fragments can be visualised directly by staining with ethidium bromide. This method is 

rapid, simple and inexpensive. Alternatively, the digested chromosomal DNA can be 

transferred to a membrane by capillary blotting and probed with species-specific DNA 

sequence probes by Southern hybridisation (discussed further in Section 1.4.5).

The method has been applied to many Candida species such as C. albicans 

(Bart-Delabesse et a l ,  1993), C. parapsilosis (Branchini et a l ,  1994), C. tropicalis 

(Doebbeling et al., 1991, 1993) and C. rugosa  (Dib et al., 1996). Sullivan et al. (1995) 

used RFLP to examine separate £coRI and Hinfl restriction endonuclease-digested 

genomic DNA extracts in order to examine the genetic relatedness o f typical and 

atypical isolates o f C. albicans. The analyses revealed significant genetic differences 

between the typical and atypical isolates o f  C. albicans, the latter being subsequently 

reclassified as C. dubliniensis (Sullivan et a l ,  1995).

1.4.3. Electrophoretic karyotyping

Electrophoretic karyotyping has proved useful for the population structure 

analysis o f many Candida species including C. dubliniensis (Asakura et al., 1991; Doi 

et al., 1994; Soil, 2000; Shin et al., 2001; Gee et al., 2002). The technique involves the 

treatment o f fungal cells with enzymes, proteases and detergents to degrade cell walls, 

membranes and proteins and the separation o f  the remaining chromosome-sized DNA 

molecules according to size by agarose gel electrophoresis using pulsed-field gel 

electrophoresis (PFGE) which uses electric fields o f alternate orientation. These 

chromosome-sized molecules can display variation in size amongst different isolates 

due to unequal chromosomal rearrangements by translocation, transposable elements or 

recombination events. However, the pattern variations between moderately related 

isolates can be difficult to interpret, and the method is time consuming and requires 

expensive equipment.
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1.4.4. Random amplified polymorphic DNA (RAPD) analysis

This technique has been widely used for population analyses of Candida 

species (Lehmann et a i,  1992; Bostock et a l, 1993; Coleman et a l, 1997a; Soil, 2000; 

Gil-Lamaignere et a l ,  2003). Random amplified polymorphic DNA (RAPD) analysis, 

also called arbitrarily primed PCR (AP-PCR), uses random single primers that are 

approximately 10 bp in length in separate PCR amplifications with low annealing 

temperatures. Whilst one such primer can amplify a complex pattern that shows good 

variability amongst isolates of the same species, most RAPD primers result in 1-3 

intense bands that may or may not differ amongst isolates. To overcome this, most 

RAPD systems use more than one primer, amplifying the DNA of each isolate with 

each primer separately, and combining the resulting data. However, RAPD 

reproducibility is poor due to the many factors that can affect PCR efficiency.

1.4.5. Complex DNA fingerprinting probes

This method is an adaptation of RFLP that incorporates Southern hybridisation 

of restriction endonuclease-digested chromosomal DNA to a complex species-specific 

DNA fingerprinting probe that identifies repetitive DNA sequences which are dispersed 

throughout the genome. Complex probes have been developed for fingerprinting and 

population structure analysis of C. albicans (Scherer & Stevens, 1988; Pujol et al., 

2002), C. glabrata (Lockhart et a l, 1997), C. dubliniensis (Joly et al., 1999) and C. 

tropicalis (Joly et al., 1996) with great success due to high levels of discrimination 

between groups of closely related isolates. In brief, species-specific complex probes that 

share nucleotide sequence identity to repetitive DNA sequences dispersed across the 

genome are applied to restriction endonuclease-digested DNA by Southern 

hybridisation. Hybridisation results in band patterns which then undergo computer- 

assisted analysis so that average similarity coefficient ( S a b )  values are calculated for 

every possible pair of isolates included in the study.

Such studies on C. dubliniensis using the complex DNA fingerprinting probe 

Cd25 have idenfified the presence of three major clades, termed Cd25 groups I-III (Fig. 

1.2). Isolates belonging to Cd25 group I are all closely related despite being recovered 

in many countries around the world, although mainly from HIV-infected individuals 

(Joly et a i,  1999; Gee et al., 2002; Al Mosaid et al., 2005). Sequence analysis of the 

ITS region of the rRNA gene cluster revealed that Cd25 group I isolates consist of a 

single ITS genotype, designated ITS genotype 1 (Gee et al., 2002). In contrast, Cd25
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Figure 1.2, The population structure of C. dubliniensis determined by DNA 

fingerprinting analysis with the species-specific complex probe Cd25.

Dendrogram generated from average Sab values computed for every possible pairwise 

combination of independent C. dubliniensis isolates recovered from a broad range of 

geographical locations, and including all currently known ITS genotypes, fingerprinted 

with the Cd25 probe. Three distinct clades are visible, termed Cd25 group I-III, where 

group I consists of isolates of ITS genotype 1 exclusively, group II contains all ITS 

genotype 2 isolates, along with ITS genotype 3 isolates and a single ITS genotype 4 

isolate. Cd25 group III consists of ITS genotype 3 and 4 isolates from the Middle East 

exclusively, and contains isolates that exhibit high levels o f intrinsic resistance to 5- 

fluorocytosine. Figure taken from A1 Mosaid et a i, 2005.



£

i

p7!i58 
p7852 
CDm’̂ 
CD2000 
CD5I: 

-  p7507 
-p7890
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group II isolates are more diverse and consist o f three separate ITS genotypes (ITS 

genotypes 2-4), which corresponded to distinct subclades within the Cd25 group II 

fingerprinting clade (Gee et a l ,  2002; A1 Mosaid et a l ,  2005) (Fig. 1.2). More recently, 

a third major clade, termed Cd25 group III, was identified among isolates from Egypt, 

Israel and Saudi Arabia (Al Mosaid et a l ,  2005). The DNA fingerprints o f  Cd25 group 

III isolates are very distinctive relative to isolates from Cd25 groups I and II (Fig. 1.3). 

Nucleotide sequence analyses o f the ITS2 region revealed that Cd25 group III isolates 

belong to ITS genotypes 3 and 4 (Fig. 1.2) (Al Mosaid et a l ,  2005). All Cd25 group III 

isolates examined to date exhibit high-level intrinsic resistance to 5-fluorocytosine 

(5FC) (Al Mosaid et al., 2005).

1.4.6. Multilocus sequence typing

Multilocus sequence typing (MLST) involves the PCR amplification and DNA 

sequence analysis o f  6-8  housekeeping genes that are under stabilising selection 

pressure. For each housekeeping gene locus, sequence variations are identified as 

separate alleles, and each allele is assigned an integer. For each isolate analysed, the 

integers for each housekeeping locus are then combined to generate an allelic profile. 

Each distinct allelic profile is then assigned another integer, termed a sequence type 

(ST).

Although M LST was originally designed for epidemiological and population 

structure analysis o f bacterial species, it has been applied to many diploid fungal species 

over the last decade, and has become a very popular method for the molecular typing o f 

many Candida species (Bougnoux et al., 2002; Dodgson et al., 2003; Robles et al., 

2004; Tavanti el al., 2005a, 2005b). The diploid nature o f most Candida species 

increases the level o f sequence variation due to the presence o f heterozygous nucleotide 

sites, which provide additional genotypes. For most diploid organisms, the ST is known 

as a diploid sequence type (DST).

As it is based on direct DNA sequence analysis, MLST is highly reproducible, 

relatively inexpensive, rapid, and has a good discriminatory power. Data are 

comparable amongst different research groups, enabling collaborative studies via online 

databases. Computer-based analysis o f DNA sequence or allelic profile data can be used 

to generate phylogenetic trees that display the genetic relatedness o f the isolates being 

investigated and can suggest STs or DSTs that may have been founding genotypes for 

each distinct clade.
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I.4.6.1 Comparison o f  DNA fingerprinting and MLST melhods in C. albicans

Extensive fingerprinting analysis has been used to investigate the population 

biology of C. albicans using the Ca3 complex fingerprinting probe, resulting in the 

division of the species into five distinct clades (Boerlin et a l ,  1995; Blignaut et a i, 

2002; Pujol et a l,  2002; Soil & Pujol, 2003). Isolates belonging to clades I, II, and III 

tend to be more geographically dispersed, whilst isolates belonging to the South African 

clades and European clades (see below) tend to be more geographically localised 

(Blignaut et al., 2002; Pujol et a i,  2002; Soil & Pujol, 2003).

Blignaut et al. (2002) noted that 53% of C. albicans from black HIV-infected 

individuals, and 33% of isolates from healthy white individuals from South Africa 

separated into a previously unrecognised clade, termed the South African or SA clade. 

Isolates belonging to clades I, II and III were also observed in this location. However, 

only 2% of North American isolates belonged to the SA clade (Blignaut et al., 2002; 

Pujol et al., 2002) showing a geographical specificity of the SA clade. Pujol et al. 

(2002) discovered a fifth clade that was most frequently isolated in Europe. Of isolates 

studied from this location, 26% were found to belong to this newly described clade 

termed the European or E clade, whilst only 2% of North American isolates, 5% of 

South American isolates, and 1% of South African isolates were seen to cluster with the 

European isolates (Pujol et a l, 2002). The study also noted the absence of clade II 

isolates in South America.

A particularly interesting clade-specific feature of C. albicans was 

subsequently reported, when it was observed that isolates that exhibited resistance to 

5FC were predominantly from clade I (Pujol et a l, 2004), supporting an earlier study 

that indicated a clonal population structure in the species and the rarity of recombination 

events between clades (Graser et a l, 1996; Cowen et a l, 1999; Pujol et a l, 2003).

Early MLST analysis of C. albicans identified the presence of four main clades 

of related isolates in the population structure, as well as at least eight minor clades. 

Similar to the results observed with the Ca3 fingerprinting probe, a predominant 

association of 5FC-resistant isolates with a specific clade was noted. Further population 

analysis using 1,391 C. albicans isolates identified the presence of 17 clades, o f which 

MLST clades 1-4 showed good correspondence with previously identified Ca3 clades I,

II, III and SA respectively, thus identifying geographical enrichment of clades (Odds et 

a l,  2007). Isolates displaying reduced 5FC susceptibility clustered in MLST clade 1 

(Tavanti et a l,  2005a; Odds et a l,  2007; Odds & Jacobsen, 2008).
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Figure 1.3. Fingerprint patterns obtained by hydridisation of the complex DNA 

fingerprinting probe Cd25 to the DNA of isolates belonging to Cd25 groups I, II and 

III.

Model generated using the DENDRON software package showing band positions and 

intensities o f  Cd25-generated hybridisation fingerprint patterns o f  restriction endonuclease- 

digested genomic DNA o f C. dubliniensis isolates belonging to the major clades Cd25 

group I, Cd25 group II, and the novel 5FC-resistant Saudi Arabian and Egyptian clade 

Cd25 group III identified in this study. Molecular sizes in kilobases are shown on the left. 

The C. dubliniensis isolates from which the corresponding patterns in the lanes were 

obtained are as follows (genotypes are shown in parentheses): lane 1, CM6 (1); lane 2, 

CDS 18 (1); lane 3, SA 102 (1); lane 4, Eg204 (1); lane 5, Can9 (2); lane 6, CDS 14 (2); lane 

7, Is49 (2); lane 8, p6265 (3); lane 9, SA103 (3); lane 10, SA121 (4); lane 11, SAl 19 (3); 

lane 12, Eg201 (4). Figure taken from A1 Mosaid et a l ,  200S.





The ability o f the MLST, RAPD, M LEE and DNA fingerprinting methods to 

discriminate between isolates o f C. albicans has been investigated (Robles et a l ,  2004). 

MLST was demonstrated as a highly effective technique that had a comparable 

discriminatory power to the MLEE and Ca3 fingerprinting systems, but was more 

discriminatory than RAPD (Robles et a l ,  2004). While DNA fingerprinting using 

complex DNA probes has a very high discriminatory power, it is time consuming, 

reproducibility is poor, and results cannot be compared between different laboratories, 

which makes MLST a more favourable alternative.

1.4.7. M icroarray-based typing

The latest technological advancement combines MLST with DNA microarray 

technology. Lott & Scarborough (2008) have designed such an array for high- 

throughput SNP detection in C. albicans. This array contains SNPs that have been 

previously identified by MLST, as well as other SNPs on chromosomes that are not 

included in the C. albicans MLST scheme (Lott & Scarborough, 2008). This technique 

has not as yet been applied to large numbers o f C. albicans isolates, and it remains to be 

seen if it can be used as a reproducible, cost-effective and high-throughput platform for 

population structure analysis and epidemiological analyses.

1.5. Antifungal  agents in clinical use

Most antifungal drugs developed to date target the biosynthetic pathways o f 

fungal nucleic acids or cellular structural components. There are a limited number of 

antifungals in use to date, and resistance has been reported to most. Resistance is 

typically defined and quantified according to a minimum inhibitory concentration 

(MIC), where a drug is titrated according to a standardised protocol and incubated with 

a test isolate for a defined period o f time. The lowest concentration o f the drug to inhibit 

fungal growth is defined as the MIC value.

The allylamines, the morpholines, and the azole-based classes o f antifungals all 

target the biosynthetic pathway o f ergosterol, which is a vital component o f  fungal cell 

membranes. The polyenes target ergosterol in the cell membrane directly. The 

echinocandins target the biosynthesis o f P-linked glucans, which are a major component 

o f fungal cell walls, and 5FC targets the pyrimidine salvage pathway leading to a 

disruption in the biosynthesis o f nucleic acids and cellular proteins (Groll et al., 1998; 

Ghannoum & Rice, 1999; Yang & Lo, 2001; Sanglard, 2002).
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1.5.1. Ergosterol-targeting antifungai agents

1.5.1.1. Allylamines and thiocarbamates

The allylamines and the thiocarbamates are classes o f antifungai agents that 

target a squalene epoxidase enzyme that acts early on in the biosynthesis o f ergosterol, 

which is encoded by the E R G l gene (Fig. 1.4). The allylamines, such as terbinafme and 

naftifine, act by inhibiting the conversion o f the sterol precursor squalene to 2,3- 

oxidosqualene, leading to the build up o f squalene and the depletion o f ergosterol in the 

cell membrane, which may affect cell permeability and organisation (Ryder et al., 1998; 

White et al., 1998; Ghannoum & Rice, 1999). The drug is fungicidal against 

dermatophytes and some filamentous fungi and demonstrates high activity against Cr. 

neoformans. Terbinafme is used very successfully in the treatment of cutaneous 

Candida infections, and may be administered topically or orally. However, terbinafme 

exhibits no activity against C. tropicalis, C. glabrata or C. krusei (Ryder et a l ,  1998) 

and only fungistatic activity in C. albicans (Ryder et al., 1998).

1.5.1.2. Morpholine derivatives

The morpholine derivatives are a group o f totally synthetic compounds that 

includes fenpropimorph, tridemorph and amorolfme, o f which only amorolfme is used 

clinically, the other two compounds are mainly used in the preparation o f agricultural 

fungicides. Amorolfme is used topically to treat superficial infections, and is highly 

fungicidal against dermatophytic and filamentous fungi. However, it is only fungistatic 

against most yeast species. The compound inhibits two enzymes that act in the 

biosynthetic pathway o f ergosterol, namely the C14 sterol reductase encoded by the 

ERG24  gene, and the C8 sterol isomerase encoded by the ERG2 gene (Fig. 1.4). This 

results in the depletion o f ergosterol synthesised by the cell and the build-up o f 

ignosterol. A similar build-up o f ignosterol occurs in iS. cerevisiae cells upon deletion of 

the ERG24 gene, disrupting the cell membrane and inhibiting the uptake o f glucose and 

pyrimidines (Vanden Bossche, 1997; Sanglard & Bille 2002; Akins, 2005).

1.5.1.3. Azole-based antifungals

The azoles are a group o f broad-spectrum synthetic antifungai compounds that 

are in widespread therapeutic use against yeasts, filamentous and dermatophytic fungi. 

There are currently three classes o f azoles: the N1-substituted imidazoles (ketonazole, 

miconazole and clotrimazole), the triazoles (fluconazole and itraconazole) and the new
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Figure 1.4. The latter stages o f the metabolic synthetic pathway of ergosterol in yeast 

highlighting the most critical enzymes involved.

The biosynthetic enzymes involved in each metabolic step are displayed in black typeface, 

the genes encoding each enzyme are highlighted in black, italicised typeface, the substrates 

and products o f each step are shown in red typeface, and antifungal agents that act on 

biosynthetic enzymes or the end product ergosterol are indicated in green typeface.





generation of azoles which are also triazoles (posaconazole, ravuconazole and 

voriconazole). The azoles target a P450 cytochrome enzyme, lanosterol demethylase, 

which is encoded by the ERG 11 gene (Fig. 1.4). The lanosterol demethylase ensures 

that C4-methyl groups are removed from lanosterol to generate ergosterol, which is 

necessary to maintain the fluidity and integrity of the cell membranes. The haem moiety 

of the cytochrome enzyme binds the free nitrogen of the azole ring as a sixth ligand, 

preventing the activation of oxygen which is necessary for the demethylation of 

lanosterol. This leads to a depletion o f ergosterol in the cell membrane and an 

accumulation o f sterol precursors, resulting in a cell membrane with altered structure 

and function. The azoles are fungistatic against most yeasts and fungi, and are 

fungicidal against Cr. rteoformans, Aspergillus and dermatophytic fungi. The azoles are 

poorly soluble in water, with the exception of fluconazole. They are generally 

administered as oral preparations, and fluconazole, itraconazole and voriconazole can 

also be administered intravenously (White et al., 1998; Ghannoum & Rice, 1999; 

Sanglard, 2002; Sanglard & Bille, 2002).

1.5.1.4. Polyenes

The polyenes are a class of organic antifungal compounds that are produced by 

some species of Streptomyces. The polyenes are characterised by the presence of a 

macrolide ring which contains a series of at least three conjugated double bonds. One of 

the most successful is amphotericin B, a potent broad-spectrum fungicidal drug 

produced by Streptomyces nodosus that is used to treat systemic Candida infections. It 

is soluble in both basic and acidic environments. However, it has a poor solubility in 

water, hampering intramuscular or oral administration (Sanglard & Bille, 2002). The 

drug binds hydrophobically to ergosterol in the cell membrane o f the target cell (Fig. 

1.4), resulting in the formation of aqueous pores and thus affecting membrane 

permeability which causes leakage of cytoplasmic components and leads to cell death. It 

is also thought to cause oxidative damage to the fungal cell. The higher affinity of the 

drug for ergosterol in fungal cell membranes rather than to cholesterol in human cell 

membranes enables this drug to be used clinically. However, binding of the drug to 

cholesterol can lead to nephrotoxicity. For this reason, amphotericin B is typically 

formulated in liposomes, an example of which is available clinically as Ambisome. 

These formulations enable the delivery of higher dosages, as well as reduced toxicity. 

The drug is transferred to the ergosterol containing target cells by a selective transfer
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mechanism from the “donor” Hposomes to the “target” ergosterol-containing fungal cell 

membrane with the help o f fungal/human cell membrane phospholipases, thus avoiding 

toxicity to the host (Ghannoum & Rice, 1999; Sanglard & Bille, 2002).

Nystatin is another polyene antifungal that is used to treat mucosal Candida 

infections. Examples o f  commercially available preparations include Nystex and 

Nystan. A liposomal formulation o f the drug also exists as Nyotran.

1.5.2. Glucan synthesis inhibitors

1.5.2.1. Cyclic lipopeptides/echinocandins

The most recently developed class o f antifungals consists o f the acetylated 

cyclic lipopeptides, o f which the echinocandins are in clinical use. These compounds 

were originally obtained from soil fungi. Semi-synthetic derivatives o f these compounds 

display broad-spectrum and highly fungicidal activity by attacking the biosynthetic 

pathway o f glucans, which play a pivotal role in the organisation o f  the cell wall (Groll 

et uL, 1998). Echinocandins, such as caspofungin, micafungin and anidulafungin are 

used successfully in the treatment o f cutaneous and invasive Candida and Aspergillus 

infections (Baixench et al., 2007). The echinocandins act on p-(l,3)-glucan synthetase, 

an integral, heterodimeric membrane protein that is responsible for glucan synthesis. 

Inhibition o f glucan synthesis leads to increased chitin levels in the cell wall and 

decreased ergosterol and lanosterol levels in the cell membrane, eventually leading to a 

thickening o f the cell wall, failure o f cells to separate during budding, pseudohyphal 

growth, and osmotic sensitivity (Ghannoum & Rice, 1999).

1.5.3. Nucleic acid synthesis inhibitors

1.5.3.1. 5-Fluorocytosine

5-Fluorocytosine (Systematic name; 4 -am in o -5 -flu o ro -l, 2 -  

dihydropyrim idine-2-one) was first synthesised in 1957 as a fluorinated analogue o f 

cytosine, for use in anti-cancer treatment (Heidelberger et al., 1957, 1958). However, it 

was used more successfully in the treatment o f  human candidiasis and cryptococcosis 

(Tassel & Madoff, 1968). A fluorinated pyrimidine analogue, it is highly water soluble 

enabling oral and intravenous administration, and is fungicidal to susceptible yeasts and 

fungi. The compound is taken into the cell by a purine-cytosine permease as a prodrug, 

and is converted to its toxic form 5-fluorouracil (5FU) by the activity o f a cytosine
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deaminase. After deamination, 5FU is phosphorylated by a uracil phosphoribosyl 

tranferase (UPRT) and two specific kinases, eventually converting it to 5-fluorouridine 

triphosphate (5FUTP), which in turn gets incorporated into the cells’ RNA, causing 

miscoding and leading to an inhibition o f fungal protein synthesis. The administration 

o f 5FC as a non-toxic prodrug prevents the toxicity o f this pyrimidine compound for 

mammalian cells. Mammalian cells do not possess a cytosine deaminase to catalyse the 

deamination o f the antifungal drug to its toxic form, and therefore it is not toxic to the 

cells o f the host. However, the conversion o f 5FC to 5FU by intestinal bacteria is 

possible which can result in toxicity in oral formulations of the drug (Sanglard, 2002).

1.6. Resistance mechanisms to antifungal agents.

Antifungal drug resistance is defined as persistence o f  a fungal pathogen 

despite antifungal therapy. An isolate is classified as resistant to a specific antifungal 

agent when the MIC value exhibited by the isolate exceeds the average MIC values for 

the rest o f the population. Both intrinsic and acquired resistance mechanisms to 

antifungal therapeutics have been described for many yeast pathogens. Intrinsic 

resistance (i.e., primary resistance prior to any drug exposure) to fluconazole exists in 

C. krusei (Orozco et al., 1998). Resistance to antifungal drugs is usually acquired by the 

stepwise modification o f target genes in order to accumulate resistance determinants 

amongst clonal populations. Genetic exchange and recombination can occur across 

species that are very closely related and can mate together. However, horizontal transfer 

o f  genetic elements is uncommon, in contrast to the methods o f  resistance determinant 

acquisition that occur in bacterial populations (Anderson, 2005). The rate o f mutation or 

microevolution in a species will affect its ability to acquire resistance, as will the 

fungistatic or fungicidal activity o f  the drug in question (Anderson, 2005). The major 

mechanisms by which fungal cells exhibit resistance are as follows:

• By reduction in drug accumulation via a decrease in drug uptake.

• By increase in drug efflux, alteration in the expression or genetic sequence 

o f the drug target.

• By modification or degradation o f the drug.
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1.6.1. Ergosteroi-targeting antifungal agents

1.6.1.1. Resistance to allylamines and thiocarbamates

Terbinafine resistance has been observed in fluconazole-susceptible C. 

albicans isolates, but terbinafme cross-resistance can occur in fluconazole-resistant C. 

albicans isolates. It is thought that there may be two separate mechanisms at work in 

order to produce resistance. Multidrug efflux transporters have been described 

previously that can confer resistance to a variety o f compounds. It has been shown in C. 

albicans that the C D Rl and CDR2 genes encoding such transporters may confer 

resistance to terbinafine as well as to fluconazole (Sanglard et a l ,  1996, 1997; Ryder et 

a l ,  1998).

1.6.1.2. Resistance to morpholine derivatives

Acquired resistance to the morpholine group o f  antifungal compounds has yet 

to be reported clinically due to its limited use in the treatment o f  superficial fungal 

infections to date. However, resistance has been generated in vitro in S. cerevisiae 

through the overexpression o f the ERG24 gene (Fig. 1.4). The multidrug efflux pumps 

encoded by the C D Rl and CDR2 genes have been observed to bind the azole- 

derivatives as well as the morpholines and terbinafine, conferring resistance in C. 

albicans (Sanglard et al., 1997; Sanglard, 2002). Thus it appears that the acquisition of 

resistance to this drug in clinical conditions is likely in the future.

1.6.1.3. Resistance to azole-based antifungals

Resistance to the azole class o f antifungals has been well documented. Both 

intrinsic and acquired forms o f  resistance have been described in many different 

species. Mucor species are instrinsically resistant to the azoles, whereas C. krusei and A. 

fum igatus are intrinsically resistant to fluconazole but are susceptible to itraconazole 

and voriconazole (Orozco et al., 1998; Bille, 2000; Sanglard, 2002; Sanglard & Bille, 

2002). The acquisition o f fluconazole resistance has been reported in C. albicans, C. 

dubliniensis and C. glabrata  in clinical settings following treatment with the drug 

(Ghannoum & Rice, 1999). Resistance to fluconazole in C. albicans was first associated 

with AIDS patients receiving azole prophlaxis, however, it is now also found in patients 

who have not previously received treatment using azoles, as well as in HIV-negative 

patients (White et a l ,  1998).
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Azole resistance is achieved by an alteration in drug transport, alteration of the 

£■7? ^ / /-encoded cellular target, or modification of the ergosterol biosynthesis pathway 

(Fig. 1.4) (White et al., 1998; Ghannoum & Rice, 1999; Sanglard & Bille, 2002). In 

species such as C. glabrata, C. albicans, C. krusei and C. dubliniensis, fluconazole 

resistance has been linked with a failure to accumulate intracellular quantities of the 

drug, most commonly by overexpression of the CDRl- and MDRJ-encoded multidrug 

efflux transporters or their homologues (Sanglard et al., 1995; Moran et a l,  1998; 

White et al., 1998; Ghannoum & Rice, 1999; Sanglard et a l,  1999; Sanglard, 2002; 

Sanglard & Bille, 2002).

Conformational alteration of the lanosterol demethylase target by various 

mutations of the E R G ll gene (Fig. 1.4) has been reported as a method of azole- 

resistance in C. tropicalis, C. dubliniensis and C. albicans (Lamb et a l,  1997; White, 

1997; Perea et a l,  2002; Vandeputte et a l,  2005). Some 83 amino acid changes in the 

E R G ll gene product have previously been associated with azole-resistance in C. 

albicans (Sanglard, 2002). Upregulation o f the lanosterol demethylase target has also 

been reported in C  albicans, C. dubliniensis and C. glabrata as a method of resistance 

(Marichal et a l ,  1997; Perea et a l ,  2002; Sanglard, 2002).

Modification of the ergosterol biosynthetic pathway has been previously noted 

in two distinct clinical C. albicans isolates exhibiting azole-resistance. These isolates 

also exhibited resistance to amphotericin B, correlating with alteration of the sterol 

content in the cell walls, namely an accumulation ergosta-7, 22-dienol-3p-ol instead of 

ergosterol. The altered cell wall content was linked with a defect in the £/?Gi-encoded 

C5 sterol desaturase, which catalyses one of the steps in the conversion of lanosterol to 

ergosterol. This defect has also been noted in S. cerevisiae (Kelly et a l, 1997).

1.6.1.4. Resistance to polyenes

Intrinsic resistance to amphotericin B is a relatively rare event, but it has been 

reported in Candida lusitaniae, Candida guillermondii and in some moulds such as 

Fusarium spp. (Bille, 2000). Acquired resistance has been reported in Candida, 

Aspergillus and Cryptococcus species in vitro (White et a l, 1998). Cross-resistance to 

amphotericin B has been reported in clinical C. albicans isolates that were recovered 

from HIV-infected and leukaemic individuals who were receiving azole prophylaxis. A 

defect in sterol desaturation leads to modification of the sterol content in cell 

membranes of these resistant isolates, namely replacement of ergosterol with other



sterols such as 3p-ergost-7, 22-dienol and 3p-ergosta-8-cnol (Kelly et al., 1996, 1997; 

Nolte et a l ,  1997; Ghannoum & Rice, 1999; Sanglard, 2002). Increased catalase 

activity is another method used by the resistant cells in order to diminish the oxidative 

damage caused by amphotericin B (Sanglard, 2002; Sanglard & Bille, 2002).

Resistance to nystatin has been reported rarely, occurring as a reduction or a 

substitution in the ergosterol content o f  the cell membrane, thus reducing the affinity o f 

the drug for its target (Ghannoum & Rice, 1999).

1.6.2. Glucan synthesis inhibitors

1.6.2.1. Resistance to cyclic lipopeptides/echinocandins

Resistance to this class o f antifungai agents has been reported infrequently to 

date. However, it has been observed clinically in isolates o f C. albicans, C. glabrata, C. 

parapsilosis and C. krusei (Baixench el al., 2007), and resistant mutants have also been 

generated in vitro. Resistance in all cases has been attributed to point mutations 

resulting in amino acid substitutions in the gene encoding P-(l,3)-glucan synthetase 

(Baixench et a l ,  2007; Ghannoum & Rice, 1999). Isolates o f C. parapsilosis that 

exhibited high caspofungin MIC values also exhibited elevated micafungin and 

anidulafungin M lCs, indicating cross resistance (Baixench et al., 2007).

1.6.3. Nucleic acid synthesis inhibitors

1.6.3.1. Resistance to 5-fluorocytosine

Intrinsic resistance to this drug has been reported in many clinically relevant 

species such as C. albicans, C. glabrata, C. krusei, C. tropicalis, and Cr. neoformans 

(Coleman et al., 1998; Ghannoum & Rice, 1999; Sanglard, 2002), and secondary 

resistance can be acquired rapidly (Stiller et al., 1983). For this reason, 5FC is usually 

administered in combination with other antifungai drugs, primarily amphotericin B 

(Abele-Horn et al., 1996; Sanglard, 2002). In C. dubliniensis, C. albicans and C. 

tropicalis, 5FC resistance has been associated with clonal clusters o f  isolates. A reduced 

susceptibility to 5FC is exhibited by 72.7% o f C. albicans isolates belonging to MLST 

clade 1 and Ca3 fingerprint group I (Pujol et al., 2004; Odds et al., 2007). In the C. 

dubliniensis population, the majority o f isolates from the Middle East belonging to 

Cd25 fingerprint group III exhibit high levels o f intrinsic 5FC resistance (Al Mosaid et 

a l,  2005), and a clonal group o f  5FC-resistant isolates has been noted in Paris, France
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amongst a population of C. tropicalis that was otherwise genetically diverse (Desnos- 

Ollivier et al., 2008).

Resistance mechanisms that have been reported to date include, reduced drug 

uptake by mutation of purine-cytosine permeases, or alterion of the metabolic pathway 

by which the drug is metabolised such as by mutations of the cytosine deaminase or the 

UPRT enzymes (Erbs et a l ,  1997; Stolz & Vielreicher, 2003; Hope et a l ,  2004; 

Chapeland-Leclerc et a l ,  2005; Paluszynski et a l ,  2006; Papon et a l ,  2007).
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Aims of the present study

Candida dubliniensis was first described in 1995 as a species that is genetically 

and phenotypically very similar to the most pathogenic of the Candida species, C. 

albicans, so that misidentification of C. dubliniensis as C. albicans has most likely 

underestimated the true prevalence of the species. Furthermore, the true prevalence of 

C. dubliniensis in non-human sources is yet to be determined. In recent years both 

culture- and PCR-based methods have been developed to discriminate between the two 

species with high levels of accuracy.

The population structure of C. dubliniensis has been defined previously by 

DNA fingerprinting using the species-specific complex probe Cd25. Three main clades 

(termed Cd25 groups I-III) have been reported (Joly et al., 1999; Gee et al., 2002; A1 

Mosaid et al., 2005), of which Cd25 group III consists of isolates recovered in the 

Middle East, most of which exhibit high-level intrinsic resistance to the antifungal agent 

5FC. Although DNA fingerprinting analysis is informative and offers high levels of 

discrimination, poor reproducibility and labour intensity make a highly reproducible, 

rapid technique such as MLST an appealing alternative for population structure analysis 

of this species.

The objectives of the present study were;

• To determine the prevalence o f C. dubliniensis in the normal healthy population,

and in an immunocompromised human population, as well as the prevalence of 

the species in avian sources.

• To determine if MLST could be used as an alternative method to investigate the

population structure o f C. dubliniensis, and to examine the correlation between 

studies using the complex Cd25 fingerprinting probe and using MLST.

• To investigate the application of a common MLST scheme to both C. albicans

and C. dubliniensis as a method to enable a comparison of their respective 

population structures, as well as to assess the evolutionary relatedness of the two 

species.

• To investigate the molecular mechanism(s) of 5FC resistance in Cd25 group III

C. dubliniensis isolates by comparative DNA and amino acid sequence analysis 

of the enzymes involved in 5FC metabolism in both 5FC-resistant and 5FC- 

susceptible isolates recovered in the Middle East.
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Chapter 2 

General Materials and Methods
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2.1. General microbiological methods

2.1.1. Candida isolates and culture conditions

All Candida isolates were routinely cultured on potato dextrose (PDA) agar 

(Oxoid, Basingstoke, Hants., UK) at pH 5.6, at 37°C for 48 h. Liquid cultures were 

grown overnight at 37°C in yeast peptone “dextrose” (YPD) broth (per litre; 10 g yeast 

extract [Sigma-Aldrich Ltd., Tallaght, Dublin, Republic of Ireland] 20 g bactopeptone 

[Difco, Detroit, MI, USA] and 20 g glucose pH 5.5) 37“C in a Gallenkamp model G25 

orbital incubator (Leicester, UK) at 200 rpm.

The Escherichia coli strain DH5a (Hanahan, 1983) [F' (t)80d, /acZAml5 endAl 

recAI relAI hsdRI7  (rK-mK^) supE44 thi-1 k- gyrA96 A (laclZYA-argF) U169] was 

routinely grown on Luria-Bertani agar (LA) pH 7.4 at 37“C (Lennox 1955), or in Luria- 

Bertani broth (LB) pH 7.4 at 37°C with shaking at 200 rpm for liquid cultures.

2.1.2. Chemicals, enzymes, radioisotopes, and antifungal drugs

All chemicals used in the study were of analytical grade or molecular biology 

grade and were purchased from Sigma-Aldrich Ltd., Fisher Scientific Ltd. (Bishop 

Meadow Rd. Loughborough, UK) or from Roche Diagnostic Ltd. (Lewes, East Sussex, 

UK).

Enzymes for molecular biology procedures as well as dNTPs, DNA loading 

dye and DNA molecular markers were purchased from the Promega Corporation, 

(Madison, WI, USA), Roche Applied Science, (Mannheim, Germany), NewEngland 

Bioloabs Inc. (Ipswich, MA, USA), Ambion (Applied Biosystems, Warrington, UK) or 

Invitrogen (Biosciences Ltd., Dun Laoghaire, Dublin, Republic of Ireland). Custom 

synthesised oligonucleotides were purchased from Sigma Genosys Biotechnologies 

Europe Ltd. (Pampisford, Cambridgeshire, UK). DNA purification kits were purchased 

from Qiagen (Qiagen Science, Crawley, West Sussex, UK) (DNeasy® blood and tissue 

kit), Sigma-Aldrich Ltd. (GenElute^'^ PCR kit) or Promega (Wizard® SV Gel and PCR 

Clean up system).

Zymolyase 20T (20,900 U/g) was purchased from Seikagaku Corporation 

(Tokyo, Japan) and was stored at 4°C. Proteinase K (Roche) solutions were prepared in 

Milli-Q® Biocel-purified water (resistivity 18.2 MQ*cm) (Millipore™, Carrigtwohill, 

Cork, Republic o f Ireland) at a concentration o f 20 mg/ml and were stored at -20°C.
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Radiolabelled 5-fluorocytosine (Sigma-Aldrich Ltd.) was prepared in aqueous 

ethanol (1 ;1) at a concentration o f 78.7 )a.M and was stored at 4°C. Stock solutions o f 5-
• • • ( fcfluorocytosine and 5-fluorouracil (Sigma-Aldrich Ltd.) were prepared in Milli-Q

Biocel-purified water at a concentration o f 10 mg/ml, and stored at -80°C.

2.1.3, Buffers and solutions

Tris-EDTA (TE) buffer was routinely used in many experiments and consisted 

o f 10 mM Tris-HCl, 1 mM EDTA, pH 8.0. TBE buffer was prepared at a 5 x 

concentration and consisted o f 0.45 M trizma base, 0.45 M boric acid, and 0.01 M 

EDTA. This was diluted to a 0.5 x concentration in Milli-Q® Biocel-purified water 

water for use as a buffer in agarose gel electrophoresis.

Liquefied phenol washed in Tris-buffer was purchased from Fisher Scientific 

Ltd, and was used in the preparation o f phenol:chloroform:isoamyl alcohol (24:24:1) 

using 24 ml o f phenol, 24 ml o f chloroform, and 1 ml o f isoamyl alcohol. This solution 

was stored at 4”C in the dark.

Cell breaking buffer consisted o f 2% (v/v) Triton X-100, 1 mM EDTA, 1% 

(w/v) sodium dodecyl sulphate (SDS), 100 mM NaCl, and 10 mM Tris-HCl, pH 8.0. 

The solution was stored at 4“C.

2.1.4. Storage of Candida isolates

Candida isolates were maintained on plastic beads in Microbank cryogenic 

vials (Pro-lab Diagnostics, Cheshire, UK) at -80°C. Stored isolates were reactivated by 

sub-culture on PDA plates and incubated for 48 h at 37“C.

2.2. Identification of Candida species

2.2.1. Chromogenic media

Candida Selective Chromogenic agar (Oxoid Ltd. Hampshire, UK) and 

CHROM agar Candida™  medium (CHROMagar) are commercially available agars, 

each containing chromogenic substrates which allow colonies o f  several medically 

important Candida species to be presumptively identified on the basis o f colony colour 

and morphology. Colonies o f C. albicans (light green-blue/green colonies), C  glabrata  

(dark pink colonies with paler pink edges), C. krusei (pale, flat, papillate colonies with 

spreading edges) and C. tropicalis (blue/gray in the centre surrounded by a dark 

brown/purple halo in the agar surrounding the colony) can be distinguished from each
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other upon primary isolation. The medium has been shown to be clinically useful in the 

presumptive identification of these species (Odds & Bernaerts, 1994). Candida 

dubliniensis colonies from clinical samples are typically dark green-blue on this 

medium but the colours yielded from the colonies can fade following sub-culture or 

storage (Coleman et a i ,  1997a; Schoofs et a i,  1997; Kirkpatrick et a l,  1998).

2.2.2. Chlamydospore and hyphal fringe production

Pal’s agar was prepared freshly using the extract o f unsalted sunflower seeds 

(including shells and kernels). First, an aqueous extract o f sunflower seeds was prepared 

by pulverising 50 g of seeds in a domestic blender for 5 min and then adding the ground 

seeds to 1 litre of distilled water, followed by boiling for 30 min. The seed extract was 

then cooled and filtered, and the following ingredients were added; glucose (1 g), 

KH2PO4 (1 g), and creatinine (1 g). The pH was adjusted to 5.5, the volume was 

readjusted to 1 litre, and 15 g o f agar (Difco) was added before the mixture was 

autoclaved at 110°C for 20 min. Putative C. dubliniensis isolates were plated on this 

medium and incubated at 30°C for 48-72 h. Following incubation, isolates were 

examined for the presence of a hyphal fringe composed of hyphae, pseudohyphae and 

blastospores that is a specific characteristic of C. dubliniensis on this medium (Al 

Mosaid et a l, 2003).

2.2.3. Carbohydrate assimilation profiles

Biotyping was carried out using the API ID32C yeast identification system 

(bioMerieux) which identifies Candida isolates to the species level using a series of 

standard substrates that are each contained in separate cupules along a plastic strip with 

a specially adapted database (Pincus et a l, 1999). Tests were carried out according to 

the manufacturer’s instructions. For each isolate, an inoculum was prepared from 24—48 

h old colonies cultured on PDA medium. Four colonies o f 3-4 mm in diameter were 

resuspended in Milli-Q® Biocel-purified water to a turbidity equivalent to a 2 

McFarland standard. This suspension was then used to inoculate an aliquot of ‘C 

medium’ which was supplied by the manufacturers. Each of the cupules in the strip was 

then inoculated with 135 |il of the C suspension medium 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 

isolates in each of the cupules in comparison to that in the negative control cupule. The 

presence or absence of growth was recorded for each cupule on a result sheet supplied
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by the manufacturers, and the substrate assim ilation pattern for each isolate w as 

converted into a ten-digit numerical profile. T hese profiles w ere then cross-referenced  

in the A PIL A B  ID 32C  softw are package (version 3 .3 .3 ) (bioM erieux, Paris, France). In 

the database, each profile is listed along w ith the percentage o f  identification, w hich  is 

an estim ate o f  h ow  c lo se ly  the profile corresponds to that o f  a particular taxon, relative 

to all the other taxa in the database and the T index, w hich  is an estim ate o f  h ow  closely  

the profile corresponds to the m ost typical set o f  reactions for a particular taxon. Based  

on these parameters, a set o f  reactions w hich  c lo se ly  resem ble those o f  a particular 

taxon w ill be classed  as an ‘excellen t’ or ‘go o d ’ identification, and w ill y ield  an 

identification to the sp ecies level, whereas atypical results w ill be classed  as having  

‘poor’ or ‘lo w ’ discrim inatory pow ers and are usually unable to y ield  a reliable 

identification.

2.3. Preparation of template DNA from C. dubliniensis isolates

I'hree different m ethods were used to prepare tem plate D N A  from Candida  

isolates. The boiling m ethod w as used to identify putative C. dubliniensis  co lon ies on 

solid m edium  by m eans o f  PCR. The bead-beating m ethod w as used to prepare D N A  

that could  then be stored at 4°C and could be used in many different PCR am plification  

experim ents on separate occasions. Tem plate D N A  w as prepared using the Q iagen  

DNeasy® B lood  and T issue kit for isolates that were to undergo PCR am plification  

fo llow ed  by direct sequencing o f  purified am plim ers. The concentration o f  D N A  

sam ples w as assessed  by m easuring their absorbance at 260  nm using a 

spectrophotom eter (G en osys 2, Therm oSpectronic; A G B  Dublin, Ireland) and 

calculating the concentration using the fo llow in g  formula; I unit o f  A 260 =  50 |ig  D N A .

2.3,1. Boiling method

A  single co lon y  from a culture grown for 48 h at 37°C on P D A  w as suspended  

in 50 1̂ o f  M illi-Q® B iocel-purified  water (M illipore™ ). Cell suspensions w ere boiled  

for 10 m in and the lysed  ce lls  w ere subjected to a clearing spin at 20 ,000  x g, for 10 min 

in an E ppendorf (m odel 5417C ) m icrofuge (Eppendorf, Hamburg, Germany). Tem plate 

D N A  contained in 25 )al o f  the supernatant fluid w as used for am plification using PCR  

(D onnelly  et a l ,  1999).
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2.3.2. Bead-beating method

Isolates were grown overnight in 5 ml of YPD broth at 37°C with shaking at 

200 rpm in an orbital incubator (Gallenkamp, Leicester, UK). Cells were harvested from 

1.5 ml of culture by centrifugation at 14,000 x g, and the resulting pellet was 

resuspended in 200 |il of cell breaking buffer (Section 2.1.3) and transferred to a 2 ml 

screw-capped tube (Sarstedt, Drinagh, Wexford, Republic of Ireland) which contained 

0.3 g acid washed glass beads (Sigma-Aldrich Ltd.). Following the addition of 200 jil of 

a mixture of phenol:chloroform:isoamyl alcohol (24:24:1) the cells were disrupted in a 

BlOlOlFastPrep instrument (Qbiogene, Cambridge, UK) for 1 min at maximum speed, 

followed by centrifugation at 14,000 x g  for 10 min. The aqueous phase was removed 

and extracted twice with an equal volume of chloroform:isoamyl alcohol (24:1), and 

nucleic acids were precipitated by the addition of 400 |il 70% (v/v) ethanol at -20°C. 

Purified DNA was pelleted by centrifugation for 10 min, washed in 70% (v/v) ethanol, 

dried, and resuspended in 50 |il o f Milli-Q® Biocel-purified water.

2.3.3. DNA extraction for PCR amplification and DNA sequencing

Template DNA was prepared from isolates using the Qiagen DNeasy® blood 

and tissue kit for amplification by PCR followed by direct sequencing of purified 

amplimers. Briefly, isolates were grown overnight in 5 ml of YPD broth at 37”C with 

shaking at 200 rpm in an orbital incubator (Gallenkamp). Cells were harvested from 1.5 

ml of culture by centrifugation at 14,000 x g  and were resuspended in 600 |j.l sorbitol 

buffer (1 M sorbitol, 100 mM EDTA, 14 mM P-mercaptoethanol). Cell walls were 

digested by addition of 10 mg Zymolyase 20T and incubation at 37°C for 30 min. Cell 

protoplasts were harvested by centrifugation at 300 x g for 10 min and were treated with 

20 |il of 10 mg/ml Proteinase K followed by incubation at 56°C for 15 min in order to 

lyse the cells. DNA was recovered from the lysed cells using the DNeasy® mini spin 

columns and collection tubes according to the protocol outlined by the manufacturers.

2.4. Identification and characterisation of C. dubliniensis using PCR 

amplification

2.4.1. Identification of C. dubliniensis using PCR amplification

Isolates o f C. dubliniensis were identified using the species-specific PCR 

primers (DUBF/DUBR), which target the intron of the ACTl gene in C. dubliniensis

36



(Donnelly et a i ,  1999) (Table 2.1). These PCR amplifications were carried out in a final 

reaction volum e o f  50 |ul, containing 10 pmol o f  each o f  the forward and reverse 

primers, 2.5 mM M gCl2, 10 mM Tris/HCl (pH 9.0 at 25°C) 10 mM KCl, 0.1% (v/v) 

Triton X -100, 1.25 U GoTaq polymerase (Promega) and 25 |il o f  template DNA. Each 

reaction mixture also contained 10 pmol each o f  the universal fungal primers 

RNAF/RNAR (Fell, 1993) which amplify approximately 614 bp from all fungal large- 

subunit rRNA genes and were used as an internal positive control (Table 2.1). Cycling 

conditions consisted o f  6 min at 95°C followed by 30 cycles o f  30 s at 94°C, 30 s at 

58“C, 30 s at 72“C, and finally followed by 72°C for 10 min. Amplification products 

were visualized on a UV transilluminator which emits light at 345 nm (Ultra Violet 

Products Ltd., Cambridge, UK) following electrophoresis through 2.0% (w/v) agarose 

gels containing 0.5 |uig ethidium bromide/ml.

2.4.2. Genotyping of C. dubliniensis isolates using PCR amplification

Template DNA extracted by the bead-beating method described above (Section 

2.3.1) was used to determine the genotypes o f  all isolates. Genotypes were defined 

according to the sequences o f  the ITS region as previously described (Gee et a i ,  2002). 

Primers specific to each genotype were used in separate PCRs to amplify sequences o f  

the ITS regions 1 and 2 and their intervening 5.8S rRNA gene as described previously 

(Gee et a i ,  2002). Each PCR was carried out in a 50 |il volume and contained 10 pmol 

o f  the universal fungal primer pair RNAF/RNAR, and 10 pmol o f  one pair o f  the four 

genotype specific primers G IF/G IR , G2F/G2R, G3F/G3R, and G4F/G4R (Table 2.1). 

Each reaction also contained 2.5 mM M gCh, 10 mM Tris-HCl (pH 9.0 at 25°C), 10 mM 

KCl, 0.1% (v/v) Triton X-100, 1.25 U GoTaq polymerase (Promega), 200 |aM o f  each 

dNTP (Promega) and 100 ng o f  template C. dubliniensis DNA. The PCR cycling  

conditions for the genotype 1 and 2 primer pairs were as follows; 95“C for 3 min, 

followed by 30 cycles o f  95°C for 1 min, 50°C for 1 min, 72°C for 20 s, and followed by 

a final 10 min extension step at 72°C. Amplifications using the genotype 3 specific 

primers were carried out with a separate set o f  reaction conditions which used an 

annealing temperature o f  63°C. Amplifications using the genotype 4 specific primers 

were also carried out separately, using 20 |aM dNTPs and an annealing temperature o f  

55°C. Amplification products were separated by electrophoresis through 2% (w/v) 

agarose gels containing 0.5 )al ethidium bromide/ml and were visualised on a UV  

transilluminator.
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2.5. Recombinant DNA techniques

2.5.1. Polymerase chain reaction (PCR)

Oligonucleotide primers were synthesised commercially by Sigma-Aldrich Ltd. 

and were used in many separate PCR amplification experiments each requiring a 

separate set o f reaction conditions, which will be described separately.

2.5.2. Purification of PCR amplimers

PCR-amplified template DNA was purified from remaining PCR reagents 

using the silica-gel-binding properties o f the Sigma GenElute® PCR CleanUp kit 

(Sigma-Aldrich Ltd.) and the Qiaquick® Multiwell PCR purification kit (Qiagen Ltd. 

West Sussex, UK). Both kits were used according to the manufacturers’ instructions. 

PCR amplimers were purified from agarose gels using a Qiaex® Gel Extraction Kit 

(Qiagen Ltd.) or the Wizard SV Gel and PCR clean up system (Promega) according to 

the manufacturers’ instructions.

2.5.3. Small-scale isolation of plasmid DNA from Escherichia coli

Small-scale preparations o f plasmid DNA from E. coli strain D H 5a were made 

using the GenElute™  (Sigma-Aldrich Ltd.) plasmid miniprep kit. Cells were subjected 

to a modified alkaline-SDS lysis procedure, followed by adsorption o f the DNA onto 

silica in the presence o f high salts, according to the manufacturers’ instructions.

2.5.4. Ligation of DNA fragments

Purified DNA fragments were ligated to P-GEM T-Easy Vector System I 

vector DNA (Promega) in 10 |al reaction volumes with a 3:1 ratio o f insert to vector 

DNA in 1 X ligase buffer with 1 U o f T4 DNA ligase. Reactions were carried out at 4°C 

for 18 h. Ligations o f purified DNA fragments to the tetracycline-inducible expression 

plasmid pNIM l were carried out via restriction sites which had been designed within 

oligonucleotide primers used in PCR amplifications. Ligation reactions were carried out 

in a 13 |il reaction volume with a 4:1 ratio o f insert to vector in 0.77 x ligase buffer, 

with 1 U o f T4 DNA ligase (Promega). Ligation reactions were carried out at 4°C for 18 

h.
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Table 2,1, Oligonucleotide primers used in the identification and ITS genotyping of C, dubl'miensis isolates

Primer Amplicon

size
Primer Sequence (5'-^3') Primer Target GenBank

Accession Number

Amplicon

Coordinates"

Reference

DUB F 288 bp GTATTTGTCGTTCCCCTTTC ACTl intron AJ236897 + 2 5 1 ^  + 270 (Donnelly et al., 1999)

DUB R GTGTTGTGTGCACTAACGTC + 5 1 9 ^  + 538

RNA F 614 bp GCATATCAATAAGCGGAGGAAAAG l^rge ribosomal X83718 + 4 0 ^  + 63 (Fell, 1993)

RNA R GGTCCGTGTTTCAAGCAG subunit gene +637 ^  + 654

GIF 331 bp TTGGCGGTGGGCCCCTG ITS region 1 AJ311895 + 80 ^  + 96 (Gee et al., 2002)

GIR AGCATCTCCGCCTTATA + 3 9 4 ^  + 410

G2F 323 bp CGGTGGGCCTCTACC ITS region 2 AJ311896 + 54 - .  + 68 (Gee et al., 2002)

G2R CATCTCCGCCTTACC + 362 ^  + 376

G3F 329 bp TTGGTGGTGGGCTTCTG ITS region 3 AJ311897 + 50 ^  + 66 (Gee et al., 2002)

G3R GCAATCTCCGCCTTACC + 362 ^  + 378

*’G4F 321 bp GGCCTCTGCCTGCCGCCAGAGGATG ITS region 4 AJ311898 + 59 ^  + 83 (Gee et al., 2002)

'’G4R AGCAATCTCCGCCTTACT + 362 ^  + 379

Abbreviations: ITS region, Internal transcribed spacer region and the intervening 5.8S rRNA gene.
Nucleotide coordinates for amplicons are as indicated, with the first base of the ATG start codon designated +1 for the ACTl and RNA genes, 
and with the first base of the ITS region sequence being designated +I for the ITS amplicons.
'’The G4F and G4R primers each differed from the ITS genotype 4 sequence by a single base-pair change at the 3' end to improve specificity.
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2.5.5. Transformation of competent E. coli prepared using CaCl:

Transform ation o f  com petent E. coli  strain D H 5 a  prepared w ith CaCb w as 

carried out using a m odification o f  the m ethod o f  Sam brook et al. (1989). Eschericia  

coli  strain D H 5 a  w as inoculated from an overnight broth culture into 200  ml o f  fresh  

LB and grow n at 200 rpm in an orbital incubator at 37°C for 3 h to an A 550 o f  0 .4 -0 .5 .  

The culture w as then decanted into two 100 ml vo lum es in ice-co ld  Sorvall tubes. The 

ce lls  w ere pelleted by centrifugation in a Sorvall RC-5C plus centrifuge (GMI Inc. 

Ram sey, M N ) at 6 ,000  x g at 4°C for 10 min. Each pellet w as resuspended in 45 ml o f  

ice-co ld  0.1 M C aC^, and left on ice for 15 min with occasional shaking. The cells were 

then pelleted by centrifugation as before. The pellets w ere then resuspended in a volum e  

o f  5 ml 50 m M  C aC ^ for each 100 ml o f  original culture. A  300 |al aliquot o f  this cell 

suspension w as transferred to a sterile 1.5 ml m icrofuge tube on ice for each  

transformation experim ent. Plasm id D N A  (up to 50 ng) w as added to each tube and 

incubated on ice for 30 min. A known amount o f  a standard plasm id preparation was 

added to a separate tube as a positive control, and a second negative control tube w as 

also included w hich  contained no plasm id D N A . The tubes w ere then heat shocked at 

42°C for exactly  2 min and rapidly transferred to an ice bath. The cells were then 

incubated at 37“C in a water bath in the presence o f  500 |il LB m edium  to allow  the 

ce lls  to recover and express the antibiotic resistance marker (am picillin  resistance in the 

case o f  pGEM  T-Easy Vector). A  200 |al aliquot o f  this suspension w as then spread on 

LA plates containing selective antibiotic (100  ^g am picillin /m l), 1 mM  isopropyl-P -D - 

thiogalactopyranoside (IPTG, Boerhringer M annheim ) and 100 fj.g (5-brom o-4-chloro- 

3-indoyl-(-D -galactopyranoside (X -gal, R oche) and incubated for 20  h at 37°C. 

Recom binant co lon ies were identified using b lu e-w h ite  selection  as described by 

Sambrook et al. (1989).

2.6. DNA sequencing

Sequencing reactions w ere carried out com m ercially  by C o:G enics (E ssex, 

U K ) or by Eurofm s M W G  Operon (Ebersberg, Germ any). Both com m ercial sequencing  

com panies use the dideoxy chain termination m ethod o f  Sanger et al. (1992), using  

automated A pplied  B iosystem s A B l 3739x1 D N A  analyzers (Foster City, C A ) and dye- 

labelled terminators. Primers used for am plification o f  D N A  fragm ents were also used  

for direct D N A  sequencing.
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2.7. Susceptibility testing

The MICs for 5FC and 5FU (Sigma-Aldrich Ltd.) were determined according 

to a modification o f the broth microdilution method o f the Clinical and Laboratory 

Standards Institute (CLSI; formerly the National Committee for Clinical Laboratory 

Standards) document M27-A2 (Clinical and Laboratory Standards Institute, 2002). 

Assays were carried out in sterile 96-well microtitre plates (Corning, NY, USA). The 

medium used was RPMI-1640 (Sigma-Aldrich Ltd.) with added 2% (w/v) glucose, and 

buffered with 0.165 M morpholinepropanesulphonic acid (MOPS) (Sigma-Aldrich 

Ltd.). The pH was adjusted to 7 using 10 M NaOH. Wells 1 and 12 o f  each row were 

dispensed with 100 |il o f RPM I-1640-2% (w/v) glucose for use as sterility and growth 

controls, respectively. In wells 2 to 11, drugs were diluted 1:2 in R PM I-1640-2% (w/v) 

glucose from a final concentration o f 256 |ag/ml to 0.5 |ig/ml in a final volume o f 100 

1̂ 1. Inocula were prepared from 24 h-old PDA agar plates by suspension o f a colony in 2 

ml o f molecular grade Milli-Q® Biocel-purified water (resistivity 18.2 MQ/cm) 

(Millipore™ ) and adjustment o f the cell density to 2—4 x 10^ cfu/ml using a 

haemocytometer (Neubauer bright line haemocytometer, Hausser Scientific, Horsham, 

USA). Inocula were then diluted 1:1000 in RPM I-1640-2% (w/v) glucose and 100 |il 

was added to each well from columns 2  to 1 2  in order to achieve a final drug 

concentration range o f 128 |ig/ml to 0.25 |Jg/ml in a final volume o f  200 |al.

Microtitre plates were wrapped in aluminium foil and were incubated at 37”C 

for 48 h. End points were determined spectrophotometrically by measuring the turbidity 

in each well at 540 nm with an automated plate reader (Tecan GENios multidetection 

microplate reader; Theale, Reading, UK). An endpoint (MIC50) was determined as the 

lowest drug concentration which fulfilled the criterion %>T > % Tk + 0.5(100 -% Tk), 

where T is the transmission from a microtitre plate well containing the drug and the 

organism being tested, and Tk is the transmission from the drug-free growth control 

well containing the organism being tested (Galgiani & Stevens, 1976). The M IC 50 

represents the drug concentration that inhibited growth by 50%, as determined by 

transmission, compared with the growth o f controls as described previously (Galgiani & 

Stevens, 1976). All isolates and transformant derivatives were tested in duplicate and on 

two separate occasions.
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Chapter 3

A study of the prevalence of Candida dubliniensis in a normal 

healthy and in an immunocompromised human population, 

and recovery of C. dubliniensis from avian-excrement-

associated sources
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3.1. Introduction

The accurate identification of C. dubliniensis has been hampered in the past 

due to its close phenotypic similarity with C. albicans, the most commonly isolated 

Candida species. Both species produce germ-tubes and chlamydospores, the most 

commonly used traits to discriminate these species from the rest of the Candida genus. 

Candida albicans and C. dubliniensis are often recovered in co-culture (Coleman et al., 

1997b; Sullivan et a l ,  1997, 1999; Ponton et a l ,  2000). The phenotypic and genotypic 

similarities that exist between the two species are the most probable reasons for the 

delayed identification of C. dubliniensis as a separate species in 1995, and also made 

early prevalence and epidemiology studies problematic. Retrospective identification 

studies have reported that at least 1.2% of isolates recovered in a clinical setting that 

were previously identified as C. albicans were in fact C. dubliniensis (Coleman et a l, 

1997b; Odds et a l,  1998; Jabra-Rizk et a l,  2000).

3.1.1. Discrimination of C. dubliniensis from C. albicans

The most commonly used culture medium for the identification of different 

Candida species is CHROMagar Candida^*^ medium (Odds & Bernaerts, 1994). 

Following incubation at 37°C for 48 h, C. dubliniensis grows as green colonies that are 

typically darker in colour and smaller than those formed by C. albicans. However, paler 

green colonies can also be formed by C. dubliniensis on this agar following storage and 

subculture (Schoofs et a l,  1997; Tintelnot et a l, 2000). Although it is highly useful for 

the presumptive identification of a several medically significant Candida species, it is 

not reliable enough to be used as a sole method of differentiation between C. albicans 

and C. dubliniensis.

The analysis of carbohydrate assimilation profiles provided by commercial 

yeast identification kits such as the API ID32C system (bioMerieux) is one reliable 

method to distinguish between the closely related C. albicans and C. dubliniensis 

species. This kit consists of a strip of 29 different carbon sources, four of which C. 

albicans and C. dubliniensis differ in their abilities to assimilate. When used according 

to the manufacturers’ instructions, the kit offers a high level of discrimination between 

the two species. Candida albicans assimilates lactate, xylose, trehalose and methyl-D- 

glucose, whereas these substrates are not assimilated by C. dubliniensis following 48 h
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incubation at 37°C, although it can assimilate these substrates following prolonged 

incubation (Pincus et a i,  1999).

A number o f differential agar media based on aqueous extracts of specific plant 

seeds or leaves have been developed to facilitate discrimination between C. albicans 

and C. dubliniensis. One such medium known as Staib agar or birdseed agar, is based 

on an extract of Guizotia abyssinica seeds (Staib & Morschhauser, 1999). Another such 

medium, tobacco agar, is based on an extract of tobacco leaves (Khan et al., 2004), and 

a third such agar based on an extract of sunflower seeds (Al Mosaid et a l,  2003) is 

known as Pal’s agar. Following 48 h incubation at 30°C on these plant-extract-based 

agars, C. dubliniensis typically grows as rough colonies that produce a hyphal fringe 

containing abundant chlamydospores, in contrast to C. albicans, which typically grows 

as smooth, non-hyphal colonies. Pal’s agar has been shown to be the most reliable of 

these media for the differentiation of C. albicans and C. dubliniensis (Al Mosaid et a i, 

2003). This medium contains an extract of sunflower seeds (including kernel and shells) 

and distinguishes between the two species on the basis of the production of a hyphal 

fringe by C. dubliniensis after 48 h incubation at 30°C. This hyphal fringe is composed 

of abundant hyphae, pseudohyphae, and chlamydospores. A previous study showed that 

100% of 128 C. dubliniensis isolates produced a hyphal fringe on this agar, in contrast 

to 0% of 124 C. albicans isolates, which grew as smooth colonies (Al Mosaid et a i, 

2003). Mosca et a i (2003) demonstrated that the milk-based Casein agar can be used to 

distinguish C. albicans from C. dubliniensis isolates according to the production of 

chlamydospores following 48 h incubation at 24°C. All C. dubliniensis isolates 

produced chlamydospores on this medium, in contrast to C. albicans of which only 

9/120 isolates produced chlamydospores.

Definitive identification of C. dubliniensis is commonly achieved using PCR- 

based methods. The most extensively used PCR-based method specifically amplifies the 

y4cry-associated intron of C. dubliniensis (Donnelly et a i, 1999).

3.1.2. Prevalence of C. dubliniensis

When C, dubliniensis was first identified, it was mainly associated with HIV- 

infected individuals, many of whom were intravenous drug users, as well as AIDS 

patients (Sullivan et a i, 1995). The species has been recovered from 32% of AIDS 

patients presenting with oral candidiasis, and from 25% of asymptomatic AIDS patients 

(Coleman et a i, 1997b; Ponton et a i,  2000) in Ireland. Candida dubliniensis has been
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shown to predate the AIDS epidemic (Sullivan et a i, 1995; Odds et a i ,  1998; Meis et 

a l, 1999) and has also been recovered from individuals who are HIV-negative; however 

it is more often recovered from HIV-negative individuals with other underlying 

conditions, rather than from the normal healthy population.

The prevalence of C. dubliniensis has been studied in a variety of 

immunocompromised patient cohorts. It has been recovered from cancer patients with 

candidaemia (Sebti et a l,  2001) as well as from patients who were colonised with the 

opportunistic pathogen (Meis et a l,  1999; Sebti et a i, 2001). It has been isolated from 

11.1% of patients with cystic fibrosis (Peltroche-Llacsahuanga et a l, 2002), and from 

14% of insulin-using diabetes mellitus patients (Willis et a l, 2000). Coleman et a l 

(1997b) reported that 14.6% of HIV-negative individuals with denture-associated 

candidiasis harboured C. dubliniensis, and Polacheck et al. (2000) recovered five 

isolates from HIV-negative patients. Carr et a l  (2005) reported C. dubliniensis as the 

cause of a case of endocarditis in a HIV-negative intravenous drug user, who died as a 

result.

Candida dubliniensis has also been recovered from normal healthy individuals, 

though its prevalence has been reported to be substantially lower than in the 

immunocompromised population. It is usually recovered from 3-5% of the normal 

healthy population (Coleman et a l,  1997b; Ponton et a l,  2000; Montour et a l,  2003). 

In contrast, a study carried out in South Africa (Blignaut et a l,  2003) yielded data that 

varied significantly from this trend. The authors reported the presence of C. dubliniensis 

in the oral cavities of 16% of the normal healthy white population and in 0% of the 

normal healthy black population, whereas in the HIV-positive population it was present 

in the oral cavities of 1.5% of black individuals and 9% of white individuals. These 

findings indicated a higher prevalence of the species in the healthy population than in 

the HIV-infected population (Blignaut et a l, 2003). It is worth noting that no other 

study to date has produced data to support these findings. Candida dubliniensis is able 

to cause disease in healthy individuals and has been identified as the cause of denture 

stomatitis in a normal healthy teenager (Mosca et a l, 2005).

Candida dubliniensis is most commonly recovered from the oral cavity. 

However, it has also been recovered from sputum, faeces, urine, blood, vaginal swabs, 

and wounds of HIV-infected individuals as well as of HIV-negative individuals (Odds 

et a l,  1998; Meis et a l,  1999; Jabra-Rizk et a l,  2000; Gee et a l,  2002; Peltroche- 

Llacsahuanga et a l, 2002).
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3.1.3. Geographic distribution of C. dubliniensis

The species appears to be globally distributed (Fig. 3.1) and has been recovered 

from many European countries, Saudi Arabia, Egypt, Israel, Kuwait, South Africa, 

U.S.A., Canada, Brazil, Colombia, Chile, Venezuela, Argentina, Japan, Thailand, India, 

Iceland and Australia (Pujol et a l ,  1997; Schoofs et a l ,  1997; Sullivan et a l ,  1997; 

Odds et a l ,  1998; Pinjon et a l ,  1998; Salkin et a l ,  1998; Jabra-Rizk et a l ,  1999; 

Polacheck et a l ,  2000; Ponton et a l ,  2000; Redding et a l ,  2001; Gee et a l ,  2002; 

Blignaut et a l ,  2003; Fotedar & Al-Hedaithy, 2003; Montour et a l ,  2003; Ahmad et a l,  

2004; Bujdakova et a l ,  2004; Al Mosaid et a l,  2005; Melkusova et a l ,  2005; Brito 

Gamboa et a l ,  2006 Asmundsdottir et a l ,  2008; Alvarez et a l ,  2009).

Previous studies identified the presence of four different genotypes in the C. 

dubliniensis population. These genotypes are based on the genetic sequences of the ITS 

region of the rRNA gene cluster, and are known as ITS genotypes (Gee et a l,  

2002). To date the majority of C. dubliniensis isolates examined have been designated 

as ITS genotype 1. This group contains isolates from Europe, Saudi Arabia, Egypt, 

Israel, India, Canada, Australia, Argentina, Japan and the U.S.A. (Gee et a l ,  2002; Al 

Mosaid et a l ,  2005). Isolates belonging to the ITS genotype 2 group have been 

recovered in Europe, Canada and Israel (Gee et a l ,  2002; Al Mosaid et a l ,  2005). 

Isolates of ITS genotypes 3 and 4 have been most commonly recovered from countries 

in the Middle East to date (Gee et a l ,  2002; Al Mosaid et a l ,  2005), suggesting the 

possibility of geographical enrichment of such isolates in this region.

3.1.4. Recovery of C. dubliniensis from environmental sources

In 2007 the recovery of C. dubliniensis from environmental sources was 

reported for the first time (Nunn et a l ,  2007). The study reported the high prevalence of 

C. dubliniensis on the surface of Ixodes uriae (ticks) on the Great Saltee Island off the 

South-East coast of Ireland. These ticks were living in cracks filled with common 

guillemot excrement, and the authors hypothesised that the supposed source of the 

isolates was excrement from the seabirds present on the island. All of these isolates 

were reported as belonging to ITS genotype 1. The authors reported the recovery of C. 

dubliniensis from 13/59 (22%) tick samples recovered at one cliff (Labour-in-Vain, 

LIV-1), and from 9/43 (21%) tick samples taken at the same cliff on a separate day 

(LIV-2) (Nunn et a l ,  2007).
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Although this study (Nunn et a l, 2007) was the first to report the recover)' of 

C. dubliniensis from non-human sources, the closely related species C. albicans has 

previously been associated with many different types of animals including birds, 

primates, reptiles, amphibians, as well as both wild and domesticated animals (Odds, 

1988; Buck, 1990; Pressler et al., 2003; Bougnoux et al., 2004; Edelmann et al., 2005; 

Tavanti et al., 2005a; Cafarchia et al., 2006; Jacobsen et al., 2008; Wrobel et a i,  2008). 

The presence o f C. dubliniensis on the surface of ticks found at a location with abundant 

seabird excrement, and the recovery of the closely related C. albicans from a broad 

range of animal sources, suggested that a separate niche(s) may exist for C. dubliniensis 

in non-human hosts.

3.1.5. Objectives

There were three main aims to this part of the study:

• To investigate the prevalence of C. dubliniensis in a normal healthy population 

of students, and in an immunocompromised population of individuals with 

cystic fibrosis, using the methods of identification outlined above.

• To examine the prevalence of C. dubliniensis from avian sources, in order to 

determine if a natural reservoir for C  dubliniensis exists in birds.

• To determine the prevalence of each ITS genotype amongst the recovered 

isolates from the normal healthy human population, the immunocompromised 

human population, and from avian-excrement-associated sources.
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Figure 3.1. Disparate geographical locations from where C  dubliniensis isolates have been recovered to date.

Countries from which C. dubliniensis isolates have been recovered from humans and included in the present study are indicated with blue labels. 

The avian-excrement-associated C. dubliniensis isolates recovered in Ireland are represented by a red label. Countries from which isolates of C. 

dubliniensis were recovered from humans and were not included in the present study are indicated with green labels. Where C. dubliniensis 

isolates were recovered in a particular country, not all specific locations from which isolates were recovered in that country are shown.





3.2. Materials and methods

3.2.1. Prevalence of C. dubliniensis in the normal healthy population, and in the 

immunocompromised population

3.2.1.1. Normal healthy population o f  students attending Trinity College Dublin, 

Ireland

A total of 24 healthy students, each of whom were in their early twenties 

anonymously submitted swab samples from their oral cavities. The Nitrogen-gassed VI- 

PAK sterile swabs (Sarstedt-Drinagh, Wexford, Ireland) swabs were used to sample the 

dorsum of the tongue, and were plated immediately onto CHROMagar Candida^*^ 

medium in order to preliminarily screen for the dark-green colonies typical of C. 

dubliniensis. Swabs were also were incubated in YPD broth containing 20 |^g 

chloramphenicol/ml (Sigma-Aldrich Ltd.) at 37°C overnight with shaking at 200 rpm 

and DNA was extracted from all cells present using the bead-beating method (Chapter 

2, Section 2.3.2) in order to be screened for the presence of C. dubliniensis by PCR 

(Donnelly et a i, 1999). Oral rinses were collected anonymously from 263 students, 

none of whom wore dentures or were using antibiotics. Oral rinses were collected using 

10 ml of sterile distilled water (SDW), of which 500 |il was plated out directly onto 

CHROMagar Candida^*^ medium. Suspect C. dubliniensis colonies were tentatively 

identified according to colour and template DNA was prepared from these colonies 

following sub-culture using the boiling method as outlined in Chapter 2, Section 2.3.1 

and identification was confirmed by PCR (Donnelly et a l,  1999).

3.2.1.2. Immunocompromised population o f  patients with cystic fibrosis in Dublin, 

Ireland

Forty-two patients with cystic fibrosis who were attending the Adelaide and 

Meath Hospital incorporating the National Children’s Hospital in Dublin underwent 

bronchial lavage over a two month period as part of their routine clinical management, 

providing 98 samples in total. The patient group sampled consisted of 26 males and 16 

females, all of whom were less than 20 years of age (Table 3.1). All patients from 

whom samples were provided for use in this study remained anonymous, only gender 

and age information was made available for the purposes of the present study. The 

sputum samples were plated directly onto CHROMagar Candida^^ medium in 100 |il
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aliquots in order to screen for the dark-green colonies typical o f C. dubliniensis. A 

further 100 |il was incubated in YPD broth containing 20 |ig chloramphenicol/ml at 

37°C overnight with shaking at 200 rpm in order to be screened for the presence o f C, 

dubliniensis DNA by PCR (Donnelly et a l ,  1999).

3.2.1.3. Oral Candida carriers attending the Dublin Dental Hospital

A total o f 138 patients attending the Dublin Dental Hospital suffering from 

suspected oral candidiasis were sampled from the oral cavity using Nitrogen-gassed VI- 

PAK sterile swabs (Sarstedt-Drinagh, Wexford, Ireland) as part o f routine clinical 

management, in order to diagnose candidiasis. All patients from whom samples were 

collected gave informed consent and remained anonymous. Only gender and age 

information was made available for the purposes o f the present study. Swabs were 

plated immediately onto CHROM agar Candida^*^ medium in order to determine the 

Candida species present in the oral cavity o f the patient. Swabs were also were 

incubated in YPD broth containing 20 |ig chloramphenicol/ml at 37“C overnight with 

shaking at 200 rpm in order to be screened for the presence o f C. dubliniensis by PCR 

(Donnelly et a l ,  1999). In total 168 swabs were collected from 138 patients, and each 

was assessed for the presence o f C. dubliniensis using both culture- and PCR-based 

methods.

3.2.2. Prevalence of C. dubliniensis in the avian population

Fresh seabird excrement was collected from damp sand using Nitrogen-gassed 

VI-PAK sterile swabs (Sarstedt-Drinagh, Wexford, Ireland) and was plated on 

CHROMagar Candida^'^ medium within 2 h o f collection. In total, 124 faecal samples 

were collected from a number o f beaches along the east coast o f Dublin, Ireland on 

separate occasions. Ten samples were taken at Dun Laoghaire Harbour, 72 samples 

were taken at Sandymount Strand, and 25 samples were taken at Bray Harbour. All 

three o f these sites are located on the south side o f Dublin. Seventeen samples were 

taken at Claremount Strand on the northside o f Dublin. Ten samples were also taken 

from seabird excrement on the campus o f Trinity College Dublin, in the city centre. 

Birds present at these sites at the time o f sampling included Larus argentatus (herring 

gulls) and L. ridibundus (black-headed gulls). Cygnus olor (swans) were also present at 

the Bray harbour site. In total, 134 swabs o f fresh seabird excrement were examined for 

the presence o f C. dubliniensis.
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Table 3.1 Prevalence of C. dubliniensis in normal healthy and immunocompromised populations

Total number of 
individuals 
sampled “

Age range o f individuals sampled Individuals from whom C. 
dubliniensis carriage was 

identified

Age range o f C. dubliniensis carriers

Trinity College Dublin

287 1 7 - 2 5 9/287 (3.1% ) 1 7 - 2 5

Female N/A ’ 1 7 - 2 5 619(66.7%) 1 7 -2 5

Male N /A ’' 1 7 - 2 5 3/9(33.3%) 1 7 -2 5

Female

Male

Adelaide and Meath Hospital incorporating the National Children’s Hospital in Dublin

42 1 -  19 10 /42(23 .8% ) 1 - 1 9
39/42 over 10 years old 9/10 (90.0% ) over 10 years old

26 23 over 10years old 7/26(26.9%) </-7 /o c 7 o / /6/7 (85.7%) over 10years old

16 16 over 10years old 3/16(18.8%) u3/3 (100.0%) over 10 years old
Dublin Dental Hospital

Female

Male

138

85

53

22 -  97 (66 ind iv iduals)’’ 
38/66 over 60 years old 

28/66 over 60 years old

10/66 over 60 years old

2 4 /1 3 8 (1 7 .4 % )

15/85 (17.6%) 

9/53(17.0%)

2 2 - 7 8  
11/24 (45.8% ) over 60 years

2 2 - 7 8  
8/15 (53.3%) over 60 years 

2 5 - 7 4  
3/9 (33.3%) over 60 years

“ Gender data was not available for all students sampled in the present study.
Age data was only available for 66 individuals examined from the Dublin Dental Hospital. However, age data for all C. dubliniensis carriers identified in the Dublin Dental 

Hospital is included.





3.2.3. Culture-based identification of C. dubliniensis

Oral swabs, oral rinse, sputum and avian faecal samples were plated on 

CHROMagar Candida^*^ medium and were incubated at 37°C for 48 h. This was used to 

tentatively identify the Candida species present in the samples according to colony 

colour and morphology as described in Chapter 2, Section 2.2.1.

3.2.4. Identification of C. dubliniensis by PCR amplification and recovery of 

isolates

DNA was extracted from putative C  dubliniensis colonies recovered on 

CHROM agar C an d id a^m ed iu m  following subculture on fresh PDA agar and using the 

boiling method as described in Chapter 2, Section 2.3.1. Definitive identification o f  the 

isolate was confirmed by PCR as described in Chapter 2, Section 2.4.1.

Swabs o f oral and sputum samples were incubated in YPD broth containing 20 

fig chloramphenicol/ml at 37°C overnight with shaking at 200 rpm. The bead-beating 

method was used (as described in Chapter 2, Section 2.3.2) to extract the DNA from 

broth cultures. The presence or absence o f C. dubliniensis DNA in the extracted culture 

DNA was determined by PCR as described in Chapter 2, Section 2.4.1.

Broth cultures that were PCR-positive for the presence o f C. dubliniensis DNA 

were diluted l.TOO in sterile distilled water. A 100 |jl volume o f the diluted culture was 

plated out on Pal’s agar (A1 Mosaid et a l ,  2003) in order to recover C. dubliniensis 

from the culture. Candida dubliniensis isolates were identified on the basis o f hyphal 

fringe production on Pal’s agar (Al Mosaid et a l ,  2003) as described in Chapter 2, 

Section 2.2.2, and the identities o f the recovered isolates were confirmed by PCR 

(Donnelly et a l ,  1999).

3.2.5. Determination of C. dubliniensis ITS genotypes

Template DNA from C. dubliniensis isolates was prepared using the bead- 

beating method as described in Chapter 2, Section 2.3.2, and ITS genotypes were 

assigned to all isolates by PCR testing (Gee et a l ,  2002) as described in Chapter 2, 

Section 2.4.2.

3.2.6. Identification of other Candida species

Oral swab samples, sputum and avian faecal samples were plated on 

CHROM agar Candida™  medium and were incubated at 37“C for 48 h. This was used to
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tentatively identify the Candida species present in the samples as described in Chapter 

2, Section 2.2.1. Definitive identification of other Candida species was undertaken 

using the API ID32C yeast identification system, based on carbohydrate assimilation 

patterns as described in Chapter 2, Section 2.2.3.
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3.3. Results

3.3.1. Prevalence o f C. dubliniensis in a normal healthy population and in an 

immunocompromised population

3.3.1.1. Normal healthy population o f  students attending Trinity College Dublin, 

Ireland

A total o f  24 healthy students, all o f  whom were in their early twenties, 

voluntarily submitted swabs o f  their oral cavities. These swabs were used to inoculate 

CHROMagar Candida^"^ plates, which were examined for the presence o f typical 

Candida colonies following incubation at 37"C for 48 h. O f the 24 plates examined, 10 

plates contained green colonies that are typical o f C. albicans or C. dubliniensis. These 

colonies were sub-cultured on PDA for 24 h and the boiling method was used (as 

described in Chapter 2, Section 2.3.1) to extract DNA from these isolates. These DNA 

samples were tested in separate PCR amplifications with the A C T l gene primers 

specit'ic for C. dubliniensis (Donnelly et al., 1999). No amplimers were obtained with 

these primers, and all Candida species present in the 10/24 (41.7%) swabs were 

tentatively identified as C. albicans. This was confirmed in a number o f cases using the 

API 1D32C system as described in Chapter 2, Section 2.2.3. Oral swabs were also used 

to inoculate YPD broth cultures supplemented with 20 i^g chloramphenicol/ml, which 

were incubated at 37°C overnight. The bead-beating method was used (as described in 

Chapter 2, Section 2.3.2) to extract DNA from the fungal cells present in the overnight 

culture. This DNA was examined using the same A C T l gene primers specific for C. 

dubliniensis (Donnelly et al., 1999). Interestingly, two o f the swabs that did not yield 

any Candida growth on CHROMagar showed amplification with the A C Tl gene C. 

dubliniensis-specific primers following broth enrichment, showing the presence o f  C  

dubliniensis in 2/24 (8.3%) o f the subjects tested. These C. dubliniensis isolates were 

recovered from the YPD broth cultures using Pal’s agar (Al Mosaid et al., 2003) as 

described in Section 3.2.4.

Oral rinse samples were collected from 263 students (not including the 24 

students detailed above) and were plated directly onto CHROMagar Candida^^ medium 

in order to screen for C. dubliniensis colonies. O f these samples, 81/263 (30.8%) 

yielded Candida isolates, and 68/263 (25.9%) samples yielded green colonies that are 

typical o f C. albicans or C. dubliniensis. The isolates yielding green colonies were
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tested with the A C T l primers by PCR as previously described. Candida dubliniensis- 

specific amplimers were obtained from 7/68 (10.3%) o f  these green Candida colonies. 

Candida albicans isolates were identified using the API ID32C system (as described in 

Chapter 2, Section 2.2.3) from the remaining 61/68 (89.7%) green Candida colonies. 

Other Candida species were also isolated from the student population but were not 

further characterised in the present study.

In total 287 students were examined using either the oral rinse method or 

swabs o f the oral cavity (Table 3.1). Candida dubliniensis isolates were recovered from 

six female and three male students. The exact ages o f the students examined in the 

present study were unavailable. However, all students examined were aged between 17 

and 25 years (Table 3.1). O f these 287 students, 91 (31.7%) were found to harbour oral 

Candida species, o f  whom 71 (24.7%) harboured C  albicans and nine (3.1%) 

harboured C. dubliniensis. Seven o f these C. dubliniensis isolates (77.8%) were 

confirmed as ITS genotype 1, one (11.1%) as ITS genotype 2, and one (11.1%) as ITS 

genotype 3 by PCR amplification using ITS-genotype specific primer pairs (Gee et a l ,  

2002).

3.3.1.2. Population o f  patients with cystic fibrosis in Dublin, Ireland

Sputum samples were collected from 42 distinct patients suffering from cystic 

fibrosis and undergoing routine broncheolar lavage over a two-month period. A total of 

98 sputum samples were collected from these patients. One individual patient 

underwent bronchial lavage on seven occasions, thus providing seven sputum samples. 

Two patients underwent bronchial lavage on six occasions, thus providing six sputum 

samples each, and 23 patients underwent bronchial lavage on between two and five 

occasions, providing between two and five sputum samples each, respectively. O f the 

42 patients, 16 underwent bronchial lavage on one occasion only.

O f these samples, 18/98 (18.4%) were PCR-positive using C. dubliniensis- 

specific primers (Donnelly et al., 1999) following overnight incubation o f the samples 

in YPD broth supplemented with 20 |ug chloramphenicol/ml as described in Section

3.2.2. All o f the samples that yielded C. dubliniensis-specific PCR products also formed 

dark-green colonies on CHROMagar Candida^”̂  medium.

O f the 42 patients who provided sputum samples, 10 (23.8%) were found to 

harbour C. dubliniensis in the respiratory tract (Table 3.1). Seven o f the C. dubliniensis- 

carriers were female, and three were male (Table 3.1). Four (11.9%) o f  the 10 C.
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dubliniensis-carrymg, patients harboured C. dubliniensis o f the same ITS genotype in 

their respiratory tracts persistently, o f whom 3 carriers were female (aged 1-19 years), 

and one was male (aged 18 years). One male patient (aged 19 years) yielded C. 

dubliniensis isolates o f both ITS genotypes 1 and 2 on separate occasions. Isolates o f C. 

dubliniensis ITS genotype 1 were recovered from this individual on two occasions 

which were four days apart, whereas on a third occasion a week later only C  

dubliniensis ITS genotype 2 isolates were recovered. The 18 C. dubliniensis isolates 

recovered from these 10 patients consisted o f ITS genotype 1 (66.7%), ITS genotype 2 

(22.2%), and ITS genotype 3 (11.1%).

Candida albicans was the most frequently recovered species from sputa on 

CHROM agar Candida™  (Fig. 3.2A) and was detected in 51/98 (52%) samples 

recovered from 26/42 (61.9%) patients included in the study. Other Candida species 

were also isolated from the student population but were not further characterised in the 

present study. However, these latter samples were all taken at different time intervals 

from the same two patients. Mycelial fungi were also frequently recovered from sputum 

samples (Fig. 3.2A).

3.3.1.3. Oral Candida carriers attending the Dublin Dental Hospital

Sterile swabs were used to sample the oral cavities o f patients attending the 

Dublin Dental Hospital with suspected oral candidiasis; 168 swabs were collected from 

138 patients in total. Each swab was examined for the presence o f C. dubliniensis using 

both culture- and PCR-based methods as previously described in Sections 3.2.3 and 

3.2.4, respectively. Candida dubliniensis was recovered from 24/138 (17.4%) patients, 

15 were female and nine were male (Table 3.1). Clinical information was limited for the 

patients in this study. However, o f  the 24 patients from whom C. dubliniensis was 

isolated, 8 were known to be immunocompromised due to HIV infection, autoimmune 

diseases such as Sjogren’s syndrome or systemic inflammatory rheumatic disease 

(CREST syndrome), or were taking systemic steroids. Another patient from whom C. 

dubliniensis was recovered had diabetes mellitus.

Two o f the samples from which C. dubliniensis isolates was recovered did not 

yield any Candida isolates following culture on CHROMagar C a n d i d a m e d i u m .  In 

these two cases, C. dubliniensis DNA was detected by PCR. Candida dubliniensis was 

subsequently recovered from these swabs following broth enrichment as described in 

Section 3.2.4. O f the 24 C. dubliniensis isolates recovered from oral swab samples, 20
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(83.3%) belonged to ITS genotype 1, and the remaining four (16.7%) belonged to ITS 

genotype 2. Other Candida species were also isolated from the student population but 

were not further characterised in the present study.

3.3.2. Prevalence o f C  dubliniensis in the avian population

Fresh faecal deposits left by feeding seabirds were recovered from damp sand 

on sterile swabs at a number o f sampling sites on the east coast of Dublin, Ireland, in an 

effort to assess the prevalence of C. dubliniensis in the avian population. In total, 134 

swab samples were taken and plated on CHROMagar Candida^^ medium within 2 h of 

collection. Isolates were tentatively identified according to colony colour on 

CHROMagar Candida™ medium, and identities were confirmed using the API ID32C 

yeast identification system.

C. albicans was the Candida species most frequently recovered and was 

isolated from 24/134 (I7.9%>) of the samples tested. Nine of the 24 (37.5%>) and 7/24 

(29.2%) C. albicans isolates were recovered from seabirds at Dun Laoghaire Harbour 

and Trinity College Dublin, respectively. The remaining eight C. albicans isolates 

(33.3%) were recovered from birds feeding at the other three sample sites collectively.

Candida dubliniensis was recovered from 3/134 (2.2%) o f the samples tested. 

These three isolates were all recovered from seabirds at Trinity College Dublin and all 

were identified as belonging to ITS genotype 1 by PCR (Gee et a l,  2002).

Other yeast species including C. glabrata, C. parapsilosis, C. tropicalis, 

Candida zeylanoides, Cr. neoformans, R. glutinis were also frequently recovered from 

faecal samples, as were mycelial fungi (Fig. 3.2).
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Figure 3.2. Yeast species frequently recovered on CHROMagar Candida^*'  ̂

medium from human sputum samples and avian-excrement samples.

Panel A; sample of yeast species recovered from the sputum of a patient with cystic 

fibrosis; (a) pale green C  albicans colony and (b) a white hyphal colony formed by 

an aerial dermatophytic fungus. Panel B; sample o f yeast species recovered from the 

faecal swab of a seabird; (c) a purple C. tropicalis colony (d) a blue C. zeylanoides 

colony (e) a white C. parapsilosis colony and (f) aerial dermatophytic fungal colony. 

Panel C; sample o f yeast species recovered from the faecal swab of a seabird; 

displaying confluent growth of C. parapsilosis which forms white colonies and C. 

glabrata which forms pale pink colonies. Panel D; sample o f yeast species recovered 

from the faecal swab o f a seabird displaying the most common species recovered 

from avian excrement samples; (g) C. albicans (green) (h) C. tropicalis (purple) (i) 

C. krusei (pale pink with spreading edges), and (j) Rhodotorula glutinis (red).





3.4. Discussion

Most previous C, dubliniensis prevalence studies have relied solely on culture- 

based methods. The results o f the present study demonstrate that reliance on these 

methods alone underestimates the true prevalence o f this species, and that PCR-based 

analysis o f culture-enriched samples is the most accurate method o f prevalence 

determination. The main objective o f the present study was to accurately determine the 

prevalence o f C. dubliniensis in the normal healthy, and immunocompromised human 

population as well as in avian-excrement-associated samples using a combination of 

culture-based and PCR-based methods, including growth on CHROM agar Candida™ 

medium or Pal’s agar (A1 Mosaid et a l ,  2003), carbohydrate assimilation pattern 

analysis, and /iC ry-directed PCR analysis.

Previous culture-based studies reported the prevalence o f C  dubliniensis in the 

oral cavities o f the normal healthy population in the range 3-5% (Coleman et a l ,  1997b; 

Ponton et a l ,  2000; Montour et a l ,  2003). In the present study, the use o f oral rinse 

sampling and culture-based methods as a sole method o f prevalence determination 

resulted in the recovery o f  C. dubliniensis from the oral cavities o f  2.7% o f the normal 

healthy population, in agreement with previous studies (Ponton et a l ,  2000; M ontour et 

a l ,  2003).

Patients suffering from cystic fibrosis are highly susceptible to secondary 

colonisation o f lung tissues by bacteria and fungi, due to dehydration o f respiratory 

secretions and defective mucociliary clearance. A previous study examined the sputa o f 

54 patients with cystic fibrosis and reported that yeasts (mainly C  albicans) were 

observed in sputum samples o f 36/54 (66.7%) patients (Peltroche-Llacsahuanga et a l ,  

2002). The detection o f C. dubliniensis in 11.1% o f the patients studied was also 

reported. In the present study, C  dubliniensis was recovered from 10/42 (24%) patients 

examined. In 5/42 (12%) cases, C. dubliniensis carriage was found to be persistent in 

the respiratory tract, being consistently recovered from sequential samples taken at 

different time intervals over several weeks. The presence o f  C. albicans was identified 

in the sputa o f 62% o f the patients studied. Although the number o f patients suffering 

from cystic fibrosis were higher in the previous study (n=54) (Peltroche-Llacsahuanga 

et a l ,  2002), a similar prevalence o f both C. albicans and C. dubliniensis was 

determined in the present study. All o f the C. dubliniensis-spQcific PCR-positive sputum
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samples were also culture-positive for C. dubliniensis, which suggests that data from the 

present study is probably an accurate representation of the true prevalence of C. 

dubliniensis in this patient cohort.

The higher prevalence (17.4%) of oral C. dubliniensis amongst patients 

attending the Dublin Dental Hospital is perhaps unsurprising, given that 9/24 patients 

from whom C. dubliniensis was recovered were either immunocompromised or 

suffering from conditions such as diabetes mellitus, and all patients had suspected oral 

candidiasis. A previous study (Lockhart et a l, 1999) showed that the frequency of C. 

albicans and C. glabrata carriage increases with age, and the study showed that this 

increase in colonisation occurred independently of denture use. The authors suggested 

that the increased rate of carriage may be due to differences in the relative levels of 

yeast inhibitors such as histatins and defensins, or a reduced rate of salivary flow in the 

oral cavities of the elderly (Lockhart et al., 1999). Age data was available for the 24 

patients from whom C. dubliniensis was recovered, almost half (11/24 patients) were 

over 60 (Table 3.1). Candida dubliniensis carriage was not significantly associated (p =

0.25) with increased age (over 60 years) in the study of patients attending the Dublin 

Dental Hospital.

Candida dubliniensis isolates were recovered from female individuals more 

frequently from all three populations examined in the present study (Table 3.1). A two- 

tailed Student’s /-test showed that the prevalence did not differ significantly between 

the two sexes, but was suggestive of a trend (p = 0.04).

A previous study reported the recovery of C. dubliniensis from 21-22% of

1.uriae (tick) samples obtained from avian-excrement-filled cracks on the cliff-face at 

two separate locations on the Great Saltee Island (Nunn et a l,  2007). The authors 

hypothesised that the supposed source of these isolates was the excrement of seabirds in 

which these ticks were living. The present study examined 134 faecal samples from 

seabirds, and found the prevalence of C. dubliniensis to be very low in comparison to 

that observed on the surface of ticks in the previous study (Nunn et al., 2007). Candida 

dubliniensis was recovered from only 3/134 (2.2%) samples, all three of which were 

recovered from bird excrement on the campus of Trinity College in Dublin, Ireland. No 

C. dubliniensis isolates were recovered from faecal samples obtained at seashores, 

although C. albicans isolates were obtained at these sites. It has been previously shown 

that C. dubliniensis is less well able to tolerate osmotic stress than C. albicans 

(Enjalbert et a l, 2009); this may explain why C. dubliniensis was more frequently
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recovered at sites such as a college campus and cracks in the cliff-faces of the Great 

Saltee Island. From the present study it appears that isolates of C. dubliniensis are more 

abundant in the excrement of seabirds from areas that are heavily populated by humans, 

as all avian-excrement-associated C. dubliniensis isolates recovered in the present study 

were recovered from birds on the campus o f Trinity College Dublin. It is probable that, 

if transmission between the two hosts occurs it is more likely to occur from humans to 

birds, due to the scavenging nature of these birds. This directly contrasts with the 

findings of Nunn et al. (2007) however, as the birds inhabiting the Great Saltee Island 

would rarely come into contact with humans and yet the prevalence of C. dubliniensis 

was reported to be 21-22% in this study. It is possible that the birds inhabiting the Great 

Saltee Island came into contact with human waste somewhere off the Irish coast, which 

could explain the increased recovery rate in this location (Nunn et a l,  2007). It is also 

possible that the true source of C. dubliniensis is the surface of the /. uriae ticks rather 

than the avian-excrement in which they reside.

To date, the most heavily populated group of C. dubliniensis isolates belong to 

that of ITS genotype 1, and have been recovered from both human and avian sources, 

and isolates of this ITS genotype have been reported from disparate locations 

throughout the world (Gee et al., 2002; Al Mosaid et al., 2005; Nunn et al., 2007). 

These findings are supported by the current study, as the isolates recovered from the 

student population, the cystic fibrosis patients, and the patients attending the Dublin 

Dental Hospital were predominantly ITS genotype 1. The second most frequently 

encountered isolates belong to ITS genotype 2, which correlates with the results of the 

current study from each of the three cohorts studied. Isolates belonging to ITS 

genotypes 3 and 4 are encountered less frequently worldwide, however they appear to 

be more abundant in Middle Eastern countries (Al Mosaid et al., 2005), which suggests 

geographic enrichment of such isolates in this region, although isolates of ITS genotype 

1 have also been recovered in these areas (Gee et a l,  2002; Al Mosaid et al., 2005). The 

current study recovered three C. dubliniensis ITS genotype 3 isolates and did not 

recovery any ITS genotype 4 isolates, correlating with the findings of previous studies 

which suggest a lower prevalence of such isolates in European countries (Gee et al., 

2002; Al Mosaid et al., 2005).
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Chapter 4

Population analysis of Candida dubliniensis using multilocus 

sequence typing (MLST), and a study of the genetic 

relationship of C. dubliniensis isolates recovered from human 

and avian-excrement-associated sources
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4.1. Introduction

In order to be able to perform meaningful and informative epidemiological 

studies of Candida isolates it is essential to be able to discriminate between unrelated 

strains of the species o f interest. This enables the source of nosocomial outbreaks to be 

identified and the population structure of the organism in question to be determined. 

Prior to advances in molecular techniques, phenotypic methods such as carbohydrate 

assimilation profiling, serotyping and morphology were used for this purpose. However, 

difficulties can arise due to phenotypic variability and poor discriminatory powers. 

Ideally, strain differentiation methods should be highly discriminatory, reproducible and 

suitable for the analysis of large numbers of isolates as part of inter-laboratory 

epidemiological studies.

4.1.1. Population structure of C  dubliniensis according to DNA fingerprint 

analysis

To date, DNA tlngerprinting using the species-specific, semi-repetitive 

sequence-containing DNA probe Cd25 has been the most widely applied and 

informative tool used for C. dubliniensis epidemiology and population analysis. In 

brief, the Cd25 probe (which is highly homologous to repetitive DNA sequences which 

are dispersed across the C. dubliniensis genome) is applied to restriction endonuclease- 

digested DNA by Southern hybridisation. Hybridisation results in band patterns which 

then undergo computer-assisted analysis. Average Sab values are calculated for every 

possible pair of C. dubliniensis isolates included in the study. This enables the 

construction o f a dendrogram to infer genetic relationships across isolates of the same 

species. When first developed, data generated using this probe showed that C. 

dubliniensis is comprised o f two distinct major clades, termed Cd25 fingerprint groups I 

and II, respectively (Joly et a i,  1999; Gee et a l, 2002). Cd25 group I isolates are all 

closely related with an Sab value of approximately 0.8 (range 0.8 to 0.86). These isolates 

comprise the majority of isolates investigated to date and were recovered in many 

countries around the world, mainly from HIV-infected individuals (Joly et a i, 1999; 

Gee et a l,  2002; Al Mosaid et a l,  2005). Furthermore, ITS sequence analysis revealed 

that Cd25 group I isolates consist of a single ITS genotype, namely ITS genotype 1 

(Gee et al., 2002). In contrast, Cd25 group II isolates are more diverse, with an average 

Sab value o f 0.52 (range 0.07 to 0.67) (Al Mosaid et a i, 2005) and consist of three
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separate ITS genotypes (ITS genotypes 2-4), which corresponded to distinct subclades 

within the Cd25 group II fingerprinting clade (Gee et a i,  2002). More recently, a third 

major clade, termed Cd25 group III, was identified among isolates from Egypt and 

Saudi Arabia and displayed an average S a b  value of 0.35 (range 0.16 to 0.54) (Al 

Mosaid et a l,  2005). The DNA fingerprints of Cd25 group III isolates are very 

distinctive relative to isolates from Cd25 groups I and II (Fig. 1.3). Nucleotide sequence 

analysis o f the ITS region of these Cd25 group III isolates revealed that they belong to 

ITS genotypes 3 and 4 (Al Mosaid et al., 2005). Almost all Cd25 group III isolates 

examined to date exhibit resistance to 5FC (Al Mosaid et al., 2005).

Although DNA fingerprinting has been shown to be a very useful tool in the 

molecular epidemiological analysis of C. albicans and C. dubliniensis populations, it is 

time consuming, expensive and not conducive to inter-laboratory comparisons. There 

are many other molecular strain-typing techniques that have been applied to the analysis 

of Candida species [e.g. karyotyping and randomly amplified polymorphic DNA 

fingerprinting (Soli, 2000)]. However, all of these methodologies also suffer from 

drawbacks, particularly in relation to reproducibility.

4.1.2. M ultilocus sequence typing (MLST)

In the late 1990s MLST, a technique based on the nucleotide sequence analysis 

of a set of housekeeping genes, was developed for the population analysis of several 

bacterial species (Maiden et a i,  1998). This technique has also been applied to the 

analysis of the diploid yeast C. albicans (Bougnoux et al., 2002, 2003; Tavanti et a i, 

2003) and to other Candida species (Dodgson et a i, 2003; Tavanti et al., 2005b; 

Jacobsen el al., 2007). Using the MLST method different sequences obtained at each 

housekeeping locus are assigned as distinct genotypes. Each distinct genotype is 

assigned a corresponding integer, and for each isolate tested the combination of integers 

for each o f the housekeeping loci gives rise to the isolates allelic profile. Each unique 

allelic profile is then assigned a ST number, or, in the case of diploid organisms, a DST 

number. In haploid organisms there are four possible variations at each polymorphic 

locus. However, in diploid organisms heterozygosity may present 10 possible 

variations, thus increasing the number of different genotypes that may occur at each 

housekeeping locus and increasing the discriminatory power of the method.

Bougnoux et al. (2002) identified six housekeeping gene loci that allowed 

accurate and reproducible discrimination between unrelated C. albicans isolates. A

60



study by Tavanti et al. (2003) used four o f  these loci and a further four loci and also 

showed high levels o f discrimination. These two groups o f researchers subsequently 

revised the combination o f loci used in MLST analysis o f C. albicans, aiming to 

identify the minimum number o f loci required to maintain the high discriminatory 

power o f the scheme (Bougnoux et a i ,  2003). An agreed consensus scheme between the 

two different laboratories examined seven loci: A A Tla, A C C l, A D P l, PMIb [formerly 

M P Ib\ ALAI [formerly SY A 1\ VPS13, and ZW F lb. These seven loci allowed the 

application o f M LST to the analysis o f C. albicans epidemiology and population 

structure (Bougnoux et al., 2002, 2004, 2006; Tavanti et al., 2005a; Chen et al., 2006; 

Odds et a i ,  2006). MLST analysis has since been demonstrated to be as sensitive as 

DNA tlngerprinting (Robles et al., 2004) and due to the nature o f the data (i.e., DNA 

sequences o f specific loci) these can be used to create a large database generated by 

multiple laboratories.

4.1.3. Population and mating structure analysis using MLST

Population structure analysis can be carried out using concatenated MLST 

sequences, or on allelic profiles and resulting ST data. One o f  the most commonly used 

techniques for this type o f analysis are dendrograms based on concatenated sequences 

and clustered using the unweighted-pair group method based on an arithmetic averages 

(UPGMA) algorithim. This method has shown that the strain groupings o f C. albicans 

identified by MLST correlate with clades o f C. albicans identified using the species- 

specific DNA fingerprinting probe Ca3 (Tavanti et a l ,  2005a). The UPGMA method 

provides useful information on the genetic relatedness between closely related isolates. 

However, it delivers little information on patterns o f  evolutionary descent or the 

identification o f founding STs. Another algorithim that is based upon related sequence 

types (eBURST) can divide large MLST datasets into non-overlapping groups of 

closely related STs or DSTs resulting in the formation o f clonal complexes that consist 

o f closely related isolates. The founder genotypes o f each clonal complex can be 

hypothesised according to their establishment in the population, and closely related 

isolates are then identified as single locus or double locus variants (SLVs or DLVs).

Previously C. albicans was believed to lack a sexual cycle. However, Hull & 

Johnson (1999) identified a set o f genes in this species that corresponded to the mating 

type locus o f S. cerevisiae, which regulates the sexual cycle o f the latter yeast species. 

This locus is referred to as the mating type-like locus {MTL) in C. albicans, and since its
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discovery, it has been observed that mating occurs in cells that are in the “opaque” 

mating competent form. These mating-competent isolates are naturally homozygous at 

the MTL locus, displaying either a/a or a/a  genotypes (Hull & Johnson 1999; Lockhart 

et a l,  2003). The mating structure of a population may be investigated using the MLST 

method. Combination of the specific alleles at each of the biallelic sites on the same 

chromosome for each gene on the same chromosome enables the definition of 

haplotypes. Previous analysis of such haplotypes in C. albicans has suggested that the 

species may undergo sexual reproduction, although its primary means of reproduction is 

clonal (Tavanti et a l,  2004).

4.1.4. Genetic relatedness of human and animal isolates of C. albicans

Candida albicans has previously been recovered from many different types of 

animals including birds, primates, reptiles, amphibians, as well as both wild and 

domesticated animals (Odds, 1988; Buck, 1990; Pressler et a l ,  2003; Bougnoux et a i, 

2004; Edelmann et a l, 2005; Tavanti et a l, 2005a; Cafarchia et a l,  2006; Jacobsen et 

a l, 2008; Wrobel et a l,  2008). A number of previous studies have analysed the genetic 

relationships between C. albicans isolates from these sources in comparison to those 

from humans using both Ca3 DNA fingerprinting and MLST (Bougnoux et a l,  2004; 

Edelmann et a l, 2005; Tavanti et a l,  2005a; Jacobsen et al., 2008; Wrobel et a l,  2008). 

All of these studies concurred that genetic separation is evident between C. albicans 

isolates recovered from animals and humans. Studies using MLST analysis has 

suggested that MLST clade 8 is enriched with isolates of animal origin, whereas MLST 

clade 1 is devoid of such isolates, with the exception of those recovered from primates 

(Jacobsen et a l ,  2008; Wrobel et a l,  2008). It has been suggested that MLST clade 1 

isolates may be better adapted for colonisation and infection in humans, as isolates 

belonging to this clade are most frequently recovered from humans (Jacobsen et a l, 

2008).

A study by Nunn et al. (2007) reported the recovery of a large number of C. 

dubliniensis isolates from the surface o f 1. uriae (ticks) living in seabird excrement at a 

seabird colony on the Great Saltee Island off the South-Eastern Irish coast. This study 

was the first to report the recovery of C. dubliniensis from non-human sources. All of 

these isolates were reported as belonging to ITS genotype 1 and were recovered from 

one location on the island on two separate occasions. The study suggested that C. 

dubliniensis may inhabit the gastrointestinal tracts of birds, and presented an interesting
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opportunity to investigate the genetic relationship between human and environmental 

isolates o f C. dubliniensis.

4.1.5. Objectives

There were three main objectives for this part o f the study:

• To develop MLST as an informative alternative to previously used DNA 

fingerprinting and ITS genotyping approaches for investigating the population 

structure o f C. dubliniensis. At the outset o f the study, MLST had several 

considerable potential advantages over fingerprinting using species-specific 

probes, including improved reproducibility, rapidity and cost effectiveness. This 

study aimed to compare the population structure o f C. dubliniensis defined by 

MLST, Cd25 fingerprinting and ITS genotyping.

• To investigate if the application o f an identical set o f MLST loci to C. albicans 

and C  dubliniensis isolates could be used to validly compare the population 

structures of the two species and to provide insights into their evolutionary 

relatedness. This was undertaken by applying the previously established C. 

albicans MLST scheme to isolates o f C  dubliniensis.

• To investigate the genetic relationships between C. dubliniensis isolates 

recovered from humans and from seabird excrement using MLST to determine 

the likelihood that isolates could be transmitted between the two hosts.
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4.2. Materials and methods

4.2.1. Candida dubliniensis isolates

The C. dubliniensis isolates used in this study are shown in Table 4.1. Isolates 

were selected from diverse geographical locations (Fig. 3.1) and included 

representatives of the three Cd25 major fingerprinting clades and all four ITS 

genotypes. The majority of the isolates studied had been described previously. 

However, a number of new clinical isolates were also included (Table 4.1). These new 

isolates were identified using phenotypic and genotypic methods as described in 

Chapter 2 Sections 2.2 and 2.4. A selection of three C. dubliniensis isolates recovered 

from seabirds as previously described in Section 3.2.2 of this study, and 11 isolates 

recovered by Nunn et al. (2007) were also included. A number of C. dubliniensis 

isolates with unusual phenotypes such as inability to produce chlamydospores on Pal’s 

agar following 48 h incubation at 30“C (isolates 98-277, 95-677 and 94-234), or growth 

as white/pale pink colonies on CHROMagar Candida™ (isolates 17P, 18P, 22BP, 25P, 

1 lOP and 140?) medium following 48 h incubation at 37°C were also included in the 

present study (Table 4.1). These nine isolates were sent to the laboratory by Dr. Jose 

Ponton at the Universidad del Pafs Vasco, Bilbao, Spain.

4.2.2. Candida albicans isolates

A selection of 50 human C. albicans isolates (Table 4.2) were chosen to 

represent a range of the 17 MLST clades recently described by Odds et al. (2007). 

Sequence data for each of the 50 C. albicans isolates were available at 

http://testl.mlst.net/ for the seven collaborative consensus MLST loci; AATla, ACCl, 

ADPl, PMIb, ALAI, VPSJ3, ZW Flb  (Odds et a l, 2007), and at 

http://calbicans.mlst.net/ for the RPN2 locus (Bougnoux et a l,  2002). The seven 

recommended MLST loci for C. albicans and the additional RPN2 locus were amplified 

and sequenced as recommended (Bougnoux et al., 2002; Bougnoux et al., 2003) for 

each of 17 C. albicans isolates recovered from seabirds as described in Chapter 3, 

Section 3.3.2. All locus sequences were treated in an identical manner as the C. 

dubliniensis sequence data as described below.
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Table 4.1. Candida dubliniensis isolates investigated by MLST analysis
Human isolates Origin' Yrof Underlying Sample ITS Cd25 Source/

isolation patient
condition

Genotype group Reference

CD36"'’ Ireland 1988 HIV PCS Oral 1 I (Sullivan el a i ,  1995; 
Gee e( al., 2002)

CD06033"'’ Ireland 2006 CF Sputum I ND This study
CD06031’ Ireland 2006 CF Sputum 1 ND This study
C D 0602I3 ' Ireland 2006 CF Sputum I ND This study
C D 0604I' Ireland 2006 CF Sputum I ND This study
CD06038*'’ Ireland 2006 CF Sputum 1 ND This study
CD06045’ Ireland 2006 CF Sputum I ND This study

C D 06037''’ Ireland 2006 CF Sputum 2 ND This study

C D 06036"’ Ireland 2006 CF Sputum 2 ND This study

CD060215*'’ Ireland 2006 CF Sputum 3 ND This study

C D 604’'’ France 2000 HIV Pos Throat I ND This study

CD603 France 2000 HIV Pos Throat 1 ND This study

CM la*’ Australia 1991 HIV Pos Oral 1 1 (Sullivan el a i ,  1995; 
Gee el a/., 2002)

SA105* S. Arabia 2002 Diabetes Oral 1 I (AI Mosaid e! a i ,  2005)

SA115‘ S Arabia 2002 Diabetes Oral 1 I (AI Mosaid el ai., 2005)

SAI16* S. Arabia 2002 Diabetes Oral I I (AI Mosaid el a i ,  2005)
SA108'"’ S, Arabia 2002 Diabetes Oral 3 111 (Al Mosaid el al., 2005)

SAIOO*'’ S Arabia 2002 Leukaemia Oral 3 III (AI Mosaid ei ai., 2005)
S A 1 2 r ‘’ S. Arabia 2002 S/P Renal Tx Oral 4 III (Al Mosaid et ai., 2005)
Eg202‘ Egypt 2002 Cancer Oral 4 III (Al Mosaid el a i ,  2005)
Eg203- Egypt 2002 Cancer Oral I I (Al Mosaid el ai., 2005)
Eg204‘ Egypt 2002 Canccr Oral 1 1 (Al Mosaid et al., 2005)
Eg207‘ Egypt 2002 Diabetes Oral 4 III (Al Mosaid el a i ,  2005)
p6785“’ Israel 1999 HIV Neg Urine 3 II (Al Mosaid el ai., 2005; 

Polacheck el ai., 2000)
p7276‘‘‘ Israel 1999 HIV Neg RT 3 II (Al Mosaid e! ai., 2005)

p 7 7 l8 ‘ Israel 1999 HIV Neg Wound 4 III (Gee et a i ,  2002, M  
Mosaid et ai., 2005)

CD71‘ Argentina 1994 HIV Pos Oral 1 1 (Sullivan et ai., 1997; 
G eee( a i ,  2002,)

CD98923* India 1998 HIV Pos Oral I I (Al Mosaid el ai., 200 \)
B1324" USA 1998 N/A Tongue 1 ND This study

B34I* USA 1998 N/A Throat 1 ND This study

PM 6-2' Chile 2006 N/A N/A I ND This study
P2« Switzerland 1993 HIV Pos Oral 1 I (Gee el a i ,  2002- AI 

Mosaid el ai., 2005)
1504* Slovakia 2005 N/A Tonsular

swab
1 ND (Melkusova el ai., 2005)

8882“ Slovakia 2005 CH Tonsular
swab

1 ND (M elkusova el ai., 2005)

9097* Slovakia 2005 Leukaemia Tonsular
swab

1 ND (M elkusova e la i., 2005)

966/3(1)"'’ Slovakia 2005 N/A Sputum 1 ND (M elkusova el al., 2005)

966/3(2)' Slovakia 2005 N/A Sputum 1 ND (Melkusova el ai., 2005)
CCY29-177-1' Slovakia 2005 Pelvic organ 

inflammation
Cervial
swab

1 ND (Melkusova el ai., 2005)

M LNIH0479' Thailand 2005 Leukaemia Blood 1 ND (Bujdakova el ai., 2004)

M LNIH0720' Thailand 2005 TB.Anaemia,
Diabetes

Oral I ND (B ujdakovae l a i ,  2004)

49831' Japan 2005 Anaemia Sputum ND (Bujdakova el a i ,  2004)

IFM 49883' Japan 2005 N/A N/A ND (Bujdakova el ai., 2004)

1FM0492' Thailand 2005 Cancer Blood 1 ND (Bujdakova el ai., 2004)
IFM49832* Japan 2005 Diabetes Sputum 1 ND (Bujdakova et ai., 2004)

Can4' Canada 1996 HIV Pos Oral 2 II (Pinjon et ai., 1998; Gee 
et a i ,  2002,)

CD 539' U.K 1994 AIDS Oral 2 II (Pinjon el ai., 1998; Gee 
el a i ,  2002,)

CBS2747* Netherlands 1952 HIV Neg Sputum 2 II (M eis et ai., 1999 ; Gee 
et a i ,  2002)

CD 514' Ireland 1995 HIV Neg Oral 3 11 (Gee e t a i ,  2002)

Continued overleaf



Table 4.1. Continued
Human isolates Origin" Yr of 

isolation
Underlying
patient
condition

Sample ITS
Genotype

Cd25
group

Source/
Reference

CD 519" Ireland 1997 A ID S Oral 3 II (G ee e t a!., 2002)

CD75004* UK 1975 D iabetes Oral 2 II (P in jon  et al., 1998; G ee  el 
at., 2002)

49831“ Japan 2005 A naem ia Sputum 2 ND (B ujdakova e t a t., 2004)

1FM 49883‘ Japan 2005 N /A N /A 2 N D (B ujdakova e i al., 2004)

(FM 0492* T hailand 2005 C ancer B lood 1 N D (B ujdakova e ta l .,  2004)

IF M 49832’ Japan 2005 D iabetes Sputum 1 N D (B ujdakova e l al., 2004)

98-277 Spain 1998 N /A Oral 1 N D (B rena e l al., 2004)

95-677 Spain 1995 H IV  Pos Oral I N D T his study

94-234 Spain 1994 H IV  Pos Oral 1 N D (B rena e l al., 2004)

C D 505 Ireland 1989 H IV  Pos Oral I I (G ee el a /., 2002)

C D 06032 Ireland 2006 H ealthy Oral 1 N D T his study

C D 06027 Ireland 2006 Healthy O ral 1 ND T his study

C D 0512 Ireland 2005 System ic
steroids

Oral 1 N D T his study

CD 524 Ireland 1997 H IV  Neg O ral I I (G ee el al., 2002)

17P A rgentina N /A G ingivitis Oral N D T his study

18P A rgentina N /A Periodontitis Oral 2 N D This study

22BP A rgentina N /A Periodontitis Oral 2 N D T his study

25P A rgentina N/A Periodontitis Oral 2 N D This study

HOP A rgentina N /A Periodontitis Oral 2 N D T his study

HOP A rgentina  

A v ian  C. d u b lin ie n s is  iso la tes

N /A G ingivitis Oral 2 N D T his study

SL411 G SI 2007 /. uriae S/E I N D (N unn el al., 2007)

SL422 G Sl 2007 I. uriae S/E 1 N D (N unn e l a t., 2007)

SL370 G SI 2007 I. uriae S/E 1 N D (N unn e ta l . ,  2007)

S L 4 I0 G SI 2007 1. uriae S/E I N D (N unn el al., 2007)

SL 375-I G SI 2007 /. uriae S/E 1 N D (N unn e t al., 2007)

SL 375-II G SI 2007 I. uriae S/E 1 N D (N unn el al., 2007)

SL397 G SI 2007 1. uriae S/E I N D (N unn e l al., 2007)

S L 4 I4 G SI 2007 I. uriae S/E 1 N D (N unn e l al., 2007)

Sl.495 G SI 2007 1. uriae S/E I N D (N unn e l al., 2007)

SL509 G SI 2007 I. uriae S/E 1 ND (N unn e l at., 2007)

SL522 G SI 2007 /. uriae S/E 1 N D (N unn e l at., 2007)

AV5 TC D 2008 L. argen la lus S/E 1 N D T his study

AV 6 T C D 2008 L. argenlalus S/E 1 N D T his study

A V 7 TC D 2008 L. argen ta tus S/E I N D This study

“ Isolates used in the developm ent o f  the C. dublin iensis  M LST schem e.

Isolates included in assessm ent o f  sequence stability and M LST reproducibility.

'G eographical location from w hich isolates w ere recovered. G S l, Great Saltee Island on the SouthEast coast 

o f  Ireland; TCD, cam pus o f  Trinity C ollege Dublin.

Abbreviations: HIV Pos; Human im m unodeficiency virus-infected; HIV N eg; Human im m unodeficiency  

virus negative; CF; C ystic Fibrosis; S. Arabia; Saudi Arabia; S/P Renal Tx; stage-post renal transplantation; 

N /A ; not available; CH; Congenital Hydrocephalus; RT; Respiratory tract; TB; Tuberculosis; AIDS; 

Acquired im m unodeficiency syndrom e patient; I. uriae; Ixodes uriae; L. argentatus; Larus argentatus 

(herring gull); S/E; Seabird excrement; isolates recovered at sites where black headed gulls {Larus 

rid ibundus), L arus argen ta tu s  (herring gull) and swans (C ygnus o lo r)  were present.



Table 4.2. Candida albicans isolates included in the MLST analysis
Human isolate O rigin' Yr o f 

isolation Source Sample DST"
MLST
Clade

Reference

APRHCRCl France 2001 Candidaemia Blood 915 4 (Odds et al., 2007)
APRURC3 France 2001 Candiduria Urine 529 6 (Odds et a i ,  2007)
APRURM3 France 2002 Candiduria Urine 917 1 (Odds era /., 2007)
APRURM6 France 2002 Candiduria Urine 918 9 (Odds et a!., 2007)
APRURM7 France 2002 Candiduria Urine 919 10 (Odds et a i,2 0 0 1 )
BCHURCIO France 2002 Candiduria Urine 921 10 (Odds et a i ,  2007)

BCHURC15 France 2002 Candiduria Urine 922 11 (Odds et a l.,2001)
BCHURS24 France 2002 Candiduria Urine 923 S (Odds e /a /., 2007)
BCHURS3 France 2001 Candiduria Urine 924 4 (Odds e ta l., 2007)
BCHURS5 France 2001 Candiduria Urine 925 11 (Odds et at., 2007)
BCHURS9 France 2001 Candiduria Urine 926 4 (Odds e ta i ,  2007)
C C H H C R M Il France 2002 Candidaemia Blood 927 4 (Odds et a/., 2007)
CCHHCRM4 France 2001 Candidaemia Blood 928 14 (Odds et a i ,  2007)
CCHHCRM7 France 2001 Candidaemia Blood 918 9 (Odds et a i ,  2007)
CCHURM l France 2001 Candiduria Urine 929 15 (Odds et a i ,  2007)
CCHURM12 France 2001 Candiduria Urine 306 9 (Odds et a i . 2007)
CCHURM4 France 2001 Candiduria Urine 931 11 (Odds e t a i ,  2007)
CCHURM9 France 2001 Candiduria Urine 932 16 (Odds eta l., 2007)
CCHURSIO France 2002 Candiduria Urine 933 9 (Odds et a i ,  2007)
CP04 USA NA NA NA 951 1 (Odds el a i ,  2007)
CP05 USA NA NA NA 952 S (Odds et a i ,  2007)
CP06 USA NA NA NA 953 1 (Odds et a i ,  2007)
CP08 USA NA NA NA 954 1 (Odds e t a i ,  2007)
C PI2 USA NA NA NA 956 4 (Odds et a i ,  2007)
CP15 USA NA NA NA 957 3 (Odds et a i ,  2007)
CP54 USA NA NA NA 976 2 (Odds e ta i ,  2007)
CP58 USA NA NA NA 659 4 (Odds et a/., 2007)
CP85 USA NA NA NA 659 4 (Odds et al., 2007)
D P C lll Belgium 2000 Carriage Mouth 869 9 (Bougnoux et a i ,  2006)
DPC118 Belgium 2000 Carriage Mouth 871 1 (Bougnoux et al., 2006)
DPCI68 Belgium 2000 Carriage Mouth 874 11 (Bougnoux et a i ,  2006)
DPC18 Belgium 2000 Carriage Feces 883 12 (Bougnoux e t a i ,  2006)
DPC2 Belgium 2000 Carriage Feces 538 n (Bougnoux et a i ,  2006)
DPC206 Belgium 2000 Carriage Feces 885 1 (Bougnoux et a i ,  2006)
DPC208 Belgium 2000 Carriage Feces 887 5 (Bougnoux el a i .  2006)
DPC22 Belgium 2000 Carriage Feces 889 12 (Bougnoux el a i ,  2006)
DPC25 Belgium 2000 Carriage Mouth 890 3 (Bougnoux et a i ,  2006)

DPC28 Belgium 2000 Carriage Mouth 891 11 (Bougnoux et a i ,  2006)
DPC35 Belgium 2000 Carriage Mouth 896 17 (Bougnoux et a i ,  2006)
DPC37 Belgium 2000 Carriage Mouth 572 1 (Bougnoux et a i ,  2006)
DPC44 Belgium 2000 Carriage Mouth 897 11 (Bougnoux et a i ,  2006)
DPC47 Belgium 2000 Carriage Feces 898 3 (Bougnoux et a i ,  2006)

DPC5 Belgium 2000 Carriage Mouth 899 11 (Bougnoux et a i ,  2006)

DPC55 Belgium 2000 Carriage Feces 900 1 (Bougnoux et a i ,  2006)

DPC6 Belgium 2000 Carriage Feces 901 11 (Bougnoux et a i ,  2006)

DPC65 Belgium 2000 Carriage Feces 904 11 (Bougnoux el a i ,  2006)
DPC66 Belgium 2000 Carriage Mouth 905 9 (Bougnoux el a i ,  2006)

DPC70 Belgium 2000 Carriage Mouth 906 11 (Bougnoux et a i ,  2006)

DPC81 Belgium 2000 Carriage Digestive
tract 910 2 (Bougnoux et a i ,  2006)

DPC90 Belgium 2000 Carriage Mouth 912 4 (Bougnoux et a i ,  2006)

A vian C  albicans isolates
AVIOI TCD 2008 L. argentatus S/E 1241 3 This study
AVI 02 Dun Laoghaire 2008 L. argentatus S/E 1242 II This study

AVI 03 Diin Laoghaire 2008 L. argentatus S/E 538 11 This study

AV104 Dim Laoghaire 2008 U/S S/E 1243 2 This study

AVI 05 Dim Laoghaire 2008 U/S S/E 1243 2 This study

Continued overleaf



Table 4.2. Continued
Avian isolate Origin* Y ro f

isolation Source Sample DST'’ MLST
Clade Reference

AVI 06 Diin Laoghaire 2008 U/S S/E 1243 2 This study
AV107 Diin Laoghaire 2008 U/S S/E 1243 2 This study
AVI 08 Diin Laoghaire 2008 U/S S/E 1244 2 This study
AVI 09 Diin Laoghaire 2008 U/S S/E 1243 2 This study
AV113 Sandymount 2008 U/S S/E 1246 4 This study
AVI 14 Sandymount 2008 U/S S/E 1247 S This study
AV115 Bray 2008 U/S S/E 1248 16 This study
AVI 16 Howth 2008 U/S S/E 52 1 This study
A V II8 Howth 2008 U/S S/E 1249 4 This study
A V II9 TCD 2008 L  argentatus S/E 52 1 This study
AVI 22 TCD 2008 L. argentatus S/E 52 1 This study

AVI 23 TCD 2008 L  argentatus S/E 1245 S This study

“ Origin; Geographical location from w hich isolates were recovered.

DST; D iploid Sequence type assigned to each isolate according the consensus M LST schem e for C. 

albicans.

Abbreviations; L. argentatus; Larus argentatus (herring gull); U /S; Unknown species; S/E; Seabird 

excrem ent, isolates recovered at sites where black-headed gulls {Larus ridibundus), herring gulls {Larus 

argen tatus) and sw ans {Cygnus o lor) were present; S; singletons, i.e., isolates that were not assigned to any 

M LST clade.
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4.2.3. Preparation of template DNA

Candida  isolates were grown overnight in 5 ml o f YPD broth and cells from 

1.5 ml o f culture were harvested by centrifugation. DNA was extracted from the cells as 

described in Chapter 2 Section 2.3.3.

4.2.4. Genotyping of C. dubliniensis using PCR amplification

Template DNA was tested in separate PCR amplification experiments with 

each o f  the prim er pairs G IF /G IR , G2F/G2R, G3F/G3R, and G4F/G4R to identify the 

ITS genotype o f the isolate (Gee et al., 2002) as outlined in Chapter 2 Section 2.4.2.

4.2.5. Selection of loci for MLST analysis

Due to the high level o f sequence homology between the majority o f C. 

albicans and C. dubliniensis open reading frames (ORFs) (Moran et al., 2004), all loci 

previously examined for the purpose o f MLST analysis in C. albicans were also 

investigated for their potential use with C. dubliniensis. The usefulness o f  the six genes 

examined in C. albicans as described by Bougnoux et al. (2002) (i.e., AC C l, VPSJ3, 

GLN4, AD P l, RPN2 and A LA I), and the additional four loci described by Tavanti et al. 

(2003) (i.e., AATIa, AATlb, PMIb and Z W F lb) was assessed. The C. albicans MLST 

loci sequences were used in separate BLAST searches against the C. dubliniensis 

genome sequence database (the Wellcome Trust Sanger Institute C. dubliniensis 

genome sequence project (http://www.sanger.ac.uk/sequencing/Candida/dubliniensis/). 

For each MLST locus, sequences were aligned using the CLUSTAL W sequence 

alignment computer program (Thompson et al., 1994), and the C. albicans primer- 

binding regions were identified in the alignment. Any nucleotide differences in the 

primer-binding regions between the species were adjusted in the corresponding C. 

dubliniensis oligonucleotides to facilitate optimum amplification. All o f the C. 

dubliniensis-OTpi\m\SQd primer pairs yielded a single PCR product o f  the expected size 

(ranging in size from 400 bp to 700 bp) (Table 4.3).

4.2.6. PCR amplification and sequence determination

The DNA of the C. dubliniensis isolates underwent PCR amplification in 50 \x\ 

reaction volumes containing 200 |^M of each dNTP, 1.25 U o f GoTaq polymerase 

(Promega) and 10 |il (1 x) o f GoTaq FlexiBuffer (Promega), 3 |iM  M gCh, 100 pmol of 

each primer, and 100 ng DNA template. Amplification products were purified using a
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QIAquick 96-well PCR purification kit (Qiagen Science, MD) and were sequenced on 

both strands using the same primers that were previously used for amplification. DNA 

sequencing reactions were performed commercially as described in Chapter 2 Section 

2 .6 .

4.2.7. Sequence analysis and sequence type determination

Sequence analysis was performed by examination of chromatogram files using 

the ABI prism Seqscape software version 2.0 (Applied Biosystems, Foster City, CA). 

Numbers were assigned to unique genotypes for each locus, and genotype numbers 

were then combined to yield a DST number. Allelic profiles and DST numbers are 

available for each MLST scheme in Appendices A -E in the final Section of this thesis. 

The sequences of all of the loci examined are provided in Appendix F in the final 

section. Maximum parsimony trees and unweighted-pair group method with arithmetic 

averages (UPGMA) dendrograms were constructed using Bionumerics version 5.1 

(Applied Maths NV, Sint-Martens-Latem, Belgium) based on concatenated C. albicans 

and C. dubliniensis MLST sequences. Neighbour-joining trees were constructed using 

Mega software program version 3.1 (Kumar et a i,  2004). The START2 software 

program (Jolley et a l,  2001) was used to construct UPGMA dendrograms that were 

based on allelic profiles and DSTs, and to display clonal complexes and hypothesise 

founder genotypes following BURST analysis.

4.2.8. Linkage disequilibrium and clonality

Linkage disequilibrium was assessed using the Index of Association (la), as 

described by Smith et al. (1993) as calculated by the Multilocus 1.3 software package, 

available at http;//www.agapow.net/software/multilocus/ (Agapow & Burt, 2001) using 

genotype numbers for all loci (scheme C) from all C. dubliniensis isolates. The levels of 

significance for non-random association between loci were computed under the null 

hypothesis o f a freely recombining population (panmixia). Primary founding genotypes 

and clonal complexes were predicted by BURST analysis using the START2 software 

program (Jolley et a l,  2001) with genotype numbers for all loci (scheme D) from all C  

dubliniensis isolates.
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Table 4.3. Oligonucleotide primers and sequences used for C. dubliniensis MLST analysis

Locus
Amplicon 
size (bp)

No. of 
bases 
analysed 
(bp)

Co-ordinates of 
C. albicans 
amplicon'’

Co-ordinates of 
C. dubliniensis 
amplicon*’

% sequence 
identity of 
analysed 
segment'

Primer (5’—3’) Analysed segment start (5') 
and end (3') points in C. 
dubliniensis

AATIa 480 373 +31 ->+508 +35— +497 91 F-ATCAAACTACTAAATTTTTGAC
R-CGGCAACATGATTAGCCC

5'-ATTGAAA
3-CGATTT

AATIb 491 341 +736 — +1,226 +742— +1,233 95 F-ATGGCTTATCAAGGTTTTGC
R-GTAGCATAAACTGAATAATCA

5'-TTAACTAA
3'-TTGGGATCA

ACCl 519 407 +3,184 — +3,702 +3,190— +3,708 93 F-GCCAGAGAAATTTTGATCCAATGT
R-TTCATCAACATCATCCAAGTG

5'-TTTTGAGAT
3'-TACAAGA

ADPI 537 443 +868— +1,404 +868— +1,404 90 F-GAGCCAAGTATGAATGACTTG
R-TTGATCAACAAACCCGATAAT

5-IACGTTGCAA
3'-GGAAATCCAA

GLN4 483 404 +82 — +564 +82 — +564 100 F-GAGATAGTTAAGAATAAAAAAGTTG 
R- GTCTCTTTCGTCTTTAGGACCCAATC

5'-TCTGCTTTA
3'-TTCAAACC

PMIb 486 375 +406 — +891 +406— +892 90 F-ACCAGAAATGGCC
R-GCAGCCATACATTCAATTAT

5'-TTTAAGC
3-GGGAAGCA

RPN2 447 306 + 1,012 — +1,458 + 1,015 — +1,461 90 F-nTATGCATGCTGGTACTACTGATG
R-TAACCCCATACTCAAAGCAGCAGCCT

5'-TTGGTCCAAG
3'-GTCTTTACGA

A U l 543 391 +2,284 — +2,826 +2,284— +2,826 90 F-AGAAGAATAGTTGCTCTTACTG
R-GTTGCCCTTACCACCAGCTTT

5-TAAATCCAAG
3'-AGTCTGTATCT

VPSI3
(exVPSI3)‘

741 403 (675)“ +4,854 — +5,594 +4,858— +5,598 88 F-CGTTGAGAGATATTCGACTT
R-ACGGATCGATCGCCAATCC

5'-CCTTGATATG
3'-M AATCTTGG
(5’-AGAGCAAACG
(3'-AAACCTTGG)

ZWFIb
(exZW Flbf

702 491 (621)’ +787 — +1,469 +766— +1,468 93 F-GTTTCATTTGATCCTGAAGC
R-GCCATTGATAAGTACCTGGAT

5-CAAACCAGG
3’-TAGAATTAC
(5'-AAAGTTTTAAAA)
(3'-GAAAATATTTGAAA)

* Numbers and loci in parenthesis denote extended sequence fragments analysed for polymorphisms.

*T^ucleotide coordinates for MLST amplicons are numbered based on the adenine residue o f  the ATG start codon at the 5' end o f  the gene being designated +1.

Sequence homology between C. dubliniensis and C. albicans at the sequenced fragments.

Nucleotide bases shown in bold typeface and underlined denote nucleotide bases that vary between C. albicans and C. dubliniensis.

' Loci in which additional sequence data was analysed in both 5' and 3' directions o f  the original sequence fragment (range; 100 bp to 280 bp) due to the presence o f  

additional polymorphic sites.





4.2.9. Stability and reproducibility of MLST method

The stability and reproducibility of the sequence data at each MLST locus was 

assessed by carrying out the sequence analysis in duplicate on two randomly selected 

isolates. For each locus and isolate, the duplicate DNA extractions, PCR reactions and 

sequencing reactions were carried out independently. Resulting sequence duplicates for 

each isolate were compared to each other.

4.2.10. PCR amplification of CdCDRl alleles

In order to investigate the prevalence of a common point mutation in the CDRl 

gene of C. dubliniensis isolates included in the study, alleles of the gene were amplified 

using the 2F (5'-ATCCTGTTGGTTATGTGTTCG-3') and 2R (5'- 

GGGAAATCAACACTTCCAGTC-3') primers described by Moran et al. (2002). The 

presence of the mutation was identified by restriction fragment length polymorphism 

analysis (RFLP) of the amplicons. Digestion of the amplicons in isolates carrying a 

mutant allele with the restriction endonuclease Sspl (New England Biolabs) yields 

restriction fragments of 200 and 290 bp in length, while in wild-type strains the approx. 

500 bp fragment remains intact. Digestion products were visualised on a UV 

transilluminator following electrophoresis through 2.0% (w/v) agarose gels containing 

0.5 (ig ethidium bromide/ml.

4.2.11. Determination of mating types by PCR amplification

The mating types of C. dubliniensis isolates included in the study were 

determined in order to investigate the prevalence of each mating type in the C. 

dubliniensis population. This was determined by PCR using specific primers that were 

designed to specifically amplify a portion of either the a/a or a/a MTL loci of a 

homozygous isolate, or both in the case of a heterozygote. Each PCR reaction contained 

specific primers M TLal-F (5'-TGAAAATGAAGACAATGCGA-3') and M TLal-R (5'- 

CATCTTTTTCTGCTATCAATTC-3') which amplified 535 bp of the MTL type a 

locus, and specific primers MTLa2-F (5'-ATGAATTCACATCTGGAGGC-3') and 

MTLa2-R (5'-CTGTTAATAGCAAAGCAGCC-3') which amplified 615 bp of the MTL 

type a locus. Thus, a homozygous isolate resulted in the formation of only one PCR 

product and a heterozygous isolate resulted in the amplification of both loci and the 

formation of two PCR products. These primers were originally described by Rustad et 

al. (2002) for determination of mating types in isolates of C. albicans, but were
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modified to enable binding to C. dubliniensis DNA. Amplification reactions were 

carried out in a final reaction volume of 50 (il containing 10 pmol of each of the forward 

and reverse primers, 2.5 mM MgCh, 10 mM Tris/HCl (pH 9.0 at 25 °C) 10 mM KCl, 

0.1% (v/v) Triton X-100, 1.25 U GoTaq polymerase (Promega) and 25 |al of template 

DNA. Cycling conditions consisted o f a 10 min denaturation step at 94°C, followed by 

30 cycles of 1 min at 94“C, 2 min at 55°C, and 3 min at 72°C, followed by a final 

elongation step of 10 min at 72°C. Amplification products were separated by 

electrophoresis through 2% (w/v) agarose gels containing 0.5 |j1 ethidium bromide/ml 

and were visualised on a UV transilluminator.

4.2.12. Statistical analysis

The discriminatory power o f MLST schemes were determined according to the 

probability that two unrelated isolates sampled from a test population will be placed into 

different typing groups and was calculated as previously outlined (Hunter, 1990). 

Fisher’s exact test (http://www.exactoid.com/fisher/indcx.php) was used to determine 

the distribution of isolates within a population.
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4.3. Results I; Establishing an MLST scheme for C. dubliniensis

4.3.1. Development of an MLST scheme for C. dubliniensis

Multilocus sequence typing has been demonstrated to be an effective tool to 

analyse the epidemiology and population biology of C. albicans (Tavanti et a l, 2005a). 

Since C. albicans and C. dubliniensis are so closely related we investigated if the same 

set o f locus sequences could also be applied to MLST analysis o f C. dubliniensis. To 

investigate this the C. dubliniensis genome sequence 

(http://www.sanger.ac.uk/sequencing/Candida/dubliniensis/) was examined to identify 

the presence of genes homologous to those used previously in the MLST analysis of C  

albicans (Bougnoux et a l,  2002, 2003; Tavanti et a l ,  2003). Homologous genes were 

found in each case and comparison of the sequences of the complete ORFs of the 

orthologous pairs revealed sequence similarities ranging from 89% -  94%, while the 

parts o f the genes that were analysed for MLST purposes displayed 88% -  100% 

sequence identity (Table 4.3).

The current consensus MLST scheme for C. albicans examines 2,883 

nucleotides from 7 loci, namely AATla, ACCl, ADPl, PMIb, ALAI, VPS13, and 

ZW Flb. For the purposes of this study, this scheme is referred to as Scheme A (Table 

4.4). In C. albicans, SNPs have been detected in 172 of these 2,883 (6%) nucleotides 

(Bain et a l ,  2007). The corresponding Scheme A loci were examined in the initial 50 C. 

dubliniensis isolates included in this study. The Scheme A loci resulted in 23 SNPs 

from the equivalent 2,883 nucleotides (0.8%), and identified 33 genotypes. In Scheme 

A, only one site (i.e., position 186 in ALAI)  showed a polymorphism at the same 

position in both C. albicans and C. dubliniensis, whereas all other variable sites were at 

different locations in the two species. Tavanti et al. (2003) analysed eight loci {AATla, 

AATlb, ACCl, ADPl, PMIb, ALAI, VPSI3, and ZW Flb) for sites of heterozygosity 

amongst 50 isolates of C. albicans. The group identified 87 sites that displayed SNPs, 

71 of which (81.6%) also displayed heterozygosity. The same loci were studied for sites 

of heterozygosity in the initial 50 isolates o f C. dubliniensis (Table 4.1), and of the 30 

sites displaying variability, nine (30%) displayed heterozygosity.

Due to the low levels of polymorphism observed in the C. dubliniensis loci 

examined, increasing the length of the sequences examined was investigated to 

determine whether this might increase the discriminatory power of the method. To
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achieve this, additional nucleotide sequence data (range; 100 bp to 280 bp) at each o f 

the loci in both 5' and 3' directions o f the original sequence fragment were also analysed 

for the potential presence o f  polymorphic sites. Sequence analysis o f  the extended 

fragments revealed the presence o f additional SNPs in VPS]3, and ZWF]b  (Table 4.4). 

The inclusion o f  these two extended sequences together with the sequences o f the five 

other loci generated a second MLST scheme, termed Scheme B (Table 4.4), which was 

made up of the sequences o f the AAT]a, ACC], ADP], PM]b, ALAI, exVPS]3, and 

QxZWFlb  loci. Examination o f the extended sequence from VPS13 (qxVPS]3) revealed 

one extra SNP which gave rise to two extra genotypes, and the extended sequence o f 

Z W F lb  (cxZWF]b)  yielded two further SNPs, which in turn gave rise to one extra 

genotype. Scheme B resulted in a new total o f 3,285 nucleotides, 26 (0.8%) o f which 

displayed SNPs, resulting in four additional genotypes (Table 4.4).

In a further attempt to improve the discriminatory power o f this method for C. 

dubliniensis, three other sequence segments were also analysed in C. dubliniensis that 

were previously investigated for possible use in MLST analysis o f  C. albicans, although 

these were not included in the final consensus C. albicans MLST scheme. Sequences 

from these additional loci, AAT]b, GLN4 and RPN2 (Table 4.3), comprised an 

additional 1,051 nucleotides, 11 o f which displayed SNPs (1.05%) amongst the 50 

isolates o f C. dubliniensis examined. The 10 sequence fragments (the Scheme B loci 

and the three additional loci) were all analysed together in a third scheme, termed 

Scheme C (Table 4.4), which was based on the sequences o f the AAT]a, AAT]b, ACC], 

ADP], GLN4, PM]b, RPN2, ALA], qxVPS]3, and tx Z W F lb  loci. The GLN4 locus 

displayed four o f the further 11 SNPs. However, it only gave rise to two genotypes 

amongst the 50 isolates investigated. Similarly, AAT]b  displayed four SNPs, giving rise 

to five genotypes, and the RPN2 locus contained three polymorphic sites which gave 

rise to three genotypes. Scheme C analysed a total o f 4,336 nucleotides, 37 o f which 

(0.85%) displayed SNPs, resulting in a total o f 48 genotypes from 50 C. dubliniensis 

isolates. The minimum number o f  MLST loci for maximum discrimination amongst 

isolates o f C. dubliniensis was determined according to the highest number o f genotypes 

per variable base in each locus (Table 4.4) and is referred to as Scheme D, consisting o f 

the 8 loci AAT]b, ACC], ADP], PMlb, RPN2, ALA], qxVPS]3, and txZW F]b.  

Polymorphic sites and resulting genotypes are summarised in Tables 4.4 and 4.5.
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Table 4.4. Summary o f loci used in individual MLST schemes

MLST
scheme

AATIa AATIb ACCl ADPl GLN4 PMIb

Loci

RPN2 ALAI VPSI3 e\VPSI3 ZW Flb exZWFIb

No.
polymorphic
sites

No. o f  
DSTs

DP“

Length o f
analysed
sequence

373 341 407 443 404 375 306 391 403 675 491 621

No. (%) o f 
polymorphic 
nucleotide 
sites

1
(0.27)

4
(1.17)

3
(0.74)

5
(1.13)

4
(0.99)

2
(0.5)

3
(0.98)

5
(1.28)

2
(0.5)

3
(0.44)

5
(1.02)

7
(1.13)

No. o f 
polymorphic 
amino acid 
sites

0 2 2 1 2 1 0 2 1 2 1 1

No. o f
resulting
genotypes

A

2

+

5 4

+

6

+

2 7

+

3 5

+

2

+

4 4

+

6

23 20 0.899

B + - + + - + - + - + - + 26 22 0.901

C + + + + + + + + - + - + 37 26 0.910

D - + + + - + + + - + - + 32 25 0.909

E + - + + - + + + + - + - 26 22 0.906

“ DP; Discriminatory power, determined using Hunter’s formula (Hunter, 1990). 

Symbols; +/- denotes the presence/absence o f  individual loci in each MLST scheme.
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Table 4.5. Summary of polymorphic sites and resulting genotypes in the loci used

in C. dubliniensis MLST analysis

Locus Length of
analysed
sequence

No. (%) of 
polymorphic 
nucleotide sites

No. of 
polymorphic 
amino acid sites

No. of
resulting
genotypes

AATla 373 1 (0.27) 0 2

AATlb 341 4(1.17) 2 5

ACCl 407 3 (0.74) 2 4

ADPI 443 5 (1.13) 1 6

GLN4 404 4 (0.99) 2 2

PMIb 375 2 (0.5) 1 7

RPN2 306 3 (0.98) 0 3

ALAI 391 5 (1.28) 2 5

VPS13 403 2 (0.5) 1 2

t \VPS13 675 3 (0.44) 2 4

ZWFIb 491 5 (1.02) 1 4

exZWFlb 621 7(1.13) 1 6





4.3.2. Examination of stabilising selection on housekeeping MLST loci

The SNPs that occur in the MLST loci examined were used to generate a ratio 

o f nonsynonymous to synonymous (dN/dS) amino acid changes in their encoded 

peptides. This ratio should be less than 1.0 if the genes investigated are under stabilising 

selection. The effect o f each SNP on the resulting amino acid sequence was investigated 

by mapping the triplet codons for each gene fragment and examining the effect the SNP 

had on each codon in question. Nucleotide polymorphisms and amino acid substitutions 

are summarised in Table 4.6. O f the 37 SNPs identified in the 10 C. dubliniensis loci 

examined, substituting VPS13 for qxVPSJS and ZW F lb  for cxZW F lb, 13 (35%) 

resulted in nonsynonymous amino acid changes, while all o f the remaining nucleotide 

changes resulted in synonymous polymorphisms. The dN/dS ratio o f the MLST loci was 

therefore found to be 0.54, indicating that the loci investigated for use in C. dubliniensis 

MLST were under stabilising selection. Seven o f the 13 nonsynonymous 

polymorphisms affected the resulting amino acid substantially, i.e, affected the charge 

(4/7) or polarity (3/7) o f  the amino acid.

4.3.3. Stability and reproducibility of C. dubliniensis MLST

Sequence analysis was performed in duplicate for each o f two randomly 

selected isolates (Table 4.1) per MLST locus, using independently prepared DNA, PCR 

and sequencing reactions. For each MLST locus, duplicate sequences for each isolate 

showed 100% sequence identity, displaying full conservation o f both SNPs and sites o f 

heterozygosity at each locus.

4.3.4. Discriminatory power of C  dubliniensis MLST schemes

Examination o f the C. albicans MLST locus set (Scheme A) in the 50 C. 

dubliniensis isolates investigated identified 20 unique DSTs based on the unique 

combinations o f the genotype numbers for the seven loci examined. Application of 

Hunter’s formula (Hunter, 1990) to this data set infers that M LST using Scheme A has a 

discriminatory power (D) o f 0.899 when applied to C. dubliniensis, compared with a 

value o f  0.996 when applied to C. albicans (Odds et a l ,  2007). Extension o f the VPSJ3 

and Z W F lb  loci (Scheme B) resulted in a further 2 DSTs, and adding the AATlb, 

GLN4, and RPN2 loci (Scheme C; Table 4.4) resulted in a further 4 DSTs, giving a total 

o f 26 DSTs from the 10 loci. Extending the Z W F lb  and VPS13 gene fragments and 

including the three other loci in Scheme C increased the discriminatory power to 0.9102
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(Table 4.4). DST 4 was the most common DST identified using the Scheme A set of 

loci in C  dubliniensis, corresponding to 14 o f the 50 isolates examined. The set o f 

seven loci identified 11 DSTs that were unique to single C. dubliniensis isolates. When 

the larger set o f loci was used in Scheme C, the same 14 isolates from DST 4 in Scheme 

A referred to above also gave an identical sequence type, now termed DST 6, which 

correlated with the previously identified DST 4, making this the most common DST in 

the scheme examined for C. dubliniensis. Using this larger set o f loci, 19 o f the 26 

DSTs were unique to single isolates.

4.3.5. Population analysis of C. dubliniensis using MLST

A UPGMA dendrogram was constructed based on the sequence data from all 

10 loci (scheme C) examined in C  dubliniensis using the Bionumerics version 5.1. 

software program (Fig. 4.1). At a cut o ff node o f 99.7% sequence identity, the 

dendrogram revealed the presence o f  three major clades o f isolates termed C 1-C 3, 

which showed a significant degree o f correlation with the major clades previously 

identified by fingerprinting using the Cd25 fingerprint probe (Fig. 4.1 and Table 4.1). 

Clades C l and C2 corresponded to the previously identified Cd25 fingerprint groups 1 

and II, respectively, whereas clade C3 included strains previously identified as 

belonging to Cd25 fingerprint groups II and III, respectively (Fig. 4.1 and Table 4.1). 

Furthermore, clade C l consisted solely o f ITS genotype 1 isolates, clade C2 consisted 

solely o f ITS genotype 2 isolates, whereas clade C3 consisted o f ITS genotypes 3 and 4 

isolates (Gee et a i ,  2002).

4.3.6. Linkage disequilibrium and clonality

Genetic diversity and linkage disequilibria were assessed by using statistics 

implemented in the Multilocus 1.3 software (Agapow & Burt, 2001) and genotypes 

obtained for all loci investigated in this study (Scheme C). Each o f these statistics tested 

the null hypothesis o f a freely recombining population. Highly significant linkage 

disequilibria (p < 10'^ with 100,000 randomisations) were found for both the total 

collection o f 50 C. dubliniensis isolates and a reduced collection o f  26 isolates that 

represented each o f the 26 DSTs defined by Scheme C (i.e., that did not contain 

repeated genotypes) (data not shown). These resuhs provide evidence that the sample of 

C  dubliniensis isolates analysed in this study represents a clonal population.
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Table 4.6. Amino acid substitutions in C. dubliniensis MLST loci
Locus Polymorphic 

nucleotide 
position “

Triplet
polymorphism'’

Amino
Acids'

Corresponding 
codon in C. 
albicans

Corresponding 
amino acid in 
C. albicans

AA Tla 2 (T/C)TG L/L TTG L
A A T  I t 105 A(T/A)T I/N ATC 1

114 TC(A/T) S/S TCA S
121 (G/A)AA E/K GAA E
129 TC(T/G) S/S TCT S
198 TC(T/K) S/S TCT S

ACCl 128 TT(T/C) F/F TTC F
313 T(T/C)G L/S CTG L
389 AA(A/T) K/N AAA K

AD Pl 31 AT(C/T) l/I ATT I
214 AG(C/T) S/S AGT S
234 G(A/G)G E/G GAG E
331 TG(T/C) C/C TGT C
421 TC(G/T) S/S TCA S

GLN4 104 GA(A/T) E/D GTA V
141 AA(T/C) N/N AAA K
147 GA(T/C) D/D GAC D
244 (A/G)TT l/V ATT 1

PMlb 101 A(G/A)A R/K AGA R
375 GC(A/G) A/A GCA A

RPN2 127 TC(C/A) S/S TCC S
136 GC(C/T) A/A GCC A
298 GC(T/C) A/A GCA A

ALAI 82 AA(C/T) N/N AAT N
148 TT(A/G) L/L TTA L
186 AA(T/C) N/N AAT N
203 G(T/C)T V/A GTT V
383 (T/G)CT S/A GCT A

VPS 13 397<i AA(A/G) K/K AAG K
402' T(G/C)G W/S TGG W

Q xVPSn 45 GA(G/C) E/D GAC D
211 (G/T)GT G/C GOT G
654'' AA(A/G) K/K AAG K
659' T(G/C)G W/S TGG W

ZW Flb |f AC(C/T) T/T AAA K
28* AC(G/A) T/T ACC T
265’’ AA(G/A) K/K AAA K
299' (G/T)AT D/Y GAT D
334J AA(A/G) K/K AAA K

QxZWFlb 78'' AC(C/T) T/T AAA K
105« AC(G/A) T/T ACC T
342*’ AA(G/A) K/K AAA K
316' (G/T)AT D/Y GAT D
4 \V AA(A/G) K/K AAA K
557 A(A/R) A K/R AAA K
573 TA(T/C) Y/Y TAT Y
588 TC(A/T) S/S TCA S

“Nucleotide positions refer to the positions in the analysed fragment only.
Position o f  the polymorphism relative to its codon.
Amino acid resulting from codon both before and after polymorphism.

Identical polymorphic sites in the both the extended (ex) gene segments analysed and in the shorter 
sequences that were based on the C. albicans scheme lengths.
The nucleotide site shown in bold and underlined typeface denotes the only common nucleotide site that 
displays polymorphism in both C. albicans and C. dubliniensis.
Nucleotide sites shown in bold typeface denotes polymorphisms that were observed in the loci of the 
recommended C. dubliniensis MLST scheme after its establishment, and using different isolates to those 
used in the development of the scheme.
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Figure 4.1. Population structure of C. dubliniensis detlned by MLST.

UPGMA dendrogram based on concatenated sequences from the MLST Scheme C loci; AATla, ACC I, 

ADPI, PMIh, ALAI, e\VPS13, QxZWFlb, RPN2, GLN4 and AATIh  (Table 4.4) showing percentage 

sequence identity for 50 C. dubliniensis isolates from a broad range o f geographical locations, including 

isolates from all known ITS genotypes (Table 4.1). Three distinct major clades termed clades C1-C3 are 

evident at 99.69 % sequence homology. C 1 consists o f ITS genotype 1 isolates exclusively. C2 consists 

o f ITS genotype 2 isolates exclusively, and C3 consists o f ITS genotype 3 and 4 isolates. Twenty-three of 

the 50 isolates included in the study were previously fingerprinted with the C. dubliniensis-ST^tc\T\c probe 

Cd25 (Gee et a l ,  2002; A1 Mosaid et al„ 2005) and the Cd25 fingerprint groups of these isolates are 

indicated by shaded rectangular boxes.





4.3.7. Comparative population structure analysis of C. albicans and C  dubliniensis

Candida albicans MLST sequences were available for the seven consensus 

MLST loci (i.e., AATla, AC C l, AD Pl, PMIb, ALAI, VPS13, ZW FIb) and an extra 

locus RPN2. The resulting 3,189 nucleotides from the eight loci resulted in a fifth 

scheme, termed Scheme E (Table 4.4). Sequences for all loci were concatenated and 

treated as one sequence for each o f 50 C. albicans isolates and the corresponding 

sequences in 50 C. dubliniensis isolates in order to allow comparison between the two 

species using MLST. These concatenated sequences were used to construct a maximum 

parsimony tree in order to assess comparative phylogenies between the species (Fig. 

4.2). The maximum parsimony tree displays the comparative divergence within the two 

species, as well as the level o f relatedness between the two species. Previous Ca3 

fmgerprinting and MLS7' studies have shown that C  albicans consists o f many major 

and minor clades (Blignaut et a l ,  2002; Pujol et a l ,  2002; Soli & Pujol, 2003; Odds et 

al., 2007), whereas MLST data obtained in the present study showed that the C. 

dubliniensis population is significantly less diverse (Fig. 4.2). The maximum parsimony 

tree demonstrated that C. albicans isolates belonging to different MLST clades can 

differ at as many as 90 nucleotide sites, whereas isolates belonging to the same MLST 

clade can differ at as many as 31 nucleotide sites (data not shown). In contrast, the 

present data showed that C. dubliniensis consisted o f three closely related clades, 

termed clades C l, C2 and C3 (Fig. 4.2), that show complete agreement with the clades 

described by the UPGMA dendrogram (Fig. 4.1). Candida dubliniensis isolates from 

the three MLST clades differ from each other at a minimum o f 10 nucleotide sites 

(range 10-23 nucleotides). Isolates belonging to clade C l differ at a maximum o f 10 

nucleotide sites, isolates belonging to clade C2 differ at a maximum o f six nucleotide 

sites and isolates belonging to clade C3 differ at a maximum o f eight nucleotide sites 

(data not shown). Overall, 257 nucleotides o f the 3,189 nucleotides analysed (8%) were 

identified as being different between the two species, correlating with the level o f 

sequence identity typically exhibited between the two species (Moran et a i ,  2004).

A UPGMA dendrogram was constructed on the basis o f the consensus C. 

albicans MLST scheme loci (Scheme A, Table 4.4), for the same set o f C. dubliniensis 

and C. albicans isolates. This was based on allelic profiles and corresponding DSTs 

rather than concatenated sequence data (Fig. 4.3). One representative for each DST 

obtained from these isolates was included in the analysis, totalling 20 C. dubliniensis
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DSTs and 50 C. albicans DSTs. This UPGMA dendrogram also displays the 

comparative divergence amongst the two species (Fig. 4.3), and correlates with the 

findings of the maximum parsimony analysis (Fig. 4.2), that the population structure of 

C. dubliniensis is significantly less divergent than that o f C. albicans.

4.3.8. The recommended MLST scheme for use in C. dubliniensis

The minimum number of MLST loci necessary for maximum discrimination 

amongst isolates of C. dubliniensis was determined according to the highest number of 

genotypes per variable base in all loci investigated for use in C. dubliniensis. The 

recommended scheme is therefore AATlb, ACC I, ADPl, PMlb, RPN2, ALAI, 

exVPSlS, and QxZWFlb (Scheme D, Table 4.4). This scheme identified 32 SNPs 

amongst the 50 isolates, 21 of which encoded synonymous amino acid substitutions, 

and 11 o f which encoded nonsynonymous substitutions. The dN/dS ratio was therefore 

0.524, indicating that the loci in the scheme were under stabilising selection. The 

discriminatory power o f this scheme was found to be 0.909 amongst the 50 C. 

dubliniensis isolates (Table 4.4).

4.3. Results II: Use of the established C. dubliniensis MLST scheme

4.3.9. Genetic relationship between avian-excrement-associated and human C. 

dubliniensis isolates

Three new isolates of C. dubliniensis were obtained from 134 faecal samples as 

described (Chapter 3, Section 3.2.2). Like the Great Saltee isolates (Nunn et al., 2007), 

the three new isolates were shown to belong to ITS genotype 1 (Gee et al., 2002). The 

14 avian-excrement-associated isolates were compared with 31 human C. dubliniensis 

strains belonging to MLST clade Cl (Fig. 4.1), and five additional C. dubliniensis clade 

Cl human isolates from Ireland -  CD505, CD06032, CD06027, CD0512 and CD524 

(Table 4.1). Isolates were assigned DSTs based on the genotype numbers for the 8 loci 

in the recommended C. dubliniensis MLST scheme. Scheme D, (Table 4.4). Six new 

DSTs were identified in 13/14 avian-excrement-associated isolates due to the 

identification of two new ZW Flb  genotypes that occurred exclusively in the avian- 

excrement-associated isolates. The only previously identified DST found amongst the 

avian-excrement-associated isolates was DST 2 (isolate AV7, Table 4.7). The most 

frequently found DST in avian-excrement-associated C. dubliniensis isolates was DST
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Figure 4.2. Comparative population structure analyses of C  duhliniensis and C. albicans 

based on concatenated MLST sequences.

Maximum parsimony tree showing the comparative divergence between 50 isolates each o f C. albicans 

and C. duhliniensis based on concatenated sequences from the MLST loci AATIa, ACCl, AD Pl, PMIh, 

ALA], VPSI3, ZW Flb  and RPN2 in MLST scheme E. Candida duhliniensis isolates were selected from a 

diverse range o f geographic locations (Fig. 3.1) and from all four ITS genotypes (Table 4.1). Candida 

albicans isolates were selected as representatives o f the MLST clades recently described by Odds et al. 

(2007) (Table 4.2). Panel (a) Comparative divergence between the C. albicans and C. duhliniensis 

isolates tested showing that the two species are separated by 257 bp differences. The C. duhliniensis 

isolates formed three closely related groups o f isolates (C1-C3), which correspond to those identified in 

the UPGMA dendrogram shown in Fig. 4.1. Isolates from distinct clades are highlighted by specific 

colours for each species. Panel (b) shows an enlarged view o f the three C. duhliniensis major clades 

encircled in panel (a). Clade C l consists exclusively o f ITS genotype 1 isolates (blue), clade C2 consists 

exclusively o f ITS genotype 2 isolates (red), and clade C3 consists of ITS genotype 3 isolates (green) and 

ITS genotype 4 isolates (yellow).
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Figure 4.3. Comparative population structure analyses o f C. dubliniensis and C. albicans 

based on MLST allelic profiles and DST data.

UPGMA dendrogram based on the allelic profiles and corresponding DSTs for 50 isolates o f C. albicans 

and 50 isolates o f C  dubliniensis analysed using the consensus C. albicans MLST scheme (Scheme A, 

Table 4.4) This dendrogram includes only one representative isolate for each DST in both C. albicans and 

C. dubliniensis populations. The scale bar denotes p-distance, isolates and associated DSTs are indicated 

at each branch. The UPGMA tree correlates with the maximum parsimony tree (Fig. 4.2), in that, the 

population structure of C. dubliniensis is significantly less divergent than C. albicans.



Table 4.7. Suinniai'y of MLST, MTL type and CDRl polymorphism analyses in C. 

dubliniensis isolates
Human
isolate Origin' ITS

Genotype Cd25 group MLST
clade*’

MI.ST D sr  
(scheme D)

M il.
type

CDR]
polymorphism*'

CD36 Ireland 1 I 1 8 aa Pos

CD06033 Ireland 1 ND 1 7 au Pos

CD06031 Ireland 1 ND 1 7 aa Pos

CD060213 Ireland 1 ND 1 7 aa Het

CD06041 Ireland 1 ND 1 7 aa Het

CD06038 Ireland 1 ND 1 7 aa Pos

CD06045 Ireland 1 ND 1 7 aa Het

CD06037 Ireland 2 ND 2 19 aa Neg

CD06036 Ireland 2 ND 2 19 aa Neg

CD060215 Ireland 3 ND 3 24 aa Neg

CD604 France 1 ND I 12 aa Neg

CD603 France 1 fs(D 1 3 aa Neg

CMl Australia 1 I 1 2 aa Het

SA105 S. Arabia 1 I 1 U aa Neg

SA115 S. Arabia 1 1 1 2 aa Neg

SAU6 S. Arabia 1 I 1 7 aa Neg

SA108 S. Arabia 3 111 3 14 aa Het

SAIOO S. Arabia 3 III 3 14 aa Neg

SA121 S. Arabia 4 III 3 14 aa Neg

Kg202 i:gypt 4 III 3 14 aa Neg

Eg203 Egypt 1 I 1 6 aa Het

Eg204 Egypt 1 I 1 10 aa Pos

Eg207 Egypt 4 III 3 21 aa Neg

p6785 Israel 3 II 3 22 aa Neg

p7276 Israel 3 II 3 22 aa Neg

p7718 Israel 4 III 3 14 aa Neg

CD71 Argentina 1 1 1 2 aa Neg

CD98923 India 1 I 1 5 aa Neg

B1324 USA 1 ND 1 7 aa Neg

B341 USA 1 ND 1 7 aa Pos

PM6-2 Chile 1 ND 1 7 aa Pos

P2 Switzerland 1 I 1 7 aa Het

1504 Slovakia 1 ND 1 5 aa Het

8882 Slovakia 1 ND 1 7 aa. Neg

9097 Slovakia 1 ND 1 9 aa Neg

966/3(1) Slovakia 1 ND 1 13 aa Pos

966/3(2) Slovakia 1 ND 1 13 aa Pos

CCY29-177-1 Slovakia 1 ND 1 7 aa Pos

MLNIH0479 Thailand 1 ND 1 6 aa Neg

Continued overleaf



Table 4.7. Continued

H um an
isolale

Origin*
ITS

G enotype
Cd25 group

M LST
clade’’

M LST D S r  
(sch em e  D)

M TL
type

C D R I
polymorphism '*

M L N IH 0720 T hailand 1 ND I 4 a a N eg

49831 Japan 2 ND 2 20 aa N eg

IFM 49883 Japan 2 ND 2 26 aa N eg

IFM 0492 Thailand I ND 1 7 a a N eg

IFM 49832 Japan 1 ND I 5 aa N eg

Can4 C anada 2 II 2 16 aa N eg

C D 539 U.K 2 II 2 17 aa N eg

C B S 2747 N etherlands 2 II 2 18 aa N eg

C D 514 Ireland 3 II 3 25 aa N eg

C D 519 Ireland 3 II 3 23 aa N eg

C D 75004 UK 2 II 2 15 a a N eg

98-277 Spain 1 ND I 2 a a Pos

95-677 Spain I ND 1 7 aa N eg

94-234 Spain 1 ND I 32 a a Pos

C D 505 Ireland 1 I 1 28 aa Pos

C D 06032 Ireland 1 ND 1 36 a a N eg

C D 06027 Ireland I ND I 1 aa Pos

C D 0 5 I2 Ireland 1 ND I 37 aa N eg

C D 524 Ireland I 1 I 35 aa N eg

I7P Spain 2 ND 2 34 aa N eg

ISP Spain 2 ND 2 34 aa N eg

22B P Spain 2 ND 2 34 aa N eg

25P Spain 2 ND 2 34 aa N eg

HOP Spain 2 ND 2 34 a a N eg

HOP Spain 2 ND 2 34 aa N eg

Avian C. dubliniensis isolates
SL 41I I. uriae 1 ND 1 27 aa Pos

SL422 /. uriae I ND 1 27 aa Pos

SL370 I. uriae I N D I 27 aa Pos

SL410 I. uriae I ND I 29 aa Pos

SL375-1 I. uriae 1 ND 1 31 aa Pos

SL375-II I. uriae 1 ND 1 31 aa Pos

SL397 /. uriae 1 ND 1 31 aa Pos

S L 4 I4 I. uriae 1 ND 1 31 aa Pos

SL495 I. uriae 1 ND 1 33 aa Pos

SL509 /. uriae 1 ND 1 30 aa Pos

SL522 /. uriae 1 ND 1 31 aa Pos

AV5 L. argen ia ius I ND I 29 aa Pos

AV6 L. argen ia ius I ND I 27 aa Pos

A V7 L. argenia ius 1 ND 1 2 aa Pos



 ̂Origin referring to the countries from which human C, dubliniensis isolates were recovered. For 

avian-associated isolates, the origin refers to the avian species from which the isolate was 

recovered.

M LST clades assigned in the present study.

'  DSTs assigned to each isolate according to the recommended MLST scheme (Scheme D) for C. 

dubliniensis

C D R l polymorphism refers to the presence (Pos), absence (Neg) or heterozygous presence (het) 

o f  the TAG polymorphism in the C D R l gene that occurs in 58 % o f human ITS genotype 1 

isolates, as determined according to Moran et al. (2002).

Abbreviations; S. Arabia; Saudi Arabia; I. uriae; Ixodes uriae (tick); L. argentatus; Larus 

argentatus (herring gull); ND; N ot determined.



31 (i.e., 5/14 isolates), all 5 o f  which were originally recovered from /. uriae ticks by 

Nunn et al. (2007). Four isolates belonged to DST 27, three o f  which were originally 

recovered from /. uriae and one o f which was recovered from herring gull excrement in 

Dublin (Table 4.7).

Polymorphism sites (n=36) for the 8 MLST loci were concatenated and used to 

construct a neighbour joining tree (Mega software program version 3.1 [Kumar et a l ,  

2004]) including all 50 clade C l human and avian-excrement-associated C. dubliniensis 

isolates. Nearly all (13/14) avian-excrement-associated C. dubliniensis isolates, 

including 11 isolates recovered from I. uriae (Nunn et a l ,  2007) and 2/3 avian- 

excrement-associated isolates recovered in Dublin, formed a distinct subgroup within 

the C l clade (Fig. 4.4). This same subgroup was also identified in trees generated using 

the UPGMA and maximum parsimony clustering algorithms. The remaining avian- 

excrement-associated isolate, AV7, was indistinguishable from three other human 

isolates, CD71, SA115 and CM l by the MLST method (Fig. 4.4). To test for genetic 

separation between the human and avian-excrement-associated isolates recovered from 

the same country, a neighbour joining tree was constructed using 13 Irish avian and 

human clade C l isolates, each o f which represented unique DSTs. The tree displays the 

robustness o f the avian-excrement-associated subgroup o f isolates within a population 

o f human isolates recovered from the same country (Fig. 4.5). Fisher’s exact testing 

(httD://www.exactoid.com/lishcr/index.php) based on nearest neighbour analysis found 

the distribution o f  the avian-excrement-associated and the human isolates to differ 

significantly (p<0.05).

4.3.10. Analysis of clonal complexes and prediction o f founder genotypes

In order to further determine the genetic relationship between human and 

avian-excrement-associated isolates o f C. dubliniensis, a BURST analysis was 

undertaken analysing the DSTs o f 13 Irish avian-excrement-associated and human clade 

C l isolates, each o f which represented unique DSTs (Fig. 4.6). The group definition set 

for the analysis ensured that each DST matched at least one other DST in the same 

group at six or more o f the eight consensus C. dubliniensis loci analysed. The analysis 

predicted three clonal complexes, o f which one was formed by avian-excrement- 

associated DSTs exclusively (Fig. 4.6). The predicted founder o f this avian-excrement- 

associated clonal complex was DST 31. The other two clonal complexes consisted o f 

human isolate DSTs with the predicted founder DSTs identified as 7 and 28,
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respectively. One o f the avian-excrement-associated isolates AV7 (DST 2) grouped into 

a clonal complex with human isolates, which originated from the predicted founder 

DST 7 (Fig. 4.6).

4.3.11. Prevalence of the TAG polymorphism in the CdCDRl gene

The prevalence o f a common point mutation previously identified in the CD Rl 

gene o f some ITS genotype 1 isolates was determined in the avian-excrement-associated 

and human isolates o f C. dubliniensis. All avian-excrement-associated C. dubliniensis 

were found to contain the TAG polymorphism (Table 4.7), while 19/36 (52.7%) o f  the 

human clade C l (ITS genotype 1) isolates were found to contain the polymorphism, 

which correlated with previous studies (Moran et al., 2002). O f these 19 human isolates, 

7 were heterozygous for the TAG polymorphism, the remaining 12 were homozygous. 

The polymorphism was not found in any C. dubliniem is isolates that belonged to clades 

C2 or C3 which were made up o f ITS genotype 2, 3 and 4 isolates (Table 4.7). All 14 o f 

the avian-excrement-associated C. dubliniensis isolates were found to contain the TAG 

polymorphism, and in each o f these isolates the polymorphism was homozygous. 

Fisher’s exact testing showed that the distribution o f the TAG polymorphism differed 

significantly (p<0.005) between isolates that were recovered from either humans or 

avian-excrement-associated sources.

4.3.12. Analysis of mating types in the population

O f the 14 avian C. dubliniensis isolates studied, 13 were found to be MTLa 

homozygous (a/a), and the remaining avian-excrement-associated C. dubliniensis isolate 

(AV7) was MTL heterozygous (a/a) (Table 4.7). O f the 36 other human isolates 

belonging to the same MLST clade (C l), only 4/36 (11.1%) isolates were found to be 

MTLa. homozygous, whereas 28/36 {11.1%) were MTL heterozygous (a/a) (Table 4.7). 

Fisher’s exact testing showed that the distribution o f these MTL types differed 

significantly (p<0.0005) between isolates that were recovered from either humans or 

avian-excrement-associated sources. O f the 64 human isolates that were included in the 

current MLST study from all three MLST clades (C1-C3), 5/64 (7.8%) were MTLa 

homozygous, (a/a) and 9/64 (14.1%) were MTLa homozygous (a/a). The remaining 

50/64 (78.1%) were MTL heterozygous (Table 4.7).
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Figure 4.4. Genetic relationships of avian-excrement-associated and human C. 

dubliniensis isolates.

Neighbour joining tree based on the polymorphic sites in C. dubliniensis MLST sequences. 

Bootstrap values greater than 60 % are indicated at cluster nodes. Avian-excrement- 

associated isolates are highlighted with red italicised typeface. The numbers of 

polymorphic sites in isolates are indicated by the scale bar. The neighbour-joining tree 

depicts the isolates of MLST clade Cl as previously defined (Section 4.3.5) and displays 

the localisation of the avian-excrement-associated isolates in relation to isolates in the 

same clade.
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Figure 4.5. Genetic relationship between avian-excrement-associated and human 

C. dubliniensis isolates recovered in Ireland only.

Neighbour joining tree based on the polymorphic sites in MLST sequences for each of 

13 ITS genotype 1 C. dubliniensis isolates, seven of which were recovered from humans 

in Ireland and six of which were recovered from seabird excrement in Ireland. Avian- 

excrement-associated isolates are highlighted with red italicised typeface. Bootstrap 

values greater than 60 % are indicated at cluster nodes. The numbers of polymorphic 

sites in isolates are indicated by the scale bar. Isolates which had identical DSTs were 

not included in the tree so that only one of each DST is included in order to reduce bias. 

This tree displays the robustness o f the avian-excrement-associated subgroup of isolates 

within a population of similar human C. dubliniensis isolates recovered from the same 

region.
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Figure 4.6. BURST analysis of avian-excrement-associated and human C. 

duhliniensis isolates recovered in Ireland only.

BURST analysis based on the allelic profiles and resulting DSTs for both avian and 

human-associated ITS genotype 1 isolates of C. duhliniensis, all of which were 

recovered in various locations in Ireland. Only one o f each individual DST was 

included in the analysis. Predicted founder DSTs are displayed as the inmost black 

circles, single locus variants in the inner red circles, and double locus variants in outer 

blue circles for each of three clonal complexes (CC1-CC3) observed within this group 

of isolates. In this panel, the avian-associated isolates are observed to form a clonal 

complex (CC2) that is distinct from the other two human-associated clonal complexes 

CCl and CC3, with the exception of AV7 (DST 2), which also clusters in CCl. BURST 

analysis was carried out using START software version 2 (Jolley et a i,  2001).





4.3.13. Analysis of C. albicans recovered from avian-excrement-associated sources

O f the 24 isolates o f  C. albicans that were recovered from seabirds as 

previously described (Chapter 3, Section 3.3.2), 17 were analysed using the C. albicans 

consensus MLST loci (Bougnoux et a l ,  2003). Nine new DSTs were identified from 

these 17 isolates according to the standard C. albicans MLST scheme (Table 4.2) 

(Bougnoux et a l ,  2003). The most common DST recovered from five o f the avian C. 

albicans isolates was the newly identified DST 1243, a single locus variant o f three 

previously defined human DSTs. Interestingly, one o f the isolates AVI 15 (DST 1248) 

is a SLV o f DST 1069 at the A A T la  locus. DST 1069 is shared by two C. albicans 

isolates recovered from starlings in France in 1993 and 2000, respectively. Only four o f 

the newly recovered avian-excrement-associated C. albicans isolates were assigned 

previously designated DSTs, three o f these were identified as DST 52 (Table 4.2) and 

the fourth was identified as DST 538 (Table 4.2).

4.3.14. Summary of the established C. dubliniensis MLST scheme

Since the establishment o f the MLST scheme (Scheme D, Table 4.4) a further 

28 C. dubliniensis isolates have been studied, resulting in a total o f 78 isolates (Table 

4.1). This number includes 14 ITS genotype 1 isolates recovered from seabird 

excrement, as well as nine C. dubliniensis isolates with unusual phenotypes (as 

previously mentioned in Section 4.2.1) which were sent to this laboratory by Dr. Jose 

Ponton. Three o f these nine isolates were o f  ITS genotype 1 and localised to MLST 

clade C l using the recommended C. dubliniensis MLST scheme. The remaining six 

isolates were ITS genotype 2, had identical DSTs (DST 34), and localised to MLST 

clade C2 (Table 4.7).

Upon the inclusion of the further 28 isolates, a further five SNPs have been 

identified amongst the Scheme D loci, giving a total o f  37 SNPs identified to date. A 

further six genotypes have been identified since establishment o f the MLST scheme, 

giving a new total o f 46 genotypes from the eight loci. These additional genotypes gave 

rise to a further 12 DSTs, resulting in a new total o f 37. No additional MLST clades 

have been identified. The MLST clades and DSTs assigned to each isolate using MLST 

Scheme D are listed in Table 4.7 and are displayed in Fig. 4.7.
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4.4. Discussion

Multilocus sequence typing has previously been shown to be a useful tool in 

the analysis o f the epidemiology and population structure o f  C. albicans (Bougnoux et 

a i ,  2002, 2003, 2006; Tavanti et a l ,  2003, 2005a; Odds et a i ,  2007). The purpose o f 

the present study was to determine the usefulness o f MLST in the analysis o f C. 

dubliniensis. The same set o f MLST loci currently used for C. albicans was investigated 

to determine whether it could be applied to the analysis o f C. dubliniensis due to the 

high levels o f  nucleotide sequence identity (~ 90%) shared by the two species, thus 

allowing comparative sequence data to be used to provide valuable information 

concerning the evolutionary relatedness o f the two species.

The current MLST scheme in use for isolates for C. albicans examines seven 

loci, namely AATla, AC C l, A D P l, PMIb, ALAI, VPS13, and ZW F lb  (Scheme A; Table 

4.4) and was also applied in the analysis o f C. dubliniensis isolates. It demonstrated 

poor levels o f discrimination amongst C. dubliniensis isolates, identifying only 20 DSTs 

from 50 isolates. Extension o f  the VPSI3  and ZW F lb  loci to include flanking sequences 

increased the discrimination slightly, raising the number o f DSTs by two in the second 

scheme examined. Scheme B (Table 4.4). The relatively poor levels o f discrimination 

achieved using both Schemes A and B led to the examination o f an additional three loci, 

A A T  lb, GLN4, and RPN2, which had also previously been examined for use in the 

MLST analysis o f C. albicans. This scheme. Scheme C (Table 4.4), identified 26 DSTs 

from the 50 C  dubliniensis isolates. The ten loci (Scheme C) were concatenated and 

used in the construction o f a UPGMA dendrogram (Fig. 4.1), which clustered the 

isolates into three distinct major clades at a cut off sequence identity o f 99.7%. A 

maximum parsimony tree (Fig. 4.2), was also constructed using concatenated sequence 

data, this time using another scheme. Scheme E (Table 4.4), which was based on the 

seven loci from Scheme A, and an extra locus, RPN2 (Table 4.4). Sequence data for 

these eight loci were available for both C. albicans and C. dubliniensis, thus enabling 

the comparative study o f the population structure for both species. A UPGMA 

dendrogram based on allelic profile and DST data according to the consensus C. 

albicans MLST scheme (Scheme A, Table 4.4) was also used for the comparative 

population analysis o f C. albicans and C. dubliniensis (Fig. 4.3). This study shows that 

the C. albicans clades are more divergent than those observed in C. dubliniensis (Figs.
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Figure 4.7. Population structure of C. dubliniensis defined using the recommended 

C  dubliniensis MLST scheme.

UPGMA dendrogram based on the concatenated polymorphisms for each of the MLST 

loci included in Scheme D (Table 4.4), which are AATlb, ACC I, ADPl, PMIb, RPN2, 

ALAI, e\VPS13  and exZWFlb. This dendrogram is based on p-distance as indicated by 

the scale bar. The same three clades previously identified using other MLST schemes 

and correlating with Cd25 fingerprinting studies, are evident. These MLST clades are 

indicated by colour, MLST clade Cl is highlighted in green, clade C2 is highlighted in 

red, and clade C3 is highlighted in blue. Bootstrap values greater than 50 % are 

indicated at cluster nodes, and DSTs are indicated to the right of each isolate included in 

the tree.
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4.2 and 4.3). The maximum parsimony tree identified three distinct major clades (C l-  

C3) in the population o f C. dubliniensis, which were identical to those of the UPGMA 

dendrogram (Fig. 4.1).

The population structure of C. dubliniensis as determined by MLST correlated 

with the population structure previously determined both using the complex 

fingerprinting probe Cd25 and on the basis of ITS genotypes (Joly et a l, 1999; Gee et 

al., 2002; Al Mosaid et al., 2005). In previous studies, isolates assigned to ITS genotype 

1 belonged exclusively to Cd25 group I (Joly et al., 1999; Gee et al., 2002; Al Mosaid 

et al., 2005). Similarly, using the MLST method, all of the ITS genotype 1 isolates 

tested belonged to the MLST clade Cl (Fig. 4.1 and Table 4.1). The Cd25 group II was 

previously shown to consist of isolates belonging to ITS genotypes 2, 3, and 4 (Gee et 

al., 2002). The MLST method breaks the Cd25 group II into two, assigning all o f the 

ITS genotype 2 isolates to MLST clade C2 exclusively, and assigning the ITS genotype 

3 and 4 isolates to MLST clade C3 (Fig. 4.1 and Table 4.1). Interestingly, a number of 

ITS genotype 3 and 4 isolates in MLST clade C3 displayed an identical DST and 

localised to the same area on both the UPGMA and maximum parsimony trees (Figs. 

4.1 and 4.2). These isolates were all previously associated with the Cd25 fingerprint 

group III (Table 4.1), and most displayed high levels of resistance to the antifungal drug 

5FC (Al Mosaid et al., 2005). The agreement between these three methods suggests that 

MLST may be applied as a reliable alternative method for studying the population 

structure o f C. dubliniensis. MLST is less time consuming, more reproducible, and 

more conducive to comparison between laboratories than other methods previously used 

for this purpose.

The best set o f eight loci {AATlb, ACCl, ADPl, PMIb, RPN2, ALAI, 

qxVPS13, and exZW Flb) proposed for maximum discrimination amongst isolates of C. 

dubliniensis using the minimum number of MLST loci possible was determined 

according to the highest number of genotypes per variable base in each locus and is 

referred to as Scheme D (Table 4.4). The AATlb  locus is no longer recommended for 

use in C. albicans MLST studies, and therefore the corresponding AATlb  locus should 

be replaced with the AA Tla  locus for the purpose of comparative population analysis 

between the two species. The eight loci recommended for the purposes of comparative 

population analysis between C. albicans and C. dubliniensis using MLST are therefore 

from Scheme E; AATla, ACCl, ADPl, PMIb, RPN2, ALAI, VPS13, and ZW Flb  (Table 

4.4).
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The MLST data suggest a relatively low level o f divergence in the population 

structure o f  C. dublim em is relative to that of C. albicans. Interestingly, this is in 

contrast to the findings o f electrophoretic karyotypic analysis, in which isolates o f C. 

dubliniensis have significantly different major karyotypic patterns due to the processes 

o f microevolution and chromosomal rearrangement (Gee et al., 2002). Karyotype 

analysis was able to distinguish the Cd25 group I and II isolates to a large extent, but 

was unable to distinguish amongst the ITS genotypes. In comparison, the MLST 

method is able to distinguish readily amongst certain ITS genotypes, most notably the 

ITS genotype 1 and 2 isolates. ITS genotype 3 and 4 isolates could not be distinguished 

reliably by MLST, due to the lack o f  sequence variation among these isolates, the 

majority o f which to date have been recovered from the Middle East. However, this 

may possibly be improved on by the inclusion o f a larger number o f ITS genotype 3 and 

4 isolates from geographical locations outside o f the Middle East.

The low level o f sequence variation throughout the population o f C. 

dubliniensis suggests that MLST may not be ideal for local epidemiological studies 

(e.g., an outbreak in a hospital). In this instance, karyotypic analysis may be more 

appropriate. A possible reason for the low level of discrimination is the relatively small 

collection o f isolates studied. However, the studied isolates were recovered from a wide 

range o f geographical locations (Fig. 3.1) and included isolates recovered from both 

carriage and systemic infection. Another possible reason for the low level o f  sequence 

variation and heterozygosity may be the lack o f divergence within the population o f C  

dubliniensis. Results o f genotypic diversity and linkage diversity analyses suggested 

that the sample o f 50 C. dubliniensis isolates investigated in this study represent a clonal 

population. However, it is important to emphasise that the sample number was 

relatively small, even though many o f the isolates were recovered from disparate 

geographic locations around the world (Fig. 3.1).

Candida dubliniensis is a poor pathogen in comparison to C. albicans, since it 

rarely causes infections in normal healthy individuals, and therefore may be under less 

pressure to adapt to different host environments. Furthermore, it is possible that a more 

diverse population o f C. dubliniensis exists in non-human hosts and that this is not 

reflected in the present study (see below). Candida species have also been recovered 

from non-human hosts such as dogs, cats, birds, and chameleons (Buck, 1990; Pressler 

et a l ,  2003; Tavanti et al., 2005a; Cafarchia et a l,  2006) and MLST analysis o f C. 

albicans isolates recovered from such sources has revealed the enrichment o f MLST
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clade 8 with non-human isolates, and the absence (with the exception of isolates 

recovered from primates) of such isolates in MLST clade 1, the most heavily populated 

C. albicans MLST clade (Jacobsen et a l,  2008; Wrobel et a l, 2008). Recent 

environmental studies have reported the recovery of ITS genotype 1 C. dublimensis 

isolates from /. uriae ticks on the Great Saltee Island off South-Eastern Ireland (Nunn et 

al., 2007), the supposed source being bird excrement. Candida species such as C. 

albicans, C. guilliertnondii, and C. tropicalis have been recovered previously from the 

gastrointestinal tracts and cloacae of birds (Hasenclever & Kogan, 1975; Buck, 1990; 

Cafarchia et al., 2006).

The avian-excrement-associated C. dublimensis isolates described in this study 

are members of MLST clade C l, which includes the majority of isolates that have been 

recovered from humans. However, the majority (13/14) of the avian-excrement- 

associated isolates form a distinct subgroup within this clade using both neighbour- 

joining and BURST algorithims (Figs. 4.4 -  4.7), suggesting that, despite the low level 

o f variation evident within C. dublimensis, there may be a distinct avian subpopulation 

present in birds. This is supported by the observation that 2/3 isolates (AV5 and AV6) 

recovered from seabird excrement in Dublin fell into the same subpopulation (defined 

by MLST, CDRl and MTL loci) as the isolates recovered from the Great Saltee Island 

which is 150 km distant from Dublin. The TAG polymorphism data and the MTL 

analysis data from the avian-excrement-associated isolates suggest a highly clonal 

population. Genetic separation and differential clade distribution between human and 

animal populations of C. albicans have recently been reported using similar MLST data 

(Jacobsen et a l, 2008; Wrobel et al., 2008). This may suggest that specific niches of 

Candida species are present in non-human hosts.

The presence of the avian-excrement-associated subgroup within the most 

predominant clade (Cl) which had previously only been identified in isolates recovered 

from humans, and the close genetic relatedness between isolates, in particular gull 

isolate AV7, suggests that transmission between the two hosts can occur, although in 

this instance the most likely direction of transfer is from man to bird.
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Chapter 5

Investigation of the molecular mechanism(s) of clade-specific 5- 

fluorocytosine resistance in Candida dubliniensis

Part I:

Examination of the genes involved in 5-fluorocytosine

metabolism
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5.1. Introduction

5.1.1. Clade-specific 5FC resistance in C. dubliniensis

The population structure of the opportunistic yeast pathogen C. dubliniensis 

has been investigated previously using both the species-specific complex DNA 

fingerprinting probe Cd25 and by MLST (Joly et a i,  1999; Gee et a i,  2002; A1 Mosaid 

et a i,  2005; Chapter 4, this thesis). Early Cd25 fingerprinting analyses demonstrated 

that C. dubliniensis consists of two fingerprinting groups, termed Cd25 group I and 

Cd25 group II (Joly et a i, 1999). Group I isolates comprised the majority of isolates 

investigated which were recovered from many countries around the world and were 

very closely related, with average Sab values o f 0.8. Group II isolates were less closely 

related with an average Sab value of 0.47. These results were later confirmed with a 

larger collection of isolates from diverse geographical sources by Gee et al. (2002), who 

also showed that Cd25 group I isolates comprised a single ITS genotype (genotype 1). 

Furthermore, Cd25 group II isolates were found to belong to three ITS genotypes 

(genotypes 2-4). Recently, a study by Al Mosaid et al. (2005) identified a third Cd25 

fingerprinting group, termed Cd25 group III, which exhibited an average S^b value of 

0.35. Isolates belonging to this clade were recovered exclusively in Egypt, Saudi Arabia 

and Israel, and belonged to ITS genotypes 3 or 4. All the examined isolates belonging to 

Cd25 group III examined exhibited high level intrinsic resistance to 5FC. This 

phenotype did not occur in isolates belonging to either Cd25 groups I or II, including 

Group I or II isolates recovered from Egypt, Saudi Arabia and Israel. (Al Mosaid et a l, 

2005). In C. dubliniensis, resistance patterns are clearly defined, with 5FC-susceptible 

isolates exhibiting MICs of <0.125 )ig/ml, and 5FC-resistant isolates exhibiting MICs 

of > 128 |ag/ml (Al Mosaid et a i,  2005). In this thesis MLST analysis was used to 

investigate the population structure of C. dubliniensis and revealed the presence of three 

distinct clades, termed C1-C3 (see Chapter 4, Section 4.3.5). All the examined 5FC- 

resistant isolates belonging to Cd25 fingerprint group III were found to cluster 

exclusively in MLST clade C3 (see Chapter 4, this thesis).

5.1.2. Clade-specific 5FC resistance in C. albicans

The closest relative of C. dubliniensis, C. albicans, also exhibits clade-specific 

resistance to 5FC, with 72.7% of isolates in Ca3 fingerprinting clade I and MLST clade
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1 exhibiting reduced susceptibility to this antifungal agent and exhibiting MICs of > 0.5 

(jg/ml (Odds et al,  2007; Pujol et al, 2004). In other C. albicans Ca3 fingerprint clades, 

the prevalence of isolates with MIC values similar to this was 2% (Pujol et al., 2004; 

Odds et al., 2007). In C. albicans, 5FC resistance patterns vary amongst isolates, 

ranging from those exhibiting reduced susceptibility (0.5 -  2 ^g/ml), to intermediate (2 

-  8 |.ig/ml) or high-level resistance (> 8 |o.g/ml) and a wide range of MICs for this drug 

have been reported amongst isolates, ranging from 0,06 |ig/ml to > 128 |ig/ml (Dodgson 

et al., 2004; Hope et al., 2004). Throughout Ca3 fingerprinting clade I, 5FC-resistant 

strains were reported to be distributed randomly, and it has been suggested that 

recombination occurs throughout the clade in order to homogenise the resistance 

phenotype (Pujol et al,  2004).

5.1.3. Permeases associated with 5FC uptake

Early studies using S. cerevisiae demonstrated that cytosine uptake is mediated 

by the FCF2-encoded polytopic permease which is 533 amino acids in length and has a 

molecular mass o f 58.2 kDa (Weber et al., 1990; Ferreira et a l, 1997, 1999b). This 

permease is a proton symporter that also actively transports purines such as adenine, 

guanine, and hypoxanthine using the A pH component of the proton motive force as an 

energy source (Ferreira et a l, 1997, 1999b; Paluszynski et a l, 2006). A hydrophilic 

portion (I371-N377) of the permease was deduced as being important in the three- 

dimensional structure and ligand-binding of the active carrier (Ferreira et a l,  1997, 

1999a, 1999b). More recent studies in the same species have demonstrated that there is 

more than one method of cytosine uptake into yeast cells, as FCY2 mutants demonstrate 

a low-level but dose-dependent 5FC susceptibility (Paluszynski et a l ,  2006). A 

genome-wide search of S. cerevisiae found many FCY2 homologues, o f which the 

previously uncharacterised genes FCY21 and FCY22 displayed the highest percentage 

identity (85% and 89%, respectively). Disruption of both of these genes in S. cerevisiae 

resulted in increased 5FC MICs, implicating both genes in 5FC-transport (Paluszynski 

et a l,  2006). Further to these findings, strains containing mutated transporter genes 

TPNl or FUR4, or the yet uncharacterised yor071c gene also demonstrated reduced 

5FC susceptibility. The TPNl and FUR4 genes encode vitamin B and uracil permeases, 

respectively (Seron et a l, 1999; Stolz & Vielreicher, 2003) for both o f which the 

substrates display structural similarities with cytosine. In the haploid Candida 

lusitaniae, the purine-cytosine permease encoded by the FCY2 gene is closely
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associated with influx o f cytosine in a manner that is distinct to uracil influx (Noel et 

al., 2003), and 5FC resistance correlates with undetectable intracellular levels o f  the 

drug, suggesting a pivotal role o f the FCK2-encoded permease in 5FC metabolism (Noel 

et a l ,  2003). This has been confirmed using a null mutant for the FCY2 gene 

(Chapeland-Leclerc et a i ,  2005; Papon et a l ,  2007).

Many individual SNPs have been detected in the FCY21 and FCY22 genes o f 

C. albicans o f which eight resulted in radical amino acid replacements. However, none 

o f these has been associated with 5FC resistance (Hope et a i ,  2004).

5.1.4. Metabolic pathway of 5FC in yeasts

The antifungal action o f  5FC relies on the intracellular conversion o f 5FC to 5- 

fluorouracil (5FU) by cytosine deaminases upon entry into fungal cells (Fig. 5.1). The 

cytosine deaminase is encoded by the FC A l gene in C. albicans and by the CdFCAl 

gene in C  dubliniensis (Erbs et a i ,  1997; Al Mosaid et al., 2005), which are 

homologues o f the FC Yl gene in S. cerevisiae (Erbs et al., 1997) and in other Candida 

species, such as C. lusitaniae (Papon et a l ,  2007). The absence o f cytosine deaminases 

in mammalian cells prevents 5FC toxicity in humans, as the 5FC prodrug itself is non

toxic. After conversion o f 5FC to 5FU, the 7-encoded UPRT catalyses the 

phosphorylation o f 5FU to 5-fluorouridine monophosphate (5FUMP) (Fig. 5.1). Two 

specific kinases catalyze the further phosphorylation o f 5FUMP, eventually converting 

it to 5-fluorouridine triphosphate (5FUTP), which in turn gets incorporated into RNA 

causing miscoding and leading to an inhibition o f fungal protein synthesis (Fig. 5.1). As 

a secondary method o f inhibition, the monophosphorylated form o f 5FU (5FUMP) 

inhibits thymidylate synthetase (Fig. 5.1) leading to a depletion o f dTTP and 

misincorporation o f dUTP into newly synthesised DNA, causing irreversible DNA 

damage and cell cycle arrest (Polak & Scholer, 1975; W aldorf & Polak, 1983; Hoskins 

& Butler, 2008).

5.1.5. Mechanisms of 5FC resistance in Candida spp.

A number o f studies have previously suggested that decreased UPRT or 

cytosine deaminase activity is associated with 5FC resistance in C. albicans (Normark 

& Schonebeck, 1972; Polak & Scholer, 1975; Whelan & Kerridge, 1984). Dodgson et 

al. (2004) examined the DNA sequences o f the FCAI and F U R l genes in 5FC-resistant 

C. albicans isolates in an attempt to elucidate the mechanism o f resistance. These
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researchers identified a SNP at nucleotide position 301 (C —» T transition) in the FURl 

gene which was consistently present in 5FC-resistant isolates, and resulted in an 

ArglOlCys amino acid substitution in the encoded UPRT protein (Dodgson et al., 

2004). Strains that were homozygous and non-polymorphic were susceptible to 5FC, 

strains that were heterozygously polymorphic displayed reduced susceptibility, and 

strains that were homozygous for the polymorphism at this locus were reported as 

resistant to 5FC, exhibiting MIC values > 16 |^g/ml (Dodgson et al., 2004).

The polymorphism occurred in a region of the FURl gene that was highly 

conserved amongst eukaryotic species such as C. albicans, S. cerevisiae, Toxoplasma 

gondii, Neurospora crassa and Schizosaccharomyces pombe (Dodgson et a l, 2004). 

The corresponding Argl26 of T. gondii has been shown to play a role in the 

dimerisation of UPRT monomers, which is required for enzymatic activation 

(Schumacher et al., 2002) and Dodgson et al. (2004) hypothesised that the ArglOICys 

substitution may interfere with dimerisation and thus activation of the UPRT enzyme, 

leading to decreased 5-FC metabolism. In the same year, Hope et al. (2004) examined 

the DNA sequences of the C. albicans FURl gene, the FCAI gene, and the two cytosine 

permease genes FCY21 and FCY22. The latter study confirmed the earlier findings of 

Dodgson et al. (2004), and implicated a polymorphism in the FCAI gene as a cause of 

5FC resistance in one isolate included in the study. This polymorphism resulted in a 

Gly28Asp substitution in the cytosine deaminase protein. A Ser29Leu substitution in 

the same protein was also noted in one isolate displaying an intermediate level of 5FC 

resistance (MIC = 4 (ag/ml) (Hope et al., 2004).

In the haploid C. lusitaniae, 5FC resistance can occur via reduced uptake and 

metabolism of the drug (Noel et a l ,  2003; Chapeland-Leclerc et a l, 2005; Papon et a l, 

2007). Kinetic transport and transformation studies attributed resistance to defects in a 

purine-cytosine permease protein encoded by the FCY22 gene, and also in the cytosine 

deaminase. However, 5FC MlCs achieved by these mutations were observed to be 

lower (MICs 64 -  128 ^g/ml) than the 5FC MICs resulting from mutations in the FURl 

gene (MICs >512  |ig/ml) (Noel et a l, 2003; Chapeland-Leclerc et a l,  2005; Papon et 

a/., 2007).

Al Mosaid et al. (2005) examined the cytosine deaminase and UPRT-encoding 

gene homologues in C. dubliniensis in an attempt to elucidate the primary causes of 

5FC resistance in the Middle Eastern Cd25 group III isolates. The latter study observed 

a SNP at position 258 in the CdFCAl gene of all resistant isolates. However, this did
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Figure 5.1. Metabolic pathway and mode of action o f 5FC in yeasts.

Both 5FC and 5FU are transported into the cell by cell membrane associated cytosine- 

purine permeases. In Candida spp. these are encoded by two genes that display amino 

acid sequence homology with the FCY2 gene of S. cerevisiae (Hope et a i,  2004). Upon 

entry to the cell, 5FC is then deaminated to 5FU by Fcalp encoded by FCAI. 5FU is 

then phosphorylated by uracil phosphoribosyltransferase (UPRT) encoded by FURl 

yielding 5-fluorouridine monophosphate (5FUMP). 5FUMP inhibits thymidyiate 

synthetase leading to thymidine depletion in the cell and ultimately interrupting DNA 

synthesis. 5FUMP is also metabolised by two kinases, yielding 5-fluorouridine 

diphosphate (5FUDP) and subsequently fluorouridine triphosphate (5FUTP), the latter 

of which is incorporated into RNA in the place of UTP, leading to miscoding and an 

inhibition of protein synthesis.





not result in an amino acid substitution, and therefore was unlikely to be a cause o f 5FC 

resistance (A1 Mosaid et al., 2005). A number o f SNPs were also observed in the 

CdFURI gene, but no amino acid substitutions resulted. The study concluded that an 

alternative mechanism(s) o f resistance must be responsible for the clade-specific 5FC 

resistance in C. dubliniensis (Al Mosaid et a l ,  2005).

5.1.6. Objectives

The purpose o f the present study was to identify any blocks/lesions in the genes 

involved in 5FC uptake and metabolism in order to investigate the molecular 

mechanism(s) o f C. dubliniensis clade-specific 5FC resistance.

• The nucleotide sequences o f the C dF C Y ll and CdFCY22 genes encoding 

cytosine permeases and the amino acid sequences o f their gene products were 

compared between 5FC-resistant and 5FC-susceptible isolates in order to 

identify any changes that could potentially affect drug uptake.

• The nucleotide sequences o f the CdFCY23 and CdFCY24 genes encoding 

permeases and the amino acid sequences o f their gene products which display 

similarity to the TPNI vitamin B transporter o f S. cerevisiae were also compared 

between 5FC-resistant and 5FC-susceptible isolates in order to identify any 

changes that could affect the uptake o f 5FC into cells.

• The nucleotide sequences o f the CdFURI gene encoding UPRT and the amino 

acid sequence o f its gene product were also re-analysed in 5FC-resistant and 

5FC-susceptible isolates in order to identify any changes that could affect 

phosphorylation o f 5FU in C. dubliniensis cells.

• An accumulation assay was carried out to compare 5FC uptake between three 

5FC-resistant isolates and three 5FC-susceptible isolates.

5.2. Materials and methods

5.2.1. Isolates used in the study

Twenty-one epidemiologically unrelated human C  dubliniensis isolates were 

included in the present study, including nine 5FC-susceptible isolates and 12 5FC- 

resistant isolates (Table 5.1) as previously reported (Sullivan et a l ,  1995; Polacheck et 

a l,  2000; Al Mosaid et a l ,  2001, 2005; Gee et a l ,  2002). Previously, 5FC resistance in 

C. dubliniensis has only ever been reported in isolates from Saudi Arabia, Egypt and
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Kuwait (Pfaller et a l, 1999; Ahmad et a l, 2004; A1 Mosaid et a i, 2005). All hut two of 

the studied isolates had been investigated previously by MLST analysis and/or Cd25 

fingerprint analysis and were shown to belong to C. dubliniensis MLST clade C3 and 

Cd25 fingerprint group III (Al Mosaid et a l ,  2005; Chapter 4, this thesis). For these 

reasons, 20 of the 21 isolates chosen for study (12 5FC-resistant and eight 5FC- 

susceptible) were originally recovered in Egypt, Saudi Arabia or Israel (Table 5.1). The 

SFC-susceptible isolates belonged to MLST clades Cl or C2 and to Cd25 fingerprint 

groups I or II, with the exception of isolate p7718 (Table 5.1) which belongs to Cd25 

group III/MLST clade C3 (Al Mosaid et a l,  2005; Chapter 4, this thesis). The C. 

dubliniensis type strain CDS6, originally isolated from the oral cavity of a HIV-infected 

individual in Ireland was also included as a reference isolate because the complete 

genome sequence of this organism has been determined 

(httD://www.san)Jer.ac.uk/sequencinu/Candida/dubliniensis/).

5.2.2. Determination of C. dubliniensis 5FC and 5FU MICs

Broth microdilution assays were used to test susceptibility of the C. 

dubliniensis isolates to 5FC as well as 5FU and were carried out as described in Chapter 

2, Section 2.7.

5.2.3. Radiolabeiied 5FC accumulation assay

The uptake of 5-fluorocytosine-6-^H ([^H] 5FC) with a specific activity of 37 

MBq/ml (Sigma-Aldrich Ltd.) into C. dubliniensis cells was monitored according to the 

method described by Sanglard et al. (1995). Cells were grown to mid-log phase in YPD 

medium at 30°C with constant shaking at 200 rpm (Gallenkamp) and harvested by 

centrifugation at 500 x g for 5 min. Cells were then washed in fresh YNB medium and 

resuspended in YNB to a cell density of 5 x 10* cfu /ml in 500 |̂ 1 YNB. The assay was 

started by the addition of 12.7 |al (corresponding to Inmol or 470 MBq) [^H] 5FC to the 

cells followed by immediate incubation at 30°C. Aliquots (100 |al) were removed at 0, 

10, 20, and 30 min time points and cells were washed in 400 |̂ 1 YNB containing 20 |aM 

unlabelled FC using Spin-X microcentrifuge tubes (pore size, 0.45 jam) with a nylon 

membrane (Sigma-Aldrich Ltd.). Centrifugation was carried out at 9000 x g for 1 min. 

The aqueous medium was discarded between washes. Filter washing in unlabelled 5FC 

was repeated three times for each time point as described above. The cells were finally 

resuspended on the filter in 1.85 M NaOH/7.5% mercaptoethanol and transferred to
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Table 5.1. Candida dubliniensis isolates used in the study of 5FC metabolism

Isolate Origin Yr of 

isolation

Cd25

group**

ITS" 5FC

MIC

(Hg/ml)

5FU

MIC

(Mg/ml)

Reference

CD36“‘’" Ireland 1988 I 1 <0.25 32 (Sullivan et a i,  1995; Gee 

et al., 2002; Al Mosaid et 

a/., 2005)

SAlOl S.A 2002 I 1 <0.25 16 (Al Mosaid et al., 2005)

SAIDS'^ S.A 2002 I 1 <0.25 32 (Al Mosaid et al., 2005)

SA115 S.A 2002 I 1 <0,25 32 (Al Mosaid et a i, 2005)

Eg203 Egypt 2002 I 1 <0.25 16 (Al Mosaid et al., 2005)

Eg206 Egypt 2002 1 I <0.25 32 (Al Mosaid et a i,  2005)

Eg200 Egypt 2002 III 4 > 128 8 (Al Mosaid et at., 2005)

Eg201 Egypt 2002 111 4 > 128 32 (Al Mosaid et a i, 2005)

Eg202 Egypt 2002 III 4 > 128 32 (Al Mosaid et a i, 2005)

Eg207 Egypt 2002 111 4 > 128 32 (Al Mosaid et a i, 2005)

SAIOO S.A 2002 III 3 > 128 32 (Al Mosaid et a l, 2005)

SA103 S.A 2002 III 3 > 128 32 (Al Mosaid et al., 2005)

SA107 S.A 2002 III 3 > 128 32 (Al Mosaid et a i, 2005)

SA108 S.A 2002 III 3 > 128 32 (Al Mosaid et al., 2005)

SA109 S.A 2002 III 3 > 128 8 (Al Mosaid et al., 2005)

S A i n '’’'̂ S.A 2002 III 4 > 128 32 (Al Mosaid et al., 2005)

SA118 S.A 2002 III 3 > 128 32 (Al Mosaid et al., 2005)

SA121 S.A 2002 III 4 > 128 32 (Al Mosaid et a i, 2005)

p7276 Israel 1999 II 3 <0.25 8 (Gee et a i, 2002; Al 

Mosaid et a i, 2005)

p6785 Israel 1999 11 3 <0.25 16 (Polacheck et a i, 2000, 

Gee et a i, 2002; Al 

Mosaid et al., 2005)

p7718 Israel 1999 III 4 <0.25 16 Gee et a i, 2002; Al 

Mosaid et a i, 2005)

Abbreviations: S.A, Saudi Arabia.

^Candida dubliniensis type strain.

’’ Isolates from which the DNA sequences o f the CdFCY2I, CdFCY22, CdFCY23, CdFCY24, and 

CdFURI genes were determined and analysed.

Isolates used in radiolabelled [^H] 5FC accumulation assays.

Fingerprint group assigned according to studies using the C. dubliniensis-specific DNA fingerprinting 

probe, Cd25.

" Genotypes assigned according to sequence of the ITS region of the rDNA operon.
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scintillation vials, (S igm a-A ldrich Ltd.) to w hich  5 ml o f  scintillation fluid (U ltim a  

Gold; Packard, Groningen, the Netherlands) w as added. The concentration o f  [^H] 5FC  

in the ce lls  w as determ ined by counting in a TRI C A R B  2100T R  liquid scin tillation  

analyser (Canberra Packard, Schwadorf, Austria). A ccum ulation assays w ere carried out 

in duplicate (with the exception  o f  C. dubliniensis  isolate p7276 w hich  w as on ly  

assayed once) and included a 5FC -susceptible isolate and a 5FC-resistant isolate on 

each occasion  (Table 5.1).

5.2.4. Amplification of genes associated with metabolism of 5FC

5.2.4.1. Am plification  o /'C dF C Y 21-C dF C Y 24 perm ea se  genes

The com plete O RFs o f  genes encoding putative cytosine perm eases w ere 

am plified using the proofreading D N A  polym erase enzym e Expand H igh Fidelity  

Polym erase (R oche) and the corresponding forward and reverse primers listed in Table

5.2. A m plification  reactions w ere carried out in 50 |il volum es containing 3 mM  M gC l2, 

2.5 U o f  Expand H igh Fidelity polym erase, 1 x reaction buffer (all supplied by R oche) 

12 pm ol o f  the forward and reverse primers, 200  (J.M o f  each dNTP (Prom ega) and 10 

ng o f  D N A  template. R eaction cyc lin g  conditions for these genes incorporated an initial 

denaturation step o f  9 4 “C for 2 m in, fo llow ed  by 30 cy c les  o f  30 s at 94°C, 30 s at 52”C, 

and 2 m in at 72°C, fo llow ed  by a final 7 min extension  step at 72°C. A m plification  

products w ere visualised  on a U V  transilluminator fo llow in g  electrophoresis through  

1% (w /v ) agarose gels containing 0.5 |ig  ethidium  brom ide/m l.

5.2.4.2. Am plification o f  the C dF U R l gene

The com plete ORF o f  the C. dubliniensis  U PR T -encoding gene C d F U R l  w as 

am plified using the sam e conditions as described above, except that 2.5 mM  M gC b w as 

used instead o f  3 m M , as described previously (A1 M osaid et a l ,  2005). Primers used  

are listed in Table 5.2. PCR cycling  conditions for the C d F U R l  gene w ere 7 min at 

94°C, fo llow ed  by 30 cyc les o f  94°C for 1 min, 53°C for 1 min and 72°C for 1 min. A  

final elongation  step at 72°C was carried out for 10 min after the 30 cycles. 

A m plificafion  products were visualised  on a U V  transilluminator fo llow in g  

electrophoresis through 2% (w /v) agarose gels containing 0.5 ng ethidium brom ide/m l.
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5.2.5. Purification of PCR products

All PCR products were purified using the Sigma GenElute PCR Clean-up kit 

(Sigma-Aldrich Ltd.) or were purified from agarose gels using a Qiaex Gel Extraction 

Kit (Qiagen) according to the manufacturers’ instructions as outlined in Chapter 2, 

Section 2.5.2.

5.2.6. Cloning and sequencing of genes associated with metabolism of 5FC

Purified PCR products were ligated to the P-GEM T-Easy vector in separate 

ligation reactions as outlined in Chapter 2, Section 2.5.4. Ligation reactions were 

transformed into E. coli strain D H 5a as outlined in Chapter 2, Section 2.5.5. Plasmid 

DNA was recovered from the transformed cells as outlined in Chapter 2 Section 2,5.3, 

and sequencing reactions were carried out as described in Chapter 2, Section 2.6.

5.2.7. Sequence analysis and alignments

Chromatograms were analysed using the 373A Data Analysis program version 

1.2.0 (Applied Biosystems). Sequence analysis was carried out using the DNA Strider™ 

version 1.3fl 1 software packages for DNA and protein analysis (CEA/Saclay, Gif-sur- 

Yvette, France). Searches o f the EMBL and GenBank databases for nucleotide and 

amino acid sequence similarities were performed using the BLAST series o f computer 

programmes (Altschul et a i ,  1990). Alignments of nucleotide and amino acid sequences 

were carried out using the CLUSTAL W sequence alignment computer programme 

(Thompson et a l ,  1994). The consensus C. dubliniensis sequences were obtained for 

each gene investigated by BLAST analysis o f C. albicans gene homologues 

(http://w'^'v>-.candidaaenome.orijA) using the C. dubliniensis genome sequence database 

(http://www.sanjJer.ac.uk.sequencing/Candida/dubliniensis/) based on the type strain 

CD36.

5.3. Results

5.3.L Sequence analyses of the CdFCY21 genes

Comparative analyses o f  the sequences o f the CdFCY2l permease genes from 

five 5FC-resistant isolates (SA121, SA108, SA103, Eg201, Eg202) and the 5FC- 

susceptible isolate p7276, which was recovered from a similar geographical location 

and belonged to the same MLST clade C3 as the 5FC-resistant isolates (Table 4.7) with
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Table 5.2. Oligonucleotide primers used in the amplification o f C. dubliniensis 

genes associated with 5FC metabolism

Prim er Primer Sequence 5' - 3' Primer

Coordinates*

Amplicon

length

(bp)

Gene

length

(bp)

Sequence

identity'’

(%)

FURI F 

FURl R

GAAATAGTGGGAGCATCT

TAAAGTGTATGTAAATGGTGAGG

-1 4 0 ^ + 7 7 2 932 658 93

FCY2J F 

FCY2I R

ATGCCAGAAAAGACATCAGTC

TTTTTTCGAAATATCTAGCCAC

-140-^+1,630 1,786 1,555 89

FCY22 F 

FCY22 R

ATGGCAGAGAATTACGATTTAG

CAAATGGTCTAACCAAGTTG

-201 -^+1,773 1,991 1,578 90

FCY23 F 

FCY23 R

TGAAATCAGTTTTTCTTCACC

CAGGTTATATGTCTCTATCTATGA

-25 — +1,805 1,853 1,776 92

FCY24 F 

FCY24 R

GCTTTAAGCTTCTTTTCTTTAATTTGG

AAAAAGGAAACAT'ITTTGTCAGC

-64 — +1,704 1,785 1,593 89

“Nucleotide coordinates are indicated from the first base o f the forward primer and the 

first base o f the reverse primer, relative to the first base o f the ATG start codon being 

designated +1.

’’ The nucleotide sequence o f the C. dubliniensis genes were obtained using BLAST 

analysis o f corresponding genes in C. albicans against the C. dubliniensis genome 

sequence database (http://www.sanger.ac.Uk/cgi-bin/blast/submitblast/c dubliniensis).
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the reference 5FC-susceptible type strain CD36 were undertaken. Fourteen SNPs were 

found amongst the seven isolates, seven o f which were found amongst the 5FC-resistant 

isolates exclusively, and one which occurred in the 5FC-susceptible isolate p7276 

exclusively (Table 5.3). The remaining six SNPs occurred in both 5FC-resistant and 

5FC-susceptible isolates, but were not present in every isolate sequenced (Table 5.3).

Six o f the 14 SNPs gave rise to amino acid substitutions, five o f which 

occurred in the 5FC-resistant isolates, and one o f which (Glu239Lys), was observed in 

both the 5FC-susceptible isolate p7276 and 5FC-resistant isolates (Table 5.3 and Fig. 

5.2) in comparison to the consensus CdFCY21 sequence from strain CD36. O f the five 

amino acid substitutions that occurred amongst the 5FC-resistant isolates, only one 

(Phe502Leu) occurred in more than one isolate. This was present in the two 5FC- 

resistant Egyptian isolates Eg201 and Eg202 (Table 5.3 and Fig. 5.2). No amino acid 

substitutions occurred in the Val356-Asn361 region o f the CtjfFCT27-encoded permease 

which displayed similarity to the He371-Asn377 region o f the iS. cerevisiae FCY2- 

encoded permease. This hydrophilic region was previously shown to be important for 

the 3D structure and ligand-binding activity o f the encoded permease (Ferreira et a l ,  

1997).

5.3.2. Sequence analyses of the CdFCY22 genes

Comparative analyses o f the sequences o f the CdFCY22 genes from five 5FC- 

resistant isolates (SA121, SA108, SA103, Eg201, Eg202) and the 5FC-susceptible 

isolate p7276 (Table 4.7) with the reference 5FC-susceptible type strain CD36 were 

undertaken. The CdFCY22 sequences contained a total o f 16 SNPs amongst these seven 

isolates (Table 5.4). Two o f these 16 SNPs were unique to the 5FC-susceptible isolate 

p7276, 9/16 SNPs occurred amongst the 5FC-resistant isolates exclusively, and 5/16 

SNPs occurred in all isolates examined in comparison to the consensus CdFCY22 

sequence from the 5FC-susceptible type strain CD36.

Seven o f these SNPs gave rise to amino acid substitutions in the encoded 

permease. One o f  these amino acid substitutions (Cys203Gly) occurred in all 5FC- 

resistant and the 5FC-susceptible isolate p7276 examined (Table 5.4 and Fig. 5.3) in 

comparison to the consensus CdFCY22 sequence from the 5FC-susceptible type strain 

CD36. The other amino acid substitutions occurred amongst the 5FC-resistant isolates 

exclusively. However, none o f these amino acid substitutions was common to more than 

one of the 5FC-resistant isolates examined (Table 5.4 and Fig. 5.3). No amino acid
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substitutions occurred in the He363-Gly369 region of the CdFCY22-er\codtd protein 

which displays homology to the He371-Asn377 region of the FCFi-encoded permease 

o f 5'. cerevisiae (Ferreira e /a /., 1997).

5.3.3. Sequence analyses of the CdFCY23 genes

A phylogenetic relationship based on amino acid sequence identity o f the 

TPNl gene from 5. cerevisiae and the FCY23 and FCY24 genes of C  albicans has 

previously been observed (Hope et a l,  2004). Since the TPNl gene product has shown 

the ability to transport cytosine (Paluszynski et a l, 2006), these genes were also 

investigated in the present study in order to determine if they play a role in 5FC 

resistance in C. dubliniensis.

Comparative analyses of the sequences of the CdFCY23 genes from five 5FC- 

resistant isolates (SA121, SA108, SA113, Eg201, Eg202) and the 5FC-susceptible 

isolate p7276 (Table 4.7) with the reference 5FC-susceptible type strain CD36 were 

undertaken. The CdFCY23 sequences contained a total of 24 SNPs amongst these seven 

isolates (Table 5.5). Three of these SNPs occurred in the 5FC-susceptible isolate p7276 

only. The remaining 21 SNPs occurred in the 5FC-resistant isolates exclusively. Of 

these 21 SNPs, three were common to all of the 5FC-resistant isolates examined. One of 

these three SNPs was non-synonymous, resulting in a Ser280Leu substitution (Table 5.5 

and Fig. 5.4). O f the 18 remaining SNPs that occurred amongst the 5FC-resistant 

isolates, eight resulted in amino acid substitutions. However, none of these eight 

substitutions were common to more than one isolate (Table 5.5 and Fig. 5.4).

5.3.4. Sequence analyses of the CdFCY24 genes

Comparative analyses of the sequences of the CdFCY24 genes from five 5FC- 

resistant isolates (SA121, SA108, SA113, Eg201, Eg202) and the 5FC-susceptible 

isolate p7276 (Table 4.7) with the reference 5FC-susceptible type strain CD36 were 

undertaken. The CdFCY24 sequences contained a total of 38 SNPs amongst these seven 

isolates (Table 5.6). O f these 38 SNPs, two occurred in the 5FC-susceptible isolate 

p7276 and all 5FC-resistant isolates in comparison to the consensus CdFCY24 gene 

from the 5FC-susceptible type strain CD36. Four occurred in all five of the 5FC- 

resistant isolates examined exclusively, 12 occurred in the 5FC-susceptible isolate 

p7276 exclusively, and the remaining 20 SNPs occurred amongst the five 5FC-resistant
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Table 5.3. Polymorphic nucleotides and amino acid substitutions in CdFCY21

Isolate SNP

position"

Reference

codon'’

Polymorphic

codon‘s

Amino acid 

position''

Amino acid 

encoded by 

consensus 

codon'

Amino acid 

encoded by 

polymorphic 

codon*^

p7276 327 ATA ATT 109 I 1

SA121 327 ATA ATT 109 1 1

SA108 327 ATA ATT 109 1 I

SA103 327 ATA ATT 109 1 I

Eg201 327 ATA ATT 109 1 I

Eg202 327 ATA ATT 109 1 I

SA103 382 TGT CGT 128 C R

p7276 450 ACC ACT 150 T T

SA121 450 ACC ACT 150 T T

SA108 450 ACC ACT 150 T T

SA103 514 TCA CCA 172 S P

SA108 538 AAT GAT 180 N D

p7276 564 GCC GCT 188 A A

SA103 564 GCC GCT 188 A A

Eg201 564 GCC GCT 188 A A

Eg202 564 GCC GCT 188 A A

p7276 715 GAA AAA 239 E K

SA121 715 GAA AAA 239 E K

SA108 715 GAA AAA 239 E K

SA103 715 GAA AAA 239 E K

Eg201 715 GAA AAA 239 E K

Eg202 715 GAA AAA 239 E K

Eg202 759 AGT AGC 253 S S

p7276 867 ATA ATT 289 1 1

SA121 867 ATA ATT 289 1 1

SA108 867 ATA ATT 289 I 1

SA103 867 ATA ATT 289 I I

Eg201 867 ATA ATT 289 1 I

Eg202 867 ATA ATT 289 I I

SA121 891 TTA TTG 297 L L

SA108 891 TTA TTG 297 L L

p7276 1173 GCA GCC 391 A A

SA121 1173 GCA GCC 391 A A

SAI08 1173 GCA GCC 391 A A



Table 5.3. Continued

Isolate SNP

position*

Reference

codon'’

Polymorphic

codon‘s

Amino acid 

position**

Amino acid 

encoded by 

consensus 

codon'

Amino acid 

encoded by 

polymorphic 

codon*^

Eg202 1219 ATG GTG 407 M V

p7276 1476 ATT ATC 492 1 1

Eg201 1504 TTT CTT 502 F L

Eg202 1504 TTT CTT 502 F L

Nucleotide position that displays polymorphism. Positions are indicated from the first base of the ATG 

start codon being designated 1.

Codon present at this position in the consensus CdFC Yll sequence from the C. dubliniensis type strain 

CD36, for which the complete genome has been sequenced.

'  Codon containing polymorphic nucleotide.

** Position o f amino acid encoded by the codon that contains SNP. Positions are indicated from the first

encoded methionine residue being designated 1,

'  Amino acid at this position in the consensus CdFCY2I sequence, which was obtained by translation of

CdFCY2I consensus sequence of the CD36 type strain.

*^Amino acid residue resulting from nucleotide polymorphism.



Consensus CdFCY21
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA103 (5FCR)
Eg201 (5FCR)
Eg202 {5FCR)

MSSDPEKNLSMPEKTSVNLYLYDTNISTTMEPSSSGGEIESTKLNFIDKWAHKLNAETKG 60 
MSSDPEKNLSMPEKTSVNLYLYDTNISTTMEPSSSGGEIESTKLNFIDKWAHKLNAETKG 60 
MSSDPEKNLSMPEKTSVNLYLYDTNISTTMEPSSSGGEIESTKLNFIDKWAHKLNAETKG 60 
MSSDPEKNLSMPEKTSVNLYLYDTNISTTMEPSSSGGEIESTKLNFIDKWAHKLNAETKG 60 
MSSDPEKNLSMPEKTSVNLYLYDTNISTTMEPSSSGGEIESTKLNFIDKWAHKLNAETKG 60 
MSSDPEKNLSMPEKTSVNLYLYDTNISTTMEPSSSGGEIESTKLNFIDKWAHKLNAETKG 60 
MSSDPEKNLSMPEKTSVNLYLYDTNISTTMEPSSSGGEIESTKLNFIDKWAHKLNAETKG 60 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ■ * * * * * * * • * ' * * * * * * ■ * * • * * * * ■ * * * * * * *

Consensus CdFCY21 lELVTDEEKTDNSFWNLATMWLSANLVIATFSLGALGITVFNLAFGQAILVIIFFSILGG 120 
lELVTDEEKTDNSFWNLATMWLSANLVIATFSLGALGITVFNLAFGQAILVIIFFSILGG 120 
lELVTDEEKTDNSFWNLATMWLSANLVIATFSLGALGITVFNLAFGQAILVIIFFSILGG 120 
lELVTDEEKTDNSFWNLATMWLSANLVIATFSLGALGITVFNLAFGQAILVIIFFSILGG 120 
lELVTDEEKTDNSFWNLATMWLSANLVIATFSLGALGITVFNLAFGQAILVIIFFSILGG 120 
lELVTDEEKTDNSFWNLATMWLSANLVIATFSLGALGITVFNLAFGQAILVIIFFSILGG 120 
lELVTDEEKTDNSFWNLATMWLSANLVIATFSLGALGITVFNLAFGQAILVIIFFSILGG 120 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Consensus CdFCY21
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA103 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

Consensus CdFCY21
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA103 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

FPVAFFSCFGSALGLRQMLLSKFLIGDLTTRLFAAINVIACVGWGAVNTMSSAQLLHIVN 180 
FPVAFFSCFGSALGLRQMLLSKFLIGDLTTRLFAAINVIACVGWGAVNTMSSAQLLHIVN 180 
FPVAFFSCFGSALGLRQMLLSKFLIGDLTTRLFAAINVIACVGWGAVNTMSSAQLLHIVN 180 
FPVAFFSCFGSALGLRQMLLSKFLIGDLTTRLFAAINVIACVGWGAVNTMSSAQLLHIVD 180 
FPVAFFSRFGSALGLRQMLLSKFLIGDLTTRLFAAINVIACVGWGAVNTMSPAQLLHIVN 180 
FPVAFFSCFGSALGLRQMLLSKFLIGDLTTRLFAAINVIACVGWGAVNTMSSAQLLHIVN 180 
FPVAFFSCFGSALGLRQMLLSKFLIGDLTTRLFAAINVIACVGWGAVNTMSSAQLLHIVN 180

* * * * * * * * * * * * * * * * * fc * * * * * * * * * * * *

Consensus CdFCY21
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA103 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

NGALPPWAGCLIIWCTVLVTFFGYHVIHIYEKWAWIPNLIIFII 
NGALPPWAGCLIIWCTVLVTFFGYHVIHIYEKWAWIPNLIIFII 
NGALPPWAGCLIIWCTVLVTFFGYHVIHIYEKWAWIPNLIIFII 
NGALPPWAGCLIIWCTVLVTFFGYHVIHIYEKWAWIPWLIIFII 
NGALPPWAGCLIIWCTVLVTFFGYHVIHIYEKWAWIPNLIIFII 
NGALPPWAGCLIIWCTVLVTFFGYHVIHIYEKWAWIPNLIIFII 
NGALPPWAGCLIIWCTVLVTFFGYHVIHIYEKWAWIPNLIIFII

IIVRFAMTNKFTNES 240 
IIVRFAMTNKFTNKS 24 0 
IIVRFAMTNKFTNKS 240 
IIVRFAMTNKFTNKS 240 
IIVRFAMTNKFTNKS 24 0 
IIVRFAMTNKFTNKS 240 
IIVRFAMTNKFTNKS 24 0

Ir * * * * *  * f * * * * *  * » * * * * * * H * * * * * * * * * * *

Consensus CdFCY21
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA103 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

FQQGETTAGNVLSFGGTVFGFATGWTTYLSDYWYHPRNTNPWKIFFSIFFGLLTPLMFT 300 
FQQGETTAGNVLSFGGTVFGFATGWTTYLSDYWYHPRNTNPWKIFFSIFFGLLTPLMFT 300 
FQQGETTAGNVLSFGGTVFGFATGWTTYLSDYWYHPRNTNPWKIFFSIFFGLLTPLMFT 300 
FQQGETTAGNVLSFGGTVFGFATGWTTYLSDYWYHPRNTNPWKIFFSIFFGLLTPLMFT 300 
FQQGETTAGNVLSFGGTVFGFATGWTTYLSDYWYHPRNTNPWKIFFSIFFGLLTPLMFT 300 
FQQGETTAGNVLSFGGTVFGFATGWTTYLSDYWYHPRNTNPWKIFFSIFFGLLTPLMFT 300 
FQQGETTAGNVLSFGGTVFGFATGWTTYLSDYWYHPRNTNPWKIFFSIFFGLLTPLMFT 300

I r * * * * * * * * * * * * * * * *

Consensus CdFCY21 LILGAACATGIftNDPQWTKLYNEDSVGGLVYMLVQDSLHGFGQFCCVILALSTVAMNVP 360 
p7276 (5FCS) LILGAACATGIANDPQWTKLYNEDSVGGLVYAILVQDSLHGFGQFCCVILALSTVaNNVP 360
SA121 (5FCR) LILGAACATGIANDPQWTKLYNEDSVGGLVYAILVQDSLHGFGQFCCVILALSTVANNVP 360
SA108 (5FCR) LILGAACATGIANDPQWTKLYNEDSVGGLVYAILVQDSLHGFGQFCCVILALSTVAMWVP 360
SA103 (5FCR) LILGAACATGIANDPQWTKLYNEDSVGGLVYAILVQDSLHGFGQFCCVILALSTVMWVP 360
Eg201 (5FCR) LILGAACATGIANDPQWTKLYNEDSVGGLVYAILVQDSLHGFGQFCCVILALSTVANMVP 360
Eg202 (5FCR) LILGAACATGIANDPQWTKLYNEDSVGGLVYAILVQDSLHGFGQFCCVILALSTVAMMVP 360

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Consensus CdFCY21
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA103 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

NMYSMALSAQTVWSGFRKIPRVAWTIIGNGATLAICIPAYYKFEAVMENFMNLISYYLSI 420 
NMYSMALSAQTVWSGFRKIPRVAWTIIGNGATLAICIPAYYKFEAVMENFMNLISYYLSI 420 
NMYSMALSAQTVWSGFRKIPRVAWTIIGNGATLAICIPAYYKFEAVMENFMNLISYYLSI 420 
^YSMALSAQTVWSGFRKIPRVAWTIIGNGATLAICIPAYYKFEAVMENFMNLISYYLSI 420 
NMYSMALSAQTVWSGFRKIPRVAWTIIGNGATLAICIPAYYKFEAVMENFMNLISYYLSI 420 
NMYSMALSAQTVWSGFRKIPRVAWTIIGNGATLAICIPAYYKFEAVMENFMNLISYYLSI 420 
^YSMALSAQTVWSGFRKIPRVAWTIIGNGATLAICIPAYYKFEAVVENFMNLISYYLSI 420 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * *

Consensus CdFCY21 YESIMFASHFIWNNGRFDGYDYERWNDKQAYPIGYAGVFGFACGVAGWLGMNQTWYSGV 480 
p7276 (5FCS) YESIMFASHFIWNNGRFDGYDYERWMDKQAYPIGYAGVFGFACGVAGWLGMNQTWYSGV 480
SA121 (5FCR) YESIMFASHFIWNNGRFDGYDYERWNDKQAYPIGYAGVFGFACGVAGWLGMNQTWYSGV 480
SA108 (5FCR) YESIMFASHFIWNNGRFDGYDYERWNDKQAYPIGYAGVFGFACGVAGWLGMNQTWYSGV 480
SA103 (5FCR) YESIMFASHFIWNNGRFDGYDYERWNDKQAYPIGYAGVFGFACGVAGWLGMNQTWYSGV 480
Eg201 (5FCR) YESIMFASHFIV««JGRFDGYDYERWNDKQAYPIGYAGVFGFACGVAGWLGMNQTWYSGV 480
Eg202 (5FCR) YESIMFASHFIWNNGRFDGYDYERWNDKQAYPIGYAGVFGFACGVAGWLGMNQTWYSGV 480



Consensus CdFCY21 
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA103 (5FCR)
Eg201 {5FCR)
Eg202 (5FCR)

IGRQIGEFGGDIGFELAIGFAFIGFNVARYFEKKIY 516 
IGRQIGEFGGDIGFELAIGFAFIGFNVARYFEKKIY 516 
IGRQIGEFGGDIGFELAIGFAFIGFNVARYFEKKIY 516 
IGRQIGEFGGDIGFELAIGFAFIGFNVARYFEKKIY 516 
IGRQIGEFGGDIGFELAIGFAFIGFNVARYFEKKIY 516 
IGRQIGEFGGDIGFELAIGFALIGFNVARYFEKKIY 516 
IGRQIGEFGGDIGFELAIGFALIGFNVARYFEKKIY 516

Figure 5.2. Alignment of amino acid sequences for the CdFCY21 gene in 5FC- 

susceptible and 5FC-resistant isolates.

Sequences were compared with that o f the consensus CdFCY21 sequence from the C. 

dubliniensis type strain CD36, for which the entire genome sequence has been 

determined (http://www.sanger.ac.uk.sequencing/Candida/dubliniensis/'). Amino acid 

transitions that occurred in 5FC-resistant isolates only are highlighted in red, bold, 

underlined typeface. Amino acid transitions that occurred in both the 5FC-susceptible 

isolate p7276 and the five 5FC-resistant isolates in contrast to the consensus CdFCY21 

sequence from the 5FC-susceptible C. dubliniensis type strain CD36 are highlighted in 

green, bold, underlined typeface. A region showing homology to the He371-Asn377 

region o f the FCY2 gene product in S. cerevisiae, which was previously determined to 

be important to the three-dimensional structure o f the permease (Ferreira et a i ,  1997) 

occurs from Val356-Asn361 of the Cc/FCK2/-encoded protein. This region is indicated 

in black, bold, underlined typeface, and contains no amino acid transitions. Six amino 

acid transitions (Table 5.3) were observed amongst the seven isolates, five o f which 

occurred amongst the 5FC-resistant isolates, and one o f which (Glu239Lys) occurred in 

the 5FC-susceptible isolate p7276 and all 5FC-resistant isolates examined, in 

comparison to the consensus CdFCY21 sequence from CD36. O f the five amino acid 

transitions that occurred amongst the 5FC-resistant isolates, only one (Phe502Leu) 

occurred in more than one isolate (Table 5.3). This was present in the two 5FC-resistant 

Egyptian isolates, Eg201 and Eg202. Abbreviations; 5FCS, 5FC-susceptible; 5FCR, 

5FC-resistant.



Table 5.4. Polymorphic nucleotides and amino acid substitutions in CdFCY22

Isolate SNP

position^

Reference

codon*’

Polymorphic

Codon‘S

Amino acid 

position**

Amino acid 

encoded by 

consensus 

codon'

Amino ai 

encoded 

polymorp 

codon'

p7276 57 TTT TTC 19 F F

SA121 57 TTT TTC 19 F F

SA108 57 TTT TTC 19 F F

SA103 57 TTT TTC 19 F F

Eg201 57 TTT TTC 19 F F

Eg202 57 TTT TTC 19 F F

p7276 198 GAA GAG 66 E E

SA1I3 546 GCT GCC 182 A A

p7276 607 TGT GGT 203 C G

SA121 607 TOT GGT 203 C G

SA108 607 TGT GGT 203 C G

SA103 607 TGT GGT 203 C G

Eg201 607 TGT GGT 203 C G

Eg202 607 TGT GGT 203 C G

Eg202 640 ACT GCT 214 T A

Eg201 710 TTC TCC 237 F S

p7276 780 AGT AGC 260 S S

Eg20l 816 TGG TGC 272 w C

SA121 837 TAT TAC 279 Y Y

p7276 1032 GGT GGC 344 G G

SA121 1032 GGT GGC 344 G G

SA108 1032 GGT GGC 344 G G

SA103 1032 GGT GGC 344 G G

Eg201 1032 GGT GGC 344 G G

Eg202 1032 GGT GGC 344 G G

SAI08 1124 CTT CCT 375 L P

Eg201 1173 GCT GCC 391 A A

SAI13 1297 TCC CCC 433 S P

p7276 1413 GGG GGA 471 G G

SA121 1413 GGG GGA 471 G G

SA108 1413 GGG GGA 471 G G

SA103 1413 GGG GGA 471 G G

Eg201 1413 GGG GGA 471 G G

Eg202 1413 GGG GGA 471 G G



Table 5.4. Continued

Isolate SNP

position*

Reference

codon*’

Polymorphic

codon‘s

Amino acid 

position'*

Amino acid 

encoded by 

consensus 

codon'

Amino acid 

encoded by 

polymorphic 

codon*^

p7276 1446 ACT ACG 482 T T

SA121 1446 ACT ACG 482 T T

SAI08 1446 ACT ACG 482 T T

SA103 1446 ACT ACG 482 T T

Eg201 1446 ACT ACG 482 T T

Eg202 1446 ACT ACG 482 T T

SA121 1463 ATC ACC 488 1 T

“ Nucleotide position that displays polymorphism. Positions are indicated from the first base o f the ATG 

start codon being designated 1.

Codon present at this position in the consensus CdFCY22 sequcncc from the C. dubliniensis type strain 

CD36, for which the complete genome has been sequenced.

Codon containing polymorphic nucleotide.

Position of amino acid encoded by the codon that contains SNP. Positions are indicated from the first

encoded methionine residue being designated 1.

'  Amino acid at this position in the consensus CdFCY22 sequence, which was obtained by translation of

CdFCY22 consensus sequence of the CD36 type strain.

Amino acid residue resulting from nucleotide polymorphism.



Consensus CdFCY22
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

MAENYDLEQQVTKALKTNFNVEKIVIDKSNDEGDPLTTTIEQPPTSDSSLKATNWVDKIG 60 
MAENYDLEQQVTKALKTNFNVEKIVIDKSNDEGDPLTTTIEQPPTSDSSLKATNWVDKIG 60 
MAENYDLEQQVTKALKTNFNVEKIVIDKSNDEGDPLTTTIEQPPTSDSSLKATNWVDKIG 60 
MAENYDLEQQVTKALKTNFNVEKIVIDKSNDEGDPLTTTIEQPPTSDSSLKATNWVDKIG 60 
MAENYDLEQQVTKALKTNFNVEKIVIDKSNDEGDPLTTTIEQPPTSDSSLKATNWVDKIG 60 
MAENYDLEQQVTKALKTNFNVEKIVIDKSNDEGDPLTTTIEQPPTSDSSLKATNWVDKIG 60 
MAENYDLEQQVTKALKTNFNVEKIVIDKSNDEGDPLTTTIEQPPTSDSSLKATNWVDKIG 60 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Consensus CdFCY22
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

LKINAEIRGIERVPESERHDNSLLSPFLVFLSPNMVISGLSIGSLGPVAYNLDMRTSIVI 120 
LKINAEIRGIERVPESERHDNSLLSPFLVFLSPNMVISGLSIGSLGPVAYNLDMRTSIVI 120 
LKINAEIRGIERVPESERHDNSLLSPFLVFLSPNMVISGLSIGSLGPVAYNLDMRTSIVI 120 
LKINAEIRGIERVPESERHDNSLLSPFLVFLSPNMVISGLSIGSLGPVAYNLDMRTSIVI 120 
LKINAEIRGIERVPESERHDNSLLSPFLVFLSPNMVISGLSIGSLGPVAYNLDMRTSIVI 120 
LKINAEIRGIERVPESERHDNSLLSPFLVFLSPNMVISGLSIGSLGPVAYNLDMRTSIVI 120 
LKINAEIRGIERVPESERHDNSLLSPFLVFLSPNMVXSGLSIGSLGPVAYNLDMRTSIVI 120 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Consensus CdFCY22 ITIFCFLGSIPVGFFSAFGMRFGIRQQILSRYFTGNIMGRIFALFNVISCIGWNAVNVIP 180 
p727 6 (5FCS) ITIFCFLGSIPVGFFSAFGMRFGIRQQILSRYFTGNIMGRIFALFNVISCIGWNAVNVIP 180
SA121 (5FCR) ITIFCFLGSIPVGFFSAFGMRFGIRQQILSRYFTGNIMGRIFALFNVISCIGWNAVNVIP 180
SA108 (5FCR) ITIFCFLGSIPVGFFSAFGMRFGIRQQILSRYFTGNIMGRIFALFNVISCIGWNAVNVIP 180
SA113 (5FCR) ITIFCFLGSIPVGFFSAFGMRFGIRQQILSRYFTGNIMGRIFALFNVISCIGWNAVNVIP 180
Eg201 {5FCR) ITIFCFLGSIPVGFFSAFGMRFGIRQQILSRYFTGNIMGRIFALFNVISCIGWNAVNVIP 180
Eg202 (5FCR) ITIFCFLGSIPVGFFSAFGMRFGIRQQILSRYFTGNIMGRIFALFNVISCIGWNAVNVIP 180

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Consensus CdFCY22
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

CAELLNSVGPLPPWAGCLILVGCTCIFAVFGYKTVHLYEKYSWIPNFIVFMIIIAKFSQT 240 
CAELLNSVGPLPPWAGCLILVGGTCIFAVFGYKTVHLYEKYSWIPNFIVFMIIIAKFSQT 24 0 
CAELLNSVGPLPPWAGCLILVGGTCIFAVFGYKTVHLYEKYSWIPNFIVFMIIIAKFSQT 24 0 
CAELLNSVGPLPPWAGCLILVGGTCIFAVFGYKTVHLYEKYSWIPNFIVFMIIIAKFSQT 24 0 
CAELLNSVGPLPPWAGCLILVGGTCIFAVFGYKTVHLYEKYSWIPNFIVFMIIIAKFSQT 24 0 
CAELLNSVGPLPPWAGCLILVGGTCIFAVFGYKTVHLYEKYSWIPNFIVFMIIIAKSSQT 24 0 
CAELLNSVGPLPPWAGCLILVGGTCIFAVFGYKAVHLYEKYSWIPNFIVFMIIIAKFSQT 24 0 

* * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * *  * * ** * * * * * * * * * * * *

Consensus CdFCY22
p7276 (5FCS)
SA121 (5FCR)
SAI08 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

HAFNWGERKSGPTEAGNVLSFISAIFGFTVGWIPLLADYTVYMPANTNPWKVAFAMTTGL 300 
HAFNWGERKSGPTEAGNVLSFISAIFGFTVGWIPLLADYTVYMPANTNPWKVAFAMTTGL 300 
HAFNWGERKSGPTEAGNVLSFISAIFGFTVGWIPLLADYTVYMPANTNPWKVAFAMTTGL 300 
HAFNWGERKSGPTEAGNVLSFISAIFGFTVGWIPLLADYTVYMPANTNPWKVAFAMTTGL 300 
HAFNWGERKSGPTEAGNVLSFISAIFGFTVGWIPLLADYTVYMPANTNPWKVAFAMTTGL 300 
KAFNWGERKSGPTEAGNVLSFISAIFGFTVGCIPLLADYTVYMPANTNPWKVAFAMTTGL 300 
HAFNWGERKSGPTEAGNVLSFISAIFGFTVGWIPLLADYTVYMPANTNPWKVAFAMTTGL 300 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Consensus CdFCY22
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

SLPAMFTALLGAAIGTSVNLNGSRFEQAYNKNSTGGLVYEILCGDNNNKGYRFIVWFAL 360
SLPAMFTALLGAAIGTSVNLNGSRFEQAYNKNSTGGLVYEILCGDNNNKGYRFIWVFAL 360 
SLPAMFTALLGAAIGTSVNLNGSRFEQAYNKNSTGGLVYEILCGDNNNKGYRFIVWFAL 360 
SLPAMFTALLGAAIGTSVNLNGSRFEQAYNKNSTGGLVYEILCGDNNNKGYRFIWVFAL 360 
SLPAMFTALLGAAIGTSVNLNGSRFEQAYNKNSTGGLVYEILCGDNNNKGYRFIWVFAL 360 
SLPAMFTALLGAAIGTSVNLNGSRFEQAYNKNSTGGLVYEILCGDNNNKGYRFIVWFAL 360 
SLPAMFTALLGAAIGTSVNLNGSRFEQAYNKNSTGGLVYEILCGDNNNKGYRFIVWFAL 360
* * * * * * * * * * * * * * * * * * * * * * * * *

Consensus CdFCY22 GAIANGIPGSYSLSLAIQCIWSQFARVPRIAWCILGNLVALAFSILAYYKFODTMSNFLS 420 
GMANGIPGSYSLSLMQCIWSQFARVPRIAWCILGNLVALAFSILAYYKFODTMSNFLS 420 
GAIANGIPGSYSLSLAIQCIWSQFARVPRIAWCILGNLVALAFS1LAYYKFQDTMSNFLS 420 
GAIANGIPGSYSLSPAIOCIWSQFARVPRIAWCILGNLVALAFSILAYYKFODTMSNFLS 420 
GAIANGIPGSYSLSLAIQCIWSQFARVPRIAWCILGNLVALAFSILAYYKFQDTMSNFLS 420 
GAIANGIPGSYSLSLAIQCIWSQFARVPRIAWCILGNLVALAFSILAYYKFODTMSNFLS 420 
GAIANGircSYSLSLAIQCIWSQFARVPRIAWCILGNLVALAFSILAYYKFQDTMSNFLS 420

Consensus CdFCY22
p7276 (5FCS)
SAI21 (5FCR)
SA108 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Consensus CdFCY22 
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

IIAYNVSIYLSISLTEHFIYRRGFSGYDVTDFNNYKTMPVGIAGWAFCFGICSTVLSMN 4 80 
IIAYNVSIYLSISLTEHFIYRRGFSGYDVTDFNNYKTMPVGIAGWAFCFGICSTVLSMN 4 80 
IIAYNVSIYLSISLTEHFIYRRGFSGYDVTDFNNYKTMPVGIAGWAFCFGICSTVLSMN 4 80 
IIAYNVSIYLSISLTEHFIYRRGFSGYDVTDFNNYKTMPVGIAGWAFCFGICSTVLSMN 4 80 
IIAYNVSIYLSIPLTEHFIYRRGFSGYDVTDFNNYKTMPVGIAGWAFCFGICSTVLSMN 4 80 
IIAYNVSIYLSISLTEHFIYRRGFSGYDVTDFNNYKTMPVGIAGWAFCFGICSTVLSMN 4 80 
IIAYNVSIYLSISLTEHFIYRRGFSGYDVTDFNNYKTMPVGIAGWAFCFGICSTVLSMN 480



Consensus CdFCY22  QTWYQGVIARKIGDNGGDISFEMNIMFAFIGYNLVRPFELKYFGR 52 5  
p 7 2 7 6  (5FCS) QTWYQGVIARKIGDNGGDISFEMNIMFAFIGYNLVRPFELKYFGR 525
SA 121 (5FCR) QTWYQGVTARKIGDNGGDISFEMNIMFAFIGYNLVRPFELKYFGR 5 2 5
SA 108 (5FCR) QTWYQGv Ta RKIGDNGGDISFEMNIMFAFIGYNLVRPFELKYFGR 5 2 5
SA 113 (5FCR) QTWYQGVIARKIGDNGGDISFEMNIMFAFIGYNLVRPFELKYFGR 525
E g 2 0 1  (5FCR) QTWYQGVIARKIGDNGGDISFEMNIMFAFIGYNLVRPFELKYFGR 5 2 5
E g 2 0 2  (5FCR) QTWYQGVIAFtKIGDNGGDISFEMNIMFAFIGYNLVRPFELKYFGR 5 25

Figure 5.3. Alignment of amino acid sequences for the CdFCY22 gene in 5FC- 

susceptible and SFC-resistant isolates.

Sequences were compared with that o f the consensus CdFCY22 sequence from the C. 

dubliniensis type strain CD36, for which the entire genome sequence has been 

determined (http.V/www.sanger.ac.uk.sequencing/Candida/dubliniensis/'). Amino acid 

transitions that occurred in 5FC-resistant isolates only are highlighted in red, bold, 

underlined typeface. Amino acid transitions that occurred in both the 5FC-susceptible 

isolate p7276 and the five 5FC-resistant isolates in contrast to the consensus CdFCY22 

sequence from the 5FC-susceptible C. dubliniensis type strain CD36 are highlighted in 

green, bold, underlined typeface. A region showing homology to the He371-Asn377 

region o f the FCY2 gene product in S. cerevisiae, which previously observed to be 

important to the three-dimensional structure o f the permease (Ferreira et a i ,  1997) 

occurs from Ile363~Gly369 of the CdFCY22-encoded protein. This region is indicated 

in black, bold, underlined typeface, and contains no amino acid transitions. Seven 

amino acid transitions were observed amongst the seven isolates examined (Table 5.4). 

One o f these amino acid transitions (Cys203Gly) occurred in all 5FC-resistant and 5FC- 

susceptible isolates examined (Table 5.4), the others occurred amongst the 5FC- 

resistant isolates exclusively; however none o f these amino acid transitions were 

common to more than one of the 5FC-resistant isolates examined. Abbreviations: 5FCS, 

5FC-susceptible; 5FCR, 5FC-resistant.



Table 5.5. Polymorphic nucleotides and amino acid substitutions in CdFCY23
Isolate SNP

position^

Reference

codon*’

Polymorphic

codon‘s

Amino acid 

position'*

Amino acid 

encoded by 

consensus 

codon'

Amino ai 

encoded 

polymorp 

codon*

SA108 158 GAA GGA 53 E G

Eg201 219 AAA AAG 73 K K

Eg202 220 AAA GAA 74 K E

SA113 361 TTT CTT 121 F L

SA12) 459 TGT TGC 153 C C

SA108 459 TGT TGC 153 C C

SA113 459 TGT TGC 153 C C

Eg201 459 TGT TGC 153 C C

Eg202 459 TGT TGC 153 C C

SAI08 537 TTA TTG 179 L L

SA121 751 TTA CTA 251 L L

SA108 751 TTA CTA 251 L L

SA113 751 TTA CTA 251 L L

Eg201 751 TTA CTA 251 L I.

Eg202 751 TTA CTA 251 L L

Eg202 795 ACT ACC 265 T T

SA121 839 TCA TTA 280 S L

SA108 839 TCA TTA 280 S L

SA113 839 TCA TTA 280 S L

Eg201 839 TCA TTA 280 s L

Eg202 839 TCA TTA 280 s L

SAII3 855 AAA AAG 285 K K

SA121 858 GGT GGC 286 G G

p7276 974 ATT ACT 325 1 T

SA108 1092 GGT GGC 364 G G

Eg201 1107 GAA GAG 369 E E

p7276 1225 ACG CCG 409 T P

SA113 1242 ATT ATC 414 I 1

SA1I3 1254 TTA TTG 418 P P

SA121 1273 GCA ACA 425 A T

SA113 1318 ACT GCT 440 T A



Table 5.5. Continued

Isolate SNP

position^

Reference

codon'’

Polymorphic

codon’̂

Amino acid 

position'*

Amino acid 

encoded by 

consensus 

codon'

Amino acid 

encoded by 

polymorphic 

codon^

p7276 1453 AAA GAA 485 K E

Eg201 1466 TTT TTC 489 F S

SA121 1478 ATT ACT 493 I T

SA108 1497 CCA CCG 496 P P

Eg202 1699 ATG GTG 567 M V

“ Nucleotide position that displays polymorphism. Positions are indicated from the first base of the ATG 

start codon being designated 1.

Codon present at this position in the consensus CdFCY23 sequence from the C. duhliniensis type strain 

CD36, for which the complete genome has been sequenced.

Codon containing polymorphic nucleotide.

Position of amino acid encoded by the codon that contains SNP. Positions are indicated from the first

encoded methionine residue being designated 1.

‘ Amino acid at this position in the consensus CdFCY23 sequence, which was obtained by translation of

CdFCY23 consensus sequence of the CD36 type strain.

Amino acid residue resulting from nucleotide polymorphism.



Consensus CdFCY23 MSKIKNSITTINQQQTGATTNNNSSSSIEWTTSAPRYDNNFNDETTHEITNETNSNVSL 60 
p7276 (5FCS) MSKIKNSITTINQQQTGATTNNNSSSSIEVVTTSAPRYDNNFNDETTHEITNETNSNVSL 60
SA121 (5FCR) MSKIKNSITTINQQQTGATTNNNSSSSIEWTTSAPRYDNNFNDETTHEITNETNSNVSL 60
SA108 (5FCR) MSKIKNSITTINQQQTGATTNNNSSSSIEWTTSAPRYDNNFNDETTHEITNGTNSNVSL 60
SA113 (5FCR) MSKIKNSITTINQQQTGATTNNNSSSSIEWTTSAPRYDNNFNDETTHEITNETNSNVSL 60
Eg201 (5FCR) MSKIKNSITTINQQQTGATTNNNSSSSIEWTTSAPRYDNNFNDETTHEITNETNSNVSL 60
Eg202 (5FCR) MSKIKNSITTINQQQTGATTNNNSSSSIEWTTSAPRYDNNFNDETTHEITNETNSNVSL 60

Consensus CdFCY23 SSTLFQYLATISKKLDSLGVETRGIERIQPYERSTNRTKQFFSVMGLWLSACGGLSSMSS 120 
p7276 (5FCS) SSTLF(2YLATISKKLDSLGVETRGIERIQPYERSTNRTKQFFSVMGLWLSACGGLSSMSS 120
SA121 (5FCR) SSTLFQYLATISKKLDSLGVETRGIERIQPYERSTNRTKQFFSVMGLWLSACGGLSSMSS 120
SA108 (5FCR) SSTLFQYLATISKKLDSLGVETRGIERIQPYERSTNRTKQFFSVMGLWLSACGGLSSMSS 120
SA113 (5FCR) SSTLFQYLATISKKLDSLGVETRGIERIQPYERSTNRTKQFFSVMGLWLSACGGLSSMSS 120
Eg201 (5FCR) SSTLFQYLATISKKLDSLGVETRGIERIQPYERSTNRTKQFFSVMGLWLSACGGLSSMSS 120
Eg202 (5FCR) SSTLFQYLATISKELDSLGVETRGIERIQPYERSTNRTKQFFSVMGLWLSACGGLSSMSS 120

Consensus CdFCY23 FYLGPLLFELGLRNTLLAGLLGEILGCFIAAYCSLMGPRSGCRQMVSGRFLFGWWFVKLV 180 
p7276 (5FCS) FYLGPLLFELGLRNTLLAGLLGEILGCFIAAYCSLMGPRSGCRQMVSGRFLFGWWFVKLV 180
SA121 (5FCR) FYLGPLLFELGLRNTLLAGLLGEILGCFIAAYCSLMGPRSGCRQMVSGRFLFGWWFVKLV 180
SA108 (5FCR) FYLGPLLFELGLRNTLLAGLLGEILGCFIAAYCSLMGPRSGCRQMVSGRFLFGWWFVKLV 180
SA113 (5FCR) LYLGPLLFELGLRNTLLAGLLGEILGCFIAAYCSLMGPRSGCRQMVSGRFLFGWWFVKLV 180
Eg201 (5FCR) FYLGPLLFELGLRNTLLAGLLGEILGCFIAAYCSLMGPRSGCRQMVSGRFLFGWWFVKLV 180
Eg202 (5FCR) FYLGPLLFELGLRNTLLAGLLGEILGCFIAAYCSLMGPRSGCRQMVSGRFLFGHWFVKLV 180

Consensus CdFCY23 ALVAIIGVMGWSWNSVVGGQILSSVSNDKIPLWAGIIIIAAISLIVAIAGIKQLIRVEA 240 
p7276 (5FCS) ALVAIIGVMGWSWNSVVGGQILSSVSNDKIPLWAGIIIIAAISLIVAIAGIKQLIRVEA 240
SA121 (5FCR) ALVAIIGVMGWSWNSWGGQILSSVSNDKIPLWAGIIIIAAISLIVAIAGIKQLIRVEA 240
SA108 (5FCR) ALVAIIGVMGWSVVNSWGGQILSSVSNDKIPLWAGIIIIAAISLIVAIAGIKQLIRVEA 240
SA113 (5FCR) ALVAIIGVMGWSVVNSWGGQILSSVSNDKIPLWAGIIIIAAISLIVAIAGIKQLIRVEA 240
Eg201 (5FCR) ALVAIIGVMGWSVVNSWGGQILSSVSNDKIPLWAGIIIIAAISLIVAIAGIKQLIRVEA 240
Eg202 (5FCR) ALVAIIGVMGW3VVNSWGGQILSSVSNDKIPLWAGIIIIAAISLIVAIAGIKQLIRVEA 240

Consensus CdFCY23 FLSIPVNCAFLLLYIVASQKFDYLTWKDAWANESSEYSSAATVKGNWLSFFSLCYSITS 300 
p727 6 (5FCS) FLSIPVNCAFLLLYIVASQKFDYLTWKDAVVANESSEYSSAATVKGNWLSFFSLCYSITS 300
SA121 [5FCR) FLSIPVNCAFLLLYIVASQKFDYLTWKDAWANESSEYSI^TVKGNWLSFFSLCYSITS 300
SA108 (5FCR) FLSIPVNCAFLLLYIVASQKFDYLTWKDAWANESSEYSyy\TVKGNWLSFFSLCYSITS 300
SA113 (5FCR) FLSIPVNCAFLLLYIVASQKFDYLTWKDAWANESSEYSI^TVKGNWLSFFSLCYSITS 300
Eg201 (5FCR) FLSIPVNCAFLLLYIVASQKFDYLTWKDAWANESSEYSLAATVKGNWLSFFSLCYSITS 300
Eg202 (5FCR) FLSIPVNCAFLLLYIVASQKFDYLTWKDAWANESSEYSLAATVKGNWLSFFSLCYSITS 300

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * *  

Consensus CdFCY23 TWGTIASDYYILFPENTPDWEIFAITFFGISIPTTFVGVAGILIGNVALTYQPWGDAYKK 360 
p7276 (5FCS) TWGTIASDYYILFPENTPDWEIFATTFFGISIPTTFVGVAGILIGNVALTYQPWGDAYKK 360
SA121 (5FCR) TWGTIASDYYILFPENTPDWEIFAITFFGISIPTTFVGVAGILIGNVALTYQPWGDAYKK 360
SA108 (5FCR) TWGTIASDYYILFPENTPDWEIFAITFFGISIPTTFVGVAGILIGNVALTYQPWGDAYKK 360
SA113 (5FCR) TWGTIASDYYILFPENTPDWEIFAITFFGISIPTTFVGVAGILIGNVALTYQPWGDAYKK 360
Eg201 (5FCR) TWGTIASDYYILFPENTPDWEIFAITFFGISIPTTFVGVAGILIGNVALTYQPWGDAYKK 360
Eg202 (5FCR) TWGTIASDYYILFPENTPDWEIFAITFFGISIPTTFVGVAGILIGNVALTYQPWGDAYKK 360

* * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * - * * * *  

Consensus CdFCY23 LGMGGLLNEAFKPWGAGGKFLLMIIFLSLISNNIINTYSAAFGVQLAGTLFAKIPRWLWA 420 
p7276 (5FCS) LGMGGLLNEAFKPWGAGGKFLLMIIFLSLISNNIINTYSAAFGVQLAGPLFAKIPRWLWA 420
SA121 (5FCR) LGMGGLLNEAFKPWGAGGKFLLMIIFLSLISNNIINTYSAAFGVQLAGTLFAKIPRWLWA 420
SA108 (5FCR) LGMGGLLNEAFKPWGAGGKFLLMIIFLSLISNNIINTYSAAFGVQLAGTLFAKIPRWLWA 420
SA113 (5FCR) LGMGGLLNEAFKPWGAGGKFLLMIIFLSLISNNIINTYSAAFGVQLAGTLFAKIPRWLWA 420
Eg201 (5FCR) LGMGGLLNEAFKPWGAGGKFLLMIIFLSLISNNIINTYSAAFGVQLAGTLFAKIPRWLWA 420
Eg202 (5FCR) LGMGGLLNEAFKPWGAGGKFLLMIIFLSLISNNIINTYSAAFGVQLAGTLFAKIPRWLWA 420

* ★ * * * * * * * * - * ★ * ★ * * * * * * * ★ * * * * * * * * * * * * * ★ * * ★ * * * * * * * * *  * * * * * * * * * * *  

Consensus CdFCY23 ILLTAIYLICALVGRNEFSTILGNFLPMIGYWVSMYFIMLLEENTIFRTDKFKYLFTKEF 480 
p7276 (5FCS) ILLTAIYLICALVGRNEFSTILGNFLPMIGYWVSMYFIMLLEENTIFRTDKFKYLFTKEF 480
SA121 (5FCR) ILLTTIYLICALVGRNEFSTILGNFLPMIGYWVSMYFIMLLEENTIFRTDKFKYLFTKEF 480
SA108 (5FCR) ILLTAIYLICALVGRNEFSTILGNFLPMIGYWVSMYFIMLLEENTIFRTDKFKYLFTKEF 480
SA113 (5FCR) ILLTAIYLICALVGRNEFSAILGNFLPMIGYWVSMYFIMLLEENTIFRTDKFKYLFTKEF 480
Eg201 (5FCR) ILLTAIYLICALVGRNEFSTILGNFLPMIGYWVSMYFIMLLEENTIFRTDKFKYLFTKEF 480
Eg202 (5FCR) ILLTAIYLICALVGRNEFSTILGNFLPMIGYWVSMYFIMLLEENTIFRTDKFKYLFTKEF 480



Consensus CdFCY23 
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

PYGNKEEDFDSTIAHPIDPRIIGTPLRQNQHYNFNIWNDYDKLTRGLAATTSFIIGATGA 54 0 
PYGNEEEDFDSTIAHPIDPRIIGTPLRQNQHYNFNIWNDYDKLTRGLAATTSFIIGATGA 54 0 
PYGNKEEDFDSTTAHPIDPRIIGTPLRQNQHYNFNIWNDYDKLTRGLAATTSFIIGATGA 54 0 
PYGNKEEDFDSTIAHPIDPRIIGTPLRQNQHYNFNIWNDYDKLTRGLAATTSFIIGATGA 540 
PYGNKEEDFDSTIAHPIDPRIIGTPLRQNQHYNFNIWNDYDKLTRGLAATTSFIIGATGA 540 
PYGNKEEDSDSTIAHPIDPRIIGTPLRQNQHYNFNIWNDYDKLTRGLAATTSFIIGATGA 540 
PYGNKEEDFDSTIAHPIDPRIIGTPLRQNQHYNFNIWNDYDKLTRGLAATTSFIIGATGA 540

Consensus CdFCY23 AVGMSQAYWIGPLARRIGGEFGGDIAMWLCMGFSGLVYPPLRYLELKKFGR 591 
p7276 (5FCS) AVGMSQAYWIGPLARRIGGEFGGDIAMWLCMGFSGLVYPPLRYLELKKFGR 591
SA121 (5FCR) AVGMSQAYWIGPLARRIGGEFGGDIAMWLCMGFSGLVYPPLRYLELKKFGR 591
SA108 (5FCR) AVGMSQAYWIGPLARRIGGEFGGDIAMWLCMGFSGLVYPPLRYLELKKFGR 591
SA113 (5FCR) AVGMSQAYWIGPLARRIGGEFGGDIAMWLCMGFSGLVYPPLRYLELKKFGR 591
Eg201 (5FCR) AVGMSQAYWIGPLARRIGGEFGGDIAMWLCMGFSGLVYPPLRYLELKKFGR 591
Eg202 (5FCR) AVGMSQAYWIGPLARRIGGEFGGDIAVWLCMGFSGLVYPPLRYLELKKFGR 591

Figure 5.4. Alignment of amino acid sequences for the CdFCY23 gene in 5FC- 

susceptible and 5FC-resistant isolates.

Sequences were compared with that o f the consensus CdFCY23 sequence from the C. 

duhliniensis type strain CD36, for which the entire genome sequence has been 

determined (http://www.sanuer.ac.ui<.sequencinu/Candida/dubliniensis/). Amino acid 

transitions that occurred in 5FC-resistant isolates only are highlighted in red, bold, 

underlined typeface, and amino acid transitions that occurred in 5FC-susceptible 

isolates exclusively are highlighted in blue, bold, underlined typeface. Amino acid 

transitions that occurred in both the 5PC-susceptible isolate p7276 and the five 5FC- 

resistant isolates in contrast to the consensus CdFCY23 sequence from the 5FC- 

susceptible C. duhliniensis type strain CD36 are highlighted in green, bold, underlined 

typeface. Twelve amino acid transitions were observed amongst the seven isolates 

examined, nine o f which occurred in 5FC-resistant isolates exclusively (Table 5.5). One 

of these amino acid transitions occurred in all of the 5FC-resistant isolates sequenced 

and was not present in the 5FC-susceptible isolate p7276 or the 5FC-susceptible C. 

duhliniensis type strain CD36 (Table 5.5). Abbreviations: 5FCS, 5FC-susceptible; 

5FCR, 5FC-resistant.



Table 5.6. Polymorphic nucleotides and amino acid substitutions in CdFCY24
Isolate SNP

position^
Reference

codon'’
Polymorphic

codon‘s
Amino acid 

position**
Amino acid 
encoded by 
consensus 

codon‘

Amino acid 
encoded by 

polymorphic 
codon*̂

Eg201 21 AAA AAG 7 K K

SA113 48 GTT GTC 16 V V

p7276 76 AAA GAA 26 K E

SA121 76 AAA GAA 26 K E

SA108 76 AAA GAA 26 K E

SA113 76 AAA GAA 26 K E

Eg201 76 AAA GAA 26 K E

Eg202 76 AAA GAA 26 K E

SA121 123 GGG GGA 41 G G

SA108 123 GGG GGA 41 G G

SA113 123 GGG GGA 41 G G

Eg201 123 GGG GGA 41 G G

Eg202 123 GGG GGA 41 G G

SA121 130 GTC ATC 44 V I

SA108 130 GTC ATC 44 V I

SA113 130 GTC ATC 44 V I

Eg201 130 GTC ATC 44 V I

Eg202 130 GTC ATC 44 V I

p7276 156 GAA GAG 52 E E

SA113 174 CTT CTA 58 L L

Eg202 211 ACT GCT 71 T A

SA121 261 TCA TCT 87 S S

SA108 261 TCA TCT 87 S s
SA113 261 TCA TCT 87 S s
Eg201 261 TCA TCT 87 S s
Eg202 261 TCA TCT 87 s s
p7276 267 TTT TTC 89 F F

p7276 354 GCT GCC 118 A A

p7276 411 TTT TTC 137 F F

SA121 411 TTT TTC 137 F F

SA108 411 TTT TTC 137 F F

SA113 411 TTT TTC 137 F F

Eg201 411 TTT TTC 137 F F

Eg202 411 TTT TTC 137 F F

SA121 438 TTT TTC 146 F F

SA121 448 ATT GTT 150 1 V



Table 5.6. Continued

Isolate SNP
position”

Reference
codon'’

Polymorphic
codon'

Amino acid 
position'*

Amino acid 
encoded by 
consensus 

codon'

Amino acid 
encoded by 
polymorphic 

codon^

Eg201 451 TGT CGT 151 C R

SA113 467 ATT ACT 156 I T

Eg201 475 TCA CCA 159 S P

p7276 639 TTC TTT 213 F F

SA121 706 ATG GTG 236 M V

p7276 730 AAA GAA 244 E K

Eg201 747 GGT GGC 249 G G

SA121 780 TCA TCG 260 S S

p7276 917 ATA ACA 306 I T

p7276 932 GCA GTA 311 A V

SA113 1003 TCA ACA 335 S T

SA121 1025 AAA AGA 342 K R

p7276 1038 GTG GTT 346 V V

Eg201 1070 ATT ACT 357 1 T

SA113 1130 GTT GCT 377 V A

Eg201 1248 ATC ATT 416 I I

p7276 1299 TCT TCA 433 S S

p7276 1305 AAA AAT 435 K N

p7276 1306 GTT ATT 436 V I

Eg202 1390 ACA GCA 464 T A

SA121 1398 GGA GGG 466 G G

SA108 1398 GGA GGG 466 G G

SA113 1398 GGA GGG 466 G G

Eg201 1398 GGA GGG 466 G G

Eg202 1398 GGA GGG 466 G G

Eg201 1428 GGA GGG 476 G G

Eg202 1460 GTT GCT 487 V A

p7276 1543 ATA GTA 515 I V

 ̂Nucleotide position that displays polymorphism. Positions are indicated from the first base of the ATG 
start codon being designated 1.

Codon present at this position in the consensus CdFCY24 sequence from the C. dubliniensis type strain 
CDS6, for which the complete genome has been sequenced.
Codon containing polymorphic nucleotide.
Position of amino acid encoded by the codon that contains SNP. Positions are indicated from the first

encoded methionine residue being designated 1.
'  Amino acid at this position in the consensus CdFCY24 sequence, which was obtained by translation of
CdFCY24 consensus sequence of the CD36 type strain.
Amino acid residue resulting from nucleotide polymorphism.





isolates examined. None of these remaining 20 SNPs were common to more than one 

5FC-resistant isolate (Table 5.6).

Of the 38 SNPs identified, 20 gave rise to amino acid substitutions in the gene 

product (Table 5.6 and Fig. 5.5). One of these (Lys26Glu) occurred in the 5FC- 

susceptible isolate p7276 and all 5FC-resistant isolates in comparison to the consensus 

CdFCY24 sequence from the reference 5FC-susceptible types strain CD36. Six amino 

acid substitutions occurred in the 5FC-susceptible isolate p7276 exclusively, and 12 

occurred amongst the five 5FC-resistant isolates, although none of these substitutions 

was common to more than one isolate. The remaining amino acid substitution 

(Val44Ile) occurred in all five of the 5FC-resistant isolates, but not in the 5FC- 

susceptible isolate p7276 (Table 5.6 and Fig. 5.5).

5.3.5. Sequence analyses of the CdFURl genes

Comparative analyses of the sequences of the CdFURl genes from five 5FC- 

resistant isolates (SA121, SA108, SA113, Eg201, Eg202) and the 5FC-susceptible 

isolate p7276 (Table 4.7) with the reference 5FC-susceptible type strain CD36 were 

undertaken. The CdFURl sequences contained a total of five SNPs amongst these seven 

isolates (Table 5.7). O f these five SNPs, four occurred in the 5FC-susceptible isolate 

p7276 and all 5FC-resistant isolates examined, in comparison to the consensus CdFURl 

sequence from the 5FC-susceptible type strain CD36. The remaining SNP occurred in 

the 5FC-resistant isolate SA121. No amino acid changes resulted from any of the five 

SNPs identified (Table 5.7 and Fig. 5.6).

5.3.6. Accumulation of [^H] 5FC in C. dubliniensis isolates

Although amino acid substitutions were observed in the 5FC-resistant isolates 

throughout the predicted proteins encoded by the CdFCY21 and CdFCY22 permease 

genes, no common amino acid substitutions could be attributed to the 5FC-resistant 

phenotype. The putative vitamin B transporters, encoded by the CdFCY23 and 

CdFCY24 genes, displayed some amino acid substitutions that may be associated with 

the 5FC-resistant phenotype, although the exact role of these permeases in the uptake of 

cytosine is unknown. Uptake of 5FC by three 5FC-resistant isolates [SA113, SA121, 

and Eg202 (Table 5.1)] and three 5FC-susceptible isolates [CD36, p7276, and SA105 

(Table 5.1)] was assessed in order to determine if 5FC was taken into cells of the 5FC- 

resistant isolates by incubating mid-log phase cells with [^H] 5FC. The intracellular

93



radioactivity resulting from [^H] 5FC uptake in the isolates was assessed over a 30 min 

time frame, at 10 min intervals. Each assay was performed in duplicate on the same 

occasion (with the exception of isolate p7276 which was only assayed once), comparing 

a 5FC-susceptible isolate to a 5FC-resistant isolate during each assay.

The intracellular radioactivity in 5FC-resistant SAl 13 cells increased from 109 

cpm X 10  ̂per 10* cells at the beginning of the assay to 773 cpm x 10  ̂per 10* cells at 

the final time point of the assay. At the same time, the intracellular radioactivity in 5FC-
■J o

susceptible CD36 cells decreased from 107 cpm x 10 per 10 cells at the beginning of
3 8the assay to 58 cpm x 10 per 10 cells at the final time point (Fig. 5.7A). In a separate

assay, after 30 min, the intracellular radioactivity in 5FC-resistant Eg202 cells had

increased by 321 cpm x 10  ̂per 10* cells in comparison to the intracellular radioactivity

at the start of the assay. At the same time, the intracellular radioactivity in the 5FC-

susceptible SA105 cells decreased by 90 cpm x 10  ̂per 10* cells (Fig. 5.7B). In a third

assay, the 5FC-resistant isolate SA121 was observed to contain higher levels of

intracellular radioactivity at the beginning of the assay than the 5FC-susceptible isolate

p7276, and the 5FC-resistant isolate appeared to contain relatively constant levels of the

labelled drug in comparison to the other 5FC-resistant isolates, with intracellular
1 8

radioactivity levels falling by 163 cpm x 10 per 10 cells in the final 10 min of the 

assay. In comparison, the intracellular radioactivity of the 5FC-susceptible isolate 

p7276 cells fell by 110 cpm x 10  ̂ per 10* cells over the 30 min. However, the 

intracellular radioactivity in the cells were observed to be approximately 100 cpm x 10̂  

per 10* cells higher at the beginning of the assay than observed in 5FC-susceptible 

isolates from previous assays (Fig. 5.7C). In each assay, 5FC-resistant isolates were 

observed to take up higher levels of the labelled drug in comparison to the 5FC- 

susceptible isolates (Fig. 5.7D).
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Consensus CdFCY24 MEVATGKDSIVSQDIVSSNETDIHHKTPKYINWIYNLDKWGVEVRGIERVSEQERIELGQ 60 
p7276 (5FCS) MEVATGKDSIVSQDIVSSNETDIHHETPKYINWIYNLDKWGVEVRGIERVSEQERIELGQ 50
SA121 (5FCR) MEVATGKDSIVSQDIVSSNETDIHHETPKYINWIYNLDKWGVEIRGIERVSEQERIELGQ 60
SA108 (5FCR) mevatgkdsivsqdivssnetdihhetpkyinwiynldkwgveIrgiervseqerielgq 60
SA113 (5FCR) MEVATGKDSIVSQDIVSSNETDIHHETPKYINWIYNLDKWGVEIRGIERVSEQERIELGQ 60
Eg201 (5FCR) MEVATGKDSIVSQDIVSSNETDIHHETPKYINWIYNLDKWGVEIRGIERVSEQERIELGQ 60
Eg202 (5FCR) MEVATGKDSIVSQDIVSSNETDIHHETPKYINWIYNLDKWGVeTrGIERVSEQERIELGQ 60

Consensus CdFCY24 KIPTWHLFIQTLGLWWSACGGLTTMSSFFLPTLLYGLNLRDAMISGFIGMIIGCLVPAYS 120 
p7276 (5FCS) KIPTWHLFIQTLGLWWSACGGLTTMSSFFLPTLLYGLNLRDAMISGFIGMIIGCLVPAYS 120
SA121 (5FCR) KIPTHHLFIQTLGLWWSACGGLTTMSSFFLPTLLYGLNLRDAMISGFIGMIIGCLVPAYS 120
SA108 (5FCR) KIPTWHLFIQTLGLWWSACGGLTTMSSFFLPTLLYGLNLRDAMISGFIGMIIGCLVPAYS 120
SA113 (5FCR) KIPTWHLFIQTLGLWWSACGGLTTMSSFFLPTLLYGLNLRDAMISGFIGMIIGCLVPAYS 120
Eg201 (5FCR) KIPTWHLFIQTLGLWWSACGGLTTMSSFFLPTLLYGLNLRDAMISGFIGMIIGCLVPAYS 120
Eg202 (5FCR) KIPTWHLFIQALGLWWSACGGLTTMSSFFLPTLLYGLNLRDAMISGFIGMIIGCLVPAYS 120

Consensus CdFCY24 STMGPKSGCRQMVTARFLFGQWGVKFVALICIVGGIGWSVVNCVLGGQMLLAINHNISLA 180 
p7276 (5FCS) STMGPKSGCRQMVTARFLFGQWGVKFVALICIVGGIGWSWNCVLGGQMLLAINHNISLA 180
SA121 (5FCR) STMGPKSGCRQMVTARFLFGQWGVKFVALVCIVGGIGWSVVNCVLGGQMLLAINHNISLA 180
SA108 (5FCR) STMGPKSGCRQMVTARFLFGQWGVKFVALICIVGGIGWSWNCVLGGQMLLAINHNISLA 180
SA113 (5FCR) STMGPKSGCRQMVTARFLFGQWGVKFVALICIVGGTGWSWNCVLGGQMLLAINHNISLA 180
Eg20i (5FCR) stmgpksgcrqmvtarflfgqwgvkfvalirivggTg w p w n c v l gg q m l la i n h ni s l a 180
Eg202 (5FCR) STMGPKSGCRQMVTARFLFGQWGVKFVALICIVGGIGWSVVMCVLGGQMLLAINHNISLA 180

Consensus CdFCY24 VGIWIAIISLIVAIFGIKVLLKFQTIFSIPIFIASILFYVWCQKANYIIESNKMINDA 240 
p7276 (5FCS) VGIVVIAIISLIVAIFGIKVLLKFQTIFSIPIFIASILFYVVVCQKANYIIESNKMINDA 240
SA121 (5FCR) VGIWIAIISLIVAIFGIKVLLKFQTIFSIPIFIASILFYVVVCQKANYIIESNKVINDA 240
SA108 (5FCR) VGIWIAIISLIVAIFGIKVLLKFQTIFSIPIFIASILFYWVCQKANYIIESNKMINDA 240
SA113 (5FCR) VGIWIAIISLIVAIFGIKVLLKFQTIFSIPIFIASILFYVWCQKANYIIESNKMINDA 240
Eg201 (5FCR) VGIVVIAIISLIVAIFGIKVLLKFQTIFSIPIFIASILFYVWCQKANYIIESNKMINDA 240
Eg202 (5FCR) VGIWIAIISLIVAIFGIKVLLKFQTIFSIPIFIASILFYVWCQKANYIIESNKMINDA 240

Consensus CdFCY24 GYSKVTSRGNWLSYFSLCYSVTATWGSGAADYYILYPASTPSYQIFLITFLGIAVPSTFV 300 
p7276 (5FCS) GYSEVTSRGNWLSYFSLCYSVTATWGSGAADYYILYPASTPSYQIFLITFLGIAVPSTFV 300
SA121 (5FCR) GYSKVTSRGNWLSYFSLCYSVTATWGSGAADYYILYPASTPSYQIFLITFLGIAVPSTFV 300
SA108 (5FCR) GYSKVTSRGNWLSYFSLCYSVTATWGSGAADYYILYPASTPSYQIFLITFLGIAVPSTFV 300
SA113 (5FCR) GYSKVTSRGNWLSYFSLCYSVTATWGSGAADYYILYPASTPSYQIFLITFLGIAVPSTFV 300
Eg201 (5FCR) GYSKVTSRGNWLSYFSLCYSVTATWGSGAADYYILYPASTPSYQIFLITFLGIAVPSTFV 300
Eg202 (5FCR) GYSKVTSRGNWLSYFSLCYSVTATWGSGAADYYILYPASTPSYQIFLITFLGIAVPSTFV 300

* * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

Consensus CdFCY24 AIAGTICGNVALSYQPWNDAYNEYGVGGLIVGTFSHWGKFGKFVAVLLYISLICNNIMNT 360 
p7276 (5FCS) AIAGTTCGNVVLSYQPWNDAYNEYGVGGLIVGTFSHWGKFGKFVAVLLYISLICNNIMNT 360
SA121 (5FCR) AIAGTICGNVALSYQPWNDAYNEYGVGGLIVGTFSHWGKFGRFVAVLLYISLICNNIMNT 360
SA108 (5FCR) AIAGTICGNVALSYQPWNDAYNEYGVGGLIVGTFSHWGKFGKFVAVLLYISLICNNIMNT 360
SA113 (5FCR) AIAGTICGNVALSYQPWNDAYNEYGVGGLIVGTFTHWGKFGKFVAVLLYISLICNNIMNT 360
Eg201 (5FCR) AIAGTICGNVALSYQPWNDAYNEYGVGGLIVGTFSHWGKFGKFVAVLLYISLICNNTMNT 360
Eg202 (5FCR) AIAGTICGNVALSYQPWNDAYNEYGVGGLIVGTFSHWGKFGKFVAVLLYISLICNnTmNT 360

* ★ * *  * * * * * * * * * * * * * * * * * * * * * * *  * * * * * *  * * * * * * * * * * * * * *  * * *  

Consensus CdFCY24 YSVAFEFQLIDLRLTYVPRWIWATIVTVIYLVLSVCGRYHFLTILSNFLPMLGYWITMYI 420 
p7276 (5FCS) YSVAFEFQLIDLRLTYVPRWIWATIVTVIYLVLSVCGRYHFLTILSNFLPMLGYWITMYI 420
SA121 (5FCR) YSVAFEFQLIDLRLTYVPRWIWATIVTVIYLVLSVCGRYHFLTILSNFLPMLGYWITMYI 420
SA108 (5FCR) YSVAFEFQLIDLRLTYVPRWIWATIVTVIYLVLSVCGRYHFLTILSNFLPMLGYWITMYI 420
SA113 (5FCR) YSVAFEFQLIDLRLTYAPRWIWATIVTVIYLVLSVCGRYHFLTILSNFLPMLGYWITMYI 420
Eg201 (5FCR) YSVAFEFQLIDLRLTYVPRWIWATIVTVIYLVLSVCGRYHFLTILSNFLPMLGYWITMYI 420
Eg202 (5FCR) YSVAFEFQLIDLRLTYVPRWIWATIVTVIYLVLSVCGRYHFLTILSNFLPMLGYWITMYI 420

* * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

Consensus CdFCY24 VLLLEENLIFRSSFKVRKLHEREFDGDYKQMYNWMNWNKPKGRTLGFAACLAFLCGCAGA 480 
p7276 (5FCS) VLLLEENLIFRSSFMRKLHEREFDGDYKQMYNWMNWNKPKGRTLGFAACLAFLCGCAGA 480
SA121 (5FCR) VLLLEENLIFRSSFKVRKLHEREFDGDYKQMYNWMNWNKPKGRTLGFAACLAFLCGCAGA 480
SA108 (5FCR) VLLLEENLIFRSSFKVRKLHEREFDGDYKQMYNWMNWNKPKGRTLGFAACLAFLCGCAGA 480
SA113 (5FCR) VLLLEENLIFRSSFKVRKLHEREFDGDYKQMYNWMNWNKPKGRTLGFAACLAFLCGCAGA 480
Eg201 (5FCR) VLLLEENLIFRSSFKVRKLHEREFDGDYKQMYNWMNWNKPKGRTLGFAACLAFLCGCAGA 480
Eg202 (5FCR) VLLLEENLIFRSSFKVRKLHEREFDGDYKQMYNWMNWNKPKGR^GFAACLAFLCGCAGA 480



Consensus C dF C Y 24  IIGMNQVYYKGPIAKKVGEYGADLGMWISFGFTAITYPVFRYIELRLLKK 530 
p7276 (5FCS) IIGMNQVYYKGPIAKKVGEYGADLGMWISFGFTAVTYPVFRYIELRLLKK 530
SA121 (5FCR) IIGMNQVYYKGPIAKKVGEYGADLGMWISFGFTAITYPVFRYIELRLLKK 530
SA108 (5FCR) IIGMNQVYYKGPIAKKVGEYGADLGMWISFGFTAITYPVFRYIELRLLKK 530
SA113 (5FCR) IIGMNQVYYKGPIAKKVGEYGADLGMWISFGFTAITYPVFRYIELRLLKK 530
Eg201 (5FCR) IIGMNQVYYKGPIAKKVGEYGADLGMWISFGFTAITYPVFRYIELRLLKK 530
Eg202 (5FCR) IIGMNQAYYKGPIAKKVGEYGADLGMWISFGFTAITYPVFRYIELRLLKK 530

* * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * *

Figure 5.5. Alignment of amino acid sequences for the CdFCY24 gene in 5FC- 

susceptible and 5FC-resistant isolates.

Sequences were compared with that o f the consensus CdFCY24 sequence from the C. 

dubliniensis type strain CD36, for which the entire genome sequence has been 

determined (http://www■san^er■ac■uk■sequencin^/Candida/dub^niensisA. Amino acid 

transitions that occurred in 5FC-resistant isolates only are highlighted in red, bold, 

underlined typeface, amino acid transitions that occurred in 5FC-susceptible isolates 

exclusively are highlighted in blue, bold, underlined typeface. Amino acid transitions 

that occurred in both the 5FC-susceptible isolate p7276 and the five 5FC-resistant 

isolates in contrast to the consensus CdFCY24 sequence from the 5FC-susceptible C. 

dubliniensis type strain CD36 are highlighted in green, bold, underlined typeface. 

Twenty amino acid transitions were observed amongst the seven isolates examined. Six 

amino acid transitions occurred in the 5FC-susceptible isolate exclusively, and 12 

occurred amongst the five 5FC-resistant isolates, although none of these transitions 

were common to more than one isolate. One amino acid transition (Val44Ile) occurred 

in all o f the 5FC-resistant isolates sequenced and was not present in the 5FC-susceptible 

isolate p7276 or the consensus CdFCY24 sequence from the 5FC-susceptible C. 

dubliniensis type strain CD36 (Table 5.6). The remaining amino acid transition 

(Lys26Glu) occurred in the 5FC-susceptible isolate p7276 and all five 5FC-resistant 

examined in contrast to the 5FC-susceptible C. dubliniensis type strain CD36 (Table 

5.6). Abbreviations: 5FCS, 5FC-susceptible; 5FCR, 5FC-resistant.



Table 5.7. Polymorphic nucleotides and amino acid changes in CdFURl
Isolate SNP

position*
Reference

codon'’
Polymorphic

codon'
Amino acid 

position"*
Amino acid 
encoded by 
consensus 

codon'

Amino acid 
encoded by 

polymorphic 
codon*^

p7276 156 GGT GGC 52 G G

SA121 156 GGT GGC 52 G G

SA108 156 GGT GGC 52 G G

SA113 156 GGT GGC 52 G G

Eg201 156 GGT GGC 52 G G

Eg202 156 GGT GGC 52 G G

p7276 222 GCA GCC 74 A A

SA121 222 GCA GCC 74 A A

SA108 222 GCA GCC 74 A A

SA113 222 GCA GCC 74 A A

Eg201 222 GCA GCC 74 A A

Eg202 222 GCA GCC 74 A A

p7276 318 GGG GGA 1()6 G G

SA121 318 GGG GGA 1()6 G G

SA108 318 GGG GGA 106 G G

SA113 318 GGG GGA 106 G G

Eg201 318 GGG GGA 106 G G

Eg202 318 GGG GGA 106 G G

p7276 579 GGA GGG 193 G G

SA121 579 GGA GGG 193 G G

SA108 579 GGA GGG 193 G G

SA113 579 GGA GGG 193 G G

Eg201 579 GGA GGG 193 G G

SA121 612 ATT ATA 204 1 1

“ Nucleotide position that displays polymorphism. Positions are indicated from the first base o f the ATG 

start codon being designated 1.

’’ Codon present at this position in the consensus CdFURl sequence from the C. dubliniensis type strain 

CD36, for which the complete genome has been sequenced.

‘ Codon containing polymorphic nucleotide.

Position o f amino acid encoded by the codon that contains SNP. Positions are indicated from the first

encoded methionine residue being designated 1.

‘ Amino acid at this position in the consensus CdFURl sequence, which was obtained by translation of

CdFURl consensus sequence o f the CD36 type strain.

Amino acid residue resulting from nucleotide polymorphism.



Consensus CdFURl
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

Consensus CdFURl
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA113 (5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

Consensus CdFURl
p7276 (5FCS)
SA121 (5FCR)
SA108 (5FCR)
SA113 {5FCR)
Eg201 (5FCR)
Eg202 (5FCR)

MSVAKAVSKNVILLPQTNQLIGLYSIIRDQRTKRGDFVFYSDRIIRLLVEEGLNQLPVEE 60 
MSVAKAVSKNVILLPQTNQLIGLYSIIRDQRTKRGDFVFYSDRIIRLLVEEGLNQLPVEE 60 
MSVAKAVSKNVILLPQTNQLIGLYSIIRDQRTKRGDFVFYSDRIIRLLVEEGLNQLPVEE 60 
MSVAKAVSKNVILLPQTNQLIGLYSIIRDQRTKRGDFVFYSDRIIRLLVEEGLNQLPVEE 60 
MSVAKAVSKNVILLPQTNQLIGLYSIIRDQRTKRGDFVFYSDRIIRLLVEEGLNQLPVEE 60 
MSVAKAVSKNVILLPQTNQLIGLYSIIRDQRTKRGDFVFYSDRIIRLLVEEGLNQLPVEE 60

AIIKCHGGYEYKGAKFLGKICGVSIVRAGESMEMGLRDCCRSVRIGKILIQRDEETALPK 120 
AIIKCHGGYEYKGAKFLGKICGVSIVRAGESMEMGLRDCCRSVRIGKILIQRDEETALPK 120 
AIIKCHGGYEYKGAKFLGKICGVSIVRAGESMEMGLRDCCRSVRIGKILIQRDEETALPK 120 
AIIKCHGGYEYKGAKFLGKICGVSIVRAGESMEMGLRDCCRSVRIGKILIQRDEETALPK 120 
AIIKCHGGYEYKGAKFLGKICGVSIVRAGESMEMGLRDCCRSVRIGKILIQRDEETALPK 120 
AIIKCHGGYEYKGAKFLGKICGVSIVRAGESMEMGLRDCCRSVRIGKILIQRDEETALPK 120

LFYEKLPEDISERYVFLLDPMLATGGSAMMAVEVLLARGVKMDRILFLNLLAAPEGIKAF 180 
LFYEKLPEDISERYVFLLDPMLATGGSAMMAVEVLLARGVKMDRILFLNLLAAPEGIKAF 180 
LFYEKLPEDISERYVFLLDPMLATGGSAMMAVEVLLARGVKMDRILFLNLLAAPEGIKAF 180 
LFYEKLPEDISERYVFLLDPMLATGGSAMMAVEVLLARGVKMDRILFLNLLAAPEGIKAF 180 
LFYEKLPEDISERYVFLLDPMLATGGSAMMAVEVLLARGVKMDRILFIiNLLAAPEGIKAF 180 
LFYEKLPEDISERYVFLLDPMLATGGSAMMAVEVLLARGVKMDRILFLNLLAAPEGIKAF 180

Consensus CdFURl 
p7276 (5FCS) 
SA121 (5FCR) 
SA108 (5FCR) 
SA113 (5FCR) 
Eg201 (5FCR) 
Eg202 (5FCR)

HEKYPDVKIITGGIDEKLDEDKYIVPGLGDFGDRYYCI 218 
HEKYPDVKIITGGIDEKLDEDKYIVPGLGDFGDRYYCI 218 
HEKYPDVKIITGGIDEKLDEDKYIVPGLGDFGDRYYCI 218 
HEKYPDVKIITGGIDEKLDEDKYIVPGLGDFGDRYYCI 218 
HEKYPDVKIITGGIDEKLDEDKYIVPGLGDFGDRYYCI 218 
HEKYPDVKIITGGIDEKLDEDKYIVPGLGDFGDRYYCI 218 
HEKYPDVKIITGGIDEKLDEDKYIVPGLGDFGDRYYCI 218 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Figure 5.6. Alignment of amino acid sequences for the CdFURl gene in 5FC- 

susceptible and 5FC-resistant isolates.

Sequences were compared with that of the consensus CdFURl sequence from the C. 

dubliniensis type strain CD36, for which the entire genome sequence has been 

determined ('http://www.sanper.ac.uk.sequencin^Candida/dubliniensisA). Although five 

SNPs were observed amongst the CdFURl sequences for the seven isolates examined 

(Table 5.7), no amino acid transitions were observed. Abbreviations: 5FCS, 5FC- 

susceptible; 5FCR, 5FC-resistant.
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Figure 5.7. Uptake of radiolabelled |^H] 5FC in 5FC-resistant and 5FC-susceptib!e 

isolates.

5FC-resistant isolates are denoted in red, and 5FC-susceptible isolates are denoted in 

blue. Each experiment was carried out in duplicate with the exception o f p7276, which 

was only assayed on one occasion. Mean values are displayed for each time point, and 

SEM values are denoted by error bars. For each assay, intracellular radioactivity levels 

were at least three fold higher in the 5FC-resistant isolates than in the 5FC-susceptible 

isolates after 10 min incubation with the radiolabelled drug.





5.4. Discussion

All C. dublinienisis isolates exhibiting 5FC resistance to date have been 

recovered in the Middle East, in Egypt, Saudi Arabia or Kuwait, and belong to Cd25 

fingerprint group III or MLST clade C3 (Pfaller et a i ,  1999; Ahmad et a l ,  2004; A1 

M osaid et a i ,  2005). The purpose o f the present study was to investigate the genes 

encoding proteins that are involved or may be involved in the uptake and metabolism o f 

5FC, in order to identify any blocks or lesions that may result in C. dubliniensis clade- 

specific 5FC resistance. Mechanisms o f antifungal resistance that have previously been 

identified in Candida species include; over-expression/mutation o f  the drug target, 

inactivation or degradation o f the drug, reduced permeability to the drug, or increased 

drug efflux (Ghannoum & Rice, 1999; Yang & Lo, 2001; Sanglard, 2002; Sullivan et 

a l ,  2004). The possibility o f reduced uptake or mutation o f drug targets in C. 

dubliniensis isolates demonstrating high levels o f intrinsic 5FC resistance were 

investigated in this study by carrying out sequence analysis o f the genes involved in the 

uptake and metabolism o f 5FC. An accumulation assay was also carried out to 

determine 5FC uptake in the 5FC-resistant and 5FC-susceptible cells.

In contrast to isolates o f C. albicans which show great variation in 5FC 

susceptibility patterns (Dodgson et al., 2004; Hope et al., 2004), isolates o f C. 

dubliniensis exhibit either a high level o f intrinsic 5FC resistance (M IC > 128 |ig/ml) or 

5FC susceptibility (MIC < 0.25 |ig/ml) with little variation (Pfaller et a l ,  1999; Al 

Mosaid et al., 2005). All o f the 5FC-resistant isolates were recovered in the Middle 

East, and all o f these isolates tested were found to belong to MLST clade C3 or Cd25 

fingerprint group III. Due to the highly clonal nature o f the species, we hypothesised 

that clade-specific 5FC resistance was likely to be mediated by a common 

mechanism(s) amongst these isolates.

Genetic sequence analysis o f the two genes encoding the principle permeases 

associated with cytosine transport in yeasts, CdFCY21 and CdFCY22, was undertaken 

as these have previously been associated with 5FC resistance in the haploid C  

lusitaniae (Noel et a l ,  2003; Chapeland-Leclerc et al., 2005; Papon et a l ,  2007). The 

DNA and amino acid sequence o f both genes were compared between one 5FC- 

susceptible and five 5FC-resistant C. dubliniensis isolates from the Middle East and 

from the same MLST clade, clade C3. All sequences were compared to the consensus

95



gene sequence of the 5FC-susceptible C  dubliniensis type strain CD36 (Figs. 5.2 and 

5.3). Although several amino acid substitutions resulted from SNPs detected amongst 

resistant isolates in these genes (Tables 5.3 and 5.4), only one common amino acid 

substitution was conserved amongst the CdFCY21 gene product of two 5FC-resistant 

isolates (Eg201 and Eg202; Fig. 5.2 and Table 5.3).

In the absence of the FCY21- and FCy22-encoded permeases in S. cerevisiae, 

several other permeases have been shown to substitute for their function (Paluszynski et 

a l,  2006), including the TPNl, FUR4 and yOR07]c gene products (Paluszynski et a l, 

2006). The TPNl gene has been shown to be closely related to the FCY23 and FCY24 

genes of C. albicans, which may also be able to transport cytosine (Hope et al., 2004). 

The genetic sequence of the CdFCY23 and CdFCY24 genes were therefore compared 

between a 5FC-susceptible isolate and five 5FC-susceptible isolates of C. dubliniensis 

recovered in the Middle East. All sequences were compared to the consensus gene 

sequence of the 5FC-susceptible C. dubliniensis type strain CD36 (Figs. 5.4 and 5.5). 

These DNA and amino acid sequence analyses identified amino acid substitutions in 

both genes that were specific to the 5FC-resistant isolates (Tables 5.4 and 5.5). A 

radical Ser280Leu substitution was observed exclusively in the CdFCY23 gene o f all 

5FC-resistant isolates examined (Fig. 5.4). Furthermore, a Val44Ile amino acid 

substitution was observed exclusively in the CdFCY24 gene of all 5FC-resistant isolates 

examined, resulting in replacement of one aliphatic non-polar residue with another 

residue of similar polarity (Fig. 5.5). It is perhaps unlikely that an amino acid 

substitution in these permeases could play a role in 5FC resistance by 

preventing/reducing drug uptake, as they appear to play a role in cytosine transport only 

in the absence of the FCY21- and FCy22-encoded permeases in S. cerevisiae 

(Paluszynski et al., 2006). In support of this suggestion, data from [^H] 5FC 

accumulation assays suggested that purine-cytosine permeases are functional in the 

5FC-resistant isolates of C. dubliniensis, as these isolates were shown to be capable of 

5FC-uptake, and appeared to accumulate more of the radiolabelled drug than their 5FC- 

susceptible counterparts. However, this latter finding could be due to the metabolism of 

the radiolabelled drug in the 5FC-susceptible isolates; the radioactive component o f the 

^H [5FC] may be lost from the cell upon conversion of the ^H [5FC] to FU. The 

accumulation of intracellular radioactivity in the 5FC-resistant cells may be due to a 

block/lesion in the metabolic pathway of 5FC, possibly occurring at the point of 

cytosine deaminase activity. Such a lesion would block the intracellular deamination of
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5FC to the toxic 5FU, resuhing in the intracellular accumulation of the nontoxic 5FC 

prodrug in the 5FC-resistant cells. These findings parallel with the DNA sequence 

analyses of C dFC Yll and CdFCY22, which identified only one common SNP amongst 

the CdFCY21 gene of two 5FC-resistant isolates (Eg201 and Eg202; Table 5.3) 

resulting in a Phe502Leu amino acid substitution.

The most commonly identified cause of 5FC resistance in the closest relative of 

C. dubliniensis; C. albicans, occurs as a result of an ArglOlCys amino acid substitution 

in the FUR] gene product (Dodgson et al., 2004; Hope et a i,  2004). According to 

crystallographic studies in T. gondii, the tetrameric UPRT encoded by FURl is 

composed of two tightly packed dimers (Schumacher et a l, 1998), which are held 

together at the interface by an arginine and glutamic acid salt bridge, thus stabilising the 

quaternary structures of the tetrameric UPRT protein. The arginine cognate of the T. 

gondii salt bridge in the C. albicans UPRT occurs at position 101 (Dodgson et a l, 2004; 

Hope et a l,  2004). It has therefore been suggested that the ArglOlCys amino acid 

substitution disrupts the dimer interface of tetramer, leading to suboptimal activity of 

the enzyme (Dodgson et a l, 2004; Hope et a l, 2004). The genetic sequence of the 

FURl homologue in C. dubliniensis has been investigated previously (Al Mosaid et a l, 

2005), and also in the current study. Whilst SNPs were observed in the CdFURl gene in 

both studies, none of these resulted in any amino acid substitutions, suggesting that the 

SNPs in CdFURl are an unlikely cause of clade-specific 5FC resistance in C. 

dubliniensis.

Data from the present study suggests that mutations in the FCY2 homologues 

CdFCY21 and CdFCY22, or the TPNl homologues CdFCY23 and CdFCY24, are 

unlikely to be causes of intrinsic resistance to 5FC. This suggestion is supported by the 

results of the ^H [5FC] accumulation assay, as well as DNA and amino acid sequence 

analyses of the individual genes and gene products. Likewise, the CdFURl-QncoAtd 

UPRT is unlikely to contribute to resistance, as no amino acid substitutions were noted 

in this gene amongst 5FC-resistant isolates in either the present study or in previous 

studies (Al Mosaid et a l,  2005).

The present study identified SNPs in the genes encoding proteins involved in 

5FC uptake or metabolism, although it did not elucidate any blocks/lesions that could be 

associated with C. dubliniensis clade-specific resistance. The remaining enzyme 

involved in 5FC metabolism to be investigated was the cytosine deaminase, encoded by 

FCYl in 5. cerevisiae and C. lusitaniae, and by the FCAl gene homologue in C.
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albicans. Amino acid substitutions in the FC A l gene have previously been associated 

with both high level and intermediate levels o f 5FC resistance in individual isolates o f 

C. albicans lacking the A rglO lC ys substitution in the UPRT (Hope et a l ,  2004), 

however the homologous F C A l gene in C. dubliniensis (C dFC Al) has previously been 

examined in 5FC-resistant isolates and identified no amino acid substitutions that could 

account for the resistant phenotype (Al Mosaid et al., 2005). Despite this previous 

finding, the DNA sequence o f the CdFCAl-encoded  cytosine deaminase was further 

investigated using additional oligonucleotide primers to those used previously in order 

to detect any SNPs which may result in C. dubliniensis clade-specific 5FC resistance 

(Chapter 6).
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Chapter 6

Investigation of the molecular mechanism(s) of clade-specific 5- 

fluorocytosine resistance in Candida dubliniensis

Part II:

The role of the Cr/FC47-encoded cytosine deaminase in clade- 

specific 5-fluorocytosine resistance

99



6.1. Introduction

6.1.1. Molecular mechanisms of 5FC resistance in C  albicans

In the closest relative o f C. dubliniensis', C. albicans, resistance to 5FC is 

mediated by a reduction in the activity of either the cytosine deaminase encoded by 

FCAl, or in the activity of UPRT encoded by FURl (Polak & Scholer, 1975; Whelan & 

Kerridge, 1984; Hope et a l, 2004). Two different research groups reported that in the 

majority of 5FC resistance C. albicans isolates, 5FC resistance is associated with a 

homozygous single amino acid substitution, ArglOlCys, in UPRT (Dodgson et al., 

2004; Hope et al., 2004). However, other 5FC-resistant C. albicans isolates lack this 

substitution (Hope et a l ,  2004). One such isolate (MIC50 > 64 lag/ml) was reported to 

contain a homozygous Gly28Asp substitution in the cytosine deaminase gene, and a 

Ser29Leu amino acid substitution was also observed in the same gene of another C. 

albicans isolate exhibiting intermediate 5FC resistance (MIC50 4 |ig/ml) (Hope et a l,  

2004).

6.1.2. Investigation of the molecular mechanism(s) o f SFC resistance in C. 

dubliniensis

In C. dubliniensis the DNA sequence of the CdFURl gene encoding UPRT of 

four 5FC-resistant and five 5FC-susceptible isolates from the Middle East was 

determined previously, and while several SNPs were identified, no amino acid 

substitutions were observed between the isolates (Al Mosaid et al., 2005). This finding 

was confirmed in the current study (Chapter 5, Section 5.3.5). As described previously, 

the DNA and amino acid sequence of the purine-cytosine permease genes CdFCY2J 

and CdFCY22 were compared between five 5FC-resistant isolates and two 5FC- 

susceptible isolates and identified only one common amino acid substitution in the 5FC- 

resistant isolates, occurring in the CdFCY21 gene of 2/5 (Eg201 and Eg202) 5FC- 

resistant isolates sequenced (Chapter 5, Sections 5.3.1 and 5.3.2). Sequence analysis of 

the FCY23 and FCY24 encoded permeases was also carried out in order to identify any 

alterations that may play a role in 5FC resistance, despite their lesser importance in 

5FC-transport, (Chapter 5, Sections 5.3.3 and 5.3.4). These analyses identified amino 

acid substitutions that occurred in all 5FC-resistant isolates and in neither of the 5FC- 

susceptible isolates sequenced, however, and an accumulation assay using radiolabelled
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[^H] 5FC confirmed the uptake and accumulation of 5FC in the 5FC-resisant isolates, 

arguing against a permease-mediated role in C. dubUmensis clade-specific 5FC 

resistance.

6.1.3. The yeast cytosine deaminase

The action of cytosine deaminase with its substrate, 5FC, has been investigated 

for use in cancer therapy as the product of this reaction, 5FU, is toxic to cells 

undergoing rapid cell division (Hayden et a i, 1998). Cancerous cells demonstrate a 

higher affinity for 5FU than healthy cells, and 5FU has been widely used in the 

treatment of malignancies. Using suicide gene therapy methods to introduce cytosine 

deaminase into cancerous cells and then treating these cells with 5FC has been used as a 

method of treating malignant gliomas in a murine model (Lv et a i, 2009).

The cytosine deaminase is the sole reason for 5FC toxicity to yeasts such as 

Candida and Cryptococcus. This homodimeric zinc metalloenzyme is not present in 

mammalian cells and so the non-toxic prodrug form, 5FC, presents no danger to 

humans. The cytosine deaminase is primarily responsible for the conversion of cytosine 

to uracil, and also converts 5FC to the toxic metabolite, 5FU. The enzyme is composed 

of five central P-sheets that are flanked by two a-helices on one side, and three a-helices 

on the other. At the centre of the tightly packed dimer there are two single active sites; 

each of these contain a single tetrahedrally coordinated zinc ion, that is bound to a water 

molecule in the absence of a substrate (Ireton et a i,  2003; Ko et a i,  2003; Yao et a i, 

2005). During the deamination process, the nucleophilic attack of a Zn-bound hydroxide 

on the cytosine substrate results in the formation of a tetrahedral intermediate, this then 

decomposes releasing ammonia and the uracil end product (Yao et a i,  2005).

6.1.4. Tetracycline-inducible gene expression

The tetracycline-regulatable systems rely on the activity of a tetracycline 

repressor protein (TetR), which binds to the tetracycline operator (tetO) in the absence 

of tetracycline repressing expression of the tet genes (Hillen & Berens, 1994). The 

system is reversed in the presence of tetracycline, as the drug binds to TetR altering its 

ability to bind to tetO, and resulting in transcription of the tet genes. This system is 

known as the Tet-Off system, however, five amino acid changes in the TetR protein 

have been shown to reverse its activity (reverse tetracycline repressor protein; rTetR), 

so that binding of the rTetR protein to tetO results in expression of the tet genes as a
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Tet-On system (Gossen et al., 1995). Both the Tet-Off and Tet-On systems have been 

modified for use in eukaryotic species by fusion o f the TetR or rTetR proteins to the 

activation domain o f a transcription factor (tTA or rtTA, respectively) for the Gal4 

protein o f  S. cerevisiae (Gossen & Bujard, 1992). This Tet-On system in eukaryotes 

enables tetracycline-inducible expression o f any genes that are placed under the control 

o f a minimal promoter in which all activating sequences have been removed and 

replaced by the tetO  sequence in the presence o f the eukaryotic transactivator (rtTA) 

(Gossen et al., 1995). This system has been utilised by Park and Morshhauser (2005) in 

the design o f the pN IM l plasmid which also contains the SA TI gene encoding a 

nourseothricin resistance marker and a sequence from the C. albicans A D H l gene to 

ensure recombination into this locus. This plasmid enables tetracycline-inducible 

expression o f genes in this pN IM l cassette integrated into the background A D H l locus 

o f C. albicans (Park & Morschhauser, 2005).

6.1.5. Objectives

The purpose o f the present study was to investigate the role o f cytosine deaminase in C. 

dubliniensis clade-specific 5FC resistance.

• To determine if bypassing the requirement o f the cytosine deaminase resulted in 

5FU-susceptibility, by carrying out broth microdilution assays using 5FC and 

5FU.

• To compare the DNA and amino acid sequences o f the CdFCAI gene in 5FC- 

resistant and 5FC-susceptible isolates, in order to identify any changes which 

may result in altered CdFCAI activity.

• To compare CdFCAI expression between 5FC-susceptible and 5FC-resistant 

isolates by quantitative real-time PCR analysis, in order to determine if  5FC 

resistance could be attributed to altered CdFCA I expression.

• To incorporate the CdFCAI gene from a 5FC-susceptible isolate (hereafter
c  ,

called CdFCAI ) mto the A D H l locus o f a 5FC-resistant isolate, and from a 

5FC-resistant isolate (hereafter called CdFCAI^) into the A D H l locus o f  a 5FC- 

susceptible isolate using a tetracycline-inducible expression plasmid created for 

use in C. albicans (Park & Morschhauser, 2005). These strains were used to 

determine if  5FC susceptibility/resistance could be induced in isolates upon 

acquisition and expression o f the respective CdFCAI gene.
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6.2. Materials and methods

6.2.1. Isolates and culture conditions

Twenty-one epidemiologically unrelated human C. dubliniensis isolates were 

included in the present study, including nine 5FC-susceptible isolates and 12 5FC- 

resistant isolates (Table 5.1) as previously reported (Sullivan et a i, 1995; Polacheck et 

a i,  2000; Al Mosaid et a l,  2001; Gee et a i,  2002; Al Mosaid et a i,  2005). The C. 

dubliniensis type strain CD36, originally isolated from the oral cavity o f a HIV-infected 

individual in Ireland was also included as a reference isolate because the complete 

genome sequence o f this organism has been determined 

(http://wvvw.sanaer.ac.uk/seciuencina/Candida/dublinicnsis/). Yeast and bacterial strains 

were routinely cultured as described in Chapter 2, Section 2.1.1. Nourseothricin 

(Werner Bioagents, Gena, Germany) was prepared at a concentration o f 200 mg/ml in 

Milli-Q® Biocel-purified water and doxycycline (Sigma-Aldrich Ltd.) was prepared in 

Milli-Q® Biocel-purified water at 10 mg/ml. Both o f these drugs were stored at -20°C,

6.2.2. Susceptibility testing

Susceptibility testing was carried out according to the CLSI (2002) as 

previously described in Chapter 2, Section 2.7.

6.2.3. DNA extraction

Extraction of DNA from Candida isolates was carried out as previously 

described in Chapter 2, Section 2.3.3. Extraction of DNA from bacterial cells was 

carried out as described in Chapter 2, Section 2.5.3. Nucleic acids were ethanol 

precipitated and resuspended in 50 |il of molecular grade Milli-Q® Biocel-purified 

water (Millipore™).

6.2.4. PCR amplification, sequencing and sequence analysis of CdFCAl

The complete ORF of the C. dubliniensis CdFCAl gene was amplified from 12 

5FC-resistant isolates and nine 5FC-susceptible isolates (Table 5.1) using the 

oligonucleotide primers FCAIF and FCAIR which incorporated Sail and Bglil 

restriction endonuclease recognition sites, respectively (Table 6.1). Reaction mixtures 

contained 100 ng of purified template DNA, 1 x Expand High Fidelity buffer, 2.5 U of 

Expand High Fidelity PCR system enzyme mix (Roche), 0.2 mM concentrations o f each
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deoxynucleoside triphosphate, (Promega) and 0.2 |iM concentrations o f  each 

oligonucleotide (Sigma-Aldrich Ltd.). Reaction mixtures underwent an initial 

denaturation step o f  94°C for 10 min, followed by 35 cycles o f  94°C for 30 s, 52°C for 

30 s and 72°C for 1 min, followed by a final elongation step o f  72°C for 7 min. The 550 

bp products were purified using the GenElute™ PCR Clean-up kit (Sigma-Aldrich Ltd.) 

and were sequenced on both strands using the same primers that had been used for 

amplification.

6.2.5. DNA sequencing and analysis

DNA sequencing reactions were performed commercially by Cogenics as 

previously described in Chapter 2, Section 2.6. Multiple DNA and amino acid sequence 

alignments o f  CdF CA l  genes and their encoded proteins from 5FC-susceptible and 

5FC-resistant C. dubliniensis isolates were carried out using the CLUSTAL W sequence 

alignment computer program (Thompson et a l ,  1994) available at the EMBL-EBI 

website (http://www.ebi.ac.uk/).

6.2.6. Transformation of C. dubliniensis

Candida dubliniensis strains were transformed by electroporation as previously 

described (Kohler et a l ,  1997; Staib et al., 2001). Cells from YPD pre-cultures were 

diluted lO”"* in 50 ml o f  fresh YPD medium and grown overnight at 30°C to an optical 

density at 600 nm (OD600) o f  1.6 to 2.2, which yielded the best transformation 

efficiency. The cells were collected by centrifugafion at 2,500 x g  and resuspended in 

8 ml o f  water. After addition o f  1 ml o f  10 x TE (100 mM Tris-HCl, 10 mM EDTA; pH 

7.5) and 1 ml o f  1 M lithium acetate (pH 7.5), the suspension was incubated in a rotary 

shaker at 150 rpm for 60 min at 30°C. A 250-|il volume o f  1 M dithiothreitol was then 

added, and the cells were incubated for a further 30 min at 30°C with shaking. After 

addition o f  40 ml o f  water, the cells were centrifuged at 2,500 x g, washed sequentially 

in 50 ml o f  ice-cold water and 10 ml o f  ice-cold 1 M sorbitol, resuspended in 50 1̂ o f  

1 M sorbitol, and kept on ice. Approximately 200 ng o f  the linear D N A  fragments was 

mixed with 40 1̂ o f  electrocompetent cells, and electroporation was carried out in a 

Bio-Rad Gene Pulser (0.2 cm cuvette, 1.6kV , 200 Cl, 25 |aF) with a Bio-Rad Pulse 

Controller included in the circuit. Nourseothricin-resistant transformants were selected 

on YPD agar plates containing nourseothricin at a concentration o f  100 ng/ml. Single
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Table 6.1. Oligonucleotide primers used in the study of the role of the CdFCAl 

gene in 5FC resistance

Primer Sequence (5'-3') ^ Function

ADHIF ATGCAAGCAAGCTTATTCA

cartTA CGGCATACTATCAGTAGTAG PCR screening 

of
SAT CAATGCCGCCGAGAGTAAAG transformants®

ADHIR CCCAAGATCTTACCTTCTTCCATT

FCAIF GACGCGTCGACGATATCAACGATGACATTT CdFCAl 

cloning and

FCAIR CGGGATCCAGATCTTTATTCTCCAATATCTTC PCR screening

RTFCAIF AAACGCAGGAAGATTGCCAG

RTFCAIR TGGCCCCTGTACACATACTACATG
Gene expression 

analysis

RTACTIF AGCTCCAGAAGCTTTGTTCAGACC

RTACTIR CCCAGGTATTGCTGAACGTATGCA

“ Regions of the pN IM l-C t/FC ^/ cassette and background AD H l locus amplified 

during PCR screening of transformants are displayed in Fig, 6.1.

The Sail and Bglll restriction endonuclease recognition sites incorporated into the 

FCAIF and FCAIR primer sequences, respectively, are shown in underlined typeface.
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colonies were picked after 48 h o f growth at 30°C, restreaked on the same medium, and, 

after verification o f the correct allelic replacement, maintained on YPD agar plates.

6.2.7, Tetracycline-inducible CdFCAI expression in C. dubliniensis

The tetracycline-inducible gene expression plasmid pN IM l developed by Park 

& M orschhauser (2005) was adapted to investigate the inducible expression o f C. 

dubliniensis CdFCAI^  and CdFCAI^  genes in both 5FC-susceptible and 5FC-resistant 

C. dubliniensis isolates. The pNIM l cassette was originally designed to integrate into 

the C. albicans alcohol dehydrogenase encoding gene AD H l. The DNA sequence o f the 

C. albicans A D H l gene (GenBank accession No. C a019.3997) was used in a BLAST 

search against the C. dubliniensis genome sequence database 

(httt)://ww\v.sanjjer.ac.uk/sequencing/Candida/dubliniensisA) in order to identify a 

homologue in C  dubliniensis. A high level o f sequence homology (94%) is shared by 

the A D H l ORFs o f  C. albicans and C. dubliniensis. The tetracycline-inducible 

promoter, P,̂ ,, included in pN IM l (Park & Morschhauser, 2005), was used to drive 

expression o f the CdFCAI^ and CdFCAI^  genes individually in the A D H l locus of a C. 

dubliniensis isolate with the opposite 5FC-phenotype. The complete coding regions of 

the CdFCAI gene from the 5FC-susceptible C. dubliniensis isolate p7276 and the 5FC- 

resistant C  dubliniensis isolate SA113 were amplified from genomic DNA using the 

primer pair FC A IF/FC A IR  (as described above). The amplimers were ligated into 

pGEM T-Easy vector I (Promega) vector DNA and transformed into E. coli strain 

DH5a. Plasmids were recovered from transformants using the GenElute™  plasmid 

miniprep kit (Sigma-Aldrich Ltd.), and the cloned DNA sequenced. The complete 

CdFCAI ORF was digested from pGEM T-Easy plasmids using the Sail and BglW 

restriction endonuclease recognition sites which were introduced upstream and 

downstream o f the ORF, respectively, using the F C A lF /F C A lR  primer pair. The 

CdFCA 1 fragments were then gel purified using the Wizard SV Gel and PCR clean up 

system (Promega) and cloned between P,e, and T^cr/ in a SaR-BglW digested pN IM l 

separately; incorporating the CdFCAI ORFs into the pN IM l cassette, in the place o f the 

G FPl gene (Park & Morschhauser, 2005), (Fig. 6.1). The resulting pNIMl-Ct/FCv47^ 

and pN IM I-C (iFO i/'^  plasmids were transformed into E. coli strain DH5a for 

replication o f the plasmid prior to purification using the GenElute™  Plasmid Miniprep 

kit (Sigma-Aldrich Ltd), Sac\\-Apa\ linearisation o f the cassette, gel purification and 

transformation into C. dubliniensis as described in Section 6.2.6 (Staib et a l ,  2001). The
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5FC-resistant isolates SAl 13 and SA109 were transformed with pNIMl-C^/FC/i/^, and 

the 5FC-susceptible isolate p7276 was transformed with pNIMl-Ci5fFC47‘̂ . All three of 

these C. dubliniensis isolates were also transformed with the pNIMl cassette containing 

the GFPl gene instead of the CdFCAl gene as a control for the disruption of the ADHl 

locus. In order to confirm the correct integration of the complete -CdFCAl

cassette into the AD H l locus in transformant derivatives, a number of PCR 

amplifications were carried out. The primer pairs used in these PCR amplifications were 

ADHlF/cartTA, SAT/FCAIR, and FCAlF/ADHlR and SAT/ADHIR (Table 6.1 and 

Fig. 6.1). These stepwise amplifications revealed the presence and correct integration of 

the full pNIMl-Cc^FC4/ cassette in transformant derivatives.

6.2.8. Southern hybridisation

Southern hybridisation analysis was used to confirm the integration of the 

-CdFCAl cassette into the background chromosomal AD H l locus using two 

separate probes; a Ci/FC/4 7-directed probe and a pNIMl-directed probe which was 

directed towards the cartTA transactivator region and the ADHl locus.

6.2.8.1. Synthesis o f  DIG-labelled probes by PCR amplification

Probes were labelled with digoxigenin (DIG) in separate PCR amplifications 

using the PCR DIG labelling mix (Roche) and the primer pairs ADHlF/cartTA or 

FCAIF/FCAIR (Table 6.1 and Fig. 6.1). Both PCR amplifications were carried out in a 

reaction volume of 100 fil containing 100 ng of DNA, 3.5 mM MgCh, 18 pmol of each 

primer, 1 x colourless GoTaq® flexi buffer (Promega), 2.5 U GoTaq® DNA polymerase 

(Promega) and 1 x PCR DIG labelling mix (Roche). Reaction mixtures underwent an 

initial denaturation step of 94°C for 10 min, followed by 30 cycles of denaturation at 

94“C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 1 min. These 30 

cycles were followed by a final elongafion step at 72°C for 10 min. For amplification of 

the Cc/FC/i7-directed probe, the annealing temperature was reduced to 52°C. Probes 

were purified using the GenElute^'^ PCR clean up kit (Sigma-Aldrich Ltd.) and 

denatured by incubation at 95“C for 10 min immediately before hybridisation.

6.2.8.2. Restriction endonuclease digestion and electrophoresis o f  genomic DNA

Large scale restriction endonuclease digestions of genomic DNA for Southern

analysis were carried out in 60 |il volumes containing 45 |ig DNA and 40 U of 

restriction endonuclease H ind\\\ and the corresponding buffer at a final 1 x
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FCAIF FCAIR

3'AOHtADHI ca-lTA caSA T i '^ACTt'Oa'FCA I ^

I A D H I  1 I A D H I  I

ADH1F ADH1P.

1 kb

Figure 6.1. Structure and ADHI  integration site of the pNIMl-C</FC4i cassette 

used in the tetracycline inducible expression transformation studies.

Restriction sites used in the excision of the caGFPl gene (replaced by the CdFCAl 

gene) and the excision of the entire pNIM l-Ct/FC^/ cassette from the pNIMl plasmid 

(Park & Morschhauser, 2005) are indicated. Transcription start sites and the directions 

of transcription are displayed using right-angled arrows. Terminator sequences are 

displayed as black hairpin loops which function in the termination of transcription o f the 

Ca«£//<ia-adapted reverse tetracycline-dependent transactivator (cartTA) and the 

CdFCAl target gene. Primers used in the PCR screening of pNIMl-Cc/FC4/ 

transformants are indicated by labelled arrows, and are listed in Table 6.1.





concentration as instructed by the manufacturer (Promega). Restriction endonuclease 

digestion was carried out at 37°C for 5 h. Horizontal 0.8% (w/v) agarose gels made up 

in 0.5 X TBE buffer were cast into horizontal gel trays. DNA loading dye was added to 

the restriction enzyme-digested DNA samples at a final concentration o f 1 x and the 

samples were loaded into the gel wells. A DIG-labelled size standard (DNA molecular 

weight marker III; Roche) was loaded on each gel. Electrophoresis was carried out 

overnight at 20 V with a constant current.

6.2.8.3. Southern transfer o f  DNA from  agarose gels

Following the separation o f restriction endonuclease-digested DNA fragments 

by agarose gel electrophoresis; DNA was depurinated by soaking the gels in 250 mM 

HCl for no more than 10 mins, with gentle shaking. Following depurination, the DNA 

was denatured by soaking the gels in denaturation solution (500 mM NaOH, 1.5 M 

NaCl) for 15 min at room temperature. The denaturation step was carried out a second 

time, after which the gels were soaked in a neutralisation solution (500 mM Tris-HCl, 

1.5 NaCl; pH 7.5) for 15 min with gentle shaking at room temperature. This 

neutralisation step was also carried out twice. DNA was transferred to positively 

charged nylon membranes (Boehringer, Mannheim, Germany) by capillary action using 

the Southern method (Southern, 1975). Following transfer, the membranes were rinsed 

in 2 X SSC, and DNA was crosslinked to the membrane using a crosslinker (CL-508, 

UVl tec, Cambridge, UK) set at 0.120 J/cm^.

6.2.8.4. Hybridisation and detection o f  DIG-labelled probes

Hybridisation reactions were carried out in a rotary oven (Hybaid; Teddington, 

Middlesex, UK) in 25 x 3.5 cm bottles (Hybaid) by the method o f Sambrook et al. 

(1989). Positively charged membranes were equlibrated in prehybridisation solution (5 

X SSC, 0.1% (w/v) N-laurylsarcosine, 0.02% (w/v) SDS, 1 x blocking reagent [Roche]) 

that had been pre-warmed to 68°C for 2 h.

The probes were denatured in 50 fil volumes containing 600 ng o f DIG- 

labelled DNA by heating at 95°C for 10 min and immediately cooling on ice. The 

denatured probe added to a 25 ml volume o f prewarmed prehybridisation solution. The 

resulting hybridisation solution was incubated with the membranes at 68°C for 18 h 

with gentle rotation.
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Unbound probe was removed from the membranes following hybridisation by 

washing the membranes (twice) in 200 ml o f  low stringency buffer (2 x SSC, 0.1% 

SDS) at room temperature for 10 min with vigorous shaking. These washes were 

followed by two washes in 100 ml o f high stringency buffer (0.5 x SSC, 0.1% (w/v) 

SDS) which had been prewarmed to 68°C. Each high stringency wash was carried out at 

68°C for 15 min with rotation. The membranes were then washed in 100 ml wash buffer 

(100 mM maleic acid, 150 mM NaCl, 0.4 M NaOH, 0.3% (v/v) Tween 20) at room 

temperature for 5 min with gentle shaking. After washing, the membranes were 

incubated in 100 ml 2 x blocking solution (0.8 x maleic acid buffer, 0.2 x blocking 

reagent) at room temperature for 2 h with gentle shaking. This was replaced with anti- 

DIG antibody solution (2 x blocking solution, 1/10,000 anti-DIG antibody-AP, Fab 

fragments [Roche]) which recognised the DNA-bound DIG-labelled probe. The 

membranes were incubated with antibody solution for 30 min at room temperature with 

gentle shaking, and were then rinsed in wash buffer twice for at least 15 min on each 

occasion.

Following washes, the membranes were equilibrated in detection buffer (100 

mM Tris-HCl, 100 mM NaCl; pH 9.5) for 5 min and were transferred to Ziploc® 

Sandwich bags (Moon street, Bristol, UK) while still wet. A chemiluminesent substrate 

was added to the membranes, in order to detect the bound anti-DIG antibodies and emit 

visible light. A 500 |il volume o f this substrate (0.25 M CPD-Star, ready-to-use 

[Roche]) was diluted in 500 |al o f detection buffer and added to each membrane in the 

sandwich bags lowering the top sheet o f the bag onto the membrane to exclude all air 

bubbles. Membranes were incubated at room temperature for 5 min and excess solution 

was removed from the bags, which were then placed in autoradiography cassettes with 

Kodak BioMax intensifying screens (Eastman Kodak Company, Rochester, New York, 

USA) and exposed to Kodak BioMax MS-1 X-ray films for approximately 1 h at room 

temperature. Autoradiograms were developed using Kodak GBX developer, and fixed 

in Kodak GBX fixer according to the protocols supplied by the manufacturer.

6.2.9. CdFCAI expression analysis

To monitor the relative gene expression o f the CdFCAI gene in 5FC-resistant 

(SA113, SA109, Eg202) and 5FC-susceptible (Eg204, p7276) wild type C. dubliniensis 

isolates as well as in the DOX-inducible transformant derivatives, (SAl 13T1, SA109T1
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and SA109T2), relative quantitative real-time PCR was carried out according to 

standard protocols.

6.2.9.1. RNA extraction and DNase treatment

In brief, RNA was extracted from isolates and transformant derivatives that 

were grown in YPD broth in the presence o f DOX (15 |ig/ml) only, or YPD broth in the 

presence o f DOX (15 ng/ml), and sub-inhibitory concentrations o f 5FC (6.4 ng/ml). The 

RNAs were extracted using the Qiagen RNeasy mini kit (Qiagen) which incorporates 

guanidine-isothiocyanate lysis with silica-membrane purification. Resulting RNA 

samples were treated with Turbo DNA-/ree™  (Ambion) according to the 

manufacturers’ instructions in order to remove contaminating double stranded DNAs. 

The RNA samples were DNase-treated in 20 |o.l volumes containing 2 |̂ 1 o f 10 x Turbo 

DNase buffer and 1 \x\ o f Turbo DNase. These samples were incubated at 37°C for 30 

min, after which 2 |al o f the resuspended DNase inactivation reagent was added to each 

sample and mixed. Samples were incubated at room temperature for 5 min with 

occasional mixing and were centrifuged at 10,000 x g for 2 min. Purified RNA was 

transferred to fresh tubes and stored at -20°C prior to reverse transcription to cDNA.

6.2.9.2. Reverse transcription o f  RNA to cDNA

The DNAase-treated RNA samples were then reverse transcribed to cDNA 

using the Superscript 11 reverse transcriptase kit (Invitrogen) according to the 

instructions o f the manufacturer. Reverse transcription reactions were carried out in 11 

)il volumes containing 1 |ag total RNA, and 1 |il 01igo(dT)i2-i8 (500 ng/ml) (Promega). 

Samples were heated to 70°C for 10 min and immediately cooled on ice for 1 min, after 

which 4 |il o f 5 X First-Strand Buffer, 2 |il o f 0.1 M DTT, 1 |al o f RNaseOUT™  (all 

supplied by Invitrogen) and 1 |il o f dNTP mix (10 mM each) (Promega) were added to 

each reaction. Samples were incubated at 42°C for 2 min and were held at this 

temperature whilst 1 \i\ (200 units) o f SuperScript™ II RT was added to each. Reverse 

transcription was carried out at 42°C for 1 h, after which the reaction was stopped by 

heating to 70°C for 15 min. These cDNAs were used as the template in quantitative 

real-time PCR amplification.

6.2.9.3. Real-time PCR amplification efficiencies

Relative quantitative real-time PCR was carried out using two pairs o f RT-PCR 

primers; one pair amplified the target CdFCAl gene, and the second pair amplified the
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ACTl gene as an internal expression control (Table 6.1). The comparative amplification 

efficiencies of these primers were assessed at 0.3 fiM concentrations prior to RT-PCR 

using primer amplification efficiency plot analysis as previously described (Schmittgen 

& Livak, 2008). In brief, a series o f two-fold cDNA dilutions were amplified in separate 

reactions using primers to amplify the CdFCAl target gene or the AC Tl internal 

reference gene. Each amplification reaction was carried out in triplicate and the average 

C t values for each primer pair were plotted against the concentration o f input template 

cDNA. The real-time PCR efficiencies were calculated according to the equation E=10^' 

i/siope)̂  YYhei-e £  is the efficiency of the primer pair (Pfaffl, 2001; Schmittgen & Livak, 

2008).

6.2.9.4. Relative real-time PCR analysis o f  CdFCAl

Relative quantitative real-time PCRs were carried out in 15 1̂ reaction 

volumes containing 30 ng cDNA template, 0.3 |iM of each primer, and 1 x Power 

SYBR® green mastermix (Applied Biosystems, Warrington, UK) in an ABl 7500 Real- 

Time PCR System (Applied Biosystems) according to the manufacturers recommended 

protocols. Real-time PCR cycling conditions consisted of an initial denaturation step of 

95“C for 10 min, followed by 30 cycles of 95°C for 15 s, 59°C for 30 s and 72°C for 30 

s. Data collection occurred during the annealing step at 59°C.

Data analysis was carried out using the as described by Livak and

Schmittgen (2001). The average C j was calculated for each set of replicates. The ACt 

was determined as the (C j CdFCAl- C j AC Tl) and fold expression changes were 

calculated as 2̂ ’'̂ *"̂  ̂ (ACt Treated sample - A C j Untreated sample). Statistical analysis 

was carried out in the form of two-tailed Student’s r-tests, using Microsoft Office Excel 

version 2007.
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6.3. Results

6.3.1. In vitro susceptibility testing

Nine C. dubliniensis isolates previously reported as 5FC-susceptible, and 12 C. 

dubliniensis isolates previously reported as 5FC-resistant by Al Mosaid et al. (2005) 

(Tables 5.1) were tested for susceptibility to 5FC using broth microdilution assays as 

described in Chapter 2, Section 2.7. All nine isolates previously reported as 5FC- 

susceptible were confirmed as such, exhibiting MIC values o f < 0.25 |ag/ml. Similarly, 

the 12 previously reported 5FC-resistant isolates exhibited 5FC MIC values o f > 1 2 8  

|ig/ml. In an attempt to localise potential blocks or lesions in the 5FC metabolic 

pathway in 5FC-resistant isolates which may contribute to 5FC resistance, broth 

microdilution assays were also carried out using 5FU instead o f 5FC (Table 5.1) as 

described in Chapter 2, Section 2.7. We hypothesised that if a block in the 5FC 

metabolic pathway occurred at the level o f F calp , then 5FC-resistant isolates should be 

susceptible to 5FU (see Fig. 5.1). All nine 5FC-susceptible and 12 5FC-resistant isolates 

used in the study (Table 5.1) were tested for susceptibility to 5FU using a range o f 

concentrations (0.25 - 128 |ig/ml). All 21 isolates exhibited 5FU MIC values in the 

range o f 8 to 32 jag/ml (Table 5.1). There was no correlation between 5FU MIC and 

susceptibility to 5FC. These findings indicated that a block(s) in the 5FC metabolic 

pathway occurred in resistant isolates at the level o f cytosine deaminase or upstream of 

this enzyme (see Fig. 5.1).

6.3.2. Sequence analysis of CdFCAl in C. dubliniensis

The DNA sequence for the C. albicans F C A l gene, encoding Fcalp , (GenBank 

accession No. U55194) was used in a BLAST search against the C. dubliniensis genome 

sequence (http://vvww.sanger.ac.ukysequencina/Candida/dubliniensis/) in order to 

identify its homologue in C. dubliniensis. In C. dubliniensis, Fcalp  is encoded by the 

CdFCAl gene, which shares 89% nucleotide sequence identity with FC A l from C. 

albicans, and both contain an internal intron o f 81 bp. In order to investigate whether a 

mutation(s) or deletion(s) was present in the CdFCAl gene encoding cytosine 

deaminase, the DNA sequences o f the CdFCAl ORF was determined for 12 5FC- 

resistant isolates (Table 5.1), and nine 5FC-susceptible isolates (Table 5.1). For each 

isolate, the CdFCAl sequence was compared with that o f the CdFCAl consensus
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sequence o f the 5FC-susceptible C. dubliniensis type strain CD36 

('http://www.san^er.ac.uk/sequenciniI/Candida/dubliniensisA (Fig. 6.2). Three SNPs 

were identified in the CdFCAl coding sequences o f the 21 C. dubliniensis isolates 

investigated. Two synonymous SNPs were observed; one of these (position 264; A—>-T 

transversion) occurred in all isolates sequenced with the exception of 6/9 5FC- 

susceptible isolates (CD36, Eg203, Eg206, SAlOl, SA105 and SA115), and the second 

(position 390; T—>C transition) occurred in one of the 5FC-susceptible isolates (p7276) 

only (Fig. 6.2). The third SNP was nonsynonymous (position 86; C—>T transition); 

resulting in an amino acid substitution (Ser29Leu) in all 12 of the 5FC-resistant isolates 

tested, but was not present in the CdFCAl gene of the nine 5FC-susceptible isolates 

sequenced (Figs. 6.2 and 6.3). This radical substitution occurs in the (31 strand of the 

cytosine deaminase enzyme and is closely linked to an active site residue (Fig. 6.4), 

according to the yeast cytosine deaminase structure defined by Ko et al. (2003).

6.3.3. Tetracycline-inducible expression of CdFCAl in C. dubliniensis

6.3.3.1. Transformation o f  the tetracycline-inducible cassette in C. dubliniensis

In order to obtain direct evidence that the Ser29Leu substitution present in the 

Fcalp from 5FC-resistant C. dubliniensis isolates was responsible for the 5FC resistant 

phenotype in these isolates, the gene encoding cytosine deaminase from the 5FC- 

susceptible C. dubliniensis isolate p7276 (CdFCAl^), which was originally recovered in 

Israel and which lacked the Ser29Leu substitution, was introduced into the ADHl locus 

of the two separate 5FC-resistant Saudi Arabian isolates SA109 (ITS genotype 3) and 

SA113 (ITS genotype 4) using the tetracycline-inducible cassette, pNIMl (Park & 

Morschhauser, 2005). Transformation o f pNIMI-Ct/FC^7^ DNA into the 5FC-resistant 

isolates SA113 and SA109 yielded several transformants (hereafter referred to as 

pNIMl-Ct^FC47^ transformants) with the correct integration o f the pNIMl-Ci/FC/47^ 

cassette into the ADHl locus as determined by PCR analysis (Table 6.1 and Fig. 6.1). 

Transformation of the pNIMl-C<3?FC47'^ cassette into the 5FC-susceptible isolate p7276 

yielded several transformants (hereafter referred to as pNIM l-Cc/FC4 7 transformants) 

with the correct integration of the pNIMl-Ci/7^C47’̂  cassette into the AD H l locus as 

determined by PCR analysis (Table 6.1 and Fig. 6.1). As transformation controls, the 

5FC-resistant SA109 and SA113 parental isolates and the 5FC-susceptible parental
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"Consensus CdFCAI 
‘’6 5FC-susceptible 
p7276
p6785/p7718
'̂12 5FC-resistant

ATGACATTTGACGACAAAAAAGGTTTACAAATTGCTCTTGATCAAGCAAAGAAAAGTTAC 60 
ATGACATTTGACGACAAAAAAGGTTTACAAATTGCTCTTGATCAAGCAAAGAAAAGTTAC 60 
ATGACATTTGACGACAAAAAAGGTTTACAAATTGCTCTTGATCAAGCAAAGAAAAGTTAC 60 
ATGACATTTGACGACAAAAAAGGTTTACAAATTGCTCTTGATCAAGCAAAGAAAAGTTAC 60 
ATGACATTTGACGACAAAAAAGGTTTACAAATTGCTCTTGATCAAGCAAAGAAAAGTTAC 60

‘Consensus CdFCAI 
"e 5FC-susceptible 
p7276
p6785/p7718
'12 5FC-resistant

TTTGAAGGTGGCATACCTATTGGATCATGTATTATTTCATCTGACGGTACAGTATTAGGT 120 
TTTGAAGGTGGCATACCTATTGGATCATGTATTATTTCATCTGACGGTACAGTATTAGGT 120 
TTTGAAGGTGGCATACCTATTGGATCATGTATTATTTCATCTGACGGTACAGTATTAGGT 120 
TTTGAAGGTGGCATACCTATTGGATCATGTATTATTTCATCTGACGGTACAGTATTAGGT 120 
TTTGAAGGTGGCATACCTATTGGATTATGTATTATTTCATCTGACGGTACAGTATTAGGT 120

^ ★ * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * ★ <

'Consensus CdFCAI 
‘’6 5FC-susceptible 
p7276
p6785/p7718
“̂12 5FC-resistant

CAAGGACATAACGAACGAATCCAAAAACATTCATCTATTTTACATGGGGAAATGTCAGCA 180 
CAAGGACATAACGAACGAATCCAAAAACATTCATCTATTTTACATGGGGAAATGTCAGCA 180 
CAAGGACATAACGAACGAATCCAAAAACATTCATCTATTTTACATGGGGAAATGTCAGCA 180 
CAAGGACATAACGAACGAATCCAAAAACATTCATCTATTTTACATGGGGAAATGTCAGCA 180 
CAAGGACATAACGAACGAATCCAAAAACATTCATCTATTTTACATGGGGAAATGTCAGCA 180

‘Consensus CdFCAI 
”6 5FC-susceptible 
p7276
p6785/p7718
'̂12 5FC-resistant

TTAGAAAACGCAGGAAGATTGCCAGGCAAAACCTATAAGGATTGTACCATATATACTACT 240 
TTAGAAAACGCAGGAAGATTGCCAGGCAAAACCTATAAGGATTGTACCATATATACTACT 240 
TTAGAAAACGCAGGAAGATTGCCAGGCAAAACCTATAAGGATTGTACCATATATACTACT 240 
TTAGAAAACGCAGGAAGATTGCCAGGCAAAACCTATAAGGATTGTACCATATATACTACT 2 40 
TTAGAAAACGCAGGAAGATTGCCAGGCAAAACCTATAAGGATTGTACCATATATACTACT 240

H r * * * * * * * * * * * * * * * * * * * k * * * * * * * * * * * *

‘Consensus CdFCAI 
6̂ 5FC-susceptible 
p7276
p6785/p7718
'12 5FC-resistant

TTGTCACCATGTAGTATGTGTACAGGGGCCATTTTATTATATGGGTTCAAACGAGTTGTT 300 
TTGTCACCATGTAGTATGTGTACAGGGGCCATTTTATTATATGGGTTCAAACGAGTTGTT 300 
TTGTCACCATGTAGTATGTGTACTGGGGCCATTTTATTATATGGGTTCAAACGAGTTGTT 300 
TTGTCACCATGTAGTATGTGTACTGGGGCCATTTTATTATATGGGTTCAAACGAGTTGTT 300 
TTGTCACCATGTAGTATGTGTACTGGGGCCATTTTATTATATGGGTTCAAACGAGTTGTT 300 
* * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

'Consensus CdFCAI 
‘’6 5FC-susceptible 
p7276
p6785/p7718
°12 5FC-resistant

ATGGGGGAAAATGTCAATTTCTTGGGTAACGAAAAGTTATTGGTTGAAAATGGTGTTGAA 360 
ATGGGGGAAAATGTCAATTTCTTGGGTAACGAAAAGTTATTGGTTGAAAATGGTGTTGAA 360 
ATGGGGGAAAATGTCAATTTCTTGGGTAACGAAAAGTTATTGGTTGAAAATGGTGTTGAA 360 
ATGGGGGAAAATGTCAATTTCTTGGGTAACGAAAAGTTATTGGTTGAAAATGGTGTTGAA 360 
ATGGGGGAAAATGTCAATTTCTTGGGTAACGAAAAGTTATTGGTTGAAAATGGTGTTGAA 360
* * * * * * * * * k * * * * * * * *

"Consensus CdFCAI 
‘’6 5FC-susceptible 
p7276
p6785/p7718
*’12 5FC-resistant

GTTGTGAATTTGAATGATCAAGCATGTATTGATTTGATGGCCAAATTTATTAAAGAGAAA 420 
GTTGTGAATTTGAATGATCAAGCATGTATTGATTTGATGGCCAAATTTATTAAAGAGAAA 420 
GTTGTGAATTTGAATGATCAAGCATGTATCGATTTGATGGCCAAATTTATTAAAGAGAAA 420 
GTTGTGAATTTGAATGATCAAGCATGTATTGATTTGATGGCCAAATTTATTAAAGAGAAA 420 
GTTGTGAATTTGAATGATCAAGCATGTATTGATTTGATGGCCAAATTTATTAAAGAGAAA 420

i * * * * * * * * * * I f * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * *

‘Consensus CdFCAI 
'’6 5FC-susceptible 
p7276
p6785/p7718
'12 5FC-resistant

CCTCAAGATTGGAATGAAGATATTGGAGAATAA 4 53 
CCTCAAGATTGGAATGAAGATATTGGAGAATAA 453 
CCTCAAGATTGGAATGAAGATATTGGAGAATAA 453 
CCTCAAGATTGGAATGAAGATATTGGAGAATAA 4 53 
CCTCAAGATTGGAATGAAGATATTGGAGAATAA 4 53
l e * * * * * * * * * * * ^ * * * * * * * * * * * * * * * * * * * i i

Figure 6.2. Alignment of CdFCAI coding DNA sequences from 5FC-resistant and 5FC-susceptible 
isolates.
“ Sequences were compared to the consensus CdFCA 1 gene sequence obtained by a BLAST search of the 
C. albicans FCAI gene in the C. dubliniensis genome sequence database 
(http://www.sanuer.ac.uk/sequencinii/Candida/dubliniensis )■
Polymorphisms specific to 5FC-susceptible isolates only are indicated in blue typeface, SNPs specific to 
5FC-resistant isolates only are indicated in red typeface, and SNPs detected in 5FC-susceptible and 5FC- 
resistant isolates are indicated in green typeface.
'’The CdFCAI DNA sequences obtained for six o f the 5FC-susceptible isolates (Table 5.1) were all 
identical and are indicated as one sequence (6 5FC-susceptible). Similarly, the CdFCAI DNA sequences 
for the 5FC-susceptible isolates p6785 and p7718 were identical and treated as one sequence 
(p6785/p7718).

The CdFCAI DNA sequences obtained for the 12 5FC-resistant isolates (Table 5.1) were all identical 
and are indicated as one sequence (12 5FC-resistant).





CaFCAl MTFDDKKGLQIALDQAKKSYSEGGIPIGSCIISSDGTVLGQGHNERIQKHSAILHGEMSA 60
CdFCAl MTFDDKKGLQIALDQAKKSYFEGGIPIGSCIISSDGTVLGQGHNERIQKHSSILHGEMSA 60
9 5FC-susceptible MTFDDKKGLQIALDQAKKSYFEGGIPIGSCIISSDGTVLGQGHNERIQKHSSILHGEMSA 60
12 5FC-resistant MTFDDKKGLQIALDQAKKSYFEGGIPIGLCIISSDGTVLGQGHNERIQKHSSILHGEMSA 60

* * * * • * • * * ★ * * • * * * * * * * ★ * *  * * * * * * *  * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * *

CaFCAl
CdFCAl
9 5FC-susceptible 
12 5FC-resistant

LENAGRLPGKTYKDCTiyTTLSPCSMCTGAILLYGFKRVVMGENVNFLGNEKLLIENGVE 120 
LENAGRLPGKTYKDCTIYTTLS PCSMCTGAILLYGFKRVVMGENVNFLGNEKLLVENGVE 120 
LENAGRLPGKTYKDCTIYTTLSPCSMCTGAILLYGFKRVVMGENVNFLGNEKLLVENGVE 120 
LENAGRLPGKTYKDCTIYTTLSPCSMCTGAILLYGFKRVVMGENVNFLGNEKLLVENGVE 120

I r * * * * * * * * * * * * * * * ' * ^ * * * * * * *  ̂ * * * * * *  4

CaFCAl
CdFCAl
9 bFC-susceptible 
12 5FC-reslstant

VVNLNDQECIDLMAKFIKEKPQDWNEDIGE 150 
VVNLNDQACIDLMAKFIKEKPQDWNEDIGE 150 
VVNLNDQACIDLMAKFIKEKPQDWNEDIGE 150 
VVNLNDQACIDLMAKFIKEKPQDWNEDIGE 150 
* * * * * * *  * * * * * * * * * * * * * * * * * * * * * *

Figure 6.3. Alignment of C. albicans and C. dubliniensis CdFCAl amino acid 

sequences.

Sequences were compared to the consensus CdFCAl amino acid sequence o f the type 

strain CD36, which was obtained by a BLAST search o f the C. albicans FCAI gene in 

the C. dubliniensis genome sequence database

(http://www.sanaer.ac.Uk/sequencing/Candida/dubHniensis/~). The amino acid sequence 

o f the FCAI gene in C. albicans {CaFCAl) was also included for comparison, and 

displayed 97 % identity with the reference CdFCAl sequence.

The CdFCAl amino acid sequences obtained for the nine 5FC-susceptible isolates 

(Table 5.1) are all identical and are indicated as one sequence (9 5FC-susceptible) as are 

the 12 5FC-resistant isolates (Table 5.1) which are also indicated as one sequence (12 

5FC-resistant). Amino acid substitutions between 5FC-susceptible and 5FC-resistant C. 

dubliniensis isolates are indicated in red coloured, bold and underlined typeface.
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Figure 6.4. Structural domains of the cytosine deaminase of S. cerevisiae, and amino acid homology of the 5FC-resistant C. dubliniensis 
isolate SA113 (5FCR C. dubliniensis).
Hydrophobic core residues o f  the cytosine deaminase o f S. cerevisiae are highhghted with a yellow background, and active site residues are 
highlighted with a red background (Ko et al., 2003). A glycine [G] residue (highlighted in green) is present at position 34 o f  the cytosine 
deaminase o f S. cerevisiae. This corresponds to the leucine [L] residue (highlighted in red) at position 29 o f  the 5FCR C. dubliniensis isolate, 
where the Ser29Leu substitution occurs in all 5FC-resistant C. dubliniensis isolates that have been examined to date. Interestingly, a hydrophobic 
alanine (A) residue (highlighted in blue) is present at position 58 in 5. cerevisiae, this residue is closely linked to three active site residues and is 
conserved in C. albicans (see Fig. 6.3), but is replaced by a hydrophilic serine residue at this position in both 5FC-susceptible and 5FC-resistant 
isolates o f C. dubliniensis (Fig. 6.3). The crystal structure o f the cytosine deaminase has been determined (Ko et al., 2003), and presuming that 
structural homology exists between S. cerevisiae and C. dubliniensis, as would be expected from the relative amino acid sequence conservation, 
the Ser29Leu transition occurs in a P strand in close proximity to an active site residue (isoleucine; position 27 in C. dubliniensis) that is 
conserved between the two species.





isolate x>1216 were also transformed with the pNIM 1 cassette containing the GFPl gene 

instead of the CdFCAl gene (Table 6.2).

6.23.2. Susceptibility testing o f  transformants

The 5FC-susceptibilties of the pNIMl-Cc/FC47'^ transformants were

determined using broth microdilution assays using serial dilutions of 5FC from a 

concentration of 0.25 to 128 ^ig/ml. All of the transformants were 5FC-susceptible 

(MIC < 0.25 fig/ml). This experiment was replicated with the addition of the 

tetracycline derivative, doxycycline (DOX) to the RPMI-1640 medium at a final 

concentration o f 15 (xg/ml, in order to induce expression of the pNIMl-CJ7^C47'^ 

cassette (Park & Morschhauser, 2005). All of the DOX-induced transformants remained 

5FC-susceptible (MIC < 0.25 |ig/ml).

The 5FC-susceptibilties of the pN IM l-C t/F O /^  transformants were

determined using broth microdilution assays using serial dilutions of 5FC from a 

concentration of 0.25 to 128 |Jg/ml. All of these transformants were 5FC-resistant (MIC 

> 128 |ig/ml). In contrast, in a parallel series o f experiments replicate broth

microdilution assays were carried out with the addition o f DOX (15 ng/ml) to the 

RPMI-1640 assay medium. This resulted in a dramatic change in the 5FC resistance 

phenotype of these transformants (SA109T1, SA109T2 and SAl 13T1) from being 5FC- 

resistant (MIC> 128 fig/ml) to being 5FC-susceptible (MIC < 0.25 )ig/ml) (Table 6.2). 

Similar results were obtained in separate broth microdilution experiments using DOX at 

a final concentration o f 30 ^ig/ml (Table 6.2).

The control pNIMl-GFP7 transformants were also examined in broth

microdilution assays in the presence and absence of DOX (15 |j.g/ml). The presence or 

absence of DOX in the broth microdilution medium had no effect on 5FC MIC values 

and all the transformant derivatives tested exhibited similar 5FC MIC values to their 

respective parental isolates (Table 6.2). These results strongly suggested that expression
o  c

of the CdFCAl gene by the transformants harbouring the entire pNIMl-Cc/FC^7 

cassette (i.e., SA109T1, SA109T2 and SA113T1; Table 6.2) was responsible for the 

DOX-inducible 5FC susceptibility exhibited by these transformants.

6.3.3.3. Southern hybridisation

Definitive confirmation of the correct integration of the pNlM l-CdFCAl^  and 

pN lM l-G FPi cassettes was achieved by Southern hybridisation (Fig. 6.5).
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Transformant derivatives containing the full and correct integration of the pNIM l- 

CdFCAI cassette resulted in a band of 4.6 kb. A DlG-labelled probe directed towards 

DNA sequence of the cartTA transactivator region of the pNIMl cassette and the AD H l 

locus resulted in bands of 4.6 kb and 5.1 kb from the pNIMl-C^/FC/i7 transformant 

derivatives SA113T1, SA109T1, and SA109T2, as well as from the pNIMl-GF/*7 

control transformant derivatives SA113 pN IM l-G FPlT l, SA109 pN IM l-G FPlT l, 

SA109 pNIM l-GFPlT2 and p7276 pN IM l-G FPlTl (Fig. 6.5A).

A second DIG-labelled probe was directed against the CdFCAl gene in a 

separate hybridisation experiment. Bands of 4.6 kb and 5.1 kb resulted from pNIM l- 

CdFCAl transformant derivatives SA113T1, SA109T1, and SA109T2 (Fig. 6.5B). 

These bands were absent from the pN IM l-G F/’/  control transformant derivatives and 

the parental isolates. The equal size (4.6 kb) of bands produced with both probes 

suggests that the ADHl/cartTA transactivator and CdFCAl sequences are both present 

on the same Hindill digested DNA fragment, confirming the correct integration of the 

pNIMl-Cc/FCyi i and pN IM l-G FP/ cassettes into the transformant derivatives 

SA113T1, SA109T1, and SA109T2 (Fig. 6.5A and B), and SA113 pN IM l-G FPlTl, 

SA109 pN IM l-G FPlTl, SA109 pNIM l-GFPlT2 and p7276 pN IM l-G FPlT l, 

respectively (Fig. 6.5A).

6.3.4. CdFCAl expression analysis

6.3.4.1. Comparative amplification efficiencies.

Real-time PCR primer amplification efficiencies were compared by plotting 

average C j values obtained from replicate amplifications against the concentration of 

input template cDNA, for each primer pair at 0.3 |iM concentrations (Fig. 6.6). Linear 

trendlines were added to each data series, and the slopes of these trendlines were 

obtained (Fig. 6.6). The slope of the line obtained by RTACTl (Table 6.1) primer 

amplification was 0.9639, and the slope of the line obtained by RTFCAl (Table 6.1) 

primer amplification was 0.895. The real-time PCR efficiencies were calculated 

according to the equation E=10^''^*'‘’’’̂ \ where E is the efficiency o f the primer pair 

(Pfaffi, 2001; Schmittgen & Livak, 2008). The RTACTl primer amplification 

efficiency was calculated as 2.6, and the RTFCAl primer amplification efficiency was 

calculated as 2.5. These primer efficiencies are within 10% of each other and therefore 

these primers were used for relative real-time PCR analysis.
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Table 6.2. Susceptibility of C. duhliniensis isolates and pNlM l-FC47/G'FP/ 

transformant derivatives in the presence or absence of DOX

Isolate or 5FC MIC5o(ng/ml)

transformant No DOX DOX (15 ^g/ml) DOX (30 ng/ml)

C. dubliniensis 
clinical isolates 

SA113 > 128 > 128 > 128

SA109 > 128 > 128 > 128

p7276 <0.25 <0.25 <0.25

C. pNIM l- 
CdFCAr 

transformants

p7276Tl <0.25 <0.25 <0.25

p7276T2 <0.25 <0.25 <0.25

p7276T3 <0.25 <0.25 <0.25

C. duhliniensis pNIM l- 
CdFCAl^ transformants

SA109T1 > 128 <0.25 <0.25

SA109T2 > 128 <0.25 <0.25

SA113T1 > 128 <0.25 <0.25

C. duhliniensis pNIM 1 - 
GFPI transformants

SA113-GFP1T1 > 128 > 128 > 128

SA109-GFP1T1 > 128 > 128 > 128

SA109-GFP1T2 > 128 > 128 > 128

p7276-GFPlTl <0.25 <0.25 <0.25



Figure 6.5. Southern hybridisation experiments using //m d lll digested genomic DNA 

and two separate DIG-labelled probes to confirm pNIMl-integration into the ADHl 

locus of C dubliniensis.

Separate hybridisations o f  the individual probes to the DNA of transformant derivatives 

which contained the full and correct integration of the pN lM l-C i/FC ^/ cassette resulted in 

a band of 4.6 kb. The C  dubliniensis type strain CD36 and the two parental isolates 

(SA113 and SA109) were also included in both analyses, as were the pNIMl-GF/*/ 

control transformants. The DIG-labelled probe used in panel A was directed towards DNA 

sequence of the cartTA transactivator region of the pNIMl cassette and the AD H l locus. A 

band of 4.6 kb was formed by hybridisation of this probe to DNA from pNIMl-Ct/FC/1/ 

transformant derivatives SAl 13T1, SA109T1, and SA109T2, as well as from the pNIM l- 

GFP] control transformant derivatives SAl 13 pN IM l-G FPlTl, SAI09 pN IM l-G FPlTl, 

S A l09 pNlM l-GFPIT2 and p7276 pN IM l-G FPlTl (panel A). The DIG-labelled probe 

used in panel B was directed against the CdFCAl gene. A band o f 4.6 kb was formed by 

hybridisation of this probe to DNA from pNIMI-C^/FC^/ transformant derivatives 

SA113T1, SA109T1, and SA109T2 (panel B). The 4.6 kb bands were absent from the 

pN IM l-G F/’7 control transformant derivatives due to the presence of the GFP] ORF 

instead of the CdFCAl ORF. A second band o f 5.1 kb was formed by the pNlMl-Ct/FC/^7 

transformant derivatives SA113T1, SA109T1, and SA109T2 and the pNlM l-GFPl 

transformant derivatives SA113 pN IM l-G FPlT l, SA109 pN IM l-G FPlT l, SA109 

pNIM l-GFPlT2 and p7276 pN IM l-G FPlTl on hybridising to the ADHl/cartTA-directed 

probe (panel A). A band o f similar size was also formed by the pNlM \-CdFCAl 

transformant derivatives SA113T1, SA109T1, and SA109T2 on binding the CdFCAI- 

directed probe. This band was absent in the pNlM l-GFPl derivatives and the parental 

isolates (panel B). The equal size (4.6 kb) of bands produced with both probes suggests 

that the cartTA transactivator and CdFCAl sequences are both present on the same HindiW 

digested DNA fragment, confirming the correct integration o f the pNIMl-Cc/FC/i/ 

cassette into the transformant derivatives SAl 13T1, SAI09T1, and SA109T2.
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Figure 6.6. Amplification efficiencies of reai-time PCR primers directed towards 

the A CTl internal reference gene and the CdFCAl target gene in C. dubliniensis.

A verage C j values were obtained from  three replicates were plotted against a series o f  

DNA dilutions for each prim er pair. A m plification efficiencies were analysed at a 

concentration o f  0.3 (iM for each o f  the forward and reverse prim ers. Standard 

deviations are denoted using error bars. Linear trendlines were added to each o f  the data 

series, and the equations o f  each o f  these trendlines were obtained. The equation o f  the 

R TA C T l trendline is y =  0.9639x+18.713, and the equation o f  the RTFCA l trendline is 

y = 0.8952x+18.713. A m plification efficiencies were calculated according to the slopes 

o f  the trendlines according to the equation £'=10* '̂ ®'°'’®̂, where E is the efficiency o f  the 

prim er pair (Schm ittgen & Livak, 2008).





6.3.4.2. Relative quantitative real-time PCR analysis

A comparison of CdFCAl gene expression by the 5FC-susceptible (Eg204 and 

p7276) and 5FC-resistant (SA113, SA109 and Eg202) isolates and pNIMl-Cc/FC/4/^ 

transformant derivatives SA113T1, SA109T1 and SA109T2 was undertaken following 

exposure to DOX (15 ja.g/ml), or following exposure to DOX (15 (ig/ml) and a sub- 

inhibitory concentration (6.4 ng/ml) of 5FC. The expression of CdFCAl was analysed 

by relative quantitative real-time PCR, normalizing data to ACTl expression as an 

internal control.

In the presence of DOX, the average C t values for the CdFCAl gene were 20.6 

(Standard Deviation; SD 1.0) in the 5FC-resistant isolates, 20.1 (SD 0.6) in the 5FC-
c

susceptible isolates, and 15.5 (SD 0.2) in the p^\M \-C dF C A l transformant derivatives 

(Table 6.3). The average ACj values were calculated by subtraction of average C t 

values of the ACTl gene from those of the target CdFCAl gene. Average values 

obtained were 3.5 (SD 1.0) for the 5FC-resistant isolates, 4.3 (SD 0.4) for the 5FC- 

susceptible isolates, and -0.2 (SD 0.3) for the pNIMl-Ci/FC/47^ transformant 

derivatives (Table 6.3). Relative CdFCAl expression in the presence of DOX and the 

absence of 5FC was analysed by comparison of 2̂ '̂ ^̂  ̂ values for each strain examined 

(Fig. 6.7), and a two-tailed Student’s Mest found no significant difference (p=0.2) in 

CdFCAl expression between 5FC-resistant or 5FC-susceptible isolates. In the presence 

of DOX, the expression o f CdFCAl increased at least 4 fold (range 4.5-25.8) in the 

Tp\<i\y[\-CdFCAl transformant derivatives (SA113T1, SA109T1 and SA109T2) in 

comparison to the parental isolates SAl 13 and SA109. These expression increases were 

all highly significant (p<0.001) according to two-tailed Student’s Mests.

In the presence of DOX and sub-inhibitory concentrations o f 5FC, the average 

Cr values for the CdFCAl gene were 19.45 (SD 0.5) in the 5FC-resistant isolates, 20.11 

(SD 0.3) in the 5FC-susceptible isolates, and 16.3 (SD 0.7) in the pNIMl-Ct/FC.4/^ 

transformant derivatives (Table 6.4). The average ACr values obtained were 4.2 (SD 

0.3) for the 5FC-resistant isolates, 4.3 (SD 0.3) for the 5FC-susceptible isolates, and 0.2 

(SD 0,8) for the pNIMl-Cc/FC47^ transformant derivatives (Table 6.4). Relative 

CdFCA 1 expression levels in the presence of DOX and sub-inhibitory concentrations of 

5FC were also analysed (Fig. 6,8). A two-tailed Student’s r-test found no significant 

difference (p=0.5) in CdFCAl expression between 5FC-resistant or 5FC-susceptible 

isolates in the presence of 5FC. The expression of CdFCAl increased at least 5.2 fold 

(range 5.2-22.3) in the ^'Nl'M.X-CdFCAl transformant derivatives (SA113T1, SA109T1
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and SA109T2) in comparison to the parental isolates SA113 and SA109 due to the 

presence of DOX in the growth medium. These increases were all highly significant 

(p<0.001) according to a two-tailed Student’s /-test.

These results indicate that alterations in CdFCAl expression do not play a 

significant role in mediating 5FC resistance. Upon exposure to 5FC (6.4 ng/ml), 

CdFCAl expression increased significantly (p<0.001) in both the 5FC-susceptible 

isolates (range 14.5-25 fold), and in the 5FC-resistant isolates (range 4-18 fold).
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Table 6.3. Real-time PCR data for 5FC-resistant and 5FC-susceptible isolates and 

pNIMl-C</FC4i^ transformant derivatives grown in the presence of DOX (15 

jig/ml)

Strain^ 5FC-
phenotype*’

Average for 
indicated gene

z lC / (2-ACi)e

ACTl CdFCAl

SA109 5FCR 19.4 21.6 2.2 0.2

SA113 5FCR 15.6 19.8 4.2 0.1

Eg202 5FCR 16.2 20.2 4.0 0.1

p7276 5FCS 16.0 20.6 4.7 0.0

Eg204 5FCS 15.7 19.6 3.9 0.1

SA109T1 DOX/5FCS 15.6 15.4 -0.2 1.1

SAI09 T2 DOX/5FCS 15.6 15.6 0.0 0.1

SA113TI DOX/5FCS 15.8 15.3 -0.5 1.4
-  I . 1  ■ ■  . 1  «  I l - I  I . —  I , —  I I -  ^  ■  l l «  I , 1  ,  I .  »  ^

® 5FC-resistant isolates and 5FC-susceptibIe isolates and pNIMl-Cc/FC^7 transformant 

derivatives analysed in the study.

5FC-phenotypes of clinical isolates and DOX-inducible transformants; 5FCR, 5FC- 

resistant; 5FCS, 5FC-susceptible; D0X/5FCS, 5FC-susceptible in the presence o f DOX, 

Ct is defined as the quantitative end point, i.e., the PCR cycle at which the threshold 

of the reporter dye crosses an arbitrarily placed threshold. Average Ct values were 

obtained from three replicate samples for each strain analysed.

ACt values were calculated by subtraction of average C t values of the internal 

reference ACTl gene from those of the target CdFCAl gene.

e 2-act change in CdFCAl gene expression amongst strains according to

relative real-time PCR analyses.
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Figure 6.7. Relative expression of the CdFCAl gene in C. dubUniensis isolates and 

pNIlVll-CrfFC4/* transformant derivatives grown in the presence of DOX.

Relative CdFCAl gene expression was analysed in 5FC-resistant and 5FC-susceptible 

isolates and pN lM l-C JFC /i/^  transformant derivatives grown in the presence of DOX

CdFCAl expression between 5FC-resistant isolates and 5FC-susccptible isolates, and to 

determine if CdFCAl gene expression was elevated in the pNIM l-CJFC/4/ 

transformant derivatives. Relative gene expression levels o f the 5FC-resistant parental 

isolate SA109 and its resulting pNlM 1-C t/F C /itra n sfo rm a n t derivatives SA109T1 

and SA109T2 are shown in green, the 5FC-resistant parental isolate SA113 and its 

resulting pNIMl-Cc/FC.4/ transformant derivative SA113T1 are shown in yellow. 

Relative gene expression levels o f an additional 5FC-resistant isolate (Eg202) is shown 

in blue, and are displayed in red for the two 5FC-susceptible isolates (p7276 and Eg204) 

also analysed in the study. In the presence o f DOX, the expression of the CdFCA 1 gene 

increased at least 4 fold (range 4.5-25.8) in the pNlMl-CcyFC4/ transformant 

derivatives (SAl 13T1, SA109T1 and SA109T2) in comparison to the parental isolates 

SAl l Band  SA109.

(15 |xg/ml). Strains were analysed by comparison of 2* values in order to compare





Table 6.4. Real-time PCR data for 5FC-resistant and 5FC-susceptible isolates and 

pNIMl-C</FC47^ transformant derivatives grown in the presence of DOX 

(15ng/ml) and sub-inhibitory concentrations of 5FC

Strain^ 5FC-
phenotype^

Average C /  for indicated 
gene

J C t “ (2 -A (^ T )e

ACTl CdFCAl

SA109 5FCR 15.7 19.3 3.6 0.1

SA113 5FCR 15.8 20.1 4.1 0.1

Eg202 5FCR 15.5 19.0 3.5 0.1

p7276 5FCS 15.8 20.3 4.5 0.0

Eg204 5FCS 15.9 19.9 4.0 0.1

SA109T1 D0X/5FCS 17.1 16.8 -0.3 1.3

SA109 T2 D0X/5FCS 15.5 16.7 1.2 0.4

SA113T1

a .

D0X/5FCS 15.8 15.4 -0.4
™  _

1.3
................................' '  —             —I'll  —........   —   ̂      — ..................................................................................................................................................................................................................................................... ....... ........................................................................

® 5FC-resistant isolates and 5FC-susceptible isolates and p\^\M \-CdFCAl transformant 

derivatives analysed in the study.

 ̂ 5FC-phenotypes of clinical isolates and DOX-inducible transformants; 5FCR, 5FC- 

resistant; 5FCS, 5FC-susceptible; D0X/5FCS, 5FC-susceptible in the presence of DOX. 

Ct is defined as the quantitative end point, i.e., the PCR cycle at which the threshold of 

the reporter dye crosses an arbitrarily placed threshold. Average Ct values were 

obtained from three replicate samples for each strain analysed.

ACt values were calculated by subtraction of average C j values of the internal 

reference ACTl gene from those of the target CdFCAl gene.

e fol(j change in CdFCAl expression amongst strains according to relative

real-time PCR analyses.
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Figure 6.8. Relative expression of the CdFCAl  gene in 5FC-resistant and 5FC- 

susceptible isolates and ipNlMl-CdFCAJ^ transformant derivatives grown in the 

presence of DOX and sub-inhibitory concentrations of 5FC.

Relative CdFCAl gene expression was analysed in 5FC-resistant and 5FC-susceptible 

isolates and pNlM 1-Cc/FC.^/^ transformant derivatives grown in the presence o f DOX 

(15 (ig/ml) and a sub-inhibitory concentration o f 5FC (6.4 ng/ml). Strains were analysed 

by comparison o f 2* values in order to compare CdFCAl expression between 5FC- 

resistant isolates and 5FC-susceptible isolates in the presence o f 5FC in addition to 

DOX, and to determine if CdFCAl gene expression was further elevated in the pNIM l- 

CdFCAI^ transformant derivatives in the presence o f 5FC in addition to DOX. Relative 

gene expression levels of the 5FC-resistant parental isolate S A l09 and its resulting 

pNlM l-CJ/^C/4/ transformant derivatives SA109T1 and SA109T2 are shown in green, 

the 5FC-resistant parental isolate SAl 13 and its resulting pN IM l-C t/FC 4/ transfonnant 

derivative SA113T1 are shown in yellow. Relative expression levels o f an additional 

5FC-resistant isolate (Eg202) is shown in blue, and are displayed in red for the two 

5FC-susceptible isolates (p7276 and Eg204) also analysed in the study. In the presence 

o f DOX and 5FC, the expression o f the CdFCAl gene increased at least 5.2 fold (range 

5.2-22.3) in the pNlMl-Cc/FC47 transformant derivatives (SA113T1, SA109T1 and 

SA109T2) in comparison to the parental isolates SAl 13 and S A l09.





6.4. Discussion

Studies of pyrimidine salvage pathways (Fig. 5.1) and 5FC resistance 

mechanisms in yeast species have previously been undertaken with S. cerevisiae 

(Weber et a i,  1990; Erbs et al., 1997; Kurtz et a l,  1999; Paluszynski el al., 2006), C. 

albicans (Whelan & Kerridge, 1984; Erbs et al., 1997; Hope et a i, 2004) and C. 

lusitaniae (Noel et al., 2003; Chapeland-Leclerc et a l, 2005; Papon et a i,  2007). 

Investigations in S. cerevisiae have shown that disruption of the FCY2 or FURl gene 

can play a role in 5FC resistance, but only the FCAl gene is absolutely required for 

mediation of 5FC susceptibility (Paluzynski et al., 2006, 2008). In C. lusitaniae, Papon 

et al. (2006) reported that inactivation of either the FCAl or the FCY2 gene mediates 

5FC resistance (MICs 128 ng/ml and 64 ng/ml, respectively), and promotes 

5FC/fluconazole cross resistance (5FC MIC 4-32 |ag/ml at a constant fluconazole 

concentration of 16 ng/ml) (Noel et al., 2003; Chapeland-Leclerc et al., 2005; Papon et 

a i,  2007). Further analysis has identified a nonsense mutation in the FCY2 gene of 

seven isolates, resulting in a truncated purine-cytosine permease. In addition to this 

finding, a missense mutation (Met9Thr substitution) has been identified in the FCYl 

gene of four clinical C. lusitaniae isolates also exhibiting 5FC and 5FC/fluconazole 

cross resistance (Florent et a i,  2009). In C. albicans, two different research groups 

(Dodgson et a i, 2004; Hope et al., 2004) identified a homozygous ArglOlCys amino 

acid substitution in the F(7/?/-encoded UPRT as the most common cause of high level 

5FC resistance (MICs 8-64 |ig/ml). Isolates that were heterozygous for this substitution 

exhibited reduced 5FC susceptibility (MICs 0.5-1 |ag/ml) (Hope et a i,  2004). 

Furthermore, a homozygous Gly28Asp substitution in the Fcalp was suggested by 

Hope et al. as an alternative method of resistance in a single C, albicans isolate that did 

not harbour the UPRT-associated ArglOlCys substitution (Hope et a l,  2004). Finally, 

Hope et al. (2004) also described a single C. albicans isolate with a Ser29Leu 

substitution in the Fcalp, which exhibited an intermediate level of 5FC resistance 

(MICso 4 |ig/ml). In the light of these previous studies we hypothesised that the C. 

dubliniensis pyrimidine salvage pathway very likely retains structural and functional 

homology with pyrimidine salvage pathways in other Candida species, as C. 

dubliniensis is the closest relative to C. albicans in the genus Candida. Therefore, we 

investigated the Cc/FC/i/-encoded Fcalp (Fig. 5.1) as a possible cause of C.



dubliniensis clade-specific 5FC resistance. Initially broth microdilution assays were 

carried out using both 5FC and 5FU to determine whether the deamination step in the 

5FC metabolic pathway was responsible for 5FC resistance. If the deamination step was 

responsible for 5FC resistance, bypassing its requirement in the metabolic pathway by 

exposing 5FC-resistant cells to 5FU should result in similar 5FC MICs in both 5FC- 

resistant and 5FC-susceptible isolates (see Fig. 5.1). This was shown to be the case, 

(Table 5.1) indicating that the Fcalp  was very likely responsible for clade-specific 5FC 

resistance in C. dubliniensis.

A previous study (A1 Mosaid et a l ,  2005) examined the DNA sequence o f  the 

C dF C A l gene in 4 5FC-resistant isolates and 11 5FC-susceptible isolates in order to 

detect any SNPs which could account for 5FC resistance. The study identified a single 

SNP (position 258; A —> T transversion) that occurred in all four 5FC-resistant isolates 

examined exclusively, but this SNP did not result in an amino acid substitution in the 

Fcalp. In the present study, 12 5FC-resistant isolates and nine 5FC-susceptible isolates 

were examined using a different pair o f  primers (FCAIF/FCAIR) that amplified the 

entire CdF CA l ORF (Table 6.1). The previously reported SNP was not detected using 

these primers, and a further three SNPs were detected amongst the 21 isolates 

examined, one o f  which occurred exclusively in all 12 5FC-resistant isolates examined, 

and resulted in a Ser29Leu substitution. It is possible that the primers used for the 

previous study did not bind as efficiently as the primer pair used in the current study 

during amplification and D N A  sequencing, which may have affected the resulting DNA  

sequence data.

The radical Ser29Leu substitution results in the replacement o f  a hydrophilic 

polar amino acid (Serine) with a hydrophobic non-polar residue (Leucine) in the pi 

strand o f  the Fcalp  enzym e and is closely linked to an active site residue, according to 

the yeast cytosine deaminase structure defined by Ko et al. (2003). This amino acid 

substitution may disrupt the quaternary structure o f  the enzyme, distorting the active site 

and inhibiting the conversion o f  the 5FC prodrug to its toxic form, 5FU. As mentioned 

above, a similar amino acid substitution was reported by Hope et al. (2004) in a single 

C. albicans isolate, however this isolate exhibited intermediate resistance (MIC50 4 

Hg/ml) to 5FC (Hope et a l ,  2004), in comparison to the high levels o f  5FC resistance 

observed in the C. dubliniensis isolates displaying the Ser29Leu substitution in the 

present study. The difference in the levels o f  resistance to 5FC exhibited by the C. 

albicans isolate reported by Hope et al. (2004) and the 5FC-resistant C. dubliniensis
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isolates reported here, ail harbouring the same Ser29Leu substitution in Fcalp , may be 

due to the fact that different 5FC MIC determination methods were used in both studies; 

the EUCAST (2008) method was used for the C  albicans isolates and the CLSI method 

(2002) was used here for C. dubliniensis isolates. Alternatively, differences in CdFCAl 

and FC A l gene expression or post-transcriptional or post-translational modifications 

may be responsible for the differences in the levels o f  resistance to 5FC exhibited by 

isolates harboring the Fcalp  Ser29Leu substitution between the two species.

The F ca lp  encoded by C. albicans displays 60% amino acid identity with that 

o f S. cerevisiae and 97% amino acid identity with that o f 5FC-susceptible (MIC < 0.25 

|ig/ml) C. dubliniensis type strain, CD36. A hydrophobic alanine residue is present at 

position 51 o f the Fcalp  o f C. albicans that is conserved in the Fcalp  o f iS. cerevisiae-, 

this residue is closely linked to three active site residues according to the Fcalp  

structure (Fig. 6.4) defined by Ko et al. (2003). This hydrophobic alanine residue is 

replaced with a hydrophilic serine residue at the corresponding position o f the Fcalp  of 

both 5FC-resistant and 5FC-susceptible isolates o f C. dubliniensis (Figs. 6.3 and 6.4). A 

structural alteration caused by this amino acid variation may alter the intrinsic Fcalp  

activity o f C. dubliniensis, possibly explaining the different 5FC MIC values o f the 

single C  albicans isolate (MIC50 4 f^g/ml) harbouring the Ser29Leu substitution 

reported by Hope et al. (2004) and the clade C3 C. dubliniensis isolates exhibiting high 

level 5FC resistance (MIC50 > 128 |ag/ml) harbouring the Ser29Leu substitution 

described in this study.

In order to obtain direct evidence that the Ser29Leu substitution present in the 

Fcalp  from 5FC-resistant C. dubliniensis isolates was responsible for the 5FC-resistant 

phenotype in these isolates, the gene encoding cytosine deaminase from the 5FC-
0

susceptible C. dubliniensis isolate p7276 {CdFCAl ), which was originally recovered in 

Israel and which lacked the Ser29Leu substitution, was introduced into the A D H l locus 

o f the two separate 5FC-resistant Saudi Arabian isolates SA109 (ITS genotype 3) and 

SA113 (ITS genotype 4) using the tetracycline-inducible cassette, pNIM l (Park & 

Morschhauser, 2005). Three transformant derivatives tested (SA109T1, SA109T2 and 

SAl 13T1) harbouring the complete pN IM l-C t/FC ^/^  cassette integrated into the A D H l 

locus exhibited DOX-inducible 5FC susceptibility on acquisition and expression o f the 

CdFCAl^  gene (Table 6.2). Transformation o f one o f the C dFC A l^  alleles from the 

5FC-resistant isolate SAl 13 into the A D H l locus o f the 5FC-susceptible isolate p7276 

was also carried out using a similar cassette. However, DOX-inducible expression of
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the CdFCAl^ gene did not confer 5FC resistance to intrinsically 5FC-susceptible 

isolates, suggesting that the Ser29Leu substitution is recessive and does not affect the 

5FC-phenotype in the presence of a wild-type allele. The present study suggests that the 

homozygous Ser29Leu substitution in the 5FC-resistant isolates renders the encoded 

Fcalp gene product non-functional, blocking the deamination of 5FC to the toxic 

metabolite 5FU.

No significant difference in CdFCAl expression was detected between the 

5FC-susceptible and the 5FC-resistant C. dubliniensis isolates tested by quantitative real 

time PCR analysis in either the presence (Fig. 6.8) or absence (Fig. 6.7) of sub- 

inhibitory concentrations of 5FC in the growth medium. These results indicated that 

lack of, or reduced CdFCAl expression was not responsible for 5FC resistance in 5FC- 

resistant isolates following exposure to sub-inhibitory concentrations of 5FC, and that 

the Ser29Leu substitution is very likely the sole method of CJ/^C47-mediated 5FC 

resistance in the C. dubliniensis isolates investigated. Previous studies have shown that 

free pyrimidines often present in peptones present in some brands of culture media can 

antagonise the activity of 5FC (Doem et a l, 1986). Antagonism was not observed in the 

present study with YPD-grown cultures used in expression studies. Following the 

addition of a sub-inhibitory concentration of 5FC (i.e., 6.4 ng/ml) to YPD-grown 

cultures, quantitative real-time PCR experiments consistently showed that both 5FC- 

susceptible and 5FC-resistant C. dubliniensis isolates exhibited significant upregulation 

of CdFCAl expression, 14.5-20 fold and 4-18 fold, respectively.

All Cd25 fingerprint Group III C. dubliniensis isolates tested so far exhibit 

high level 5FC resistance, all were originally recovered in Saudi Arabia, Egypt or Israel 

and all belong to MLST clade C3 (Al Mosaid et al., 2005; Chapter 4, this thesis). The 

close genetic relationship shared by these isolates is reflected by identical CdFCAl 

DNA sequences and high level resistance to 5FC. It is highly likely that an identical 

mechanism is used to mediate 5FC resistance in all of these isolates. MLST C3 clade 

(Cd25 fingerprint Group III) C  dubliniensis isolates can be subdivided into ITS 

genotypes 3 and 4 based on the nucleotide sequence o f the ITS region of the rDNA 

operon (Al Mosaid et al., 2005), although clade C3 isolates of both ITS genotypes 

exhibit high level 5FC resistance. In the present study clade C3 C. dubliniensis isolates 

SA109 (ITS genotype 3) and SAI13 (genotype 4) both were transformed with, the 

pNIMl-C<iFC4/^ cassette and both yielded transformant derivatives (SA109T1, 

SA109T2, and SA113T1) that exhibited DOX-inducible 5FC susceptibility. These
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findings support our view that clade-specific 5FC resistance in C. dubliniensis is 

mediated by a common molecular mechanism, i.e., the presence o f  the homozygous 

Ser29Leu substitution in the Fcalp .

This is not the first report o f a clade-specific SNP that has resulted in the 

alteration o f a protein involved in antifungal drug resistance in C  dubliniensis. In 2002 

Moran et al. (2002) reported that 58% of ITS genotype 1 C. dubliniensis isolates (Cd25- 

group I, MLST clade C l)  harboured a TAG nonsense mutation in the CD Rl gene 

encoding an ABC transporter. In C. albicans, upregulation o f CD Rl is the most 

common mechanism o f fluconazole resistance, whereas in C. dubliniensis the most 

common mechanism o f fluconazole resistance involves overexpression o f the M D Rl 

gene encoding a multidrug transporter (Moran et al., 1998). These studies highlight that 

despite the close phylogenetic relationship between C  dubliniensis and C. albicans, 

resistance to particular antifungal drugs can be due to different mechanisms in the two 

species.

In conclusion, the results o f this study demonstrate that presence o f a Ser29Leu 

substitution in the F ca lp  o f C. dubliniensis isolates is responsible for clade-specific 

resistance to 5FC. Isolates belonging to C. dubliniensis clade C3 have only been 

recovered in individuals o f Arab ethnicity in Saudi Arabia, Egypt and Israel (Al Mosaid 

et a l ,  2005). Resistance to 5FC has not yet been reported in C, dubliniensis isolates 

from other countries around the world apart from Kuwait (Pfaller et al., 1999; Ahmad et 

al., 2004; Al Mosaid et al., 2005). In 2004 the recovery o f two 5FC-resistant isolates of 

C. dubliniensis from Kuwait was reported (Ahmad et al., 2004). Due to Kuwait’s close 

proximity to Saudi Arabia, it is likely that these isolates also belong to C. dubliniensis 

MLST clade C3.
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Chapter 7 
General Discussion
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7.1. General Discussion

The present study has offered some insights into the prevalence and population 

structure o f C. dubliniensis. It has demonstrated that the true prevalence o f C. 

dubliniensis can be underestimated when solely using culture-based techniques, and that 

direct PCR analysis o f broth enriched clinical samples is the most reliable method to 

undertake such studies.

The analysis o f the population structure o f  C. dubliniensis using the MLST 

method has offered a reliable alternative to the laborious DNA fingerprinting method 

using the C. dubliniensis-spQcific complex probe Cd25. It has also enabled direct 

comparisons o f the population structure o f C  dubliniensis with its significantly more 

pathogenic relative, C. albicans. Such a comparison has shown that the population 

structure o f C. dubliniensis is significantly less divergent than C. albicans, which 

suggests that C. dubliniensis is less able to adapt to specific host environments than its 

closest relative, perhaps explaining, at least in part, the lower virulence o f C. 

dubliniensis in comparison to C  albicans.

This study also identified for the first time a Ser29Leu substitution in the Fcalp  

o f C. dubliniensis isolates that was responsible for high level 5FC resistance in isolates 

belonging to MLST clade C3 and Cd25 group III.

7.1.1. Prevalence of C. dubliniensis

A combination o f culture- and molecular-based methods was used to stringently 

determine the prevalence o f C. dubliniensis in the normal healthy and 

immunocompromised populations, as well as in avian-excrement-associated samples. 

Similar to results obtained from previous studies, this opportunistic pathogen was 

observed to preferentially colonise immunocompromised individuals in the present 

study, being found to be less prevalent in normal healthy individuals.

A previous study that investigated the prevalence o f C  dubliniensis in the 

normal healthy population and HIV-infected population in South Africa yielded results 

that contradicted the results o f all previous C. dubliniensis prevalence studies (Blignaut 

et a i ,  2003). The authors reported that C. dubliniensis was more prevalent in normal 

healthy individuals than in the HIV-infected patients. It seems very unusual that C. 

dubliniensis preferentially colonises healthy individuals rather than 

immunocompromised individuals, as this species is an opportunistic pathogen. Blignaut
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et al. (2003) suggested that in this region, C. dubliniensis colonisation was influenced 

by race rather than HlV-status. I f  this report is accurate, the increased prevalence o f  C. 

dubliniensis in the normal healthy population in South Africa suggests that C. 

dubliniensis strains in this region are more highly adapted for colonising healthy human 

hosts than isolates recovered from other geographical regions, or, that white individuals 

living in this geographical location are more prone to C. dubliniensis colonisation than 

black individuals. The unusual prevalence rates observed in South Africa have not been 

confirmed to date by any other studies, and it is important that the prevalence o f C. 

dubliniensis in South Africa and other African countries is investigated. It may be 

possible that some racial or ethnic populations are predisposed to C. dubliniensis 

colonisation. Variations in diet or lifestyle amongst different racial or ethnic populations 

living in similar geographical locations may enable such preferential colonisation. 

Specific racial and distinct ethnic groups such as Aboriginal tribes, Inuits, Druze, Jews 

and Arabs merit such investigation, and should be screened along with samples from 

individuals who are not part o f  these groups but who live in the same geographical 

locations. Such studies should use both culture- and molecular-based methods as 

described in this study. Further investigation o f South African C. dubliniensis isolates or 

isolates recovered from specific racial or ethnic groups may also reveal the presence o f 

additional Cd25 fingerprint groups or MLST clades. It is worth noting that Cd25 group 

III was recently identified by Al Mosaid et al. (2005) whilst examining C. dubliniensis 

isolates recovered from individuals o f Arab ethnic origin from the Middle East. Isolates 

belonging to this Cd25 group demonstrate high level 5FC resistance, which has not yet 

been reported in isolates recovered from other geographical regions or ethnic groups.

The recovery o f C. dubliniensis from the surface o f I. uriae (ticks) that were 

living in seabird excrement on a cliff face o f the Great Saltee Island was reported for the 

first time by Nunn et al. (2007) during the course o f the present study. The high C. 

dubliniensis recovery rate reported by Nunn et al. (2007) suggested that the natural host 

o f C. dubliniensis may not be human, and that its natural niche may be the 

gastrointestinal tract o f avian species. A subsequent prevalence study undertaken as part 

o f the present study examined recently deposited seabird excrement and the data 

obtained suggested that this was not the case as only 3/134 (2.2%) samples yielded C. 

dubliniensis. The design o f the C. dubliniensis MLST scheme provided and interesting 

opportunity to investigate the genetic relatedness between C. dubliniensis isolates 

recovered from avian-excrement-associated sources and humans, in order to determine
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if  transmission can occur between birds and humans. The MLST analysis o f isolates 

recovered from humans and avian-excrement-associated samples in Ireland showed that 

all avian-excrement-associated isolates belonged to M LST clade C l, the most 

predominant C. dubliniensis MLST clade, and that isolates recovered from humans and 

avian-excrement-associated samples were very closely related. However, despite the 

close genetic relationship between humans and avian-excrement-associated C. 

dubliniensis isolates, the avian-excrement-associated isolates formed a distinct subgroup 

within this clade using many different clustering techniques. Analyses o f the MTL and 

CDR] loci supported the formation o f this subgroup, as all but one o f the avian- 

excrement-associated isolates were MTL a/a homozygous and contained the 

homozygous TAG polymorphism in the CDRI gene. Together, these data suggested that 

the avian-excrement-associated isolates were highly clonal, despite the recovery of 

isolates from two separate locations which are separated by 150 km. Notably, one o f the 

avian-excrement-associated isolates (AV7) recovered from the campus o f Trinity 

College, Dublin, was indistinguishable from several C. dubliniensis isolates recovered 

from humans. This suggested that transmission o f C. dubliniensis between human and 

avian hosts was possible. In the present prevalence study, all three excrement samples 

which yielded C. dubliniensis were collected on the campus o f Trinity College, Dublin, 

which is an area that is heavily populated with humans, in contrast to the Great Saltee 

Island. It is possible that the seabirds inhabiting the Great Saltee Island came into 

contact with sewage somewhere off the Irish coast and became contaminated with 

human C. dubliniensis isolates, which may explain the greater C. dubliniensis isolate 

yields at this location.

Furthermore, it may be that the natural host o f C. dubliniensis is the /. uriae tick 

rather than the gastrointestinal tract o f seabirds, which would explain the increased C. 

dubliniensis recovery rate at the Great Saltee Island. However, there were no ticks 

present in the C. dubliniensis-positivQ avian-excrement-associated samples recovered in 

Dublin. Further analysis o f such ticks recovered in the absence o f seabird excrement is 

necessary in order to determine this. It may be possible that C. dubliniensis can be 

recovered from soil. However, it is unlikely that soil was the true source o f the avian- 

excrement-associated isolates recovered in the present study. One o f the avian- 

excrement-associated C. dubliniensis isolates included in the present study (AV6) was 

recovered from a nest in Trinity College Dublin, and another such isolate (AV5) was 

recovered directly from a gull.

125



7.1.2. Population structure analysis of C  dubliniensis

Advances in DNA sequencing technology in recent years have led to the 

development o f MLST, which has been shown to be a reliable and reproducible 

alternative method to DNA fingerprinting using complex probes for investigating 

population structure and epidemiology of many Candida species (Bougnoux et a l,  

2002; Dodgson et a l, 2003; Robles et a l,  2004; Tavanti et a l,  2005a, 2005b) despite 

originally being developed for use in bacterial species. In the present study, MLST was 

investigated as an alternative method for population structure analysis o f C. 

dubliniensis.

The population structure o f C. dubliniensis as defined by MLST (scheme D; 

Chapter 4, this thesis) correlated well with that defined by the Cd25 fingerprinting 

probe (Fig. 1.2), identifying the presence of three main clades. All isolates identified as 

ITS genotype 1 grouped in Cd25 group I or to MLST clade C l, (Joly et al., 1999; Gee 

et a l,  2002; Al Mosaid et a l, 2005; Chapter 4, this thesis). Isolates identified as ITS 

genotype 2 belonged to Cd25 group II (Al Mosaid et a l, 2005). These ITS genotype 2 

isolates were found to belong to MLST clade C2 (Chapter 4, this thesis), however 

previously identified ITS genotype 3 isolates belonging to Cd25 group II (Al Mosaid et 

a l, 2005) were regrouped to clade C3 using the MLST method (Chapter 4, this thesis). 

Isolates previously identified as ITS genotypes 3 or 4 that were recovered in the Middle 

East belonged to Cd25 group III. Similarly, these isolates belonged to MLST clade C3 

(Chapter 4, this thesis).

The Cd25 fingerprinting, ITS genotype determination and MLST methods 

showed a good degree o f correlation. These three different techniques are distinct from 

each other in the manner in which they assess the population structure of C. 

dubliniensis. The Cd25 fingerprinting method determines genetic relatedness according 

to the dispersion of species-specific, repetitive DNA sequences which are dispersed 

throughout the C. dubliniensis genome. ITS genotype determination is based on the 

nucleotide sequence of the ITS region of the rRNA operon, and MLST examines the 

abundance of SNPs in eight housekeeping genes. Why is the population structure of C. 

dubliniensis so robust, showing only slight variation when using different analytical 

techniques? It is most likely due to the clonal nature of C. dubliniensis evolution. 

Isolates belonging to each Cd25 group, ITS genotype or MLST clade are highly related 

to each other in every aspect of genomic analysis. Gee et al. (2002) reported that Cd25
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group definition could be supported by electrophoretic karyotype analysis. All 23 Cd25 

group II isolates examined by Gee et al. (2002) contained a chromosome-sized DNA 

band o f approximately 1.7 Mb present in their karyotype profiles. This band was absent 

in all but five o f 65 Cd25 group I isolates examined in the same study. The main 

difference between these methods o f population structure analyses lies in the different 

discriminatory powers o f each. The discriminatory power o f the C. dubliniensis MLST 

scheme is lower than that o f the Cd25 fingerprinting method, but is higher than that o f 

the ITS genotyping method. However, ITS genotype determination can be easily 

combined with either MLST data or Cd25 fingerprinting to yield more information on 

the genetic reiatedness o f isolates within each MLST clade or Cd25 group.

In addition to the ability o f MLST to define the population structure o f  C  

dubliniensis, the high level o f sequence homology (90%) shared by C. albicans and C. 

dubliniensis enabled the application o f an identical M LST scheme to both C. albicans 

and C. dubliniensis as a method o f comparative population structure analysis, and to 

assess the evolutionary relatedness o f the two species (Fig. 4.2). Comparative 

population structure analysis revealed that the C. albicans MLST clades were 

significantly more divergent than those o f C. dubliniensis (Fig. 4.2), exhibiting 

significantly higher levels o f sequence variation and sites o f heterozygosity. The lower 

levels o f sequence variation observed in C. dubliniensis in comparison to C. albicans 

may be a result o f the significantly smaller number o f  C. dubliniensis isolates 

investigated in the present study in comparison to C. albicans isolates. However, the C. 

dubliniensis isolates investigated in the present study were recovered from a wide range 

o f geographical locations around the world (Fig. 3.1), and included isolates recovered 

from normal healthy individuals, and HIV-infected individuals, as well as from patients 

with cystic fibrosis, malignancies, diabetes, AIDS, or who were taking systemic 

steroids. C. dubliniensis isolates included in the study were also recovered from a broad 

range o f anatomical sites, and 14 isolates included were recovered from avian- 

excrement-associated samples. These findings suggest that the population structure o f 

C. dubliniensis is truly less divergent than that o f C. albicans, despite both species 

evolving from a common ancestor. In order to investigate this hypothesis further, 

isolates o f C. dubliniensis recovered in Africa, Scandinavia, Iceland, New Zealand and 

Asia should be investigated by MLST, as these geographical region have not been well 

represented in the present analysis (Fig. 3.1) and may possibly reveal the presence o f
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additional C. dubliniensis clades. Similarly, the inclusion o f isolates from distinct racial 

and ethnic populations may also reveal the presence o f  additional subpopulations.

Previous population studies o f C. albicans using the species-specific complex 

DNA fingerprinting probe Ca3 or using MLST have revealed the enrichment o f certain 

clades with isolates from specific geographical locations (Blignaut et al., 2002; Odds et 

a i ,  2007). C. dubliniensis isolates belonging to MLST clade C3 or Cd25 group III were 

all recovered from individuals o f Arab ethnic origin in the Middle East, suggesting an 

enrichment o f clade C3 or Cd25 group III among isolates recovered from this 

geographical location and/or from humans o f Arab ethnicity. In fact, no isolates 

belonging to this clade have been recovered from regions outside o f  the Middle East to 

date. All o f the isolates belonging to Cd25 group III are ITS genotypes 3 or 4, and most 

exhibit high level intrinsic resistance to the antifungal agent 5FC (Al Mosaid et al., 

2005). Even the nature o f clade-specific 5FC resistance displays more divergence in C. 

albicans than in C. dubliniensis due to the appearance o f reduced 5FC susceptibilities in 

more than one C. albicans MLST clade (Pujol et a i ,  2004; Odds et al., 2007), and the 

variation in C. albicans MIC values from reduced 5FC susceptibility to high level 5FC 

resistance (Dodgson et al., 2004; Hope et al., 2004).

7.1.3. Clade-specific 5FC resistance in C  dubliniensis

The population structure analysis o f C. dubliniensis has also offered some 

insights into the molecular mechanism(s) o f 5FC resistance in the species. Due to the 

close genetic relatedness o f clade C3 5FC-resistant isolates, the identical high MIC 

values exhibited by all 5FC-resistant isolates, the recovery o f all such isolates in the 

Middle East and the clonal nature o f C. dubliniensis reproduction, it was hypothesised 

that an identical molecular mechanism was used by all clade C3 C. dubliniensis isolates 

to mediate 5FC resistance.

Although the most common mechanism o f 5FC resistance in C. albicans has 

been reported to be the A rglO lCys amino acid substitution in the UPRT, other amino 

acid substitutions in the Fcalp  have also been associated with 5FC resistance in isolates 

which lack the A rglO lCys substitution (Dodgson et a i ,  2004; Hope et al., 2004). This 

contrasts with the clade-specific 5FC resistance o f C. dubliniensis, o f which all 5FC- 

resistant isolates examined to date belong to the same clade (Cd25group III or MLST 

clade C3), exhibit identical 5FC MICs, and contain the Ser29Leu substitution in the 

Fcalp. The Ser29Leu substitution was the only difference in the Fcalp  between 12
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5FC-resistant isolates and nine 5FC-susceptible isolates. Transformation of the 

C dFC A l^  gene from the 5FC-resistant isolate SA l 13 into the A D H I  locus o f the 5FC- 

susceptible isolate p7276 using the tetracycline-inducible expression plasmid pNIM l 

had no effect on the recipient isolate. In the presence o f DOX, p7276 remained 5FC- 

susceptible, despite having a copy o f the highly expressed C d F C A f' gene. 

Transformation o f the CdFCAl^ gene from the 5FC-susceptible isolate p7276 into the 

AD H I locus o f the 5FC-resistant isolates SA113 and SA109 using the same plasmid 

demonstrated that the 5FC-resistant phenotype o f the transformant derivatives o f SAl 13 

and S A l09 could be controlled by the presence or absence o f DOX in the growth 

media. This demonstrated that 5FC resistance was mediated solely by the CdFCAl 

gene, as acquisition and expression o f a functional CdFCAl^  gene mediates 5FC 

susceptibility. The present study demonstrates that the Ser29Leu substitution is a 

recessive mechanism o f 5FC resistance, i.e., it must occur in both alleles o f the CdFCAl 

gene in order to result in high level 5FC resistance. Site directed mutagenesis could 

have been used as an alternative method to demonstrate the recessive nature o f the 

Ser29Leu substitution. Using this method, conversion o f one o f the TTA codons in the 

C dFC A l^  gene o f a 5FC-resistant isolate to a TCA codon would most likely result in 

total or reduced 5FC susceptibility.

Quantitative real-time PCR analysis demonstrated no significant difference in 

CdFCAl expression between 5FC-resistant and 5FC-susceptible isolates, suggesting 

that the Ser29Leu substitution was the sole cause o f 5FC resistance in these isolates. 

The present study suggests that the homozygous Ser29Leu substitution distorts the 

active site of the dimeric Fcalp , rendering it non-functional and thus blocking the 

deamination o f 5FC to the toxic metabolite 5FU.

The Ser29Leu substitution appears to offer no obvious advantage to the Cd25 

group III or MLST clade C3 isolates from the Middle East, as 5FC is not used in 

clinical settings. It is more likely that a conserved amino acid substitution occurring in 

the CdFCAl gene o f  these isolates coincidentally gives rise to 5FC resistance, rather 

than an evolutionary adaptation o f these isolates to survive in the presence o f 5FC 

during clinical treatment. This is not the first report o f a clade-specific SNP that has 

resulted in the alteration of a protein involved in antifungal resistance in C. dubliniensis. 

Moran et al. (2002) reported a TAG polymorphism that occurred in the CdCD Rl gene 

o f 58% o f ITS genotype 1 C. dubliniensis isolates, resulting in a truncated C dC D R l- 

encoded ABC transporter. Restoration o f this SNP to a TAT codon in the CdCDRl gene
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conferred the ability to mediate resistance to muhiple drugs (Moran et a i, 2002). The 

Ser29Leu substitution in Fcalp and the TAG polymorphism in CdCDRl is a reflection 

of the relatively large numbers of pseudogenes found in the C. dubliniensis genome 

(115 in the genome of the type strain CDS6 which has been sequenced) 

(http://ww'Av.sanqer.ac.uk/sequencing/Candida/dubliniensis/). relative to C. albicans (8 

pseudogenes in strain SC5314) (http://w'ww.candida2enome.oro/) (Jackson et a l ,  2009).

7.1.4. Future directions in C. dubliniensis research

A thorough and widespread C. dubliniensis prevalence study is still lacking to 

date in comparison to C  albicans. In-depth analyses of a wide range of anatomical sites 

in both the normal healthy population and a wider range of immunocompromised 

patients should be carried out enabling the determination of the true niche of this 

species in humans. Investigation of the prevalence of C. dubliniensis in specific racial 

and distinct ethnic groups should also be carried out. Furthermore, a more widespread 

analysis o f the prevalence of C. dubliniensis in non-human sources is needed. Such a 

study should screen botanical, avian, reptilian, amphibian and non-human mammalian 

sources in order to definitively determine if the true host of this species is human.

Any isolates that are recovered from these studies should be investigate by 

MLST in order to identify the presence of any further MLST clades. The enrichment of 

MLST clade 4 with C. albicans isolates from South Africa (Odds et a l,  2007) and the 

unusual C. dubliniensis prevalence rates reported from the same continent (Blignaut et 

al., 2002) suggests that isolates recovered from South Africa may be genetically distinct 

from those recovered elsewhere. It is therefore, very important that C  dubliniensis 

isolates from this geographical region are investigated using MLST in order to 

accurately determine the true population structure of this species.

The C. dubliniensis MLST scheme recommended by the present study is not as 

discriminatory as the Cd25 fingerprinting method, or as the C  albicans MLST method. 

In order to maximise the discriminatory power of this method, perhaps some of the 

MLST loci which show lower levels of nucleotide sequence divergence should be 

substituted with loci that show more variation. For example, the present study noted 

high levels of SNPs in the CdFCY2l-CdFCY24 genes (Chapter 5, this thesis). Recently, 

a study by Jackson et al. (2009) reported that the C. dubliniensis genome is less 

polymorphic than that of C. albicans, and that the C. dubliniensis chromosome 6 

contained the highest frequency o f SNPs. In the recommended C. dubliniensis MLST
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scheme, only the ALAI locus is located on chromosome 6, and the addition o f a second 

locus from the same scheme might lend a higher discriminatory power to the C  

dubliniensis MLST method. Another possibility is to supplement the recommended C. 

dubliniensis MLST scheme with microsatellite length polymorphism analysis, which 

has been shown a similar discriminatory ability to MLST in C. albicans (Garcia- 

Hermoso et al., 2007).

A recent phylogenetic study o f 42 complete fungal genomes has hinted that C. 

tropicalis is most likely the ancestor o f  both C. albicans and C. dubliniensis (Fitzpatrick 

et a l ,  2006). According to the present comparative population structure analysis 

(Chapter 4, this thesis), it could be suggested that C. dubliniensis has evolved from its 

ancestor more recently than C. albicans has. This would explain why the population 

structure o f C. dubliniensis is considerably less divergent than that o f C. albicans, as C. 

dubliniensis may have had less time to evolve and diversify. However, the recent study 

by Jackson et al. (2009) has shown that since evolving from their common ancestor, C. 

albicans has expanded its genetic repertoire o f certain gene families such as the SAPs, 

whereas C. dubliniensis has experienced reductive evolution, undergoing gene deletion 

and pseudogenisation (Jackson et al., 2009). It appears that C. albicans is evolving to be 

more pathogenic, whereas C. dubliniensis is shedding many o f the genes that associated 

with Candida pathogenicity in humans. It may be possible that while C. albicans is 

adapting to become a more successful human commensal and opportunistic pathogen, 

C. dubliniensis is adapting to become a successful environmental species. It has been 

previously shown that C  dubliniensis can produce chlamydospores more readily and 

abundantly than C. albicans in certain conditions (Gilfillan et al., 1998; Staib & 

Morchauser, 1999; Al Mosaid et al., 2003; Khan et a l ,  2004), and it is worth noting that 

in most o f these conditions rely on the aqueous extract o f various plant seeds or leaves.
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The pathogenic yeast Candida dubliniensis is phylogenetically very closely related to Candida albicans, 
and both species share many phenotypic and genetic characteristics. DNA tingerprinting using the 
species-specific probe Cd25 and sequence analysis o f the internal transcribed spacer (ITS) region o f the 
ribosomal gene cluster previously showed that C. dubliniensis is com prised o f three major clades com 
prising four d istinct ITS genotypes. M ultilocus sequence typing (M LST) has been shown to be very useful 
for investigating the epidem iology and population biology o f C. albicans and has identified many distinct 
major and minor clades. In the present study, we used MLST to investigate the population structure o f C. 
duhiiniensis for the first tim e. C om binations of 10 loci previously tested for MLST analysis o f C. albicans 
were assessed  for their discrim inatory ability with 50 epidem iologically unrelated C. dubliniensis isolates 
from diverse geographic locations, including representative isolates from the previously identified three 
Cd25-defined major clades and the four ITS genotypes. Dendrogram s created by using the unweighted pair 
group method with arithm etic averages that were generated using the data from all 10 loci revealed a 
population structure which supports that previously suggested by DNA fingerprinting and ITS genotyping.
The MLST data revealed significantly less divergence within the C. dubliniensis population examined than 
within the C. albicans population. These findings show that MLST can be used as an informative 
alternative strategy for investigating the population structure o f C. dubliniensis. On the basis o f the highest 
number of genotypes per variable base, we recomm end the following eight loci for MLST analysis o f C. 
dubliniensis: C dA A T Ib , C dA C C I, C dA D P I, C dM P Ib, C dRPN 2, C dSY A I, t\C A V P S I3 , and exC dZW F lb , 
where “Cd” indicates C. dubliniensis and “ex” indicates extended sequence.

Candida dubliniensis is a pathogenic yeast species that is 
phenotypically, genetically, and phylogenetically very closely 
related  to  Candida albicans, the yeast species m ost comm only 
associated with infection in hum ans (49, 51). D espite their 
close relationship, C. albicans is significantly m ore pathogenic 
(49, 50). C. dubliniensis is most comm only associated with oral 
carriage and infection in hum an im m unodeficiency virus 
(H lV )-infected  and diabetic patients, although it has been 
identified as a minor constituent o f the com m ensal floras in the 
oral cavities o f healthy individuals (40, 49, 50). A lthough C. 
dubliniensis has also been recovered from patients with sys
tem ic infections, its incidence is far lower than  tha t o f C. 
albicans. W hile the la tter is responsible for 40 to 60% o f cases 
o f candidem ia, C. dubliniensis has been identified in only 1 to

• Corresponding author. Mailing address: Microbiology Research 
Unit, Division of Oral Biosciences, Dublin Dental School & Hospital, 
Trinity College—Dublin, Dublin 2, Republic of Ireland. Phone: 353 I 
6127276. Fax: 353 1 6127295. E-mail: dcoleman@ dental.tcd.ie.

t  Supplemental material for this article may be found at http:// 
jcm.asm.org/.

’ Published ahead of print on 5 December 2007.

2% o f blood culture yeast sam ples (11, 15, 27, 29-31). These 
epidem iological data  are  reflected in the results o f anim al 
infection m odel studies that dem onstrated  that C. albicans is 
significantly m ore pathogenic than C. dubliniensis (22, 47, 56). 
The reasons for the lower virulence o f C  dubliniensis relative 
to  that o f C. albicans have not been investigated in detail; 
however, recently published data  showed that C. dubliniensis 
has a reduced capacity to  produce hyphae that results in lower 
levels o f colonization and tissue invasion (47).

In o rder to be able to perform  m eaningful and informative 
epidem iological studies o f Candida isolates, it is essential to be 
able to discrim inate betw een unrelated  strains o f the species o f 
interest. Ideally, strain differentiation m ethods should be 
highly discrim inatory, reproducible, and suitable for the anal
ysis o f large num bers o f isolates. To date , D N A  fingerprinting 
using the species-specific, sem irepetitive-sequence-containing 
D N A  probe Cd25 has been the most widely applied and infor
mative tool used for C  dubliniensis epidem iology and popula
tion analysis. W hen first developed, da ta  generated  using this 
probe showed that C. dubliniensis is com prised o f two distinc
tive m ajor clades, term ed Cd25 fingerprint groups I and II (21,

652
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26). Cd25 group I isolates are all closely related, with an av
erage similarity coefficient value of approximately 0.8
(range, 0.8 to 0.86), where A and B represent two different 
strains. These isolates comprise the majority of isolates inves
tigated to date recovered in many countries around the world, 
mainly from HIV-infected individuals (4, 21, 26). Furtherm ore, 
sequence analysis of the internally transcribed spacer (ITS) 
region of the rRNA gene cluster revealed that Cd25 group I 
isolates consist of a single ITS genotype: ITS genotype 1 (21). 
In contrast, Cd25 group II isolates are more diverse, with an 
average value of 0.52 (range, 0.07 to 0.67) (4), and consist 
of three separate ITS genotypes (ITS genotypes 2 to 4), which 
correspond to distinct subclades within the Cd25 group II 
fingerprinting clade (21). More recently, a third major clade, 
termed Cd25 group III, was identified among isolates from 
Egypt and Saudi Arabia and displayed an average 5^,, value of 
0.35 (range, 0.16 to 0.54) (4). The DNA fingerprints of Cd25 
group III isolates are very distinctive relative to those of iso
lates from Cd25 groups I and II, and ITS sequence analysis 
revealed that they belong to ITS genotypes 3 and 4 (4). All 
Cd25 group III isolates examined to date exhibit resistance to 
5-flucytosine (4).

DNA fingerprinting analysis of large numbers of C. albicans 
isolates using the species-specific, repetitive-sequence-contain- 
ing Ca3 probe has dem onstrated that the population structure 
of the species is complex, with five major clades, some of which 
appear to be associated with specific geographic locations (6, 
42, 46). In comparison, the population structure of C. dublini- 
ensis determined with the Cd25 probe is significantly less com
plex (4, 21, 26). Although DNA fingerprinting has been shown 
to be a very useful tool in the molecular epidemiological anal
ysis of C  albicans and C. dubliniensis populations, it is time- 
consuming, expensive, and not conducive to interlaboratory 
comparisons. There are many other molecular strain-typing 
techniques that have been applied to the analysis of Candida 
species (e.g., karyotyping and randomly amplified polymorphic 
DNA fingerprinting, etc. [45]). However, all of these m ethod
ologies also suffer from drawbacks, particularly in relation to 
reproducibility. In the late 1990s, multilocus sequence typing 
(MLST), a technique based on the nucleotide sequence anal
ysis of a set of housekeeping genes, was developed for the 
population analysis of several bacterial species (28). This tech
nique has also been applied to the analysis o f the diploid yeast 
C. albicans (9,10, 54) and to other Candida species (17, 25, 53). 
In 2002, Bougnoux et al. identified six housekeeping gene loci 
that allowed accurate and reproducible discrimination between 
unrelated C. albicans isolates (9). A study by Tavanti et al. used 
four of these loci and a further four loci and also showed high 
levels of discrimination (54). These two groups of researchers 
subsequently revised the combination of loci used in the MLST 
analysis of C. albicans, aiming to identify the minimum number 
of loci required to maintain the high discriminatory standard of 
the scheme (10). An agreed consensus scheme between the 
different laboratories examined seven loci, A A T la , A C C l, 
A D P l, MPlb, SY A I, VPSI3, and ZW FIb, and allowed the ap
plication of MLST to the analysis of C. albicans epidemiology 
and population structure (7-9, 16, 36, 52). MLST analysis has 
since been dem onstrated to be as sensitive as DNA fingerprint
ing (43), and due to the nature of the data (i.e., DNA se
quences of specific loci), these can be used to create a large

database generated by multiple laboratories (7). In the case oi 
C. albicans, it has also been shown that the strain groupings 
identified by MLST correlate with clades of C. albicans organ
isms identified using the species-specific DNA fingerprinting 
probe Ca3 (52). When applied to specific epidemiological stud
ies, the use of MLST has identified intrafamilial transmission 
of C. albicans from the human digestive tract, strain mainte
nance, replacement, and microevolution (8).

The purpose of the present study was to determine the 
usefulness of MLST for investigating the epidemiology and 
population structure of C  dubliniensis. In addition, we hypoth
esized that if the same set o f MLST loci currently used for C. 
albicans could be applied to the analysis of C. dubliniensis, then 
comparative sequence data could be used to provide valuable 
information concerning the evolutionary relatedness of the two 
species.

MATERIAUS AND METHODS

C  dubliniensis isolates. The 50 epidemiologically unrelated C  dubliniensis 
isolates used in this study are shown in Table 1. Isolates were selected from 
diverse geographical locations and included representatives o f the three G125 
major fingerprinting clades and all four ITS genotypes. The majority of the 
isolates studied have been described previously; however, a number of new 
clinical isolates were also included (Table I). These new isolates were initially 
presumptively identified on the basis of dark-green colony coloration on Candida- 
selective chromogenic agar (Oxoid Ltd., Hampshire, United Kingdom) and on 
the basis of hyphal fringe production on Pal’s agar after 48 h of growth at 30°C 
as described by Al Mosaid et al. (3). The identities of presumptive C  dubliniensis 
isolates were further confirmed using the API ID 32C yeast identification system 
(bioMerieux, Paris, France) (37). Definitive identification of C. dubliniensis was 
confirmed by PCR using primers specific for the Cd/JCr/'associated intron as 
described previously (18).

Isolates were routinely cultured on potato dextrose agar (Oxoid) medium, pH 
5.6, at 37®C. Liquid cultures were grown overnight in yeast extracl-peptone' 
dextrose broth at 37®C in an orbital incubator (Gallenkamp, I>eicesier, United 
Kingdom) at 200 rpm.

C. albicans isolates. A  selection of 50 C. albicans isolates (Table 2) was 
chosen lo  represent a range of the 17 MLST clades recently described by 
Odds et al. (35). Sequence data for each o f the 50 C  albicans isolates were 
available at http://testLmlst.net/ for the seven collaborative consensus MLST 
loci, A A T la . A C C l, A D P l, MPIb, SYAL VPS 13, and ZW Flb  (35), and at 
http://calbicans.mlst.net/ for the RPN2 locus (9). All locus sequences were 
treated in a manner identical to that used for the C. dubliniensis sequence 
data, as described below.

Chemicals^ enzymes, and oligonucleotides, Analytical-grade or molecular 
biology-grade chemicals were purchased from Sigma-AJdrich Ireland Ltd. (Tal- 
laght, Dublin, Ireland) or Fisher Scientific Ltd. (Loughborough, United King
dom). Enzymes were purchased from the Promega Corporation (Madison, WI) 
or New England Biolabs Inc. (Beverly MA) and used according to the manufac
turers' instructions. Custom-synthesized oligonucleotides were purchased from 
Sigma Genosys Biotechnologies Europe Ltd. (Pampisford, Cambridgeshire, 
United Kingdom).

C. dubliniensis DNA isolation. Isolates were grown overnight in 5 ml of yeast 
extract-peptone-dextrose broth, and cells from 1.5 ml o f culture were har/ested 
by centrifugation. DNA was extracted from the cells as described by Gallagher et
al. (20).

Genotyping of C. dubliniensis. Template DNA was tested in separate PCR 
amplification experiments with each of the primer pairs G IF/G IR, G2F/G2R. 
G3F/G3R, and G4F/G4R to identify the ITS genotype of the isolate (21). 
Genotypes are ascribed based on the nucleotide sequences o f the ITSl and 
ITS2 regions and o f the intervening 5.8S rRNA gene (57). Template DNAs 
from the four reference C  dubliniensis isolates (CD36, genotype 1; Can4, 
genotype 2; CD519, genotype 3, and p7718, genotype 4) previously described 
by Gee et al. (21) were used in control amplification reactions. Each PCR was 
carried out with one pair o f ITS genotype-specific primers and the universal 
fungal primers RNAF/RNAR (19), which amplify approximately 610 bp from 
all fungal large-subunit rRNA genes and were used as an internal positive 
control. Genotyping experiments were performed on a minimum of two



654 McMANUS ET AL. J . C l in . M ic r o h io l .

TABLE 1. C  dubliniensis isolates investigated by MLST analysis‘s

Isolate Country of origin Yr of 
isolation

Underlying patient 
condition Sample MLST

clade"
ITS

genotype
Cd25

fingerprint
group

Reference(s) or 
source

CD36" Ireland 1988 HIV pos Oral 1 1 I 21, 51
CD06033'’ Ireland 2006 CF Sputum 1 1 ND This study
CD06031 Ireland 2006 CF Sputum 1 1 ND This study
CD060213 Ireland 2006 CF Sputum 1 1 ND This study
CD06041 Ireland 2006 CF Sputum 1 1 ND This study
CD06038'’ Ireland 2006 CF Sputum 1 1 ND This study
CD06045 Ireland 2006 CF Sputum I 1 ND This study
CD06037'’ Ireland 2006 CF Sputum 2 2 ND This study
CD06036'’ Ireland 2006 CF Sputum 2 2 ND This study
CD060215'’ Ireland 2006 CF Sputum 3 3 ND This study
€0604* France 2000 HIV asymptomatic Throat 1 1 ND This study
€0603" France 2000 HIV asymptomatic Throat 1 1 ND This study
CMl* Australia 1991 HIV pos Oral 1 1 I 21, 51
SA105 Saudi Arabia 2002 Diabetes Oral 1 1 I 4
SA115 Saudi Arabia 2002 Diabetes Oral 1 1 I 4
SA116 Saudi Arabia 2002 Diabetes Oral 1 1 I 4
SA108'’ Saudi Arabia 2002 Diabetes Oral 3 3 III 4
SAKX/' Saudi Arabia 2002 Leukemia Oral 3 3 III 4
SA121'’ Saudi Arabia 2002 S/P renal tx Oral 3 4 III 4
Eg202 Egypt 2002 Cancer Oral 3 4 III 4
Eg203 Egypt 2002 Cancer Oral 1 1 I 4
Eg204 Egypt 2002 Cancer Oral 1 1 I 4
Eg207 Egypt 2002 Diabetes Oral 3 4 III 4
p6785'’ Israel 1999 HIV neg Urine 3 3 II 4, 39
p7276'’ Israel 1999 HIV neg Respiratory tract 3 3 II 4
p7718 Israel 1999 HIV neg Wound 3 4 III 4, 21
CD71 Argentina 1994 HIV pos Oral 1 1 I 21, 48
CD98923 India 1998 HIV pos Oral 1 1 I 2
B1324 United States 1998 NA Tongue 1 1 ND This study
B341 United States 1998 NA Throat 1 1 ND This study
PM6-2 Chile 2006 NA NA 1 1 ND This study
P2 Switzerland 1993 HIV pos Oral 1 1 I 4, 21
1504 Slovakia 2005 NA Tonsular swab 1 1 ND 32
8882 Slovakia 2005 Congenital

hydrocephalus
Tonsular swab 1 1 ND 32

9097 Slovakia 2005 Leukemia Tonsular swab 1 1 ND 32
966/3(1)'’ Slovakia 2005 NA Sputum 1 1 ND 32
966/3(2) Slovakia 2005 NA Sputum 1 1 ND 32
CCY29-177-1 Slovakia 2005 Pelvic organ 

inflammation
Cervical swab 1 1 ND 32

MLNIH0479 Thailand 2005 Leukemia Blood 1 1 ND 13
MLN1H0720 Thailand 2005 TB, anemia, 

diabetes
Oral 1 1 ND 13

49831 Japan 2005 Anemia Sputum 2 2 ND 13
1FM49883 Japan 2005 NA NA 2 2 ND 13
1FM0492 Thailand 2005 Cancer Blood 1 1 ND 13
IFM49832 Japan 2005 Diabetes Sputum 1 1 ND 13
Can4 Canada 1996 HIV pos Oral 2 2 II 21, 38
CD539 United Kingdom 1994 AIDS Oral 2 2 II 21, 38
CBS2747 The Netherlands 1952 HIV neg Sputum 2 2 II 21, 31
CDS 14 Ireland 1995 HIV neg Oral 3 3 II 21
CD519 Ireland 1997 AIDS Oral 3 3 II 21
CD75004 United Kingdom 1975 Diabetes Oral 2 2 II 21, 38

" MLST clades assigned in the present study.
^ Isolate included in assessment of sequence stability and MLST reproducibility.

HIV pos, HIV infected; HIV neg, HIV negative; CF, cystic fibrosis; S/P renal tx, stage post-renal transplantation; NA, not available; TB, tuberculosis; ND, not 
determined.

occasions, with each isolate being tested with separately prepared  C. dublini
ensis tem plate DNA.

Selection of loci for MLST analysis. Due to the high level of sequence ho
mology between the majority of C  albicans and C. dubliniensis open reading 
frames (33), all loci previously examined for the purpose of M LST analysis in C  
albicans were also investigated for their potential use with C. dubliniensis. The 
usefulness of the six genes in C. albicans examined as described by Bougnoux et 
ai. (9) (i.e., A C C l, VPS13, G LN4. A D P L RPN2 and and the additional

four loci described by Tavanti et al. (54) { \.^ .,A A T ia ,A A T lb , MPIb, and Z W F lb) 
was assessed. The C  albicans MLST locus sequences were used in separate 
BLAST searches against the C. dubliniensis genome sequence database (the 
W ellcome Trust Sanger Institute C. dubliniensis genome sequence project, http: 
//www.sanger.ac.uk/sequencing/Candida/dubliniensis/). For each MLST locus, 
sequences were aligned using the CLUSTAL W sequence alignment computer 
program (55), and the C  albicans prim er binding regions were identified in the 
alignment. Any nucleotide differences in the prim er binding regions between the
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TABLE 2. Candida albicans isolates used in the MLST study

Iso la te M L S T  clade" R e fe r en ce

APRHCRCl 4 35
APRURC3 6 35
APRURM3 1 35
APRURM6 9 35
APRURM7 10 35
BCHURCIO 10 35
BCHURC15 11 35
BCHURS24 S 35
BCHURS9 4 35
CCHHCRM ll 4 35
CCHHCRM4 14 35
CCHHCRM7 9 35
CCHURMl 15 35
CCHURM12 9 35
CCHURM4 11 35
CCHURM9 16 35
CCHURSIO 9 35
CP04 1 35
CP05 S 35
CP06 1 35
CP08 1 35
CP12 4 35
CP15 3 35
CP54 2 35
CP58 4 35
CP85 4 35
D P C lll 9 8
DPC118 1 8
DPC168 11 8
DPC18 12 8
DPC2 11 8
DPC206 1 8
DPC208 5 8
DPC22 12 8
DPC25 3 8
DPC28 11 8
DPC35 17 8
DPC37 1 8
DPC44 11 8
DPC47 3 8
DPC5 11 8
DPC55 1 8
DPC6 11 8
DPC65 11 8
DPC66 9 8
DPC70 11 8
DPC81 2 8
DPC90 4 8

 ̂ M L S T  c la d es  co rresp o n d  to  th o se  recen tly  id en tif ied  by O d d s e t  al. (3 5 ). S 
sta n d s for s in g le to n s , i .e ., iso la tes  that w e r e  n o t a ss ig n ed  to  any o f  th e  17 c lad es.

sp e c ie s  w ere  ad ju sted  in th e  co rresp o n d in g  C. du b lin ien sis  o lig o n u c le o tid e s  to  
fa c ilita te  o p tim u m  am p lifica tion . A ll o f  th e  C  du blin ien sis-o p i\n \\zQ 6  prim er  

pairs y ie ld e d  a s in g le  P C R  prod u ct o f  th e  e x p e c te d  s iz e  (ra n g in g  In s iz e  from  4 0 0  
bp  to  70 0  b p ) (T a b le  3).

P C R  a m p lif ic a tio n  and seq u en ce  d e term in a tio n . P C R  assays w ere  carried  ou t 

in  50-^jlI rea ctio n  v o lu m es  c o n ta in in g  a 20 0  fxM c o n cen tra tio n  o f  ea ch  d e -  

o x y n u c le o sid e  tr ip h o sp h a te , 1.25 U  o f  G o T a q  p o ly m era se  (P r o m e g a ) , 10 ,̂1 ( I x )  

o f  G o T a q  F lex iB u ffer (P r o m e g a ) , 3 (xM M g C l2, 100 pm o l o f  ea ch  prim er, and 1 
ng o f  th e  D N A  tem p la te . P C R  p rod ucts w ere  purified  u sin g  a O lA q u ic k  96-weIl 
P C R  p u rification  kit (Q ia g e n  S c ien ce . M D ) and  w ere  se q u e n c e d  o n  b oth  strand s  

u sin g  th e  sa m e  prim ers that had b e e n  used  prev iou sly  for am p lifica tio n . D N A  

se q u e n c in g  rea ctio n s w ere  p erfo rm ed  c o m m erc ia lly  by C o g e n ic s  (E ssex , U n ited  
K in g d o m ) usin g an A B I 3 7 3 0 r / D N A  analyzer.

S e q u e n c e  a n a ly s is  a n d  seq u en ce  typ e  d e term in a tio n . S e q u e n c e  an alysis  w as 

p erfo rm ed  by ex a m in a tio n  o f  ch rom atogram  files u sin g  th e  A B I prism  S eq sca p e  

so ftw a re , version  2 .0  (A p p lied  B io sy stem s. F o ster  C ity, C A ). T h e  se q u e n c e s  o f  all
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o f  th e  lo ci e x a m in ed  are p rov id ed  in th e  su p p lem en ta l m ateria l. N u m b ers wers 

a ssig n ed  to  u n iq u e  g e n o ty p e s  fo r  ea ch  lo cu s, and g e n o ty p e  num bers w ere ther 
c o m b in e d  to  y ield  a d ip lo id  se q u e n c e  type (D S T )  n um ber. A ll g en o ty p e  num ben  

and D S T  n u m b ers are a lso  a va ilab le  in th e  su p p lem en ta l m ateria l. M aximum- 

p arsim o n y  trees  and d en d ro g ra m s b a sed  o n  analysis by th e  u n w eigh ted  pair 

g ro u p  m eth o d  w ith ar ith m etic  a v era g es  (U P G M A ) w ere  co n stru cted  using the 
B io n u m er ics  so ftw a re  p ack age , v ersio n  4 .6  (A p p lied  M a th s .N V , Sint-M artens- 

L a tem , B e lg iu m ), b a sed  o n  c o n c a te n a te d  C. a lb ica n s  and C  d u blin ien sis  M LST  

se q u e n c e s . T h e  d iscrim in atory  p o w er  o f  ea ch  M L S T  sc h e m e  w as determ ined  
usin g H u n ter ’s form ula  (2 4 ).

L in k a g e  d iseq u ilib r iu o i an d  c lo n a lity . L in kage d iseq u ilib riu m  w as assessed  
usin g th e  in d ex  o f  a sso c ia tio n , as d escr ib ed  by S m ith  et al. (4 4 ) and  as calculated  

w ith  th e  M u ltilo cu s 1.3 so ftw a re  p a ck a g e , ava ilab le  at http://w w w .agapow .net  
/so ftw a re /m u ltilo cu s / (1 ) ,  u sin g  g e n o ty p e  num bers for all lo ci (sc h e m e  C ) from all 
5 0  C. d u b lin ien sis  iso la tes . T h e  lev e ls  o f  sig n ifica n ce  for n on ran d om  association  
b e tw e e n  lo c i w ere  co m p u ted  u n d er th e  null h y p o th esis  o f  a free ly  recom bining  
p o p u la tio n  (p an m ix ia ).

S ta b ility  a n d  rep ro d u c ib ility  o f  th e  M L S T  m eth od . T h e  stab ility  and repro
d u cib ility  o f  th e  se q u e n c e  d a ta  at ea ch  M L S T  lo cu s  w ere  a ssessed  by carrying out 

th e  se q u e n c e  an alysis  in d u p lica te  o n  tw o  ran d om ly se le c te d  iso la tes . F or each  
lo cu s  and iso la te , th e  d u p lica te  D N A  ex tra ctio n s, P C R s, and seq u en c in g  reac
t io n s  w ere  carried  o u t in d ep en d en tly . R e su ltin g  se q u e n c e  d u p lica tes  for each  

iso la te  w ere  co m p a red  to  ea ch  oth er.

RESULTS

Development of an MLST scheme for C. dubliniensis. All loci 
previously examined for the purpose o f analyzing MLSTs in C. 
albicans were also investigated for their potential use with C. 
dubliniensis. Hom ologous genes were found in each case, and 
comparison o f the sequences of the complete open reading 
frames o f the orthologous pairs revealed homologies ranging 
from 89% to 94%, while the parts o f the genes that were 
analyzed for MLST purposes displayed 88% to 100% sequence 
identity (Table 3).

The current consensus MLST schem e for C. albicans ex
amines 2,883 nucleotides from seven loci: A A T la ,  A C C I,  
A D P I ,  MPIb, SYAI, VP513, and Z W F lb .  For the purposes of 
this study, this schem e is referred to as schem e A (Table 4). 
The corresponding schem e A loci were examined in the 50 
C. dubliniensis isolates included in this study. The schem e A 
loci resulted in 23 single nucleotide polymorphisms (SNPs) 
from the equivalent 2,883 nucleotides (0,8% ) and identified 
33 genotypes. In schem e A , only one site (i.e., position 186 
in SYAI)  showed a polymorphism at the same position in 
both C. albicans and C. dubliniensis, whereas all other vari
able sites were at different locations in the two species. 
Tavanti et al. analyzed eight loci (54) {A A T la ,  A A T lb ,  
A C C I ,  A D P I ,  MPIb, SYAI, VPS13, and Z W F lb )  for sites of 
heterozygosity among 50 isolates o f  C. albicans. The group 
identified 87 sites that displayed polym orphism s, 71 o f  which 
(81.6% ) also displayed heterozygosity. The same loci were 
studied for sites o f heterozygosity in the 50 isolates of C. 
dubliniensis (Table 1), and o f  the 30 sites displaying vari
ability, 9 (30% ) displayed heterozygosity.

Due to the low levels o f  polymorphism observed in the C. 
dubliniensis loci examined, we investigated whether increasing 
the length of the sequences examined had the potential to 
increase the discriminatory power o f the method. To achieve 
this, additional nucleotide sequence data (range, 100 bp to 280 
bp) at each o f the loci in both the 5' and 3' directions of the 
original sequence fragment were also analyzed for the poten
tial presence o f polymorphic sites. Sequence analysis o f the 
extended fragments in CdVPS13  and C dZW Flb {cxCdVPSlS



TABLE 3. Oligonucleotide primers and sequences used for C  dubliniensis MLST analysis

Locus
A m plicon size 

(bp ) in 
C. dubliniensis

N o. o f  bases 
analyzed in 

C. dubliniensis
(bpr

C oord in a tes  of^:

C. albicans C. dubliniensis
am plicon am plicon

A nalyzed segm ent 
sequence  

hom ology (% )‘
Prim er^

CdAATIa

CdAATIb

CdACCI

CdADPI

CdGLN4

C m P I b

CARPN2

C ASYAI

CAVPSI3 (exCdKW/.?)

480

491

519

537

483

486

447

543

741

373

341

407

443

404

375

306

391

+ 31-+508

+ 82-+564

+ 35-+497

+ 736-+1,226 +742-+1,233

+3,184-+3,702 +3,190-+3,708

+868-+1,404 +868-+1,404

+ 82-+564

+406-+891 +406-+892

+ 1,012-+1,458 +1,015-+1,461

+ 2,284-+2,826 +2,284-+2,826

403 (675) +4,854-+5,594 +4,858-+5,598

91

95

93

90

100

90

90

90

88

5 '-ATCAAACTACTAAATT 
TTTGAC-3' (forward)

5 -CGGCAACATGATTA 
GCCC-3' (reverse)

5'-ATGGCTTATCAAGGT 
TTTGC-3' (forward)

5' -GTAGCATAAACTGA 
ATAATCA-3' (reverse)

5' -GCC AG AG AAATTTT 
GATCCAATGT-3' (for
ward)

5' -TTC ATC AAC ATCATC 
CAAGTG-3' (reverse)

5' -GAGCCAAGTATGAA 
TGACTTG-3' (forward)

5' -TTG ATCAACAAACCC 
GATAAT-3' (reverse)

5' -GAG ATAGTIAAG AA 
TAAAAAAGTTG-3' 
(forward)

5' -GTCTCTTTCGTCTTTA 
GGACCCAATC-3' (re
verse)

5' - ACCAG AAATGGCC-3' 
(forward)

5' -GCAGCCATACATTCA 
ATTAT-3' (reverse)

5' -TTTATGCATGCTGGT 
ACTAClGATG-3' (for
ward)

5' -T AACCCC ATACTC AA 
AGCAGCAGCCT-3' 
(reverse)

5' -AG AAG AATAGTTGC 
TCTTACTG-3' (for
ward)

5' -GTTGCCCTTACCACC 
AGCTTT-3' (reverse)

5' -CGTTG AG AG ATATTC 
GACTT-3' (forward)

5' -ACGGATCGATCGCC 
AATCC-3'I (reverse)

A nalyzed segm eni start 
(5 ')  and  en d  (3 ')  points 

in C. du b lin ien sis

5'-ATTGAAA

3'-CGATTI

S '-T T ^C T A A

3'-TTGGGAlCA

5, t t t t g a g a t

3-lACA AG A

5'-IACGTTGCAA 

3 -GGAAATCCAA

5'-TClGCTTTA

3'-TTCAAACC

5'-TTTAAGC 

3 -GGGAAGCA

5'-TTGGTCCAAG

3, g t c t t t a c g a

5'-TAAATCCAAG

3'-A GlCTG TA TCr

5'-CCTTGATATG

3'-AAAATC1TGG
(5'-AGAGCM ACG)
(3’-AAACCTTGG)
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and exCdZW FIb, respectively) revealed the presence of addi
tional SNPs (Table 3). The inclusion of these two extended 
sequences together with the sequences of the other five loci 
generated a second MLST scheme, termed scheme B (Table
4), which was made up of the sequences of the CdAATla, 
CdACCI, CdADPl, CdMPIb, Cd5Y/i;, c\CdVPS13, and 
exCdZWF7t> loci. Examination of Q\CdVPS13 revealed one 
extra SNP, which gave rise to two extra genotypes (Table 5), 
and cxCdZW Flh  yielded two further SNPs, which in turn gave 
rise to one extra genotype. Scheme B resulted in a new total of 
3,285 nucleotides, 26 (0.8%) of which displayed SNPs, result
ing in four additional genotypes (Table 5).

In a further attem pt to improve the discriminatory power of 
this method for C. dubliniensis, three other sequence segments 
in C  dubliniensis that were previously investigated for possible 
use in the MLST analysis of C  albicans were also analyzed, 
although these were not included in the final consensus C. 
albicans MLST scheme. Sequences from these additional loci, 
C dAATlb, CdGLN4, and CdRPNI (Table 3), comprised an 
additional 1,051 nucleotides, 11 of which displayed SNPs 
(1.05%). The 10 sequence fragments (the scheme B loci and 
the three additional loci) were all analyzed together in a third 
scheme, term ed scheme C (Table 4), which was based on the 
sequences of the C dAATla, CdAATlb, CdACCI, CdADPl, 
CdGLN4, CdMPIb, CdRPN2, C dSYAl, sxCdVPSI3, and 
exCdZWFIb  loci. CdGLN4  displayed four of the further 11 
SNPs; however, it gave rise to only two genotypes among the 50 
isolates investigated. Similarly, CdAATlb  displayed four SNPs, 
giving rise to five genotypes, and the CdRPNI locus contained 
three polymorphic sites, which gave rise to three genotypes. 
Scheme C analyzed a total of 4,336 nucleotides, 37 of which 
(0.85%) displayed SNPs, resulting in a total of 48 genotypes 
from 50 C. dubliniensis isolates. The minimum number of 
MLST loci for maximum discrimination among isolates of C. 
dubliniensis was determined according to the highest number 
of genotypes per variable base in each locus (Table 4 and Table
5) and is referred to as scheme D, consisting of the eight loci 
C dAATlb, CdACCI, CdADPl, CdMPIh, CdRPNI, CdSYAl, 
e\CdVPS13, and exC dZlfT/6. Scheme D displayed a total of 
32 SNPs, resulting in 40 genotypes from the 50 isolates of C. 
dubliniensis investigated. Polymorphic sites and resulting ge
notypes are summarized in Tables 4 and 5.

Nucleotide polymorphisms and amino acid changes. TTie 
effect of nucleotide polymorphism on the resulting amino acid 
sequence was investigated by mapping the triplet codons for 
each gene fragment and examining the effect that the SNP had 
on each codon in question. Nucleotide piolymorphisms and 
amino acid substitutions are summarized in Table 6. Of the 37 
SNPs identified in the 10 C  dubliniensis loci examined (with 
substitution of CdVPSI3 for exCdKPS73 and CdZWFIb  for 
exCdZW Flb), 13 (35%) resulted in nonsynonymous amino 
acid changes, while all of the remaining nucleotide changes 
resulted in synonymous polymorphisms. Seven of the 13 non
synonymous polymorphisms affected the resulting amino acid 
substantially, i.e., affecting the pH (4 of 7) or polarity (3 of 7) 
of the amino acid.

Stability and reproducibility of C. dubliniensis MLST. Se
quence analysis was performed in duplicate for each of two 
randomly selected isolates (Table 1) per MLST locus, using 
independently prepared DNA, PCR, and sequencing reac-
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TABLE 4. Summary of loci used in individual MLST schemes

MLST
scheme

Locus** No. of 
polymorphic 

sites

No. of 
DSTs

Discriminatory
power*A A T Ia A A T lb AC C  I A D P l GLN4 MPIb RPN2 SYA I VPS13 {ex)VPS13 ZW F lb {c\)ZW F lb

A + - + - 4- - + + - + - 23 20 0.899
B + - + + - + - + - + - + 26 22 0.901
C -1- + + + -f + + - + - + 37 26 0.910
D - + + + - + + + - + - + 32 25 0.909
E + - + + - + + + - + - 26 22 0.906

“ + and -  denote the presence and absence, respectively, of individual loci in each MLST scheme. 
* Determined using H unter’s formula (24).

tions. For each MLST locus, duplicate sequences for each 
isolate showed 100% sequence identity, displaying full conser
vation of both SNPs and sites of heterozygosity at each locus.

C. dubliniensis strain differentiation by MLST. Examination 
of the C. albicans MLST locus set (scheme A) in the 50 C. 
dubliniensis isolates investigated identified 20 unique DSTs 
based on the unique combinations of the genotype numbers for 
the seven loci examined. Application of H unter’s formula (24) 
to this data set infers that MLST using scheme A has a dis
criminatory power of 0.899 when applied to C. dubliniensis, 
compared with a value of 0.996 when applied to C. albicans 
(35). Extension of the CdVPS13 and CdZW Flb  loci (scheme 
B) resulted in a further 2 DSTs, and adding the CdAATIb, 
CdGLN4, and CdRPN2 loci (scheme C in Table 4) resulted in 
a further 4 DSTs, giving a total of 26 DSTs from the 10 loci. 
Extending the CdZW Flb  and CdVPSlS  gene fragments and 
including the three other loci in scheme C increased the dis
criminatory power to 0.9102 (Table 4). DST 4 was the most 
common DST identified using the scheme A set of loci in C. 
dubliniensis, corresponding to 14 of the 50 isolates examined. 
The set of seven loci identified 11 DSTs that were unique to 
single C. dubliniensis isolates. When the larger set of loci was 
used in scheme C, the same 14 isolates from DST 4 in scheme 
A referred to above also gave an identical sequence type, this 
time termed DST 7, which correlated with the previously iden
tified DST 4, making this the most common DST in the scheme 
examined for C. dubliniensis. Using this larger set of loci, 19 of 
the 26 DSTs were unique to single isolates.

TABLE 5. Summary of characteristics of loci used in the 
MLST analysis

Locus
Length of 
analyzed 
sequence

No. (% ) of 
polymorphic 
nucleotide 

sites

No. of 
polymorphic 
amino acid 

sites

No. of 
resulting 

genotypes

A A T la 373 1 (0.27) 0 2
A A T lb 341 4(1.17) 2 5
A C C l 407 3 (0.74) 2 4
AD Pl 443 5(1.13) 1 6
GLN4 404 4 (0.99) 2 2
MPIb 375 2 (0.5) 1 7
RPN2 306 3 (0.98) 0 3
SYA l 391 5 (1.28) 2 5
VPS13 403 2 (0.5) 1 2
(tx)VPS13 675 3 (0.44) 2 4
ZW Flb 491 5(1.02) 1 4
(ex)ZW FIb 621 7(1.13) 1 6

Population analysis of C. dubliniensis using MLST. A UPGMA 
dendrogram was constructed based on the sequence data from 
all 10 loci (scheme C) examined in C. dubliniensis by using the 
Bionumerics version 4.6 software program (Fig. 1). A t a cutoff 
node of 99.7% sequence homology, the dendrogram revealed 
the presence of three major clades of isolates termed C l to C3, 
which showed a significant degree of correlation with the major 
clades previously identified by fingerprinting using the Cd25 
fingerprint probe (Fig. 1 and Table 1). Clades C l and C2 
corresponded to the previously identified Cd25 fingerprint 
groups I and II, respectively, whereas clade C3 included strains 
previously identified as belonging to Cd25 fingerprint groups II 
and III, respectively (Fig. 1 and Table 1), Furtherm ore, clade 
C l consisted solely of ITS genotype 1 isolates, clade C2 con
sisted solely of ITS genotype 2 isolates, whereas clade C3 
consisted of ITS genotype 3 and 4 isolates.

Linkage disequilibrium and clonality. Genetic diversity and 
linkage disequilibria were assessed by using statistics imple
mented in the Multilocus 1.3 software (1) and genotypes ob
tained for all loci investigated in this study (scheme C). Each of 
these statistics tested the null hypothesis of a freely recombin
ing population. Highly significant linkage disequilibria {P was 
<10 with 100,000 randomizations) were found for both the 
total collection of 50 C. dubliniensis isolates and a reduced 
collection of 26 isolates that represented each of the 26 DSTs 
defined by scheme C (i.e., that did not contain repeated geno
types) (data not shown). These results provide evidence that 
the sample of C. dubliniensis isolates analyzed in this study 
represents a clonal population.

Comparative population analysis of C. albicans and C. duh- 
liniensis using MLST. C. albicans MLST sequences were avail
able for the seven consensus MLST loci (i.e., A A T Ia , A C C I, 
A D P l, MPIb, SY A l, VPS13, and ZW Flb) and an extra locus, 
RPN2. The resulting 3,189 nucleotides from the eight loci re
sulted in a fifth scheme, termed scheme E (Table 4). All locus 
sequences were concatenated and treated as one sequence for 
each of 50 C. albicans isolates and the corresponding se
quences in 50 C. dubliniensis isolates in order to allow com
parison between the two species using MLST. These concate
nated sequences were used to construct a maximum-parsimony 
tree in order to assess comparative phytogenies between 
the species (Fig. 2). The maximum-parsimony tree displays the 
comparative divergence within the two species, as well as the 
level of relatedness between the two species. The maximum- 
parsimony tree demonstrated that C. albicans isolates belong
ing to different MLST clades can differ at as many as 90
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TABLE 6. Nucleotide polymorphisms and amino acid substitutions in C  dubliniensis loci"^

Gene
fragment

Nucleotide position 
showing 

polymorphism”

Triplet
polymorphism'’ Amino acids' Corresponding codon 

in C. albicans

Corresponding amino 
acid residue in 

C. albicans

C d A A T Ia 2 (T /C )T G L/L T TG L
C d A A T lb 105 A (T /A )T I/N A TC I

114 T C (A /T ) S/S TC A S
121 (G /A )A A E/K G A A E
129 T C (T /G ) S/S T C T S

C dA C C I 128 T T(T /C ) F/F TTC F
313 T (T /C )G L/S C TG L
390 A A (A /T) K/N A A A K

C dA D P ! 31 A T (C /T) I/I A TT I
214 A G (C n ') S/S A G T S
234 G (A /G )G E /G G A G E
331 T G (T /C ) C/C T G T C
421 T C (G n ') S/S TC A s

C A G LN 4 104 G A (A /T ) E /D G T A V
141 A A (T/C ) N/N A A A K
147 G A (T /C ) D /D G A C D
244 (A /G )T T I/V A T T I

CAMPIb 101 A (G /A )A R/K A G A R
375 G C (A /G ) A/A G C A A

CdRPN 2 127 T C (C /A ) S/S TC C s
136 GC(C/T’) A JA G C C A
298 G C (T /C ) A /A G C A A

C A SY A l 82 A A (C /T ) N/N A A T N
148 TT(A7G) L/L T TA L
186 AA(T/C) N/N AAT N
203 G (T /C )T V IA G T T V
383 (T /G )C T S/A G C T A

C d V P S I i 397» AA(AyG) K/K A A G K
4 02t T (G /C )G W/S T G G W

ex C d K P 5 /i 45 G A (G /C ) E /D G A C D
654» A A (A /G ) K/K A A G K
6 59t T (G /C )G W/S T G G W

C d Z W F lb 1* A C (C n ') T /T A A A K
28§ A C (G /A ) TH" A C C T
265H A A (G /A ) K/K A A A K
29911 (GAT)AT D/Y G A T D
334 # A A (A /G ) K/K A A A K

exC dZ W F Ib 78* AC(CA-) T /T A A A K
105§ A C (G /A ) T/T A C C T
34211 A A (G /A ) K/K A A A K
37611 (GAT)AT D /y G A T D
41 1 # A A (A /G ) K/K A A A K
573 T A (T /C ) Y/Y T A T Y
588 TC (A A ') S/S T C A S

“ Nucleotide positions refer to the positions in the analyzed fragment only.
Position of the polymorphism relative to its codon.

'■ Amino acid resulting from the codon both before and after polymorphism.
The nucleotide sites shown in bold typeface and underlined denote the only common nucleotide sites that display polymorphism in both C. albicans and C. 

dubliniensis. Identical polymorphic sites in both of the extended gene segments analyzed and in the shorter sequences that were based on the C. albicans scheme lengths 
are marked with the same symbols.

nucleotide sites but that isolates belonging to the same MLST 
clade can differ at as many as 31 nucleotide sites (data not 
shown). In contrast, our data showed that C. dubliniensis con
sisted o f three closely related clades, termed clades C l, C2, and 
C3 (Fig. 2), that show complete agreement with the clades 
described by the U PG M A dendrogram (Fig. 1). C. dubliniensis 
isolates from the three MLST clades differ from each other at 
a minimum o f 10 nucleotide sites (range, 10 to 23 nucleotides). 
Isolates belonging to clade C l differ at a maximum of 10 
nucleotide sites, isolates belonging to clade C2 differ at a max
imum o f 6 nucleotide sites, and isolates belonging to clade C3 
differ at a maximum o f 8 nucleotide sites (data not shown).

D IS C U S S IO N

MSLT has previously been shown to be a useful tool in the 
analysis o f the epidemiology and population structure of C  albi
cans (8-10, 35, 52, 54). The purpose of the present study was to 
determine the usefulness o f MLST in the analysis o f C. dublini
ensis. In addition, we investigated whether the same set o f MLST 
loci currently used for C. albicans could be applied to the analysis 
of C. dubliniensis due to the high levels of nucleotide sequence 
homology (~90% ) shared by the two species, thus allowing com
parative sequence data to be used to provide valuable information 
concerning the evolutionary relatedness of the two species.
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I H C d 2 5  g ro u p  I 

C D C d 2 5  g ro u p  II 

H C d 2 5  g ro u p  III

FIG. 1. UPGMA dendrogram based on concatenated sequences from the MLST scheme C loci CdAATla, CdACCI, CdADPI, CdMPIb, 
CdSYAI, exCdVPSI3, exCdZWFIb, CARPN2, CdGLN4, and CdAATlb  (Table 3), showing percentages of sequence homology for 50 C. dubliniensis 
isolates from a broad range of geographical locations, including isolates from ail known ITS genotypes (Table 1). Three distinct major clades 
termed clades C l to C3 are evident at 99.69% sequence homology. C l consists of ITS genotype 1 isolates exclusively, C2 consists of ITS genotype 
2 isolates exclusively, and C3 consists of ITS genotype 3 and 4 isolates. Twenty-three of the 50 isolates included in the study were previously 
fingerprinted with the C. dubliniensis-specihc probe Cd25 (4, 21), and the Cd25 fingerprint groups of these isolates are indicated by shaded 
rectangular boxes.

The current MLST scheme in use for isolates for C  albicans 
examines seven loci: A A T la , A C C l, A D P l, MPlb, SY A l, 
VPS13, and ZW Flb  (scheme A in Table 4) and was also ap
plied in the analysis of C. dubliniensis isolates. It demonstrated 
poor levels of discrimination among C. dubliniensis isolates, 
identifying only 20 DSTs from 50 isolates. SNPs have been 
detected in 172 of these 2,883 nucleotides (6%) in C. albicans 
(5). To date, 1,391 isolates of C. albicans have been examined, 
identifying 1,005 DSTs (35). An identical scheme demon

strated poor levels of discrimination among C  dubliniensis 
isolates, identifying only 20 DSTs from 50 isolates. Discrimi
natory powers were improved by extension of the CAVPS13 
and CdZW Flb  loci and by incorporation of an additional three 
\oc\, A A T lb , GLN4, and RPN2, which had also previously been 
examined for use in the MLST analysis of C. albicans. The 
scheme (i.e., scheme C) which examined the largest number of 
loci (Table 4) identified 26 DSTs from the 50 C. dubliniensis 
isolates. The 10 loci included in scheme C were concatenated
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FIG. 2. Maximum-parsimony tree showing the comparative divergences between 50 isolates each of C. albicans and C. dubliniensis based on 

concatenated sequences from the MLST loci A A T la , A C C l, A D P I, MPIb, SY A I, VPS13, ZW FIb, and RPN2 in MLST scheme E. C. dubliniensis 
isolates were selected from a diverse range of geographic locations and from all four ITS genotypes (Table 1). C  albicans isolates were selected 
as representatives of the MLST clades recently described by Odds et al. (35) (Table 2). (a) Comparative divergence between the C. albicans and 
C. dubliniensis isolates tested showing that the two species are separated by 257-bp differences. The C. dubliniensis isolates formed three closely 
related groups of isolates (C l to C3), which correspond to those identified in the UPGM A dendrogram shown in Fig. 1. Isolates from distinct clades 
are highlighted by specific colors for each species, (b) Enlarged view of the three C. dubliniensis major clades encircled in panel a. Clade C l consists 
exclusively of ITS genotype 1 isolates (blue), clade C2 consists exclusively of ITS genotype 2 isolates (red), and clade C3 consists of ITS genotype 
3 isolates (green) and ITS genotype 4 isolates (yellow).

and used in the construction o f a U PG M A dendrogram (Fig. 
1), which clustered the isolates into three distinct major clades 
at a cutoff sequence homology o f 99.7%. A  maximum-parsi- 
mony tree (Fig. 2) was also constructed using concatenated 
sequence data, this time with a further scheme, scheme E 
(Table 4), which was based on the seven loci from scheme A  
and an extra locus, RPN2 (Table 4). Sequence data for these 
eight loci were available for both C. albicans and C. dublinien
sis, thus enabling the comparative study of the population

structures for both species. Our study shows that the C. albi
cans clades are more divergent than those observed in C. 
dubliniensis (Fig. 2). The maximum-parsimony tree identified 
three distinct major clades (C l to C3) in the population of C. 
dubliniensis, which were identical to those o f the UPGMA  
dendrogram (Fig. 1). Overall, 257 nucleotides o f the 3,189 
nucleotides analyzed (8%) were identified as being different 
between the two species, correlating with the level o f sequence 
homology typically exhibited between the two species (33).
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The population structure of C. dubliniensis as determined by 
MLST correlated with the population structure previously de
termined using the complex fingerprinting probe Cd25 and on 
the basis of ITS genotypes (4, 21, 26). In previous studies, 
isolates assigned to ITS genotype 1 belonged exclusively to 
Cd25 group I (4, 21, 26). Similarly, by the MLST method, all of 
the ITS genotype 1 isolates tested belonged to MLST clade Cl 
(Fig. 1 and Table 1). Cd25 group II was previously shown to 
consist of isolates belonging to ITS genotypes 2, 3, and 4 (21). 
The MLST method breaks Cd25 group II into two groups, 
assigning all of the ITS genotype 2 isolates to MLST clade C2 
exclusively and assigning the ITS genotype 3 and 4 isolates to 
MLST clade C3 (Fig. I and Table 1). Interestingly, a number 
of ITS genotype 3 and 4 isolates in MLST clade C3 displayed 
the same DST and localized to the same area on both the 
UPGMA and maximum-parsimony trees (Fig. 1 and 2). These 
isolates were all previously associated with Cd25 fingerprint 
group III (Table 1) and displayed high levels of resistance to 
the antifungal drug S-fluc^tosine (4). The agreement between 
these three methods suggests that MLST may be applied as a 
reliable alternative method for studying the population struc
ture of C. dubliniensis. MLST is less time-consuming, more 
reproducible, and more conducive to comparison between lab
oratories than other methods previously used for this purpose.

The best set of eight loci (CdAATlb, C dAC Cl, CdADPl, 
CdMPIb, CdRPN2, C dSYAl, exCdVPSH, and exCdZlVFIb) 
proposed for maximum discrimination among isolates of C. 
dubliniensis using the minimum number of MLST loci possible 
was determined according to the highest number of genotypes 
per variable base in each locus and is referred to as scheme D 
(Table 4). The A A T Ib  locus is no longer included among the 
more discriminatory seven loci currently recommended for use 
in C. albicans MLST studies (10), and therefore the corre
sponding CdAATlb  locus should be replaced with the 
CdAATla  locus for the purpose of comparative population 
analysis between the two species. The eight loci recommended 
for the purposes of comparative population analysis between 
C. albicans and C. dubliniensis using MLST are therefore from 
scheme E; C dAATIa, C dAC Cl, CdAD Pl, CdMPIb, CdRPNl, 
CdSYAI, CdVPSlS, and CdZW FIb  (Table 4).

The MLST data suggest a relatively low level of divergence 
in the population structure of C. dubliniensis relative to that of 
C. albicans. Interestingly, this is in contrast to the findings of 
electrophoretic karyotypic analysis showing that isolates of C. 
dubliniensis have significantly different major karyotypic pat
terns due to the processes of microevolution and chromosomal 
rearrangement (21). The low level of sequence variation 
throughout the population of C. dubliniensis suggests that 
MLST may not be ideal for local epidemiological studies (e.g., 
an outbreak in a hospital); in this instance, karyotypic analysis 
may be more appropriate. Karyotype analysis was able to dis
tinguish the Cd25 group I and II isolates to a large extent but 
was unable to distinguish among the ITS genotypes. In com
parison, the MLST method is able to distinguish readily among 
certain ITS genotypes, most notably the ITS genotype 1 and 2 
isolates. ITS genotype 3 and 4 isolates could not be distin
guished reliably by MLST, due to the lack of sequence varia
tion among these isolates, the majority of which to date have 
been recovered from the Middle East. However, results may 
possibly be improved with the inclusion of a larger number of

ITS genotype 3 and 4 isolates from geographical locations 
outside of the Middle East. A possible reason for the low level 
of discrimination is the relatively small collection of isolates 
studied. However, isolates were recovered from a broad range 
of geographical locations and included isolates recovered from 
both carriage and systemic infection. Another possible reason 
for the low level of sequence variation and heterozygosity is the 
lack of divergence within the population of C. dubliniensis 
strains. Results of genotypic diversity and linkage diversity 
analyses suggested that the sample of 50 C. dubliniensis isolates 
investigated in this study represent a clonal population. How
ever, it is important to emphasize that the sample number was 
relatively small, even though many of the isolates were recov
ered from disparate geographic locations around the world. 
Furtherm ore, it is possible that a more diverse population of C. 
dubliniensis strains exists in nonhuman hosts and that this is not 
reflected in the present study (see below). Finally, the recent 
divergence of C. dubliniensis from its ancestor C  albicans sug
gests a C. dubliniensis population that is less divergent than 
that of C  albicans, as the latter has had more time to diverge 
into major and minor clades. C. dubliniensis is a poor pathogen 
in comparison to C. albicans, since it rarely causes infections in 
healthy individuals and therefore may be under less pressure to 
adapt to different host environments. However, it is also pos
sible that the natural host/reservoir for C. dubliniensis is not 
humans. Candida species have also been recovered from non
human hosts, such as dogs, cats, birds, and chameleons (12, 14, 
41, 52). Recent environmental studies have reported the re
covery of ITS genotype 1 C. dubliniensis isolates from Ixodes 
uriae ticks on the Great Saltee Island off southeastern Ireland 
(34), the supposed source being bird excrement. Candida spe
cies such as C. albicans, C. guilliemondii, and C. tropicalis have 
been recovered previously from the gastrointestinal tracts and 
cloacae of birds (12, 14, 23). It is conceivable that humans 
represent only a minority host for C. dubliniensis and that the 
isolates studied to date represent a relatively small subpopu
lation of the species. In order to investigate this possibility 
further, it will be necessary to increase the number of isolates 
analyzed by MLST, including isolates from avian and possibly 
other nonhuman hosts. We anticipate that such additional 
studies will identify additional MLST clades. These studies are 
currently in progress. Further studies will also include investi
gating the levels of recombination events in C. dubliniensis, as 
Odds et al. have recently shown that a high frequency of 
recombination is apparent in C. albicans (35).

ACKNOWLEDGMENTS

This study was supported  by the  M icrobiology R esearch  U nit, D u b 
lin D ental School & H ospital. D .D . is the  recipient o f  a Ph.D . fellow
ship from  the  Institu t N ational de la R echerche A gronom ique.

REFERENCES
1. Agapow, P. M., and A. Burt. 2001. Indices of multilocus linkage disequilib

rium. Mol. Ecol. Notes 1:101-102.
2. Al Mosaid, A., D. Sullivan, I. F. Salkin, D. Shanley, and D. C. Coleman. 

2001. Differentiation of Candida dubliniensis from Candida albicans on Staib 
agar and caifeic acid-ferric citrate agar. J. Clin. Microbiol. 39:323-327.

3. Al Mosaid, A., D. J. Sullivan, and D. C. Coleman. 2003. Differentiation of 
Candida dubliniensis from Candida albicans on Pal’s agar. J. Q in . Microbiol. 
41:4787-4789.

4. Al M osaid, A., D. J. Sullivan, I. Polacheck, F. A. Shaheen, O. Soliman, S. Al 
Hedaithy, S. Al Thawad, M. Kabadaya, and D. C. Coleman. 200.'>. Novel 
5-flucytosine-resistant clade of Candida dubliniensis from Saudi Arabia and 
Egypt identified by Cd25 fingerprinting. J. Clin. Microbiol. 43:4026—4036.



Vol. 46, 2008 MLST ANALYSIS OF C  DUBLINIENSIS  663

5. Bain, J .  M ., A. T avan ti, A. D. D avidson, M . D. Jaco b sen , D. Shaw , N. A- Ckiw, 
an d  F. C . O dds. 2007. M ultilocus sequence  typing o f  th e  p athogen ic  fungus 
Aspergillus fum iga tus. J. C lin. M icrobiol. 45:1469-1477.

6. B lignau t, E., C . P ujo l, S. L ockhart, S. Joly, an d  D. R. Soli. 2002. Ca3 
fingerprin ting  o f Candida albicans  iso la tes from  hum an  im m unodeficiency 
virus-positive and  healthy  individuals reveals a new  clade in S ou th  A frica. 
J. Clin. M icrobiol. 4 0 :8 2 ^ 8 3 6 .

7. B ougnoux, M . E., D. M . A anensen , S. M o ran d , M . T h e rau d , B. G. S p ra tt , 
an d  C. d ’E nfert. 2004. M ultilocus sequence  typing o f  C andida albicans: 
s tra teg ies, d a ta  exchange and  applications. Infect. G en e t. Evol. 4 :243-252.

8. Bougnoux, M . E,, D. Diogo, N. F ranco is , B. Send id , S. V eirm eire , J . F. 
Colom bel, C . B ouchier, H. V an K ru in ingen , C . d ’E n fe rt, an d  D. P ou lain . 
2006. M ullilocus sequence  typing  reveals in trafam ilia l transm ission  and mi- 
croevo lu tions o f  C andida albicans iso lates from  the  hum an digestive tract. 
J. Clin. M icrobiol. 44:1810-1820.

9. B ougnoux, M . E., S. M o ran d , an d  C. d 'E n fe rt. 2002. U sefu lness o f  m ultilocus 
sequence  typing fo r ch a racte riza tion  o f  clinical isolates o f  Candida albicans. 
J. C lin. M icrobiol. 40:1290-1297.

10. B ougnoux, M . E., A. T avan ti, C . B ouchier, N. A. Gow, A. M agnie r, A. D. 
D avidson, M. C . M aiden , C. D’E nfe rt, an d  F. C. O dds. 2003. C o llaborative 
consensus fo r op tim ized  m ultilocus sequence  typing  o f  C andida albicans. 
J. Clin. M icrobiol. 41:5265-5266.

11. Boyle, B. M ., D, J . S u llivan , C . F o rk in , F. M ulcahy, C . T. K eane, an d  D. C. 
C o lem an . 2002. C andida dubliniensis  cand idaem ia  in an  H IV -positive p atien t 
in Ire land . Int. J. S T D  A ID S  13:55-57.

12. Buck, J . I). 1990. Iso lation  o f  Candida albicans and  halophilic  Vibrio spp. 
from  aqua tic  birds in C onnec ticu t and  F lorida . A ppl. E nviron . M icrobiol. 
56:826-828.

13. B ujdakova, H ., S. M elkusova, I. Soji, M . M okras , a n d  Y. M ikam i. 2004. 
D iscrim ination  betw een  Candida albicans and  Candida dubliniensis  isolated 
from  H IV -positive patien ts  by using com m ercial m e thod  in com parison  w ith 
P C R  assay. Fo lia  M icrobiol. (P rag u e) 49:484—490.

14. C afa rch ia , C\, A. C am ard a , D. Rom ito, M . C am polo , N. C. Q uag lia , D. 
T ullio , a n d  D. O tra n to . 2006. O ccu rrence  o f  yeasts in cloacae o f  m igratory  
b irds. M ycopathologia 161:229-234.

15. C han -T ack , K. M . 2005. F ata l Candida dubliniensis  sep ticem ia  in a p a tien t 
w ith A ID S . Q in . Infect. D is. 40:1209-1210.

16. C hen , K. W ., Y. C . C hen , H. J . Lo, F. C . O dds, T. H. W ang, C . Y. Lin, and  
S. Y. Li. 2006. M ultilocus sequence  typing fo r analyses o f  clonality  o f  C an
dida  albicans slravns m T aiw an . 3. O 'm . M \crob'io\. 44:2112-2118.

17. D odgson, A. R., C . P ujo l, D. W, D enn ing , D. R. Soli, an d  A. J . Fox. 2003. 
M ultilocus sequence  typing o f Candida glabrata reveals geographically  e n 
riched  clades. J. Q in . M icrobiol. 41:5709-5717.

18. D onnelly, S. M ., D. J . Sullivan , D. B. S hanley , and  D. C . C olem an. 1999. 
P hylogenetic  analysis and  rap id  identification  o f  Candida dubliniensis  based  
on analysis o f  A C T l  in tron  and exon sequences. M icrobiology 145:1871- 
1882.

19. F ell, J . W . 1993. R ap id  identification  o f yeast species using th re e  p rim ers  in 
a polym erase chain  reac tion . M ol. M ar. Biol. B io technol. 2:174-180.

20. G allagher, P. J ., D. E. B enne tt, M . C . H enm an , R. J .  R usse ll, S. R. F lin t,
D. B. Shanley , an d  I). C . C olem an. 1992. R educed  azole susceptibility  o f  oral 
isolates o f  Candida albicans from  H IV -positive patien ts  and  a derivative 
exhib iting  colony m orphology variation . J. G en . M icrobiol. 138:1901-1911.

21. G ee, S. F., S. Jo ly , D. R. Soil, J . F. M eis, P. E. Verweij, I. P olacheck, D. J . 
Sullivan , an d  D. C. C olem an. 2002. Iden tifica tion  o f  fou r d istinct genotypes 
o l C and ida  dubliniensis o l  \t\
J. C lin. M icrobiol. 40:556-574.

22. G ilfillan , G. D., D. J . Sullivan , K. H aynes, T. P a rk in so n , D. C. C o lem an , and  
N. A. Gow. 1998. Candida dubliniensis: phylogeny and pu ta tive v irulence 
facto rs. M icrobiology 144:829-838.

23. H asenclever, H. F., an d  R. M . K ogan. 1975. Candida albicans  associa ted  w ith 
the gastrointestinal tract o f  the com m on pigeon (Columbia livia). Sabouraudia 
13:116-120.

24. H u n te r , P. R. 1990. R eproducib ility  and  indices o f  d iscrim inatory  pow er o f 
m icrobial typing m ethods. J. C lin. M icrobiol. 28:1903-1905.

25. Jaco b sen , M . D., N. A. Gow, M . C . M aiden , D. J .  Shaw , an d  F. C. O dds. 2007. 
S tra in  typing and d e te rm in a tio n  o f  p o pu la tion  s tru c tu re  of C andida knise i by 
m ultilocus sequence  typing. J. C lin. M icrobiol. 45:317-323.

26. Jo ly , S., C . Pujol, M . Rysz, K. V argas, an d  D. R. Soil. 1999. D evelopm ent and 
ch a racte riza tion  o f com plex  D N A  fingerprin ting  p robes fo r the  infectious 
yeast Candida dubliniensis. J. C lin . M icrobiol. 37:1035-1044.

27. K ibbler, C . C ., S. S eaton , R. A. B am es , W . R. G ran sd en , R . E. H ollim an ,
E. M . Jo h n so n , J . D. P erry , D. J .  Sullivan , an d  J . A. W ilson . 2003. M an ag e
m ent and  o u tcom e o f  b loodstream  infections due  to  Candida  species in 
E ng land  and  W ales, j .  H osp. Infect. 54:18-24.

28. M aiden , M . C., J .  A. Bygraves, E. Feil, G . M orelli, J . E. R ussell, R. U rw in, 
Q . Z hang , J . Z hou, K. Z u rth , D. A. C au g an t, I. M . P'eavers, M . A ch tm an , and  
B. G. S p ra tt .  1998. M ultilocus sequence  typing: a po rtab le  app roach  to  the 
identification  o f  clones w ithin popu la tions o f  pa thogen ic  m icroorganism s. 
P roc. N atl. A cad. Sci. U S A  95:3140-3145.

29. M a rr io tt, I)., M . L axton , an d  J . H arkness . 2001. Candida dubliniensis  can- 
d idem ia  in A ustralia . Em erg . Infect. Dis. 7:479.

30. M cM ullan , R., J . X u, J .  E. M oore, B. C. M illa r , M . J . W alker, S. T. Irwin, J. 
P rice , J .  B a rr, an d  S. H edderw ick. 2002. Candida dubliniensis  b loodstream  
infection  in patien ts  w ith © 'naecological m alignancy. E ur. J. Q in . M icrobiol. 
Infect. D is. 21:635-636.

31. M eis, J . F., M . R uhnke, B. E. De Pauw , F. C. O dds, W. S iegert, and  P. E. 
Verweij. 1999. Candida dubliniensis  cand idem ia  in patien ts  w ith chem other
apy-induced n eu tro p en ia  and  bone m arrow  transp lan ta tio n . Em erg . Infect. 
D is. 5:150-153.

32. M elkusova, S ., M . L isa lova, P. Pavlik , and  H. B ujdakova. 2005. T he first 
clinical iso la tes o f  C andida  dubliniensis in S lovakia. M ycopathologia 159:
369-371.

33. M o ran , G ., C . S tokes, S. Thew es, B. H ube, D. C. C olem an, an d  D. Sullivan. 
2004. C om parative  genom ics using Candida albicans D N A  m icroarrays re
veals absence  and  d ivergence o f  v iru lence-associated  genes in Candida 
dubliniensis. M icrobiology 150:3363-3382.

34. N unn , M. A- 2007. E nv ironm en ta l sou rce  o f  Candida dubliniensis. Emerg. 
Infect. D is. 13:747-750.

35. O d d s, F. C ., M . E. Bougnoux, D. J . S haw , J . M . B ain , A. D. D avidson, 0 . 
Diogo, M . D. Jaco b sen , M . Lecom te, S. Y. Li, A. T avan ti, M . C. M aiden, N. A. 
Gow, an d  C . d ’E nfe rt. 2007. M olecu lar phylogenetics o f  Candida albicans. 
E uka ryo t. Cell 6:1041-1052.

36. O dds, F. C., A. D. D avidson, M . D. Jacobsen , A. T avan ti, J .  A. W hyte, C. C. 
K ibb le r, D. H. E llis, M. C . M aiden , D. J .  Shaw, an d  N. A. Gow. 2006. 
C andida albicans s tra in  m ain tenance , rep lacem en t, and  m icrovariation  dem 
o n s tra ted  by m ultilocus sequence  typing. J. Q in . M icrobiol. 44:3647-3658.

37. P incus , D. H., I). C . C o lem an , W. R. P ru itt , A. A. P adhye, I. F. Salk in , M. 
G eim er, A. Bassel, D. J .  Sullivan , M . C la rke , an d  V. H eam . 1999. Rapid 
identification  o f  Candida dubliniensis w ith com m ercial yeast identification 
system s. J. C lin. M icrobiol. 37:3533-3539.

38. P in jon , E., D. S u llivan , I. S a lk in , D. S hanley , and  D. C olem an. 1998. Simple, 
inexpensive, reliab le  m ethod  fo r d iffe ren tia tion  o f  C andida dubliniensis from 
Candida albicans. J. Q in . M icrobiol. 36:2093-2095.

39. Polacheck , 1., J . S trah ilev itz , D. S ullivan , S. D onnelly, I. F. S alk in , and  D. C. 
C o lem an . 2000. R ecovery  o f  Candida dubliniensis  from  non-hum an immu
nodeficiency virus-infected  patien ts  in Israel. J. C lin. M icrobiol. 38:170-174.

40. P o n ton , J ., R. R uchel, K. V. C lem ons, D. C. C olem an, R. G rillo t, J . G uarro, 
D. A ldebert, P. A m bro ise-T hom as, J . C ano , A. J . C arrillo -M unoz, J . Gene, C. 
P inel, D. A. S tevens, an d  D. J . S u llivan . 2000. E m erg ing  pathogens. Med. 
M ycol. 38(S upp l. l):225-236 .

41. P re s s \e r , B . M ., S . L , \ a d e n ,  I .  V. L an e , L . D . Cowg'iU, an d  J . A. Dye. 2003. 
Candida  spp . u rinary  trac t infections in 13 dogs and  seven cats: predisposing 
facto rs, tre a tm en t, and  ou tcom e. J. A m . A nim . H osp. A ssoc. 39:263-270.

42. P u jo l, C-, M . P fa lle r , a n d  D. R. S oil. 2002. C a3 fin g e rp rin tin g  o f  Candida  
alb icans  b lo o d s tre a m  iso la tes  from  th e  U n ite d  S ta te s , C an ad a , South 
A m erica , a n d  E u ro p e  revea ls  a E u ro p e a n  c lad e . J. C lin . M icrob io l. 40: 
2 729-2740 .

43. R ob les, J .  C ., L. K o reen , S. P a rk , a n d  D. S. P e rlin . 2004. M ultilocus 
s e q u e n c e  ty p in g  is a  re liab le  a lte rn a tiv e  m e th o d  to  D N A  fingerp rin ting  
fo r  d isc rim in a tin g  am o n g  s tra in s  o f  C andida a lbicans. J. C lin . M icrobiol. 
4 2 :2480-2488 .

44. S m ith , J . M ., N. H. S m ith , M. O ’R ourke, an d  B. G. S p ra tt . 1993. How clonal 
are  b ac teria?  Proc. N atl. A cad. Sci. U S A  90:4384--4388.

45. Soil, D. R. 2000. T h e  ins and  ou ts  o f  D N A  fingerprin ting  the  infectious fungi. 
C lin. M icrobiol. Rev. 13:332-370.

46. Soil, D. R., an d  C . Pujol. 2003. Candida albicans clades. FEM S Immunol.
M\ciob\o\.

47. S tokes, C,, G. P. M o ran , M . J . S p iering , G. T. Cole, D. C. C olem an, and  D. J. 
S u llivan . 2007. Low er filam enta tion  ra tes  o f  Candida dubliniensis contribute 
to  its low er v iru lence in com parison  w ith C andida albicans. Fungal Genet. 
Biol. 44:920-931.

48. Sullivan , D., K. H aynes, J . Bille, P. B oerlin , L  R odero, S. Lloyd, M. Hen
m an , an d  D. C olem an. 1997. W idespread  geograph ic d istribu tion  o f oral 
C andida  dubliniensis s trains in hum an im m unodeficiency v irus-infected indi
viduals. J. C lin . M icrobiol. 35:960-964.

49. S u llivan , D. J ., G. P. M o ran , an d  D. C . C olem an. 2005. Candida dubliniensis: 
ten  years on. F E M S  M icrobiol. L ett. 253:9-17.

50. S u llivan , D. J ., G. P. M o ran , E. P in jon , A. A l-M osaid, C. S tokes, C. Vaughan, 
an d  D. C. C o lem an . 2004. C om parison  o f  the  epidem iology, d rug  resistance 
m echanism s, and  v iru lence o f  Candida dubliniensis and Candida albicans. 
F E M S  Y east Res. 4:369-376.

51. Sullivan , D. J ., T . J .  W estem eng , K. A. H aynes, D. E. B ennett, and  D. C. 
C o lem an . 1995. Candida dubliniensis  sp. nov.: pheno typ ic and  molecular 
charac te riza tio n  o f  a novel species associa ted  with oral candidosis in HIV- 
in fected  individuals. M icrobiology 141:1507-1521.

52. T a v a n ti ,  A., A. D. D av id so n , M . J . F ordyce , N. A. Gow, M . C. M aiden , and
F. C . O d d s. 2005. P o p u la tio n  s tru c tu re  and  p ro p e rtie s  o f  Candida albi
cans , as d e te rm in e d  by m u ltilo cu s  s e q u en ce  typing. J. C lin . M icrobiol. 
43 :5601-5613 .

53. T avan ti, A., A. D. D avidson, E. M . Jo h n so n , M . C. M aiden , D. J . Shaw, N. A  
Gow, a n d  F. C . O dds. 2005. M ultilocus sequence  typing for differentiation of 
stra ins o f  Candida tropicalis. J. C lin . M icrobiol. 43:5593-5600.

54. T avan ti, A., N. A. Gow, S. S enesi, M . C . M aiden , and  F. C. O dds. 2003.



664 McMa n u s  e t  a l . J. C u n . MiCROBtoL.

O ptim iza tion  and  validation  o f  m ultilocus sequence  typing fo r Candida  
albicans. J. Q in . M icrobiol. 41:3765-3776.

55. T hom pson , J . D., D. G. H iggins, an d  T. J . G ibson. 1994. C L U S T A L  W: 
im proving th e  sensitivity o f  progressive m ultip le sequence  alignm ent th rough  
sequence w eighting, position-specific gap  pena lties and  w eight m atrix  choice. 
N ucleic A cids R es. 22:4673-4680.

56. V ilela, M . M ., K. K am ei, A. Sano , R. T a n ak a , J .  U no, I. T a k ah ash i, J . Ito,

K. Y arita , an d  M . M iyaji. 2002. Pathogen icity  and  viru lence o f  C andida  
dubliniensis: com parison  w ith C. albicans. M ed. M ycol. 40:249-257.

57. W hite , T . J-, T . D. B runs, S. B. Lee, an d  J . W . T ay lo r. 1990. A m plification 
and d irect sequencing  o f  fungal ribosom al R N A  genes fo r phylogenetics, p. 
315-322. In M. A. Innis, D . H. G elfand , J. J. S ininsky, and  T , J . W h ite  (ed .), 
P C R  protocols; a gu ide to  m ethods and applications. A cadem ic P ress, Inc., 
San D iego, CA.



Genetic Differences 
betw een Avian and 

Human Isolates 
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dubtiniensis
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W hen Candida dubtiniensis isolates obtained from  
seabird excrem ent and from hum ans in Ireland w ere com 
pared by using multilocus sequence typing, 13 of 14 avian  
isolates w ere genetically distinct from human isolates. The  
remaining avian isolate was indistinguishable from a human  
isolate, suggesting that transmission m ay occur between  
humans and birds. _________________________________

C'andida dubliniensis is an opportunistic yeast species 
phenotypically and genetically closely related to C. 

albicans, the most common cause of Candida infection. 
However, C. dubliniensis is less pathogenic and is most 
commonly associated with superficial infection in immuno
compromised persons. Although C. albicans has frequently 
been isolated from avian and animal sources {1-4), the re
cent study by Nunn et al. identified C. dubliniensis from a 
nonhuman source (5). These isolates were obtained from 
the surface of Ixodes uriae ticks that lived in cracks filled 
with seabird excrement at 2 locations at a seabird breeding 
colony on Great Saltee Island off the southeastern coast of 
Ireland.

Multilocus sequence typing (MLST) is an informative 
tool for investigating the population structure and epidemi
ology of many bacterial and fungal species (<5). We have 
used MLST to show that C. dubliniensis has less genetic 
diversity than C. albicans and that C. dubliniensis isolates 
comprise 3 distinct clades (C l, C2, and C3), which cor
respond to described internally transcribed spacer (ITS) re
gion genotypes 1—4 (7). Two other research groups recently 
used MLST to show genetic differences between C. albi-
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cans isolates from humans and animals (3,4). The purpose 
of our study was to use MLST, the presence or absence o f a 
previously identified polymorphism in the CDR] gene (8), 
and mating type analysis to determine genetic relatedness 
between avian-associated and human C. dubliniensis iso
lates and whether avian-associated isolates are a source of 
human opportunistic infections.

The Study
To obtain avian-associated C. dubliniensis isolates 

from a novel geographic site, fresh seabird excrement 
was sampled from the campus of Trinity College Dublin, 
»150 km north o f Great Saltee Island by using nitrogen- 
gassed VI-PAK sterile swabs (Sarstedt-Drinagh, Wexford, 
Ireland). Samples were plated within 2 h of collection 
on CHROMagar Candida medium (CHROMagar, Paris, 
France), incubated at 30°C for 48 h, and identified as de
scribed (7,9-12). Three new C. dubliniensis isolates were 
obtained from 134 fecal samples. Like isolates from Great 
Saltee Island (5), these 3 isolates obtained directly from 
freshly deposited herring gull (Larus argentatus) excre
ment were ITS genotype 1 {13). Because the isolates origi
nally described by Nunn et al. (5) were obtained from the 
surface o f ticks living in avian excrement, avian-associated 
isolates refers to avian excrement-associated isolates. The 
avian-associated isolates were compared with 3 1 human C. 
dubliniensis strains belonging to MLST clade C l as previ
ously reported (7), and 5 additional C. dubliniensis clade 
C l human isolates from Ireland (Table).

Isolates were assigned a diploid sequence type (DST) 
on the basis of genotype numbers for the 8 loci in the 
recommended C. dubliniensis MLST typing scheme (7) 
(Table). Six new DSTs were identified in 13 of 14 avian- 
associated isolates because of the identification of 2 new 
exZW Flb alleles that were found exclusively in avian- as
sociated isolates. DST2 was the only previously identified 
DST (isolate AV7, Table). DST 31 was the most frequently 
(5/14 isolates) found DST in avian-associated C. dublinien
sis isolates, all 5 of which were from Great Saltee Island 
(5). Four isolates belonged to DST 27, three from Great 
Saltee Island and 1 from Dublin (Table).

Polymorphic sites (n = 36) from the 8 MLST loci (7) of 
all 50 clade C l human and avian-associated C. dubliniensis 
isolates were concatenated and used to construct a neigh
bor-joining tree (MEGA software program version 3.1 
[ / “/]), which included all knovra clade C l DSTs identified. 
Thirteen of 14 avian-associated C. dubliniensis isolates, 11 
from Great Saltee Island (5) and 2 from Dublin, formed a 
distinct subgroup within clade C l (Figure, panel A). This 
same subgroup was also identified in trees generated by 
using the unweighted pair group method with arithmetic 
mean, maximum parsimony, and maximum likelihood, and 
based on related sequence types (BURST) analysis. To test
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Table. Newly investigated avian-associated and human isolates of Candida dubliniensis, Ireland*
Isolate Source Year of Isolation Location D STt Mating type TAG Reference
SL411 Ixodes uriae ticks 2007 GSI 27 aa + (5)
SL422 /. uriae 2007 GSI 27 aa + (5)
SL370 1. uriae 2007 GSI 27 aa + (5)
SL410 1. uriae 2007 GSI 29 aa + (5)
SL375-I 1. uriae 2007 GSI 31 aa + (5)
SL375-II 1. uriae 2007 GSI 31 aa + (5)
SL397 1. uriae 2007 GSI 31 aa + (5)
SL414 1. uriae 2007 GSI 31 aa + (5)
SL495 1. uriae 2007 GSI 33 aa + (5)
SL509 1. uriae 2007 GSI 30 aa + (5)
SL522 1. uriae 2007 GSI 31 aa + (5)
AV5 Larus argentatust 2008 TCD 29 aa + This study
AV6 L. argentatus 2008 TCD 27 aa + This study
AV7 L. argentatus 2008 TCD 2 aa + This study
CD06032 Human, oral 2006 Ireland 36 aa - This study
CD06027 Human, oral 2006 Ireland 1 aa + This study
CD0512 Human, oral 2005 Ireland 37 aa - This study
CD524 Human, oral 1997 Ireland 35 aa - (13)
CD505 Human, oral 1989 Ireland 28 aa + (13)
■A.I119 isolates were internal transcribed spacer genotype 1 and belonged to multilocus sequence  typing clade C l. DST, diploid sequence  type; TAG, 
TAG polymorphism; GSI, G reat Saltee  Island off the southeastern  coast of Ireland; TCD, Trinity College Dublin.
fA ssigned to each  isolate according the recom m ended multilocus sequence  typing schem e for C. dubliniensis (schem e D) (7). All DSTs, except for DST1 
and DST 2, a re  new.

for genetic separation between human and avian-associated 
isolates obtained from the same country, a neighbor-join
ing tree was constructed by using 13 avian-associated and 
human clade C l isolates from Ireland, each of which rep
resented unique DSTs. The tree showed the robustness of 
the avian-associated subgroup within a population o f hu
man isolates from the same country, and the distribution of 
avian-associated and human isolates differed significantly 
(p = 0,025, by Fisher exact test) (www.exactoid.com/fisher/ 
index.php) (Figure, panel B).

The prevalence of a common point mutation, pre
viously identified in the CDRI gene of some ITS geno
type 1 isolates, was determined for avian and human C. 
dubliniensis isolates as described previously (8). All 14 
avian-associated isolates had the TAG polymorphism 
(Table) compared with 19 (53%) of 36 human clade Cl 
isolates. The mating types of the isolates were deter
mined by multiplex PCR amplification by using 2 pairs 
o f mating type locus (MTL)-specific primers. A 535- 
bp amplimer was generated with primers M TLal-F (5'- 
TGAAAATGAAGACAATGCGA-3') and M TLal-R (5'- 
CATCTTTTTCTGCTATCAATTC-3') in the presence of 
MTL type a DN A, and a 615-bp product resulted from prim
ers M TLal-F (5'-ATGAATTCACATCTGGAGGC-3') 
and M TLal-R  (5'-CTGTTAATAGCAAAGCAGCC-3') in 
the presence of MTL type a  DNA. Amplification reactions 
contained 10 pmol of each of the forward and reverse prim
ers, 2.5 mmol/L MgCl^, 10 mmol/L Tris-HCl, pH 9.0 at 
25°C, 10 mmol/L KCl, 0.1% (vol/vol) Triton X-100, 1.25 
U GoTaq polymerase (Promega, Madison, Wl, USA), and

25 nL of template DNA in a total volume of 50 jaL. Cycling 
conditions were at 94°C for 10 min; 30 cycles at 94°C for 
1 min, 55°C for 2 min, and 72°C for 3 min; and a final step 
at 72°C for 10 min.

Of the 14 avian excrement-associated isolates, 13 
were MTLa homozygous (a/a), (Table). Only 4 (11.1%) of 
36 human clade C l isolates were homozygous for MTLa; 
28 (77.7%) of 36 were heterozygous for MTL (a/a). A 
previous study also reported that 17 (20.7%) of 82 human 
C. dubliniensis isolates were homozygous for MTLa (15). 
The gull isolate AV7 was indistinguishable from human 
isolates CD71, SA115, and CM l by MLST and has the 
same mating type (a/a). We propose that AV7 may be a 
human isolate that colonized a gull scavenging on the Trin
ity College Dublin campus. The TAG polymorphism and 
mating type data from the avian-associated isolates suggest 
a highly clonal population.

Conclusions
The avian-associated C. dubliniensis isolates investi

gated belong to MLST clade C l, which includes most hu
man isolates. However, most (13/14) of the avian-associat- 
ed isolates form a distinct subgroup within this clade, which 
suggests that despite the low level of variation within C. 
dubliniensis, a distinct avian subpopulation may be pres
ent. This suggestion is supported by the observation that 
2/3 isolates (AV5 and AV6) obtained in Dublin belonged 
to the same subpopulation (defined by MLST, CDRI, and 
MTL loci) as isolates obtained from Great Saltee Island, 
which is 150 km from Dublin. Similar data suggesting ge-
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Figure. Neighbor-joining trees based  on the polymorphic sites 
in Candida dubliniensis multilocus sequence typing (MLST) 
sequences. Bootstrap values >60% are indicated at cluster 
nodes. Avian-associated isolates are  indicated in red. Numbers of 
polymorphic sites in isolates are indicated by scale bars. A) Isolates 
of MLST clade C1 defined by McManus e t al. (7) showing location of 
avian-associated isolates in relation to human isolates in the sam e 
clade; human isolates were originally obtained in m any countries. 
B) Neighbor-joining tree based on polymorphic sites in MLST 
seq u en ces for each of 13 internal transcribed spacer genotype 1 
C. dubliniensis isolates, 7 of which were obtained from hum ans in 
Ireland and 6 from seabird excrem ent in Ireland. Isolates that had 
identical diploid sequence types (DSTs) were not included in the tree 
so  that only 1 of each  DST is included. Tree displays the robustness 
of the avian-associated subgroup of isolates within a  population 
of similar hum an-associated isolates from the sam e region. The 
rate of heterozygosity among hum an and avian-associated clade 
C l isolates w as 1.6 and 1 heterozygous site per DST, respectively, 
from 36 polymorphic sites, which indicated that avian-associated 
isolates were m ore clonal.

netic separation and dififcrential clade distribution between 
human and animal populations of C. albicans have been 
reported {3,4)- The presence of the avian-associated sub
group within the most predominant clade (Cl), which had 
previously only been identified in human isolates, and the 
close genetic relatedness between isolates, in particular 
gull isolate AV7, suggests that transmission between the 2 
hosts can occur. However, in this instance the most likely 
direction of transfer is from human to bird.
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A Ser29Leu Substitution in the Cytosine Deaminase Fcalp Is 
Responsible for Clade-Specific Flucytosine Resistance 

in Candida dubliniensis^
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The population structure of the opportunistic yeast pathogen Candida dubliniensis is composed of three main 
multilocus sequence typing clades (clades C l to C3), and clade C3 predominantly consists of isolates from the 
Middle East that exhibit high-level resistance (MICjo a  128 M-g/ml) to the fungicidal agent flucytosine (SFC).
The close relative of C. dubliniensis, C. albicans, also exhibits clade-specific resistance to SFC, and resistance 
is most commonly mediated by an ArglOlCys substitution in the F U RI gene encoding uracil phosphoribosyl- 
transferase. Broth microdilution assays with fluorouracil (SFU), the toxic deaminated form o f SFC, showed 
that both 5FC-resistant and SFC-susceptible C. dubliniensis isolates exhibited similar SFU MICs, suggesting 
that the C. dubliniensis cytosine deaminase (Fcalp) encoded by C. dubliniensis FCAI (CAFCAI) may play a role 
in mediating C. dubliniensis clade-specific SFC resistance. Amino acid sequence analysis o f the CdFCAI open 
reading frame (ORF) identified a homozygous Ser29Leu substitution in all 12 5FC-resistant isolates investi
gated which was not present in any of the 9 SFC-susceptible isolates examined. The tetracycline-inducible 
expression of the CdFCA! ORF from a SFC-susceptible C. dubliniensis isolate in two separate SFC-resistant 
clade C3 isolates restored susceptibility to SFC, demonstrating that the Ser29Leu substitution was responsible 
for the clade-specific SFC resistance and that the SFC resistance encoded by FCAI genes with the Ser29Leu 
transition is recessive. Quantitative real-time PCR analysis showed no significant difference in CAFCAI 
expression between SFC-susceptible and SFC-resistant isolates in either the presence or the absence of 
subinhibitory concentrations of SFC, suggesting that the Ser29Leu substitution in the CAFCAI ORF is the sole 
cause of SFC resistance in clade C3 C. dubliniensis isolates.

Candida dubliniensis is an opportunistic yeast pathogen that 
was first described in 1995 in hum an immunodeficiency virus- 
infected patients in Ireland (39). Since then the organism has 
been shown to have a worldwide distribution and has been 
recovered from o ther groups of im m unocom prom ised individ
uals and from patients with severe underlying disease (2 -4 ,11 , 
29, 30, 36-38, 44). The population structure of C. dubliniensis 
has previously been investigated by using the species-specific 
complex D N A  fingerprinting probe Cd25 and multilocus se
quence typing (M LST) (4, 11, 15, 18). Early Cd25 fingerprint
ing analyses dem onstrated  that C. dubliniensis consists of two 
fingerprinting groups, term ed Cd25 group I and Cd25 group II 
(15). G roup  I isolates comprise the majority o f isolates inves
tigated from many countries around the world and are very 
closely related, with an average similarity coefficient value 
(^a b ) o f 0-8- G roup II isolates are  less closely related and have 
an average value of 0.47 (15). These results w ere later 
confirm ed with a larger collection of isolates by G ee et al. (11), 
who also showed that Cd25 group I isolates com prised a single 
genotype (genotype 1) on the basis o f sequence analysis o f the 
internal transcribed spacer (ITS) region o f the ribosomal DNA 
operon. F urtherm ore, Cd25 group II isolates w ere found to
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U nit, Division o f O ral Biosciences, School o f D ental Science and 
D ublin D ental H ospital, University o f  D ublin, Trinity College Dublin, 
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david .colem an@ dental.tcd .ie.

’ Published ahead o f  print on 24 A ugust 2009.

belong to three ITS genotypes (genotypes 2 to 4). In 2005, a 
study by Al Vfosaid e t al. (4) identified a third Cd25 finger
printing group, term ed Cd25 group III, which exhibited an 
average value o f 0.35, am ong C. dubliniensis isolates re
covered exclusively in Egypt, Saudi A rabia, and Israel, all of 
which belonged to ITS genotypes 3 o r 4. All isolates belonging 
to Cd25 group 111 exam ined exhibited high-level intrinsic re
sistance to  the antifungal drug flucytosine (SFC), apart from 
one Israeli isolate tha t was SFC susceptible. This phenotype 
did not occur in isolates belonging to  either Cd25 group I or 
Cd25 group II, including isolates from  Cd2S groups I and II 
recovered from  Egypt, Saudi A rabia, and Israel (4). R ecent 
studies that have used M LST analysis to investigate the pop
ulation structure o f C. dubliniensis revealed the presence of 
three distinct clades, term ed clades C l to  C3 (18). All SFC- 
resistant isolates belonging to Cd25 fingerprint group III were 
found to  cluster exclusively in M LST clade C3 (18). M ore 
recently, M LST was used to show that clade C l C  dubliniensis 
isolates recovered from avian excrem ent-associated sam ples 
w ere genetically distinct from o ther clade C l isolates that were 
recovered from hum ans (19).

The closest relative o f C. dubliniensis, Candida albicans, also 
exhibits clade-specific resistance to SFC, with 72.7% of isolates 
in M LST clade C l (Ca3 fingerprinting clade I) exhibiting re
duced susceptibility to this antifungal agent (23, 32). In C. 
albicans, the SFC resistance patterns vary am ong isolates and 
range from reduced susceptibility (M ICs, 0.5 to 2 (xg/ml) to 
interm ediate resistance (M ICs, 2 to  8 jjig/ml) or high-level
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FIG. 1. M etabolic pathway and mode o f  action o f  5FC in Candida 
yeasts. 5FC and 5FU are transported into the cell by cell membrane- 
associated cytosine-purine permeases. In Candida spp., these are en
coded by two genes that display amino acid sequence homology with 
the FCY2 gene o f S. cerevisiae (13). Upon entry into the cell, 5FC is 
then deaminated to 5FU  by Fcalp, encoded by F C A l. 5FU  is then 
phosphorylated by UPRT, encoded by FUR/ ,  yielding 5FUMP. 
5FUM P inhibits thymidyiate synthetase, which leads to thymidine de
pletion in the cell and which ultimately interrupts D N A  synthesis. 
5FUM P is also metabolized by two kinases, yielding fluorouridine 
diphosphate (5FU D P) and, subsequently, fluorouridine triphosphate 
(5FUTP), the latter o f  which is incorporated into RNA in the place o f  
UTP, which leads to miscoding and the inhibition of protein synthesis.

resistance (M lC s, s 8  jig/ml); and a wide range of 5FC MICs 
for this drug have been reported  am ong isolates (range, 0.06 
|jLg/ml to s l 2 8  jJLg/nil) (7, 13). In C. dubliniensis, the resistance 
patterns are m ore clearly defined, with 5FC-susceptible iso
lates exhibiting 5FC M ICs o f s0 .1 2 5  |jLg/ml and 5FC-resistant 
isolates exhibiting 5FC M ICs of > 128  ^g/ml (4). To date, 5FC 
resistance in C. dubliniensis has been reported  only in isolates 
from the M iddle East, all of which that have been tested 
belong to M LST clade C3 (1, 4, 18, 29).

The antifungal action o f 5FC relies on the intracellular con
version o f 5FC to fluorouracil (5FU ) by cytosine deam inases 
upon entry into fungal cells (Fig. 1). Cytosine deam inase 
(F ca lp ) is encoded by F C A l in C. albicans and C. dubliniensis 
(C dF C A l)  (4, 9), and the F C A l genes in these two species are 
hom ologues o f the FC YI gene in Saccharomyces cerevisiae (9) 
and in o ther Candida species, such as Candida lusitaniae (26). 
T he absence of cytosine deam inases in m am m alian cells p re 
vents 5FC  toxicity in hum ans, as the 5FC prodrug itself is 
nontoxic. A fter the conversion o f 5FC to 5FU , the F U R l- 
encoded uracil phosphoribosyltransferase (U P R T ) catalyzes 
the phosphorylation o f 5FU  to  fluorouridine m onophosphate 
(5FU M P) (Fig. 1). Two specific kinases catalyze the further 
phosphorylation of 5FU M P, eventually converting it to flu- 
orouridine triphosphate. F luorouridine triphosphate in turn 
gets incorporated into RNA, which causes miscoding, leading 
to the inhibition of fungal protein synthesis (Fig, 1). As a 
secondary m ethod of inhibition, 5FU M P inhibits thymidyiate 
synthetase (Fig. 1), leading to the depletion of dT TP and the 
m isincorporation of dU T P  into newly synthesized DNA, caus
ing irreversible D NA  dam age and cell cycle arrest (14, 31, 41).

In haploid C. lusitaniae isolates, a missense T26C nucleotide 
m utation in the F C YI gene has been reported  in four clinical 
isolates dem onstrating 5FC  resistance, although 5FC  and 5FC- 
fluconazole cross-resistance has m ore commonly been attrib
uted to defects in the purine cytosine perm ease-encoded FCY2

gene in this species (10). In C. albicans, resistance to 5FC  is 
m ediated  by a reduction in the activity o f e ither the Fcalp 
encoded by F C A l o r the U P R T  encoded by F U R l (13, 31,43). 
Two different research groups reported  that in the majority of 
5FC -resistant C. albicans isolates, resistance is associated with 
a homozygous single am ino acid substitution, A rglO lC ys, in 
U P R T  (7, 13). However, o ther 5FC -resistant C. albicans iso
lates lack this substitution (13). O ne such isolate (5FC  MIC, 
> 64  p.g/ml) was reported  to  contain a homozygous Gly28Asp 
substitution in the cytosine deam inase gene, and a Ser29Leu 
am ino acid substitution was also observed in the same gene of 
ano ther C. albicans isolate displaying interm ediate 5FC  resis
tance (5FC MIC, 4 jjig/ml) (13). In C. dubliniensis, the  DNA 
sequences o f the F U R l genes encoding the U PR T s of four 
5FC -resistant and five 5FC-susceptible isolates from the M id
dle E ast were determ ined previously, and while several single 
nucleotide polym orphism s (SNPs) w ere identified, no amino 
acid substitutions were observed betw een the isolates (4).

T he purpose of the present study was to  investigate the role 
o f F c a lp  in C. dubliniensis clade-specific 5FC  resistance by the 
use of bro th  microdilution assays with 5FC  and 5FU , analysis 
o f D N A  and am ino acid sequences, and analysis o f C dFC A l 
expression. A  tetracycline-inducible expression plasmid was 
used to  incorporate the C dF C A l gene from a 5FC-susceptible 
isolate (hereafter called C dF C A P ) into the A D H l  locus o f a 
5FC -resistant isolate and the C dF C A l gene from a 5FC-resis- 
tan t isolate (hereafter callcd C dFC A F ) into the A D H I  locus of 
a 5FC-suseeptible isolate. These strains w ere used to deter
m ine if 5FC susceptibility o r resistance could be induced in 
isolates upon the acquisition and expression of the respective 
C dF C A l gene.

M ATERIA LS AND M ETH O D S

Isolates and culture conditions. Twenty-one epidemiologically unreliUcd hu
man C  dubliniensis isolates were included in the present study, including 9 
5FC-susceptib!e isolates and 12 5FC-resistant isolates (Table 1), as reported 
previously (2, 4, 11, 30, 39). Previously, 5FC resistance in C  dubliniensis has ever 
been reported only in isolates from Saudi Arabia, Egypt, Israel, and Kuwait (I , 
4, 29); and all but two o f these have previously been investigated by MLST 
analysis and/or Cd25 fingerprint analysis and were shown to belong to C  dub
liniensis MLST clade C3 and Cd25 fingerprint group III (4, 18). For these 
reasons, 20 of the 21 isolates chosen for study (12 5FC-resistant isolates and 8 
5FC'Susceptible isolates) were originally recovered in Egypt, Saudi Arabia, or 
Israel (Table 1). The 5FC-susceptible isolates belonged to MLST clade C l or C2 
and Cd25 fingerprint group I or II (4, 18). The C. dubliniensis type strain CD36, 
originally isolated from the oral cavity of a human immunodeficiency virus- 
infected individual in Ireland, was also included as a reference isolate because 
the complete genome sequence o f this organism has been determined (http: 
/Avww.sanger.ac.uk/sequencing/Candida/dubliniensis/). The C. dubliniensis iso
lates were routinely cultured on yeast extract-peptone-dextrose (YPD) agar, pH 
5.6, at 37®C. For liquid culturing, isolates were grown in YPD broth (with the 
following per liter: 10 g yeast extract [Sigma-Aldrich Ireland Ltd., Wicklow, 
Ireland], 20 g peptone [Oxoid, Basingstoke, Hampshire, England], and 20 g 
D-glucose, pH 5.5) at 37°C in an orbital incubator (Gallenkamp, Leicester, 
United Kingdom) at 200 rpm. Escherichia coli strain DH5a (12) [F 
4>80d/acZAmI5 A{lacZYA'argF)UI69 endAl recAl hsdR17{TYt  ̂ supE44
thi‘l  d  gyrA96relAl] was routinely grown on Luria-Bertani agar, pH 7.4, at 37'’C 
or in Luria-Bertani broth, pH  7.4, at 3 T C  with shaking at 200 rpm for liquid 
culture.

Susceptibility testing. The MICs for 5FC and 5FU (Sigma-Aldrich) were 
determ ined by the method described in document M27-A2 of the Clinical and 
Laboratory Standards Institute (CLSI; formerly the National Committee for 
Clinical Laboratory Standards) by using RPMI 1640 medium (6). Both drugs 
were titrated from a concentration of 128 |xg/ml to one o f 0.25 iig/ml for the 
preliminary analysis of all 21 clinical isolates, as well as for analysis of the
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TABLE 1. Candida dubliniensis isolates used to investigate the molecular mechanism of 5FC resistance and their susceptibilities to
5FC and 5FU“

Isolate Country 
of origin

Yr of 
isolation Sample Cd25 fingerprint 

group
ITS

genotype
MIC5 0 ((i.g/ml)

Reference
5FC 5FU

CD36'’ Ireland 1988 Oral 1 1 <0.25 32 4, 11, 39
SAlOl S. Arabia 2002 Oral I 1 sO.25 16 4
SA105 S. Arabia 2002 Oral 1 1 sO.25 32 4
SA115 S. Arabia 2002 Oral I 1 <0.25 32 4
Eg203 Egypt 2002 Oral I 1 sO.25 16 4
Eg206 Egypt 2002 Oral I 1 sO.25 32 4
p7276 Israel 1999 RT 11 3 sO.25 8 4, 11
p6785 Israel 1999 Urine 11 3 sO.25 16 4, 11, 30
p7718 Israel 1999 Wound III 4 sO.25 16 4, 11
Eg200 Egypt 2002 Oral III 4 a l2 8 8 4
Eg201 Egypt 2002 Oral III 4 >128 32 4
Eg202 Egypt 2002 Oral III 4 >128 32 4
Eg207 Egypt 2002 Oral III 4 >128 32 4
SAIOO S. Arabia 2002 Oral III 3 >128 32 4
SA103 S. Arabia 2002 BAL III 3 >128 32 4
SA107 S. Arabia 2002 Oral III 3 >128 32 4
SA108 S. Arabia 2002 Oral III 3 >128 32 4
SAI09 S. Arabia 2002 Oral III 3 >128 8 4
SA1I3 S. Arabia 2002 Oral III 4 >128 32 4
SA118 S. Arabia 2002 Oral III 3 >128 32 4
SAI2I S. Arabia 2002 Oral III 4 >128 32 4

** A bbreviations: S. A rabia, Saudi A rabia; R T , resp iratory  tract; BAL, b roncheoa lveo lar lavage fluid. 
^ C. dubliniensis type strain .

rec ip ien t isolates and tran sfo rm an t derivatives from  cloning experim ents. T hese 
w ere de te rm in ed  as the lowest concen trations o f  the  d rug  tha t reduced  the 
tu rb id ity  by 50%  relative to  the  turbidity  o f the  grow th  o f  the drug-free controls. 
All iso la tes w ere tested  in dup lica te  and on  tw o separa te  occasions.

DNA ex traction . Isolates w ere grow n overn igh t in 5 ml o f  Y P I) b ro th  as 
d escribed  above. Cells w ere harvested  from  1.5 ml o f  cu ltu re by centrifugation  at 
14,(KM) X g, and  the  D N A  was extracted  from  the  resulting  pellet by using a 
D N easy  blood and tissue kit, according to  th e  m an u fac tu re r’s  instructions (Q ia- 
gen  Science, C raw ley, W est Sussex, U nited  K ingdom ) and resuspended  in a final 
volum e o f 2(K) p.1. N ucleic acids w ere e thano l p rec ip ita ted  and  resuspended  in 50 
p-1 o f  n io lecu lar-g rade M illi-Q  B iocel-purified w a te r (resistivity, 18.2 M Q/cm; 
M illiporc, C arrigtw ohill, C ork , Ireland).

P C R  am plification^ sequencing, and  sequence ana lysis  of C dF C A I. T he  com 
p le te  o p en  read ing  fram e (O R F ) o f  the  C. dubliniensis C dF C A I  gene was am 
plified from  12 5F C -resistan t isolates (Table 1) and  9 5FC -susceptible isolates 
(T ab le  1) by using o ligonucleotide prim ers F C A IF  and  F C A IR , which incorpo
ra ted  S ail and  Bglll restriction  endonuc lease recogn ition  sites, respectively (T a 
ble 2). T h e  reaction  m ixtures con ta ined  100 ng o f  purified  tem p la te  D NA , IX  
E xpand  high-fidelity buffer, 2.5 U  o f  E xpand high-fidelity P C R  system  enzym e 
m ixture (R oche A pplied  Science, M annheim , G erm any), 0.2 m M  concen trations

o f  each  deoxynucleoside tr iphospha te  (P rom ega C orp o ra tio n , M adison, W l), 
and  0.2 p,M concen tra tions o f each  o ligonucleotide (Sigm a G enosys B io techno l
ogies E u ro p e  Ltd., Pam pisford , C am bridgesh ire, U n ited  K ingdom ). T h e  reaction  
m ixtures underw en t an initial d en a tu ra tio n  step  o f 94®C for 10 m in, follow ed by 
35 cycles o f 94®C for 30 s, 52°C fo r 30 s, and  72°C fo r 1 min and  a final elongation  
step  o f 72®C for 7 m in. T h e  550-bp p roducts  w ere purified  w ith a G en E lu te  PC R  
cleanup  kit (S igm a-A ldrich), and  bo th  s trands w ere sequenced  by using the  sam e 
prim ers tha t had  been  used for am plification. D N A  sequencing  reactions w ere 
perfo rm ed  com m ercially  by C ogenics (Essex, U nited  K ingdom ) with an ABI 
3730x1 D N A  analyzer. M ultiple D N A  and  am ino acid sequence  alignm ents o f 
C dF C A I  genes and  th e ir  enco d ed  p ro te ins from  5FC -susceplib le and  5FC- 
resistan t C. dubliniensis isolates w ere  ca rried  o u t by using the C L U S T A L  W 
sequence a lignm ent com pu ter p rogram  (40), available at the  E M B L-E B I w ebsite 
(http://w w w .ebi.ac.uk/).

T etracycline-induclh le  C dF C A I expression  in C. dubliniensis. T he  tetracycline- 
inducible gene expression plasm id p N IM l, developed  by Park and  M orschhauser 
(27), was ad a p ted  to  investigate the  inducible expression o f  the  C. dubliniensis 
C d fC A P  and  C dFCAJ^  genes in both  5FC -susceptib le and  5F C -resistan t C  
dubliniensis isolates. T he p N IM l cassette  was originally designed to  in tegrate  
into the  C  albicans alcohol dehydrogenase encoding gene A D H I. T h e  D N A

TABLE 2. Oligonucleotide primers used in this study

Oligonucleotide Sequence (S’-S')* Function

A D H IF ATGCAAGCAAGCTTATTCA PCR screening of transformants"
cartTA CGGCATACTATCAGTAGTAG
SAT CAATGCCGCCGAGAGTAAAG
A D H IR CCCAAGATCTTACCTTCTTCCATT

FC A IF GACGCGTCGACGATATCAACGATGACATTT CdFCAI cloning and PCR screening
FCA IR CG G G A TC C A G A TC rrrA TrC TC C A A TA TC TTC

R TFC A IF AAACGCAGGAAGATTGCCAG Gene expression analysis
RTFCAIR TOGCCCCTGTACACATACTACATG
RTACTIF AGCTCCAGAAGCTTTGTTCAGACC
R TACTIR TGCATACGTTCAGCAATACCTGGG

" T h e  regions o f  the p N \M \- C d fC A l  cassette  and  background  A D H I  locus am plified during  P C R  screening  o f  transfo rm ants are  displayed in Fig. 2. 
^ T h e  S ail and  B glll restriction  endonuc lease recognition  sites incorpora ted  in to  the  F C A IF  and F C A IR  p rim er sequences, respectively, a re  underlined .
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FIG. 2. Structure and ADH J  integration site o f the pN IM l-C dF C 4/ cassette used in the tetracycline-inducible expression transformation 
studies. The restriction sites used for the excision o f  the C. albicans GFPI gene (replaced by the C ^ C A l  gene) and the excision of the entire 
pN IM l-C dF C 4/ cassette from the pN IM l plasmid (27) are indicated. Transcription start sites and the directions o f transcription are displayed by 
right-angled arrows. Terminator sequences are displayed as black hairpin loops and function in the termination of transcription o f  the Candida' 
adapted reverse tetracycline-dependent transactivator (cartTA) and the C dF C A l target gene. The primers used in the PCR screening o f  the 
pN IM l-C dFC 47 transformants are indicated by labeled arrows and are listed in Table 2.

sequence for the C  albicans ADHI gene (GenBank accession no. Ca019.3997) 
was used in a BLAST search against the C. dubliniensis genome sequence data
base (http:/Avww.sangcr.ac.ukysequencing/Candida/dubiiniensis/) in order to 
identify a homotogue in C. dubUniemh. A high level of sequence homology 
(94%) is shared by the ADH! ORFs of C  albicans and C  dubliniensis. Tlie 
tetracycline-inducible promoter P,„ included in pNlMl (27), was used to drive 
expression o f the CdFC/4/* and CdFCAl^ genes individually in th e /ID /// locus 
of a C. dubliniensis isolate with the opposite 5FC phenotype. The complete 
coding regions o f the CdFCAl gene from 5FC-susceplible C  dubliniensis isolate 
p7276 and 5FC-resistant C. dubliniensis isolates SA113 and SA109 were ampli
fied from genomic DNA with the FCAIF-FCAIR primer pair (Table 2). The 
amplimers were ligated into pGEM T-Easy vector I (Promega) vector DNA and 
transformed into E. coli strain DH5cx. Plasmids were recovered from the trans
formants by using a GenElute plasmid miniprep kit (Sigma-Aldrich), and the 
cloned DNA was sequenced. The complete CdFCAl ORF was digested from the 
pGEM T-Easy plasmids by using the Sail and Bglll restriction endonuclease 
recognition sites, which were introduced upstream and downstream of the ORF, 
respectively, and the FCAlF-FCAlR primer pair. The CdFCAl fragments were 
then gel purified with a Wizard SV Gel and PCR cleanup system (Promega) and 
separately cloned between and T^cr/ Sall-Bglll-digested pN lM l, incor- 
pt>rating the CdFCAl ORFs into the pNIMl cassette in the placc of the GFPI 
gene (27), (Fig. 2). The resulting plasmids, pNIMI-Cdf’C 4/'’ and pNIMI- 
C dFCAI\ were transformed into E. coli strain DH5a for replication o f the 
plasmid, prior to purification with the GenElute plasmid miniprep kit (Sigma- 
Aldrich), Sacll-Apal linearization of the cassette, gel purification, and transfor
mation into C. dubliniensis as described previously (35). 5FC-resistant isolates 
SAH 3 and SA109 were transformed with pNIMl-Cd/^C4/®, and 5FC-suscepti- 
ble isolate p7276 was transformed with pNIMI-Cd/^C4/'^ (Table I). All three of 
these C  dubliniensis isolates were also transformed with the pNIMl cassette 
containing the GFPI gene instead of the CdFCAl gene as a control for the 
disruption of the ADHI locus. In order to confirm the correct integration of the 
complete pN IM l-C dfC /i/ cassette into ihQADHl locus in transformant deriv
atives, a number of PCR amplifications were carried out. The primer pairs used 
in these PCR amplifications were ADH IF and cartTA, SAT and FCAIR, 
FCAIF and ADHIR, and SAT and ADHIR (Table 2). These stepwise ampli
fications revealed the presence and the correct integration o f the full pNIMl* 
CdFCAl cassette in transformant derivatives. This was further confirmed by 
Southern hybridization analysis with two separate probes: a CdFC/I/-directed 
probe and a pNIMI-directed probe which was directed toward the cartTA trans
activator region and the background ADHI locus. The probes were labeled with 
digoxigenin (DIG) by using a DIG DNA labeling and detecting kit (Roche). The 
prehybridization, hybridization, wash, and detection steps were carried out ac
cording to the manufacturer’s instructions.

CAFCAI expression analysis. To monitor the relative gene expression of the 
CdFCAl gene in 5FC-resistant wild-type C. dubliniensis isolates (isolates SA113, 
SA109, and Eg202) and 5FC-susceptible wild-type C  dubliniensis isolates (iso
lates Eg204 and p7276), as well as in the doxycycUne (DOX)-inducible transfor
mant derivatives (strains SA113T1, SA109T1, and SAI09T2), quantitative real

time PCR was carried out according to standard protocols. In brief, RNA was 
extracted from isolates and transformant derivatives that were grown in YPD 
broth in the presence of DOX (15 |xg/ml) only or YPD broth in the presence of 
DOX (15 M-g/fTil) and subinhibitory concentrations of 5FC (6.4 ng/ml). The 
RNAs were extracted with an RNeasy minikit (Qiagen) and were treated with 
DNeasy (Ambion; Applied Biosystems, Warrington, United Kingdom), accord
ing to the manufacturer’s instructions. The RNA samples were then reverse 
transcribed to cDNA by using a Superscript II reverse transcriptase kit (Invitro- 
gen. Biosciences Ltd., Dun Laoghaire, Dublin, Ireland). Quantitative real-time 
PCR was carried out with two pairs of reverse transcription-PCR primers; one 
pair amplified the CdFCAl gene, and the second pair amplified th e/JC r/ gene 
as an internal expression control (Table 2). The comparative amplification effi
ciencies o f these primers were assessed, prior to reverse transcription-PCR, by 
using primer amplification efficiency plot analysis, as described previously (28). 
Quantitative real-time PCRs were carried out with 0.3 |xM of each primer and 
SYBR green master mixture in an ABI 7500 real-time PCR system (Applied 
Biosystems), according to the manufacturer’s recommended protocols. Data 
analysis was carried out as described by Schmittgen and Livak (34), and the 
2 Acr vjjiygs calculated from the average threshold cycle (C7-) values 
acquired from three replicates for both the CdFCAl and ih cA C T l genes.

RESULTS

In vitro susceptibility testing. Nine C. dubliniensis isolates 
previously reported to be 5FC susceptible and 12 C. dublini
ensis isolates previously reported to be 5FC resistant by A1 
Mosaid et al. (4) (Table 1) were tested for their susceptibilities 
to 5FC by broth microdilution assays. All nine isolates previ
ously reported to be 5FC susceptible were confirmed as such 
and exhibited 5FC MICs o f sO.25 î,g/ml. Similarly, the 12 
previously reported 5FC-resistant isolates exhibited 5FC MICs 
of a  128 jAg/ml. In an attempt to localize potential blocks or 
lesions in the 5FC metabolic pathway in 5FC-resistant isolates 
which may contribute to resistance, broth microdilution assays 
were also carried out with 5FU instead of 5FC (Table 1). We 
hypothesized that if a block in the 5FC metabolic pathway 
occurred at the level o f Fcalp, then 5FC-resistant isolates 
should be susceptible to 5FU (Fig. 1). All 9 5FC-susceptible 
isolates and 12 5FC-resistant isolates used in the study (Table 
1) were tested for their susceptibilities to 5FU by using a range 
of concentrations (0.25 to 128 ji-g/ml). All 21 isolates exhibited 
5FU MICs in the range o f 8 to 32 jig/ml (Table 1). There was 
no correlation between the 5FU MIC and susceptibility to
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5FC. These findings indicated that a block(s) in the 5FC m et
abolic pathway occurred in resistant isolates a t the level of 
cytosine deam inase or upstream  of this enzyme (Fig. 1).

Sequence analysis o f CAFCAI in C. dubliniensis. The DNA 
sequence of the C. albicans F C A l gene, which encodes F ca lp  
(GenBank accession no. U55194), was used in a BLAST search 
against the C. dubliniensis genome sequence (http:/Avww.sanger 
.ac.uk/sequencing/Candida/dubliniensis/) in order to identify its 
hom ologue in C. dubliniensis. In C. dubliniensis, F ca lp  is en 
coded by the CAFCAI gene, which shares 89% sequence iden
tity with F C A I  from C. albicans, and both contain an internal 
intron of 81 bp. In o rder to investigate w hether a m utation(s) 
o r a deletion(s) was present in the CdFC AI gene encoding 
F calp , the D NA  sequences o f the CdFCA] O R F  were d e te r
m ined for all 12 5FC-resistant isolates (Table 1) and all 9 
5FC-susceptible isolates (Table 1) investigated in the study. 
F or each iso late, the C dF C A I sequence was com pared  with 
th a t o f the C dF C A I consensus sequence of 5FC -susceptib le 
C  dubliniensis type strain  C D 36 (http://w w w .sanger.ac.uk 
/sequencing/Candida/dublinicnsis/). T hree separate SNPs were 
identified in the C dfC 47-coding  sequences of the 21 C. dub
liniensis isolates investigated. Two synonymous SNPs w ere ob
served; one o f these (position 264, A ^  T  transition) occurred 
in all isolates sequenced, with the exception of six of the nine 
5FC-susceptible isolates (isolates CD36, Eg203, Eg206, SA lO l, 
SA105, and SA I15), and the second (position 390, T  ^  C 
transition) occurred in only one of the 5FC-susccptible isolates 
(isolate p7276). The third SNP was nonsynonymous (position 
86, C  ^  T  transition), resulting in an amino acid substitution 
(Ser29Leu) in all 12 o f the 5FC-resistant isolates tested, but 
was not present in the C dFCAI gene of the 9 5FC-susceptible 
isolates sequenced.

Tetracycline-inducible expression of CdFCAI in C. duhlini- 
ensis. T ransform ation of the pN IM I-CdfC/1/'^ cassette into 
5FC-susceptible isolate p7276 yielded several transform ants 
with the correct integration o f the p N IM l-C df’C /l/ '' cassette 
into the A D H I  locus, as determ ined by Southern hybridization 
and PCR analysis. Broth m icrodilution assays were carried out 
with these transform ants by using serial dilutions of 5FC  from 
a concentration of 0.25 to one o f 128 (jig/ml. All of the trans
form ants were 5FC susceptible (5FC MICs s  0.25 (xg/ml). This 
experim ent was replicated with the addition of the tetracycline 
derivative D O X  to the R PM I 1640 bro th  m icrodilu tion  m e
dium  a t a final concen tra tion  of 15 p-g/ml in o rd e r to induce 
the expression o f the p N IM l-C d fC 4 /'^  cassette . All o f 
the D O X -induced  transfo rm an ts rem ained  5FC  susceptible 
(5FC  M ICs s  0.25 |j.g/ml). T ransform ation of pN lM l- 
C dF C A P  D NA  into 5FC -resistant isolates SA 1I3 and SA109 
yielded several transform ants with the correct integration of 
the pNIMl-CdFCy4/® cassette into the A D H I  locus, as de te r
m ined by Southern hybridization and PCR analysis (Table 3). 
All o f these transform ants were 5FC resistant (5FC M ICs a  
128 ^JLg/ml). In contrast, in a parallel series o f experiments, 
replicate broth microdilution assays were carried out with the 
addition  o f D OX  (15 ftg/ml) to the RPM I assay medium. This 
resulted  in a dram atic change in the 5FC resistance phenotype 
of these transform ants (isolates SA109T1, SA109T2, and 
SA l 13T1) from being 5FC resistant (5FC M ICs >  128 (ig/ml) 
to being 5FC susceptible (5FC M ICs s  0.25 |i.g/ml) (Table 3). 
Sim ilar results were obtained in separate broth m icrodilution

TABLE 3. Susceptibilities of C. dubliniensis isolates and pNIM l- 
FCAIIGFPI transformant derivatives in the presence or 

absence of DOX

Isolate or transformant
5FC MIC,„ (pLg/ml) with DOX at:

None 15 30 M-g/ml

C. dubliniensis clinical isolates 
SA113 
SAl 09 
p7276

2128
2128

sO.25

>128
>128

<0.25

>128
>128

<0.25

C. dubliniensis pNIM l-
CdFC AT  transformants 

p7276Tl 
p7276T2 
p7276T3

sO.25
sO.25
sO.25

<0.25
<0.25
<0.25

<0.25
<0.25
<0.25

C. dubliniensis pNIM l-
CdFCAP  transformants 

SA109T1 
SAI09T2 
SA113T1

2128
2128
2128

<0.25
<0.25
<0.25

<0.25
<0.25
<0.25

C  dubliniensis pNIM l-GF/^/ 
transformants 

SA113-GFP1T1 
SA109-GFPIT1 
SA109-GFP1T2 
p7276-GFPlTl

2128
>128
2128

sO.25

2128
2128
2128

sO.25

2128
2128
2128

<0.25

experim ents with D OX  at a final concentration of 30 (i.g/ml 
(T able 3). As transform ation controls, 5FC-resistant parental 
isolates SA109 and SA l 13 and 5FC-susceptible parental iso
late p7276 were also transform ed with the pN IM l cassette 
containing the G FP l gene instead of the C dFC AI gene (Table 
3). These control p N IM I-G fP / transform ants were also ex
am ined by bro th  microdilution assays in the presence and 
absence of D O X  (15 |xg/ml). The presence or absence o f D OX  
in the broth  microdilution medium had no effect on the 5FC 
M ICs, and all the transform ant derivatives tested exhibited 
5FC  M ICs sim ilar to  those o f  the ir respective paren ta l iso
lates (T able 3). These results strongly suggest that expression of 
the C dFC AP  gene by the transformants harboring the entire 
pN IM l-C dfC /4/* cassette (i.e., isolates SA109T1, SA109T2, and 
SA113T1; Table 3) is responsible for the DOX-inducible 5FC 
susceptibility exhibited by these transformants.

CdFCAI expression analysis. A com parison of C dFC AI 
gene expression by the 5FC-susceptible isolates (isolates Eg204 
and p7276) and 5FC -resistant isolates (isolates SA l 13, SA109, 
and Eg202) and the pNIM l-CdfC/17® transform ant derivatives 
(isolates SA113T1, SA109T1, and SA109T2) was undertaken 
following exposure to D O X  (15 M-g/mO o r following exposure 
to  D O X  (15 (jig/ml) and a subinhibitory concentration (6.4 
ng/ml) o f 5FC. The expression of C dFC AI was analyzed by 
quantitative real-tim e PC R, and the data w ere norm alized to 
the level of A C T I  expression, which was used as an internal 
control. Two-tailed S tuden t’s t tests were carried out on the 
C dF C A I expression values obtained from 5FC-susceptible and 
5FC -resistant clinical isolates, and no significant differences in 
CdFCA 1 expression w ere observed betw een the two groups of 
isolates in either the presence (P  =  0.47) o r the absence {P = 
0.16) o f 5FC in the growth medium . This suggests that alter-
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ations in CdFCAl expression do not play a significant role in 
mediating 5FC resistance. Upon exposure to 5FC (6.4 ng/ml), 
the level of CdFCAl expression increased in both the 5FC- 
susceptibie isolates (range, 14.5- to 25-fold) and the 5FC-re- 
sistant isolates (range, 4- to 18-fold). Two-tailed Student’s t 
tests confirmed the significance of these CdFCAl expression 
increases upon addition of 5FC to the growth medium {P < 
0.001). On exposure to DOX, transformant derivatives 
SA109T1, SA109T2, and SA113T1 all showed significant {P < 
0.001) increases in their levels of CdFCAl expression (range, 
5- to 26-fold) in comparison to those of parental isolates 
SA109 and SAl 13. These transformant derivatives also showed 
significant (P <  0.001) increases in their levels of CdFCAl 
expression (range, 5- to 22-fold) in comparison to those of 
their parental isolates, isolates SA109 and SAl 13, in the pres
ence of a subinhibitory concentration of 5FC as well as DOX.

DISCUSSION

Studies of pyrimidine salvage pathways (Fig. 1) and 5FC 
resistance mechanisms in yeast species have previously been 
undertaken with 5. cerevisiae (9, 17, 25, 42), C  albicans (9, 13, 
43), and C. lusitaniae (5, 22, 26). Investigations with 5. cerevi
siae have shown that the disruption of the FCY2 or the FURI 
gene can play a role in 5FC resistance, but only the FCAI gene 
is absolutely required for the mediation of 5FC susceptibility 
(24, 25). In C. lusitaniae, Papon et al. (26) reported that inac
tivation of either the FCAI or the FCY2 gene mediates 5FC 
resistance (5FC MICs, 128 |o.g/ml and 64 |j.g/ml, respectively) 
and promotes cross-resistance to 5FC and fluconazole (MICs, 
4 jjig/ml to 32 |jLg/ml), and the authors suggested that this was 
due to the competitive inhibition of fluconazole uptake by 
extracellular 5FC (5, 22, 26). Further analysis has identified a 
nonsense mutation in the FCY2 gene that resulted in a trun
cated purine cytosine permease in seven such isolates. In ad
dition to this finding, a missense mutation (Met9Thr transi
tion) has been identified in the FCYl genes of four clinical C  
lusitaniae isolates that also exhibited 5FC and 5FC-fluconazole 
cross-resistance (10). In C. albicans, two different research 
groups (7, 13) identified a homozygous ArglOlCys amino acid 
substitution in the Ff7/?/-encoded UPRT to be the most com
mon cause of high-level 5FC resistance (5FC MICs, 8 to >64 
|jig/ml). Isolates that were heterozygous for this transition ex
hibited reduced 5FC susceptibility (5FC MICs, 0.5 to 1 î-g/ml) 
(13). Furthermore, a homozygous Gly28Asp substitution in 
Fcalp, encoded by FC/1/, was suggested by Hope et al. to be an 
alternative method of resistance in a C  albicans isolate that did 
not harbor the UPRT-associated ArglOlCys substitution (13). 
Finally, Hope et al. (13) also described a C. albicans isolate 
with a Ser29Leu substitution in Fcalp which exhibited an in
termediate level of 5FC resistance (5FC MIC, 4 jig/ml). In the 
light of the findings of the previous studies, we hypothesized 
that the C. dubliniensis pyrimidine salvage pathway very likely 
retains structural and functional homology with the pyrimidine 
salvage pathways in other Candida species, as C. dubliniensis is 
the closest relative to C. albicans in the genus Candida. There
fore, we investigated the CdFC47-encoded Fcalp  (Fig. 1) as a 
possible cause of C. dubliniensis clade-specific 5FC resistance. 
Initially, broth microdilution assays were carried out with both 
5FC and 5FU to determine whether the deamination step in

the 5FC metabolic pathway was responsible for 5FC resistance. 
If the deamination step was responsible for 5FC resistance, 
bypassing its requirement in the metabolic pathway by expos
ing 5FC-resistant cells to 5FU should result in susceptibility to 
5FU (see Fig. 1). Both 5FC-susceptible and 5FC-resistant iso
lates exhibited similar 5FU MICs (Table 1), indicating that 
F calp  is very likely responsible for the clade-specific 5FC 
resistance in C. dubliniensis. In o rder to investigate this 
possibility further, DNA sequence analysis of the C dFCAl 
genes from 12 5FC-resistant and 9 5FC-susceptible C. dub
liniensis isolates was undertaken. This identified a homozygous 
Ser29Leu substitution that occurred exclusively among 5FC- 
resistant isolates. This radical substitution results in the re
placement of a hydrophilic polar amino acid (serine) with a 
hydrophobic nonpolar residue (leucine) in the p i strand of the 
cytosine deaminase enzyme and is closely linked to an active- 
site residue, according to the yeast cytosine deaminase struc
ture defined by Ko et al. (16). This amino acid substitution may 
disrupt the quaternary structure of the enzyme, distorting the 
active site and inhibiting the conversion of the 5FC prodrug to 
its toxic form, 5FU. As mentioned above, a similar amino acid 
substitution was reported by Hope et al. in a C. albicans isolate; 
however, that isolate exhibited intermediate resistance (5FC 
MIC, 4 (jLg/ml) to 5FC (13), in comparison to the high levels of 
5FC resistance observed in the C. dubliniensis isolates display
ing the Ser29Lcu substitution in the present study. The differ
ences in the levels of resistance to 5FC exhibited by the C. 
albicans isolate reported by Hope et al. and the 5FC-resistant 
C. dubliniensis isolates reported here, all of which harbored the 
same Ser29Leu substitution in Fcalp, may be due to the fact 
that different 5FC MIC determination methods were used in 
the two studies: the EUCAST method (33) was used in the 
previous study for the C. albicans isolates, and the CLSI 
method (6) was used in the present study for the C. dubliniensis 
isolates. Alternatively, differences in CdFCAl and FCAI gene 
expression or posttranscriptional or posttranslational modifi
cations may be responsible for the differences between the two 
species in the levels of resistance to 5FC exhibited by isolates 
harboring the Fcalp Ser29Leu substitution.

In order to obtain direct evidence that the Ser29Leu substi
tution present in Fcalp from 5FC-resistant C. dubliniensis iso
lates was responsible for the 5FC-resistant phenotype in these 
isolates, the gene encoding cytosine deaminase from 5FC-sus- 
ceptible C. dubliniensis isolate p7276 {CdFCAP), which was 
originally recovered in Israel and which lacked the Ser29Leu 
substitution, was introduced into the A D H l locus of two sep
arate 5FC-resistant Saudi Arabian isolates, SA109 (ITS geno
type 3) and SAl 13 (ITS genotype 4), by the tetracycline-induc- 
ible cassette pNIM l (27). Three transformant derivatives 
(isolates SA109T1, SA109T2, and SA113T1) harboring the 
complete pNIMl-CdFC/17* cassette integrated into the ADHI 
locus were tested and exhibited DOX-inducible 5FC suscepti
bility on the acquisition and expression of the CdFCAP  gene 
(Table 3). In contrast, transformant derivatives of 5FC-suscep- 
tible C. dubliniensis isolate p7276 harboring the complete 
pN IM l-C dFC 4/’' cassette encoding the FCAI gene with the 
Ser29Leu substitution from 5FC-resistant C. dubliniensis iso
late SAl 13 integrated into the A D H l locus remained 5FC 
susceptible following DOX induction (Table 3). These findings 
provided convincing evidence that the Ser29Leu substitution in
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F ca lp  from 5FC-resistant isolates was responsible for 5FC 
resistance in these isolates, but they also showed tha t the 5FC 
resistance mutation is recessive and, thus, that 5FC resistance 
is not expressed in the presence of a wild-type, functional 
F C A l allele.

No significant difference in C dFC Al expression was de
tected between the 5FC-susceptible and the 5FC -resistant C. 
dubliniensis isolates tested by quantitative real-tim e PC R  anal
ysis in either the presence or the absence of subinhibitory 
concentrations of 5FC in the growth m edium . These results 
indicate that the lack of expression or the reduced expression 
of C dFC Al in 5FC-resistant C. dubliniensis isolates following 
exposure to subinhibitory concentrations of 5FC  was not re 
sponsible for the 5FC resistance in 5FC-resistant isolates and 
that the Ser29Leu substitution is very likely the sole m ethod of 
C d fG 4  7-m ediated 5FC resistance in the C. dubliniensis iso
lates investigated. Previous studies have shown that free pyri
midines often present in peptones present in som e brands of 
culture m edia can antagonize the activity of 5FC (8). A ntago
nism was not observed in the present study with the YPD- 
grown cultures used in the expression studies. Following the 
addition of a subinhibitory concentration of 5FC (i.e., 6.4 ng/ 
ml) to YPD-^rown cultures, the quantitative real-tim e PCR 
experiments consistently showed that both 5FC-susceptible 
and 5FC-resistant C. dubliniensis isolates exhibited significant 
upregulation of FCAI expression: 14.5- to 20-fold and 4- to 
18-fold, respectively.

All Cd25 fingerprint group 111 C. dubliniensis isolates, apart 
from one (isolate p7718; Table I), tested so far exhibit high- 
level 5FC resistance; all were originally recovered in Saudi 
A rabia or Egypt; and all belong to MLST clade C3 (4 ,18). The 
close genetic relationship shared by these isolates is reflected 
by their identical C dFC Al DNA sequences and high-level re
sistance to 5FC. It is highly likely that an identical mechanism 
is used to m ediate 5FC resistance in all o f these isolates. MLST 
C3 clade (Cd25 fingerprint group III) C. dubliniensis isolates 
can be subdivided into ITS genotypes 3 and 4 on the basis of 
the nucleotides sequence of the ITS region of the ribosomal 
D NA  operon (4), although clade C3 isolates o f both ITS ge
notypes exhibit high-level 5FC resistance. In the p resent study, 
clade C3 C  dubliniensis isolates SA109 (ITS genotype 3) and 
S A II3  (genotype 4) were both transform ed with the pN IM l- 
C dF C A P  cassette, and both yielded transform ant derivatives 
(isolates SA109TI, SAI09T2, and SA113T1) tha t exhibited 
DOX -inducible 5FC susceptibility. These findings support our 
view tha t clade-specific 5FC resistance in C. dubliniensis is 
m ediated by a common molecular mechanism, i.e., the pres
ence o f the Ser29Leu substitution in Fcalp .

This is not the first report o f a clade-specific SNP that has 
resulted in the alteration of a protein involved in antifungal 
drug resistance in C. dubliniensis. In 2002, M oran e t al. (20) 
reported  that 58% of ITS genotype 1 C. dubliniensis isolates 
(Cd25 group I, MLST clade C l)  harbored a TA G  nonsense 
m utation in the CD RI gene encoding an ABC transporter. In 
C. albicans, the upregulation of C D RI is the m ost comm on 
m echanism  of fluconazole resistance, w hereas in C. dublinien
sis, the most common mechanism of fluconazole resistance 
involves the overexpression of the M D R l gene encoding a 
m ultidrug transporter (21). These studies highlight the fact 
that despite the close phylogenetic relationship betw een C.

dubliniensis and C. albicans, resistance to  particular antifungal 
drugs can be due to different mechanism s in the two species.

In conclusion, the results of this study dem onstrate tha t the 
presence of a Ser29Leu substitution in F ca lp  in C. dubliniensis 
isolates is responsible for clade-specific resistance to 5FC. Iso
lates belonging to C. dubliniensis clade C3 have been recovered 
only from individuals o f A rab ethnicity in Saudi A rabia, Egypt, 
and Israel (4 ,18). R esistance to 5FC has not yet been reported  
in C. dubliniensis isolates from  o ther countries around the 
world, apart from  Kuwait. In 2004, A hm ad e t al. reported  the 
recovery of two 5FC -resistant isolates o f C. dubliniensis from 
Kuwait (1). Because of Kuwait’s close proximity to  Saudi A ra
bia, it is likely that these isolates also belong to C. dubliniensis 
M LST clade C3.
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Chapter 2 i
Molecular Epidemiology of Candida Species 2

Gary P. M oran, Brenda A. M cM anus, David C. Colem an, 3
and Derek J. Sullivan 4

Abstract Candida species have increased in importance as opportunistic patiiogens 5
over the last 25 years. C. albicans is still the major fungal pathogen of humans, 6
however during this period, other previously obscure Candida species have emerged 7
as significant pathogens. This increase in infections has created the need for reliable, 8
informative and discriminatory techniques for strain typing in Candida species and 9
several molecular techniques have been evaluated for this purpose. In the post- io
genome era, analysis o f sequence polymorphisms has become the method o f choice 11
for strain typing in C. albicans and multi-locus sequence typing (MLST) has become 12
the standard tool for this purpose. This chapter summarises the main developments in 13
this area in recent years, describing the impact of MLST on our understanding o f the 14
epidemiology and population structure of Candida species. The potential impact of 15
high throughput, post-Sanger sequencing technologies on the field is also discussed. 16

2.1 Introduction 17

Candida albicans is the m ajor fungal pathogen of humans. A normal resident o f the 18
oral-gastrointestinal tract, C. albicans is an opportunistic pathogen and infection is 19
generally restricted to those with impaired defences or specific immunodeficiencies 20
(W enzel 1995). Although C. albicans is responsible for the majority of yeast 21
infections in humans, several other Candida  species have also been associated 22
with disease, including C. dubliniensis, C. tropicalis, C. parapsilosis, C. glabrata  23
and C. krusei (M oran et al. 2002). These species are recovered less frequently from 24
the oral-gastrointestinal tract in healthy individuals and are generally considered 25
less pathogenic than C. albicans. However, in the com prom ised host, these species 26
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27 have become significant pathogens and distinct differences in their epidemiology
28 have been shown due to their unique biology, host specificities and anti-fungal drug
29 susceptibilities (Moran et al. 2002).
30 Candida infections are generally endogenous in origin, and prior colonisation
31 with the organism is often regarded as one of the major risk factors for candidiasis
32 (Pfaller 1995; Pfaller and Diekema 2007). Colonisation rates are higher in indivi-
33 duals whose mucosal immunity is impaired due to old age, diabetes mellitus or
34 smoking (Lockhart et al. 1998; Manfredi et al. 2002). The balance between colo-
35 nisation and overt infection is delicate and even discreet changes in the host’s
36 normal commensal flora can lead to mucosal infection (Lockhart et al. 1998; Vargas
37 and Joly 2002). Mucosal infection, in the form of pseudomembraneous candidosis
38 (thrush) also commonly occurs when oral or vaginal immunity fails to keep the
39 endogenous yeast population in check. More severe, invasive forms of infection can
40 occur when neutrophil function is impaired or counts are lowered due to immuno-
41 suppressive therapy or cancer (Pfaller 1995).

42 2.1.1 Epidemiology o f  Candidosis

43 Candidal carriage is ubiquitous in the human population and superficial infection
44 of the oral mucosa is a common sequela of underlying immunodeficiencies. Oral
45 candidosis is a frequent complication of cancer chemotherapy, diabetes, broad-
46 spectrum antibiotic use and HIV-infection (Manfredi et al. 2002; Sangeorzan et al.
47 1 994; Vargas and Joly 2002). The HIV pandemic resulted in a huge increase in the
48 incidence of mucosal Candida infection during the 1990s. However, since the
49 introduction of highly active anti-retroviral therapy (HAART) in the late 1990s,
50 the incidence of oral candidosis in the HIV-infected population has dropped
51 dramatically (Cauda et al. 1999). C. albicans is by far the most common cause of
52 mucosal yeast infection, being the sole species recovered from up to 70% of HIV-
53 infected individuals and up to 90% of cases of Candida vaginitis (Coleman et al,
54 1993; Sobel 2007). Other Candida species can be recovered alone or co-isolated
55 with C. albicans from sites of mucosal infection (Coleman et al. 1995). The
56 significance of non-C. albicans Candida species in oral specimens is disputed by
57 some researchers, who have associated their isolation with asymptomatic carriage
58 (Ruhnke 2006). However, some studies have directly implicated non-C. albicans
59 Candida species, such as C. dubliniensis and C. glabrata, with overt symptoms of
60 oral candidosis and have also associated these species with alternative clinical
61 presentations such as erythematous candidosis (Fidel et al. 1999; Sullivan et al.
62 1 993). The emergence of some non-C. albicans Candida species in the HIV-
63 infected population in the 1990s may have been a direct result of the widespread
64 use of fluconazole, as C. glabrata and C. krusei tend to exhibit intrinsic resistance to
65 this agent (Wamock et al. 1988; Wingard et al. 1991).
66 The epidemiology of invasive Candida infection has changed dramatically in the
67 last 30 years (Pfaller 1995). The incidence of these infections has steadily increased
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since the 1980s, largely due to the increasing population o f immunocompromised 68
patients in our hospitals (Banerjeeet al. 1991; Martin et al. 2003). Widespread use of 69

cytotoxic therapies to treat cancer and the use o f immunosuppressive drugs in organ 70

transplantation have greatly increased the number of neutropenic patients in inten- 7i

sive care units. Risk factors for infection include cancer, extremes o f age, prior 72

colonisation and the presence of intravenous catheters (Pittet et al. 1994; Wenzel 73
1995). Recently, Martin et al. (2003) analysed the rate o f sepsis in hospitals in the 74
U SA  from 1979 to 2000 and found that the rate of sepsis due to fungal organisms 75
increased by 207%. More recent data based on figures compiled from National 76 IAU1I

Hospital Discharge Survey (N H D S ) statistics in the U SA  indicate a levelling o ff in 77
the incidence of nosocomial fungal infection, with an incidence of 2 2 -2 9  infections 78

per 100,000 population in the period 1996-2003 (Pfaller and Diekema 2007). 79
Similar incidences have been reported in Europe and Canada (Pfaller and Diekema so
2007). Data indicate that the distribution of species responsible for invasive infec- 81

lion has also shifted during this period. Most reports indicate that the recovery o f 82

non-C. albicans Candida species from blood cultures has increased relative to 83

C. albicans (Nguyen et al. 1996; Pfaller and Diekema 2004). C. albicans now 84

only accounts for 50 -60%  of all species recovered from blood cultures, with 85

C. glabrata, C. parapsilosis and C. tropicalis making up for the majority of the 86
remaining species (Pfaller and Diekema 2007). The reasons for this shift are unclear, 87

but this may be partly due to the reduced susceptibility o f these species to flucona- 88
zole, commonly used throughout the 1990s, or to the increase in the numbers o f 89

immunocompromised patients susceptible to infection with less virulent species o f 90

Candida (Moran et al. 2002). C. glabrata  has a high propensity to develop resistance 9i
to azole anti-fungals, whereas C. krusei is inherently resistant to fluconazole 92

(Fidel et al. 1999; Samaranayake and Samaranayake 1994). However, increased 93
reporting o f infection caused by non-C. albicans Candida species may also be the 94
result of recent improvements in isolation and identification methods for Candida 95
species. 96

The distribution of species recovered from blood culture also changes with 97
geography, particularly with regard to C. parapsilosis, which is reported as the 98

second most commonly isolated Candida species in Latin America and Europe, 99
whereas in North America, C. glabrata  is the second most significant species ioo
(Table 2.1). C. parapsilosis is the species most commonly recovered from the ioi
hands of health care workers and can often produce a mucoid biofilm, features 102

Table 2.1 Geographic variations in the recovery o f Candida species from blood culture t1.1

Species Location** t1.2

USA (%) Europe (% ) Latin America (% ) Asia-Pacific (%) t1.3

C. albicans 51 60 50 56 t1.4
C. glahrala 22 10 7 10 t1.5
C. parapsilosis 14 12 16 16 11.6
C. tropicalis 7 9 20 14 f1.7
C. krusei 2 5 2 2 t1,8

“Data taken from Pfaller et al, (2006) t1.9
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103 that may account for its high prevalence in catheter-related infections (Levin et al.
104 1998). C. parapsilosis is also particularly associated with infection in neonatal
105 intensive care units (Levy et al. 1998).

106 2.2 M olecular E pidem iology

107 One o f the goals o f m olecular epidem iology is to devise reliable, reproducible and
108 informative m ethods to differentiate between unrelated isolates of the same species
109 for purposes of epidem iological surveillance (Soil 2000). By distinguishing isolates
110 based on phenotypic or molecular properties, one can identify those isolates that are
111 highly likely to be epidem iologically related. These data can allow m icrobiologists
112 to locate the source o f infecting isolates in nosocomial outbreaks, in recurrent
113 infections and inform us on the population structure of the organism  in question.
114 Prior to the widespread use of molecular techniques, m ycologists relied on pheno-
115 typic properties such as morphology, carbohydrate utilisation patterns and serotyp-
116 ing to distinguish between isolates of C. albicans (Pfaller et al. 1990). The use of
117 these techniques was hampered by their poor discrim inatory pow er and the inherent
118 phenotypic instability of C. albicans. During the 1990s, m olecular techniques
119 began to take precedence over phenotypic tests due to their greater discrim inatory
120 power. Several m olecular typing methods have been applied to C. albicans, includ-
121 ing multi-locus enzyme electrophoresis (M LEE), Restriction enzym e analysis
122 (REA), karyotype analysis and randomly amplified polym orphic DNA (RAPD)
123 analysis (Sullivan and Coleman 2002). However, of all o f the techniques used
124 during this period. Southern hybridisation of genomic DNA with sequences
125 corresponding to dispersed, repetitive elem ents in the Candida  genome proved to
126 be the most discrim inatory and reliable.

127 2.2.1 DNA F ingerprin ting with D ispersed, R epetitive E lem ents

128 Southern hybridisation with the dispersed repetitive elem ent Ca3 has proven to be
129 one of the most informative typing methods available for epidem iological analysis
130 o f C. albicans (Schmid et al. 1990; Soil 2000). One of the advantages of Ca3
131 fingerprinting is the ability to digitally com pare fingerprint patterns, which allows
132 quantitative analysis of the genetic relationships between isolates (Schmid et al.
133 1 990). However, the drawbacks o f DNA fingerprint analysis include the laborious
134 nature of generating the fingerprints and the difficulty o f com paring fingerprint data
135 between laboratories. Population studies with the Ca3 probe have identified five
136 m ajor genetic groups, referred to as ‘clades’, in the C. albicans population (Pujol
137 et al. 2002). These clades have been termed I, H, IH, SA and E and exhibit different
138 geographic specificities and phenotypic traits. Isolates from clades SA and E are
139 recovered predom inately from South Africa and Europe, respectively. However,
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strains from clade I predominate in all geographical areas (Pujol et al. 2002). 
Isolates from clade I also exhibit reduced susceptibility to the anti-fungal agent 
5-fluorocytosine (5FC). Pujol et al. (2004) found that 73% of clade I isolates were 
resistant or less susceptible to flucytosine (MIC > 0 .5 (ig m P ')  whereas only 2% of 
non-clade I isolates exhibit reduced susceptibility (Pujol et al. 2004). The m echa
nism of 5FC resistance in this population has been linked to a point mutation 
(C301T) in the F U R l gene encoding phosphoribosyltransfersase (Dodgson et al. 
2004). Isolates heterozygous at this locus exhibit reduced susceptibility while those 
exhibiting high-level resistance are homozygous for this substitution. In parallel to 
the work o f Pujol et al. (2004), Schmid et al. (1999) also identified a group of 
closely related C. albicans isolates that predom inate in all geographic areas and 
could be associated with all forms of disease. Schmid et al. (1999) argued that this 
group represents a general purpose genotype (GPG) of C. albicans that are espe
cially successful at colonising the human host (Schmid et al. 1999). Evidence for 
how these genetic differences could contribute to virulence was provided by 
exam ination of ALS7  allelic variation (Zhang et al. 2003). ALS7  is a mem ber of a 
gene family encoding a group o f cell wall proteins called the agglutinin-like 
sequences (Als) with roles in adhesion (see C hap.4). The majority of isolates within 
the GPG cluster had between 14 and 17 copies of a tandem repeat located within the 
open reading frame, and that these alleles were much less common in strains outside 
of the cluster. Variation in the number of tandem repeat copies has been associated 
with changes in Als protein adhesive properties (Oh et al. 2005).

Ca3 fingerprinting has also been used to resolve questions about the source and 
spread of infecting C. albicans isolates. Most individuals harbour their own unique 
strain of C. albicans and commensal isolates and infecting isolates are often 
genetically indistinguishable (Schmid et al. 1990; Schroppel et al. 1994; Vargas 
and Joly 2002). Some individuals, particularly HIV-infected patients, may be 
colonised by more than one strain of C. albicans (Vargas and Joly 2002). In cases 
o f recurrent oral or vaginal candidosis, Ca3 fingerprinting has shown that the same 
strain often persists through different episodes o f infection, however replacem ent of 
the original strain or the emergence of a closely related genetic variant of the 
original strain is not uncommon (Lockhart et al. 1996; Schroppel et al. 1994). 
The latter phenom enon has been termed ‘substrain shuffling’ or ‘m icroevolution’ 
and was initially identified in isolates recovered from recurrent vaginal infections 
(Lockhart et al. 1996). In this study, a fragment of the Ca3 probe, termed C l, was 
shown to be useful in distinguishing between closely related isolates. DNA finger
printing has also provided evidence for transmission of C. albicans strains between 
sexual partners (Schroppel et al. 1994). Nosocomial transm ission of C. albicans 
strains between patients in intensive care units has also been investigated by Ca3 
fingerprinting (M arco et al. 1999; Taylor et al. 2003). However, evidence suggests 
that m ost infections are endogenous and that transm ission of strains from health
care workers to patients is less common.

Sim ilar repetitive elem ents have been isolated from other Candida  species and 
have been used to generate fingerprint patterns. A C. dubliniensis specific probe, 
Cd25, was described by Joly et al. (1999) that could discrim inate two distinct
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185 groups o f  C. d u h lin ien sis  iso la tes , term ed C d25 group I and II. T he m ajority o f
186 C d25 group I iso la tes (67 .6% ) w ere recovered  from  hum an im m u n od efic ien cy  virus
187 (H lV )-in fec ted  in d iv id u als, w hereas the m ajority o f  C d25 group II iso la tes (70 .4% )
188 w ere from  H IV -n egative  ind ividuals. Subsequent an alysis identified  a third d istinct
189 clade o f  C. du h lin ien s is  iso la tes (C d25 group III) recovered  from  patients in Saudi
190 Arabia and E gypt (A l M osaid  et al. 2(X)5). Interestingly, this c lade o f  C. duh lin ien sis
191 iso la tes w ere found to be resistant to  5F C , although the m ech an ism  is so  far
192 unknow n. D av id  S o il and co llea g u es  h ave a lso  d ev e lo p ed  fingerprinting probes
193 for C . g la h ra ta  (L ockhart et al. 1997 ) C. tro p ic a lis  (Joly et al. 1996) and
194 C. p a ra p s ilo s is  (E nger et al. 2 0 0 1 ).

195 2.2.2 Multi-Locus Sequence Typing (MLST) o f  C. albicans

196 In recent years, D N A  seq u en c in g  has b eco m e m ore afford ab le  and w id e ly  ava il-
197 ab le , w h ich  has m ade typ in g  m eth od s that in v o lv e  ch aracterising  D N A  seq u en ce
198 p o ly m o rp h ism s m ore a c c e ss ib le . T he m ost w id e ly  u sed  o f  th ese  tech n iq u es is
199 M L ST , in itia lly  d ev e lo p ed  for typ ing  p a th ogen ic  bacteria  (M aid en  et al. 1998).
200 T he c h ie f  ad van tage o f  th is te ch n o lo g y  is that data can  be stored in databases and
201 is read ily  a c c e ss ib le  by researchers in other lo ca tio n s (B o u g n o u x  e t al. 2 0 0 4 ) . T he
202 nature o f  D N A  seq u en ce  a n a ly s is  m ean s that the data are reprod ucib le  and
203 u n am b iguous. M L S T  is a h ig h ly  d iscrim in atory  m ethod  that re lies  on the an a ly s is
204 o f  n u c leo tid e  seq u en ce  p o lym orp h ism s w ith in  the seq u en ces  o f  P C R -gen erated
205 fragm ents ( 4 0 0 - 5 0 0  bp) o f  6 - 8  h o u sek eep in g  g en es  ( lo c i)  (O dds and Jacob sen ,
206 2  0 0 8 ) . A n  o u tlin e  o f  the p rocedure is  sh ow n  in F ig . 2 .1 . In h ap lo id  organ ism s, the
207 seq u en ces  ob ta in ed  at each  lo cu s  are a ss ig n ed  as d iscreet a lle le s , and for each
208 iso la te  the com b in a tion  o f  a lle le s  d efine an a lle lic  profile , or seq u en ce  type (S T ).
209 W h ile  there are four p o ss ib le  varia tion s at each  p o lym orp h ic  lo cu s in h ap lo id
210 sp e c ie s , d ip lo id y  presents 10 p o ss ib le  com b in a tion s o f  the b ases A T G  and C due
211 to poten tia l h e tero zy g o s ity , thus in creasin g  the poten tia l num ber o f  a lle le s  at each
212 lo cu s . In the current sch em es a v a ila b le  for d ip lo id  C a n d id a  sp e c ie s , h e tero zy g o u s
213 g en o ty p es  are hand led  by  su p er im p osin g  the lU P A C  on e letter co d e  on  h eterozy -
214 gou s b ases (e .g . A  or G  =  R , C or T  =  Y  etc ). T o  reflect th is h e tero zy g o s ity , a lle lic
215 p rofiles in d ip lo id  sp e c ie s  are a ss ig n ed  a d ip lo id  seq u en ce  typ e (D S T ). In
216 C . a lh ic a n s ,  tw o  in d ep en d en t M L S T  sch em es w ere in itia lly  p rop osed  b ased  on
217 the seq u en ces  o f  six  (B o u g n o u x  et al. 2 0 0 2 )  or e ig h t (T avanti et al. 2 0 0 3 ) lo c i.
218 S in ce  then , a co n sen su s sch em e has b een  agreed  co n s is tin g  o f  sev en  lo c i for
219 o p tim ised  M L ST  o f  C . a lh ica n s \  T ab le 2 .2 ). T he c h o ic e  o f  g en es  for M L ST
220 an a ly s is  is g en era lly  restricted  to th ose  w ith  h o u sek eep in g  fu n ction s that are
221 sub ject to  s ta b ilis in g  se le c tio n , that is  the ratio o f  n on -sy n o n o n m o u s to
222 sy n o n y m o u s or s ilen t su b stitu tion s (d N /d S  ratio) in their n u cleo tid e  seq u en ce  is
223 less  than 1.0 (O dd s and Jacobsen  2 0 0 8 ). H o w ev er , the c h o ic e  o f  lo c i m ust
224 o b v io u s ly  p rov id e  su ffic ien t seq u en ce  d ivers ity  to a llo w  h igh  le v e ls  o f  a lle lic
225 d iscr im in ation .
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Recover isolate

Extract DNA

1 V
Amplification of Target loci (Table 2) by PCR 

1
Sequencing of loci using nested primers

Data Collection

Assembly of nucleotide sequence data, 
Identification of heterozygosities

Assign an allele number (genotype) to each 
sequenced locus

Assemble allelic profile fo r each isolate based on 
combination of genotypes

Database Query

Assign DST number to each distinct allelic profile

Define clonal clusters
eBurst

UPGMA

Population studies, 
Epidemology

Fig. 2.1 Flow diagram outlining the critical steps in MLST of Candida species
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12.1 Table 2.2 Loci used in the MLST schemes available for analysis o f Candida  species

12.2 Species DSTs/isolates“ Gene Genotypes

12.3 C. alhicans 1,404/1,771 AATIa 113
12.4 http://testl.mlst.net/ ACCI 79
12.5 A D P l 93
12.6 P M llh 85
12.7 SYAI 136
12.8 VPSI3 194
12.9 ZWFlh 198
12.10 C. duhliniensis'’ 26/50 AATlb 5
12.11 A CCI 4
12.12 A D P l 6
12.13 PM lIb 7
12.14 RPN2 3
12.15 SYAI 5
12.16 exVPSU 4
12.17 exZWFIh 6
12.18 C. tropicalis 205/260 ICLI 23
12.19 http://pubmlst.org/ctropicalis/ MDRI 65
12.20 SAPT2 25
12.21 SAPT4 40
12.22 XYRI 74
12.23 ZWFIa 25
12.24 C. krusei 99/134 ADE2 21
12.25 http://pubmlst.org/ckrusei/ HISS 14
12.26 LEU2 17
12.27 LYS2 20
12.28 NMTI 24
12.29 TRPI 24
12.30 C. glahrala 70/212 FKS 25
12.31 http://cglabrata.mlst.net/# LEU2 18
12.32 NMTI 34
12.33 TRPI 23
12.34 UGPI 13
12.35 URA3 20

12.36 “Data obtained from the Internet MLST database (http://calbicans.mist.net/) for the relevant 
species (02/06/09) with the exception o f C. duhliniensis data, which were obtained from McManus
et al. (2008)
'’Online database not yet available for C. duhliniensis

226 As mentioned above, the great advantage of MLST is that databases of
227 sequences and allelic profiles can be assem bled, allow ing m ultiple users to compare
228 data. The consensus C. albicans scheme can be queried at http://testl.m lst.net.
229 Here, using a web-based interface, users can assign allele numbers (referred to as
230 ‘genotypes’) to their sequenced loci using a ‘locus query interface’ tool. A second
231 tool, the ‘profile query interface’ can then be used to compare the assembled allelic
232 profile of an isolate to those in the database and to identify isolates with an identical
233 or closely related profile (referred to as the ST in haploid species, or DST in
234 diploids). Users can send details of novel genotypes or sequence types to a database
235 curator for inclusion, permitting rapid expansion o f the database.
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2.2.2.1 Defining Clonal Clusters by MLST

For epidemiological purposes, different analytical methods can be applied to MLST 
data for the purpose of defining the relationships between microbes in a popula
tion. Traditionally, dendograms based on the unweighted-pair group method with 
arithmetic mean (UPGMA) technique is widely used for strain typing analysis 
(Bougnoux et al. 2004). UPGMA analyses MLST data at the level of the individual 
single nucleotide polymorphisms (SNPs). When applied to C. albicans MLST data 
sets, UPGMA analysis generates dendograms with a clade structure that closely 
matches that generated by Ca3 fingerprinting (Fig. 2.2) (Tavanti et al. 2005a). 
Tavanti et al. (2005a) identified four major clades by MLST, referred to as clades 
1 to 4, which correspond to clades I, H, III and SA defined by Ca3 fingerprinting. 
However, isolates from Ca3 clade E were dispersed throughout the MLST clades.

Although useful for visualising population structure, the bifurcating method of 
lineage splitting implied in dendograms is not a true representation of the way in 
which microbial lineages emerge and diversify. An algorithm called eBURST was 
developed, which does not impose a tree-like pattern of descent on population 
structure (Feil et al. 2004). eBURST compares (D)STs of isolates and gathers 
isolates that differ at only one of the set of genes sequences (single locus variants, 
SLVs) into clonal clusters (Fig. 2.3). The model assumes that certain (D)STs will 
become established in a population and will then diversify by recombination or the 
accumulation of point mutations resulting in slight variations on the founding 
genotype. By this model, the microbial population will consist of a series of clonal 
complexes that can be recognised by the allelic profiles of the strain within the 
database (Fig. 2.3). Although useful for clustering isolates, BURST analysis of 
C. albicans MLST data highlights large numbers of singletons, that is, isolates that 
cannot be assigned to a clonal cluster (Odds and Jacobsen 2008). This may be due to 
the high levels of mitotic recombination in diploid Candida species as eBURST 
analysis is ideally suited to inferring relationships in populations where mutation 
is the main source of variation.

2.2.2.2 Insights on Population Structure of C. albicans from MLST

To date, the largest published MLST study of the population structure of 
C. albicans consisted of 1,391 isolates, most of which (96.7%) could be assigned 
to one of 17 clades (Odds et al. 2007). Different clades exhibited significant 
variation in the geographic origins of isolates. However, no association with 
anatomical source could be identified. As noted in previous studies, reduced 
susceptibility to azole anti-fungals was associated with homozygosity at the mating 
type locus (MTL) (Tavanti et al. 2005a). The reason for the association between 
azole resistance and MTL homozygosity involves the TACl gene, which is located 
close to the MTL on chromosome 5 (Coste et al. 2006). Mutations in the TACl gene 
have been identified, that when homozygous, can result in azole resistance. Loss of 
heterozygosity at the TACl locus is often associated with MTL homozygosity due
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Fig. 2.2 UPGM A dendrogram  based on 52 C. albicans M LST allelic profiles and their resulting 
D ST num bers. Each o f 17 previously defined M LST clades (Odds et al. 2007) are represented and 
display the genetic relatedness betw een DSTs in different M LST clades. M LST clades num bers are 
displayed in bold typeface adjacent to corresponding DST num bers. This dendrogram  was gener
ated using START2 software (http://w ww.ncbi.nlm .nih.gOv/pubm ed/l 1751234?dopt=Abstract)



's  Proof
BooklD 112284_Ashbee„ChaplD 2_Proof# 1 - 30/7/09

2 Molecular Epidemiology of Candida Species

Fig. 2.3 Example o f a C. albicans clonal cluster generated with eBURST software version 3.0. 
The primary founder of the clonal cluster (DST 69) is displayed in white, and DSTs that differ by 
one o f the seven MLST loci (i.e. SLVs) are linked to the primary founder. The lengths of the 
linkages are not significant. Subgroup founders are al.so SLVs of DST 69, and are further linked to 
double locus variants (DLVs) o f the primary founder DST

to their close proximity. One of the most striking findings of MLST analysis of C. 
albicans is the tendency of isolates from similar geographic locations to cluster 
within the same clade (Odds et al. 2007). Clades enriched with isolates from the 
UK, continental Europe and Asia can be discriminated. However, geographic 
delineations were not absolute, as would be expected due to movement and 
migration of human and animal populations. The most common, globally 
distributed C. albicans strain types are tho.se of MLST clade 1. More interesting 
associations between clade structure and isolate source could be inferred when 
European isolates were analysed in isolation, thus removing geographical bias from 
the analysis (Odds et al. 2007). This analysis found that the majority of European 
clade 1 isolates were commonly associated with commensalism and with superficial 
infection rather than systemic disease. The ubiquity of these isolates in the human 
population suggests that they may have evolved characteristics that make them 
highly efficient colonisers of human mucosal surfaces, perhaps analogous to the 
‘general purpose genotype’ proposed by Schmid et al. (1999). In contrast, clade 4 
isolates were significantly enriched with isolates recovered from blood culture 
(Odds et al. 2007).

C. albicans cells of opposite mating types (i.e. homozygous at the mating locus) 
have been demonstrated to undergo a process similar to mating in Saccharomyces 
cerevisiae (Hull et al. 2000; Magee and Magee 2000). However, although tetraploid 
progeny have been generated in vitro and during in vivo experiments, meiosis or
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298 reductive cell division has not been described. The debate on whether natural
299 populations of C. albicans undergo mating continues, and MLST has provided
300 significant evidence that mating is, at the very least, extremely rare. MLST can
301 provide data useful for investigating the mating structure of a population. The DST
302 generated by MLST allows one to generate a sequence type for each individual
303 diploid allele, termed the haplotype (Tavanti et al. 2004). Haplotypes allow inves-
304 tigation of allele frequencies in a population and may provide evidence for sexual
305 reproduction. For example, in a sexually reproducing population with random
306 mating, the frequencies of these haplotypes should be in Hardy-Weinberg (H-W )
307 equilibrium due to the random assortment of pairs of haplotypes in diploid cells
308 (Tavanti et al. 2004). Initial analysis of haplotypes generated from C. albicans
309 MLST data suggested that the C. albicans population may undergo sexual or
310 parasexual reproduction (Odds et al. 2007; Tavanti et al. 2004). Odds et al.
311 (2007) found that some combinations of haplotypes were in H -W  equilibrium,
312 providing evidence of chromosomal segregation or intrachromosomal recombina-
313 tion and concluded that although largely clonal, C. albicans populations may rarely
314 undergo sexual reproduction (Odds et al. 2007). More recently, Bougnoux et al.
315 (2008) analysed the haplotypes of a larger group of C. albicans isolates. This larger
316 group of isolates allowed them to test the hypothesis that mating may only occur in
317 closely related isolates, i.e. between isolates of the same clade. In contrast to other
318 studies, polym orphic nucleotide sites were found to be in H-W  di.sequilibrium with
319 an excess of heterozygotes. The authors concluded that mating within clades in
320 C. albicans must be extremely rare. Previous studies have analysed allele frequen-
321 cies in disparate isolates (i.e. isolates from m ultiple MLST clades) from different
322 clonal lineages and this may have given  the appearance o f  high levels o f recom bi-
323 nation, and therefore, mating in the C. albicans population. The study of haplotypes
324 also revealed that loss o f  heterozygosity was a com m on phenomenon in C. albicans,
325 however, selective pressure maintained an excess of heterozygosity. The authors
326 suggest that the excess of heterozygosity is globally maintained as it may mask
327 deleterious alleles and that the maintenance of alternative alleles may confer a
328 selective advantage (Bougnoux et al. 2008).

329 2.2.1.3 Epidem iological Investigations with MLST

330 MLST has confirm ed much o f the existing data regarding strain carriage in
331 C. albicans, confirming that strain maintenance, strain replacement and microevo-
332 lution can occur within an individual (Bougnoux et al. 2006; Odds et al. 2006).
333 Recently, MLST revealed a high incidence of multiple strains of C. albicans in
334 samples from healthy individuals (Jacobsen et al. 2008b). Studies have also
335 provided evidence for microevolution through frequent loss of heterozygosity by
336 either chromosome loss or mitotic recombination (Odds et al. 2006).
337 MLST has recently been applied to analyse nosocomial transmission of
338 C. albicans in an intensive care unit in a large UK teaching hospital (Cliff et al.
339 2 0 08). This study provided evidence for an endemic strain corresponding to DST69,
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which was recovered from patients and from health-care workers. However, 
DST69 is the m ost common C. albicans DST in the M LST database, making it 
difficult to determ ine whether transmission of this strain between individuals has 
occurred in the study, or whether the individuals were coincidentally colonised by 
the dominant C. albicans  DST (Cliff et al. 2008). Perhaps a com bination of M LST 
and fingerprinting with the highly discriminatory C l probe (a fragment of Ca3) 
could be applied for greater discriminatory power in characterising nosocomial 
outbreaks.

Recently, W robel et al. (2008) applied M LST to exam ine the genetic relation
ships between C. albicans isolates recovered from humans and non-migratory 
wildlife in the same geographic locale (central Illinois, U.S.A.). This study found 
that the clade distribution of human and wildlife i.solates was significantly different, 
indicating limited strain transfer between the two populations (W robel et al. 2008). 
A sim ilar conclusion was reached by Jacobsen et al. (2008a), who found that strains 
of C. albicans from animal hosts were genetically distinct from those recovered 
from humans (Jacobsen et al. 2008a).

2,3 MLST of Non-C. albicans Candida Species

M LST schemes have now been published for all o f the m ajor pathogenic Candida 
species, including C. dubliniensis (M cM anus et al. 2008), C. tropicalis (Tavanti 
et al. 2005b), C. parapsilosis (Odds et al. 2007), C, krusei (Jacobsen et al. 
2007b) and C. glabrata  (Dodgson et al. 2003) (Table 2.2). As C. dubliniensis and 
C. albicans are so closely related, the same loci used in the C. albicans scheme can 
be applied to C. dubliniensis. However, the level of sequence polymorphism at 
these loci was found to be significantly less in C. dubliniensis, suggesting that the 
C. dubliniensis population is significantly less divergent (M cM anus et al. 2008). 
Fewer than 1% o f the bases .sequenced in C. dubliniensis to date exhibit SNPs, 
com pared to 6% of C. albicans bases. A scheme consisting of 8 loci, including 
two loci o f extended length (prefixed ‘ex ’), have been recom m ended for m axi
mum discrim ination of C. dubliniensis isolates (Table 2.2). In an initial study, 
50 C. dubliniensis isolates were examined and the population structure revealed 
by M LST confirmed previous findings with the Cd25 fingerprinting probe 
(Fig. 2.4). However, unlike DNA fingerprint analysis, M LST typing allows one to 
quantify the level o f divergence between C. albicans and C. dubliniensis popula
tions. By com paring the concatenated sequences for the 8 loci (A A Tla , A C C ], 
A D P l, MPIb, S Y A l, VPS13, Z W F lb  and RPN2) in the recommended C. dubliniensis 
MLST typing scheme, McManus et al. (2008) showed that the two species are 
separated by 257 bp differences (Fig. 2.4).

Analysis o f C. tropicalis has revealed a similar clonal population structure to 
C. albicans  (Tavanti et al. 2005b). A study that analysed a group of 52 C. tropicalis 
isolates from hospitals in Taiwan identified a clonal cluster consisting of 20 
isolates with a high prevalence of reduced fluconazole susceptibility (70%)
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Fig. 2.4 Maximum parsimony tree showing the comparative divergence between 50 isolates each 
of C. albicans and C. duhliniensis based on concatenated sequences for the 8 loci (AATIa, A C C I. 
A D P I, MPIh, SY A I. VPSJ3,ZW F/h and RPN2) in the recommended C. duhliniensis MLST typing 
schemc described by McManus et al. 2008. C. duhliniensis isolates were selected from a diverse 
range of geographic locations and from all four ITS genotypes. C. albicans isolates were selected 
as representatives of the MLST clades described by Odds et al. 2007. Panel (/4) Comparative 
divergence between the C. albicans and C. duhliniensis isolates tested showing that the two 
species arc separated by 257 bp differences. The C. duhliniensis i.solates formed three clo.sely 
related groups of isolates or clades (C1-C3). Isolates from distinct clades are highlighted by 
specific colours for each species. Panel (B) shows an enlarged view of the three C. duhliniensis 
major clades encircled in panel (/I). Clade C l consists exclusively of ITS genotype 1 isolates 
(blue), clade C2 consists exclusively of ITS genotype 2 isolates {red), and clade C3 consists of ITS 
genotype 3 isolates (green) and ITS genotype 4 isolates (yellow). Figure adapted from McManus 
et al. 2008

381 (Chou et al. 2007). Attempts to generate an MLST typing scheme for C. parapsilosis
382 revealed almost a complete absence o f DNA polymorphims within isolates of
383 this species, perhaps indicating a very recent evolutionary divergence for this
384 species (Odds et al. 2007). A scheme for the haploid C. glahrata  has been
385 developed consisting of 6 loci (Dodgson et al. 2003). Analysis of 109 isolates
386 with this scheme revealed a clonal population structure with several clades
387 exhibiting different geographic specificities. In contrast, analysis of six loci in
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122 C. krusei isolates revealed no evidence for geographical associations with 
particular subtypes (Jacobsen et al. 2007b).

Analysis o f isolates designated as C. stellatoidea  has revealed interesting find
ings regarding their position in the current C. albicans clade structure (Jacobsen 
et al. 2007a). C. stellatoidea  isolates were traditionally identified on the basis of 
their inability to assim ilate sucrose. Type II C. stellatoidea  are merely sucrose 
assim ilation-negative variants of C. albicans. However, the relationship of type I 
C. stellatoidea  isolates to C. albicans is less clear. Application of the C. albicans 
M LST scheme to four isolates identified as C. stellatoidea type I revealed that they 
clustered with two sucrose negative isolates designated C. africana in a group of 
strains highly distinct from the majority of C. albicans strains. These data suggest 
that C. stellatoidea  type I may represent a genetically distinct subgroup of 
C. albicans strains (Jacobsen et al. 2007a).

2.4 Future Directions for Typing of Candida Species

The C. albicans M LST database currently contains data from over 1,500 strains 
of C. albicans. Odds et al. (2007) recently com m ented that the addition of fur
ther C. albicans strains to this database is unlikely to reveal anything novel about 
C. albicans population structure. However, the respective databases for the non- 
C. albicans Candida  species contain comparatively few strains and continued 
typing o f isolates could reveal new information about the population structures of 
these species.

At present, M LST is unlikely to be applied to routine screening of clinical 
isolates as the process is tim e-consum ing and is unlikely to provide data useful to 
a diagnostic laboratory. Implem entation of routine typing for C. albicans will 
depend not only upon the developm ent o f cost-effective high-throughput platfoms 
for SNP analysis but also on the identification of SNPs associated with clinically 
relevant phenotypic traits (e.g. drug resistance). M icroarray technology has the 
potential for developm ent as a platform for high-through SNP analysis. Lott and 
Scarborough (2008) recently described an M LST-based SNP m icroarray for 
C. albicans. The array consisted of oligonucleotide probes specific for 79 SNPs 
present in 19 discrete loci. One advantage o f an array-based platform is the ability 
to include large numbers of loci without an increase in workload or significant 
increase in overall cost. The array contains sequences from 12 loci in addition to 
those in the consensus M LST scheme and includes loci from all 8 C. albicans 
chromosomes. As four of the loci in the consensus M LST scheme are linked {AD Pl 
and ZW F I on C hrl and A A T l and P M II on Chr2), this leads to a bias in the 
detection of polym orphism s on these chromosomes. To date, a pilot study analysing 
5 isolates has been published and further studies are required in order to determine 
if this system can offer any new insights into the population structure of C. albicans 
(Lott and Scarborough, 2008). In the future, microarray technology could poten
tially be useful in the clinical diagnostic laboratory for rapid identification of fungi
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429 from clinical specimens. At present, arrays have been developed for rapid identifi-
430 cation of yeasts in clinical specimens using species-specific probes. In order for
431 m icroarrays to become a routine tool for rapid discrim ination of strains in a clinical
432 laboratory environm ent, they will have to yield clinically relevant data. Arrays have
433 been extensively used to detect anti-microbial resistance genes in prokaryotic
434 organisms and to characterise SNPs associated with anti-malarial drug resistance
435 in Plasmodium falciparum  (Crameri et al. 2007; Frye et al. 2006.) At present, apart
436 from predicting an isolates susceptibility to 5FC, routine M LST of clinical isolates
437 is o f little value to a diagnostic laboratory. However, as our knowledge of anti-
438 fungal resistance m echanism s improves in C. albicans, SNP arrays may have
439 potential as diagnostic tools in the m ycology laboratory. Certain m utations have
440 been identified in C. albicans that are associated with azole resistance, including
441 mutations in the transcriptional activators TA C l and M R R l and in the gene encod-
442 ing the target of azole anti-fungal drugs, E R G ll.  An array format could potentially
443 be used to screen for SNPs in these genes-associated azole resistance. The predic-
444 tive value of such an array is currently unknown as the full range of potential
445 m utations that can result in azole resistance in C. albicans are probably not yet
446 know n.
447 As high-throughput, post-Sanger sequencing technologies improve and become
448 more readily available, the possibility o f comparing whole genom es of different
449 strains is becoming feasible. W ithin a m atter o f years, epidem iological analysis of
450 C. albicans p opulations w ill in v o lv e  w h o le  gen om e com parisons b etw een  strains.
451 At present, next-generation sequencing technologies such as Illum ina’s Solexa
452 system and the 454 Life Sciences GS FLX system have made the goal o f ‘a genome
453 in a day’ achievable (M edini et al. 2008). However, some technical challenges
454 remain before genom e sequencing becomes routine. At present, assembly of
455 genome sequences from such short reads (200-400 bp for the GS FLX) is technically
456 challenging and genomes may have large regions that may be difficult to sequence
457 using these technologies (Medini et al. 2008). In addition, genome comparison
458 software tools are at present unable to efficiently compare a large number o f genome
459 sequences simultaneously. Once these technical barriers have been overcome, next
460 generation technologies will allow researchers to compare the genomes o f isolates
461 from different clades and to identify specific polymorphisms associated with particu-
462 lar phenotypes, such as drug resistance. Association of polymorphisms with mean-
463 ingful phenotypes such as virulence or drug resistance may make the task of routine
464 detection of polymorphisms by microarray analysis worthwhile.

465 2.5 Conclusions

466 Both DNA fingerprint analysis and M LST have provided useful information
467 regarding the epidem iology and population structure of C. albicans. Our knowledge
468 of the epidem iology of the non-C. albicans Candida species has also improved. At
469 present, M LST of C. albicans has probably yielded as much practical information
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as ‘low density’ genome sequence analysis will allow. Within the next 10 years, our 470
understanding of Candida epidemiology will be revolutionised by high-throughput 471

DNA sequencing technologies. Current data suggests that C. albicans isolates 472
belonging to different MLST clades may possess different biological properties, 473
with MLST clade 1 isolates more often associated with mucosal colonisation and 474
superficial infection and clade 4 isolates mostly associated with systemic infection. 475
Generation of whole genome sequence data for multiple isolates in different clades 476

may help to explain some of the biological differences between C. albicans isolates 477
that MLST analysis can only suggest. 478
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Appendices



Appendix A. Allelic profiles and DST numbers for MLST Scheme A
Isolate A A T Ia  A C C  I A D P I  PMIb A L A I  VPS13 Z W F lb  DST

CD36 1 1 4 5 1 1 6

CD06033 1 1 4 4 1 1 4

C D 06031 1 1 4 4 1 1 4

CD060213 1 1 4 4 1 1 4

CD06041 1 1 4 4 1 1 4

CD06038 1 1 4 4 1 1 4

CD06045 1 1 4 4 1 I 4

CD06037 3 7 2 1 2 19

CD06036 3 1 7 2 1 2 14

CD060215 2 1 1 2 3 12

CD604 I I 7 4 1 1 9

CD603 1 1 1 4 1 1 2

CM l 1 1 1 4 1 1 2

SA105 1 1 6 4 1 1 8

SA115 1 1 1 4 1 1 2

SA116 1 1 4 4 1 1 4

SA108 2 6 2 2 2 4 13

SAIOO 2 6 2 2 2 4 13

SA121 2 6 2 2 2 4 13

Eg202 2 6 2 2 2 4 13

Eg203 I 1 3 4 1 1 5

Eg204 1 1 5 4 1 I 7

Eg207 3 1 2 2 5 21

p6785 2 1 1 2 1 3 11

p7276 2 1 1 2 1 3 11

p7718

CD71

2

1 1

2

1

2

4 1

4

1

13

2

CD98923 1 1 3 4 1 1 5

B1324 1 1 4 4 1 1 4

B341 1 1 4 4 1 1 4

PM6-2 1 1 4 4 1 1 4

P2 1 1 4 4 1 1 4

1504 1 1 3 4 1 1 5

8882 1 1 4 4 1 1 4

9097 1 1 5 4 1 1 7

966(3)/1 1 5 3 4 1 1 10

966(3 )/2 1 5 3 4 I 1 1 0

Continued overleaf



Appendix A continued
Isolate A A T I a  A C C I  A D P l  PMIb ALAI  VPS13 Z W F I b  DST

C C Y 29-177-1 1 1 1 4 4 1 1 4

MLN1H0479 1 1 1 3 4 1 1 5

M LNIH0720 1 1 1 2 4 1 1 3

49831 1 4 4 7 2 1 2 20

IFM 49883 I 4 4 7 2 1 2 20

IFM 0492 1 1 1 4 4 1 1 4

1FM49832 1 1 1 3 4 1 1 5

Can4 1 3 2 2 3 1 2 16

CD 539 1 3 2 7 3 I 2 17

CBS2747 1 3 3 2 2 1 2 18

CD514 1 2 1 1 2 2 3 12

CD 519 1 2 1 1 2 2 3 12

CD75004 1 3 2 2 2 1 2 15



Appendix B. Allelic profiles and DST numbers for MLST Scheme B
Isolate A A T Ia  A C C  I A D P I  PMIb A L A I  exVPSIS exZ W F lb  DST

CD36 1 1 4 5 1 1 6

CD06033 1 1 4 4 1 1 5

CD06031 1 1 4 4 1 I 5

CD060213 1 1 4 4 1 1 5

CD06041 1 1 4 4 1 1 5

CD06038 1 1 4 4 1 1 5

CD06045 1 1 4 4 1 1 5

CD06037 3 7 2 2 2 21

CD06036 3 1 7 2 2 2 16

CD060215 2 1 1 2 4 3 13

CD604 1 1 7 4 1 1 9

CD603 1 1 1 4 1 1 2

CM l 1 1 1 4 1 1 2

SA105 1 1 6 4 1 1 8

SA115 1 1 1 4 1 1 2

S A I16 1 1 4 4 1 1 5

SA108 2 6 2 2 3 4 15

SAIOO 2 6 2 2 3 4 15

SA121 2 6 2 2 3 4 15

Eg202 2 6 2 2 3 4 15

Eg203 1 1 3 4 1 1 4

Eg204 1 1 5 4 1 1 7

Eg207 3 1 2 2 5 23

p6785 2 1 1 2 1 3 11

p7276 2 1 1 2 1 3 11

p7718

CD71

2

1 1

2

1

2

4 1

4

I

15

2

CD98923 1 1 3 4 1 1 4

B1324 1 1 4 4 1 1 5

B341 1 1 4 4 1 1 5

PM6-2 1 1 4 4 1 1 5

P2 1 1 4 4 1 1 5

1504 1 1 3 4 1 1 4

8882 1 1 4 4 1 1 5

9097 1 1 5 4 1 1 7

966(3)/1 1 5 3 4 1 1 10

966(3)/2 1 5 3 4 1 1 10

Continued overleaf



Appendix B continued
Isolate AATIa ACCI ADPI PMIb ALAI e x V P S n exZWFIb DST

CCY29-177-1 1 1 1 4 4 1 1 5

MLNIH0479 1 1 1 3 4 1 1 4

MLNIH0720 1 1 1 2 4 1 1 3

49831 1 4 4 7 2 2 2 22

IFM49883 1 4 4 7 2 2 2 22

IFM0492 1 1 1 4 4 1 1 5

IFM49832 1 1 1 3 4 1 1 4

Can4 1 3 2 2 3 2 2 18

CD539 1 3 2 7 3 2 2 19

CBS2747 1 3 3 2 2 2 2 20

CD514 1 2 I 1 2 4 6 14

CD519 1 2 1 1 2 2 6 12

CD75004 1 3 2 2 2 2 2 17

V
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Appendix C. Allelic profiles and DST numbers for MLST Scheme C
Isolate A A T Ia  A A T Ib  A C C l A D P I GLN4 PMIb RPN2 A LA I exVPSIS exZW F lb  D ST

C D 36 1 1 1 1 1 4 1 5 1 1 8

C D 06033 1 1 1 1 1 4 1 4 1 1 7

C D 06031 1 1 1 1 1 4 1 4 1 1 7

C D 060213 1 1 1 1 1 4 1 4 1 1 7

C D 06041 1 1 1 1 1 4 1 4 1 1 7

C D 06038 1 1 1 1 1 4 1 4 1 I 7

C D 06045 1 1 1 1 1 4 1 4 1 1 7

C D 06037 1 2 3 2 7 2 2 2 2 20

C D 06036 1 2 3 1 2 7 2 2 2 2 15

C D 060215 1 4 2 1 2 I 1 2 4 3 24

C D 604 1 1 1 1 1 7 1 4 1 1 12

C D 603 1 1 1 1 1 1 3 4 1 1 3

C M l 1 1 1 1 1 1 1 4 1 1 2

SA 105 1 I 1 1 1 6 3 4 1 1 11

SA 115 1 I 1 1 1 1 1 4 1 1 2

S A 1 I6  1 I 1 1 1 4 1 4 1 1 7

SA 108 1 1 2 6 2 2 1 2 3 4 14

SAIOO 1 1 2 6 2 2 1 2 3 4 14

SA121 1 1 2 6 2 2 1 2 3 4 14

Eg202 1 1 2 6 2 2 1 2 3 4 14

Continued overleaf

vi



Appendix C continued
Isolate A A T Ia  A A T Ib  A C C I A D P l  GLN4 PMIh RPN2 A L A I  exVPSlS  exZW FIb  DST

Eg203 1 1 1 1 1 3 3 4 1 1 6

Eg204 1 1 1 1 1 5 3 4 1 1 10

Eg207 2 3 3 1 2 2 1 2 5 27

p6785 1 4 2 1 2 1 1 2 1 3 22

p7276 1 4 2 1 2 1 1 2 1 3 22

p7718 1 

CD71 1

1

1

2

1 1

2

1

2

1

1

1

2

4 1

4

1

14

2

CD98923 1 1 1 1 1 3 1 4 1 1 5

B1324 1 1 1 1 1 4 1 4 1 1 7

B341 1 1 1 1 1 4 1 4 1 1 7

PM6-2 1 1 1 1 1 4 1 4 1 1 7

P2 1 1 1 1 1 4 1 4 1 1 7

1504 1 1 1 1 1 3 1 4 1 1 5

8882 1 1 1 1 1 4 1 4 1 1 7

9097 1 1 1 1 1 5 1 4 1 1 9

966 /3 (1 ) 1 1 1 1 3 1 4 1 1 13

966/3 (2) 1 1 1 1 3 1 4 1 1 13

C C Y 29-177-1 1 1 1 1 1 4 1 4 1 1 7

M LNIH0479 1 1 1 1 1 3 3 4 1 1 6

M LNIH0720 1 1 1 1 1 2 1 4 1 1 4

49831 1 2 4 4 2 7 2 2 2 2 21

Continued overleaf



Appendix C continued
Isolate A A T Ia  A A T Ib  A C C  I A D P I  GLN4 PMIb RPN2 A L A I  exVPSI3 exZW FIb  DST

IFM49883 1 5 4 4 2 7 2 2 2 2 26

1FM0492 1 1 1 1 1 4 1 4 1 1 7

IFM49832 1 1 1 1 1 3 1 4 1 1 5

Can4 1 2 3 2 2 2 2 3 2 2 17

CD539 1 2 3 2 2 7 2 3 2 2 18

CBS2747 1 2 3 3 2 2 2 2 2 2 19

CD514 1 4 2 1 2 1 1 2 4 6 25

CDS 19 1 4 2 1 2 1 1 2 2 6 23

CD75004 1 2 3 2 2 2 2 2 2 2 16
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Appendix D. Allelic profiles and DST numbers for MLST Scheme D

Isolate A A T l b ACC] A D PI PMIb RPN2 ALAI e x V P S n exZWFIb DST

CD36 1 \ 1 4 I 5 1 1 8

CD06033 1 1 1 4 1 4 1 1 7

CD06031 1 1 1 4 1 4 1 I 7

CD060213 1 1 1 4 1 4 1 1 7

CD06041 1 1 1 4 1 4 1 1 7

CD06038 1 1 1 4 1 4 1 1 7

CD06045 1 1 1 4 1 4 1 1 7

CD06037 2 3 3 7 2 2 2 2 19

CD06036 2 3 3 7 2 2 2 2 19

C D 0602I5 4 2 1 1 1 2 4 3 24

CD604 1 1 1 7 1 4 1 1 12

CD603 1 1 1 1 3 4 1 1 3

CM l 1 1 1 1 1 4 1 1 2

SA105 1 I I 6 3 4 1 1 11

SAl 15 1 1 1 1 1 4 1 1 2

SA116 1 1 I 4 I 4 1 1 7

SAl 08 1 2 6 2 1 2 3 4 14

SAl 00 1 2 6 2 I 2 3 4 14

SA121 1 2 6 2 1 2 3 4 14

Eg202 1 2 6 2 1 2 3 4 14

Eg203 1 1 1 3 3 4 1 1 6

Eg204 1 1 1 5 3 4 I 1 10

Eg207 3 3 1 2 1 2 5 21

p6785 4 2 1 1 1 2 1 3 22

p7276 4 2 1 1 1 2 1 3 22

p7718

CD 7I

1

1

2

1 1

2 1 

1 1

2

4 1

4

1

14

2

CD98923 1 1 1 3 1 4 1 1 5

B I324 1 1 1 4 1 4 1 1 7

B341 1 1 1 4 1 4 1 1 7

PM6-2 1 1 1 4 1 4 1 1 7

P2 1 1 1 4 1 4 1 1 7

1504 1 1 1 3 1 4 1 1 5

8882 1 1 1 4 1 4 1 1 7

9097 1 1 1 5 1 4 1 1 9

966/3 (1) 1 1 5 3 1 4 1 1 13

Continued overleaf

ix



Appendix D continued

Isolate A A T Ib A C C  I A D P I PM lb RPN2 A L A I exVPSn exZ W F lb DST

966/3 (2) 1 1 5 3 \ 4 \ 1 13

C C Y 29-177-1 1 1 1 4 1 4 1 1 7

M LNIH0479 1 1 1 3 3 4 1 1 6

M LNIH0720 1 1 1 2 1 4 1 1 4

49831 2 4 4 7 2 2 2 2 20

IFM49883 5 4 4 7 2 2 2 2 26

IFM 0492 1 1 1 4 1 4 1 1 7

1FM49832 1 1 1 3 1 4 1 1 5

Can4 2 3 2 2 2 3 2 2 16

CD539 2 3 2 7 2 3 2 2 17

CBS2747 2 3 3 2 2 2 2 2 18

CD514 4 2 1 1 1 2 4 6 25

CD519 4 2 1 1 1 2 2 6 23

CD75004

98-277

2

1

3

I 1

2

1 1

2

4

2

1

2

1

15

2

95-677 1 1 1 4 1 4 1 1 7

94-234 6 1 1 4 1 4 I 1 32

CD505 2 1 1 1 1 I 1 I 28

CD06032 6 1 1 1 1 1 6 1 36

CD06027 1 1 1 1 1 1 1 1 1

CD0512 6 1 1 4 1 1 1 1 37

CD524 2 1 1 4 1 1 1 1 35

17P 2 3 3 7 2 6 2 2 34

ISP 2 3 3 7 2 6 2 2 34

22BP 2 3 3 7 2 6 2 2 34

25P 2 3 3 7 2 6 2 2 34

HOP 2 3 3 7 2 6 2 2 34

MOP 2 3 3 7 2 6 2 2 34

SL411 1 1 1 3 1 4 1 7 27

SL422 1 1 1 3 1 4 1 7 27

SL370 1 1 I 3 1 4 1 7 27

SL410 6 1 1 3 1 4 1 7 29

SL375-I 6 1 I 3 1 4 1 8 31

SL375-II 6 I 1 3 1 4 1 8 31

SL397 6 1 1 3 1 4 1 8 31

S L 4I4 6 1 1 3 1 4 1 8 31

Continued overleaf

X



Appendix D continued

Isolate A A T  lb ^ C C / /ID F / PMIb RPN2 A L A I exV P S lS  exZW F lb DST

SL509 1 1 1 3 1 4 1 8 30

SL495 6 1 7 3 I 4 1 8 33

SL522 6 1 1 3 1 4 1 8 31

AV5 6 1 1 3 1 4 1 7 29

AV6 1 1 1 3 1 4 1 7 27

AV7 1 1 I I 1 4 1 1 2

xi



Appendix E. Allelic profiles and DST numbers for MLST Scheme E
Isolate A A T I a  A C C  I A D PI  PMIb RPN2 A L A I  VPSJ3 Z W F l b  DST

CD36 1 1 1 4 5 1 1 8

CD06033 1 1 1 4 4 1 1 7

CD06031 1 1 1 4 4 1 1 7

CD060213 1 1 1 4 4 1 1 7

CD06041 1 1 1 4 4 1 1 7

CD06038 1 1 1 4 4 1 1 7

CD06045 1 1 1 4 4 1 1 7

CD06037 1 3 3 7 2 1 2 21

CD06036 1 3 3 7 2 1 2 21

CD060215 1 2 1 1 2 3 15

CD604 1 1 1 7 4 1 1 12

CD603 1 1 1 1 4 1 1 3

CM l 1 1 1 1 4 1 1 2

SA105 1 1 1 6 4 1 1 11

SA115 1 1 1 1 4 1 1 2

SA116 1 1 1 4 4 1 1 7

SA108 1 2 6 2 2 2 4 16

SAIOO 1 2 6 2 2 2 4 16

SA121 1 2 6 2 2 2 4 16

Eg202 1 2 6 2 2 2 4 16

Eg203 1 1 1 3 4 1 1 6

Eg204 1 1 1 5 4 1 1 10

Eg207 2 3 1 2 2 5 23

p6785 1 2 1 1 2 1 3 14

p7276 1 2 1 1 2 1 3 14

p7718

CD71

1 2 

1 1 1

2

1

2

4 1

4

1

16

2

CD98923 1 1 1 3 4 1 1 5

B1324 1 1 1 4 4 1 1 7

B341 1 1 1 4 4 1 1 7

PM6-2 1 1 1 4 4 1 1 7

P2 1 1 1 4 4 I 1 7

1504 1 1 1 3 4 1 1 5

8882 1 1 1 4 4 1 1 7

9097 1 1 1 5 4 1 1 9

966/3 (1) 1 1 5 3 4 1 1 13

966/3 (2) 1 1 5 3 4 1 1 13

Conlinued overleaf



Appendix E continued
Isolate A A T I a  A C C  I A D P I  PMIb RPN2 SYAI  VPS13 Z W F I b  DST

C C Y 29-I77-I 1 I 1 4 1 4 I 1 7

MLN1H0479 1 1 1 3 3 4 1 1 6

MLN1H0720 1 1 1 2 1 4 1 1 4

49831 1 4 4 7 2 2 1 2 22

IFM49883 1 4 4 7 2 2 1 2 22

1FM0492 1 1 1 4 1 4 1 1 7

IFM 49832 1 1 1 3 1 4 1 1 5

Can4 1 3 2 2 2 3 1 2 18

CD539 1 3 2 7 2 3 1 2 19

CBS2747 1 3 3 2 2 2 1 2 20

CD514 1 2 1 1 1 2 2 3 15

CDS 19 1 2 1 1 1 2 2 3 15

CD75004 1 3 2 2 2 2 1 2 17

In each MLST Schem e, DST 1 refers to that o f  the reference C  dubliniensis genom e  

sequence available at htlp://\vww.sanaer.ac.uk/sequencing/Candida/dubliniensis/.



Appendix F. MLST genotypes

> AATla- \
ATTGAAATGGAATGAAATTCCATTAGCTCCACCAGATAAAATTTTGGGTATT
TCTGAAGCTTATAATAATGATTCTAATCCACAAAAAATTAATTTAGGAGTTG
GTGCTTATAGAGATAATTCTGGTAAACCAATTATTTTCCCATCAGTTAAAAA
AGCTGAAGAAATTTTATTAAATAAAGAAACTGAAAAAGAATATACTGCTAT
TATTGGTTCAAAAAATTTCCAATCAATTGTGAAAAATTTTATTTTTAATAATT
CTAATAAAGATATTAATGGTAAACAATTAATTGATGATAATAGAATTGTTAC
TGCTCAAACCATTTCTGGTACTGGATCACTTAGAGTTATTGCTGATTTTTTAA
ATCGATTT

>AATla-2
AYTGAAATGGAATGAAATTCCATTAGCTCCACCAGATAAAATTTTGGGTATT
TCTGAAGCTTATAATAATGATTCTAATCCACAAAAAATTAATTTAGGAGTTG
GTGCTTATAGAGATAATTCTGGTAAACCAATTATTTTCCCATCAGTTAAAAA
AGCTGAAGAAATTTTATTAAATAAAGAAACTGAAAAAGAATATACTGCTAT
TATTGGTTCAAAAAATTTCCAATCAATTGTGAAAAATTTTATTTTTAATAATT
CTAATAAAGATATTAATGGTAAACAATTAATTGATGATAATAGAATTGTTAC
TGCTCAAACCATTTCTGGTACTGGATCACTTAGAGTTATTGCTGATTTTTTAA
ATCGATTT

> A AT la-1,
ATTGAAATGGAATGAAATTCCATTAGCTCCACCMGATAAAATTTTGGGTAT
TTCTGAAGCTTATAATAATGATTCTAATCCACAAAAAATTAATTTAGGAGTT
GGTGCTTATAGAGATAATTCTGGTAAACCAATTATTTTCCCATCAGTTAAAA
AAGCTGAAGAAATTTTATTAAATAAAGAAACTGAAAAAGAATATACTGCTA
TTATTGGTTCAAAAAATTTCCAATCAATTGTGAAAAATTTTATTTTTAATAAT
TCTAATAAAGATATTAATGGTAAACAATTAATTGATGATAATAGAATTGTTA
CTGCTCAAACCATTTCTGGTACTGGATCACTTAGAGTTATTGCTGATTTTTTA
AATCGATTT

> AATlb- \
TTAACTAAATTGGCTAATGAAAATAAAATCCCTTCATTTGCTTTGTGTCAAT
CATTTGCTAAAAATATGGGACTTTATGGAGAAAGAACTGGATCAATTTCTAT
TATTAATTCATCGAGTGAAGATTCTAAAGCAGTTGAATCTCAATTGAAAAA
ATTAATTAGACCAATTTATTCTTCTCCACCAATTCATGGATCTAAAATTGTTG
AAATTATTTTTGATGAAAATTCTGGTTTATTACCTCAATGGTTAGATGAATT
AGATAAAGTTGTTGGAAGATTAAATACTGTTCGTTCTAAATTATATGAAAAA
TTAGATAAATCTAATTATAATTGGGATCA

>AATlb-2
TTAACTAAATTGGCTAATGAAAATAAAATCCCTTCATTTGCTTTGTGTCAAT
CATTTGCTAAAAATATGGGACTTTATGGAGAAAGAACTGGATCAATTTCTAT
AATTAATTCATCGAGTAAAGATTCTAAAGCAGTTGAATCTCAATTGAAAAA
ATTAATTAGACCAATTTATTCTTCTCCACCAATTCATGGATCTAAAATTGTTG
AAATTATTTTTGATGAAAATTCTGGTTTATTACCTCAATGGTTAGATGAATT
AGATAAAGTTGTTGGAAGATTAAATACTGTTCGTTCTAAATTATATGAAAAA
TTAGATAAATCTAATTATAATTGGGATCA

xiv



> A AT lb-2,
TTAACTAAATTGGCTAATGAAAATAAAATCCCTTCATTTGCTTTGTGTCAAT
CATTTGCTAAAAATATGGGACTTTATGGAGAAAGAACTGGATCAATTTCTAT
TATTAATTCTTCGAGTGAAGATTCTAAAGCAGTTGAATCTCAATTGAAAAAA
TTAATTAGACCAATTTATTCTTCTCCACCAATTCATGGATCTAAAATTGTTGA
AATTATTTTTGATGAAAATTCTGGTTTATTACCTCAATGGTTAGATGAATTA
GATAAAGTTGTTGGAAGATTAAATACTGTTCGTTCTAAATTATATGAAAAAT
TAGATAAATCTAATTATAATTGGGATCA

> A AT lb-4
TTAACTAAATTGGCTAATGAAAATAAAATCCCTTCATTTGCTTTGTGTCAAT
CATTTGCTAAAAATATGGGACTTTATGGAGAAAGAACTGGATCAATTTCTAT
TATTAATTCATCGAGTGAAGATTCGAAAGCAGTTGAATCTCAATTGAAAAA
ATTAATTAGACCAATTTATTCTTCTCCACCAATTCATGGATCTAAAATTGTTG
AAATTATTTTTGATGAAaATTCTGGTTTATTACCTCAATGGTTAGATGAATTA
GATAAAGTTGTTGGAAGATTAAATACTGTTCGTTCTAAATTATATGAAAAAT
TAGATAAATCTAATTATAATTGGGATCA

> A AT lb-5
TTAACTAAATTGGCTAATGAAAATAAAATCCCTTCATTTGCTTTGTGTCAAT
CATTTGCTAAAAATATGGGACTTTATGGAGAAAGAACTGGATCAATTTCTAT
AATTAATTCATCGAGTRAAGATTCTAAAGCAGTTGAATCTCAATTGAAAAA
ATTAATTAGACCAATTTATTCTTCTCCACCAATTCATGGATCTAAAATTGTTG
AAATTATTTTTGATGAAAATTCTGGTTTATTACCTCAATGGTTAGATGAATT
AGATAAAGTTGTTGGAAGATTAAATACTGTTCGTTCTAAATTATATGAAAAA
TTAGATAAATCTAATTATAATTGGGATCA

> A AT lb-6
TTAACTAAATTGGCTAATGAAAATAAAATCCCTTCATTTGCTTTGTGTCAAT
CATTTGCTAAAAATATGGGACTTTATGGAGAAAGAACTGGATCAATTTCTAT
TATTAATTCATCGAGTGAAGATTCTAAAGCAGTTGAATCTCAATTGAAAAA
ATTAATTAGACCAATTTATTCTTCTCCACCAATTCATGGATCKAAAATTGTT
GAAATTATTTTTGATGAAAATTCTGGTTTATTACCTCAATGGTTAGATGAAT
TAGATAAAGTTGTTGGAAGATTAAATACTGTTCGTTCTAAATTATATGAAAA
ATTAGATAAATCTAATTATAATTGGGATCA

> A C C l - \
TTTTGAGATCATCTGTTGTTCAAACCTCGTATGGTGAAATTTTTGCTAAACAT
AGAGAACCAAATTTGGAAATTATTCGTGAAGTTGTTGATTCCAAACACATTG
TTTTTGATGTGTTGTCACAATTTTTGATCAATCCAGATCCATGGGTTGCCATT
GCTGCAGCTGAAGTGTATGTCAGACGTTCATACCGTGCTTATGATTTGGGTA
AAATTGAATATCATGTTAACGACAGACTTCCTATTGTTGAATGGAAATTCAA
GTTAGCTAGTATGGGAGCCGCTGGAGTAAATGATGCTCAACAGGCTGCTGT
TGCTGGTGGTGATGACTCAACATCAATGAAACATGCTGCTTCAGTTTCTGAT
TTGACCTTTGTTGTTGATTCCAAAACCGAGCATACTACAAGA

XV



> A C C  1-2
TTTTGAGATCATCTGTTGTTCAAACCTCGTATGGTGAAATTTTTGCTAAACAT
AGAGAACCAAATTTGGAAATTATTCGTGAAGTTGTTGATTCCAAACACATTG
TTTTTGATGTGTTGTCACAATTCTTGATCAATCCAGATCCATGGGTTGCCATT
GCTGCAGCTGAAGTGTATGTCAGACGTTCATACCGTGCTTATGATTTGGGTA
AAATTGAATATCATGTTAACGACAGACTTCCTATTGTTGAATGGAAATTCAA
GTTAGCTAGTATGGGAGCCGCTGGAGTAAATGATGCTCAACAGGCTGCTGC
TGCTGGTGGTGATGACTCAACATCAATGAAACATGCTGCTTCAGTTTCTGAT
TTGACCTTTGTTGTTGATTCCAAAACCGAGCATACTACAAGA

> A C C  1-3
TTTTGAGATCATCTGTTGTTCAAACCTCGTATGGTGAAATTTTTGCTAAACAT
AGAGAACCAAATTTGGAAATTATTCGTGAAGTTGTTGATTCCAAACACATTG
TTTTTGATGTGTTGTCACAATTTTTGATCAATCCAGATCCATGGGTTGCCATT
GCTGCAGCTGAAGTGTATGTCAGACGTTCATACCGTGCTTATGATTTGGGTA
AAATTGAATATCATGTTAACGACAGACTTCCTATTGTTGAATGGAAATTCAA
GTTAGCTAGTATGGGAGCCGCTGGAGTAAATGATGCTCAACAGGCTGCTGC
TGCTGGTGGTGATGACTCAACATCAATGAAACATGCTGCTTCAGTTTCTGAT
TTGACCTTTGTTGTTGATTCCAAAACCGAGCATACTACAAGA

> A C Cl-A
TTTTGAGATCATCTGTTGTTCAAACCTCGTATGGTGAAATTTTTGCTAAACAT
AGAGAACCAAATTTGGAAATTATTCGTGAAGTTGTTGATTCCAAACACATTG
TTTTTGATGTGTTGTCACAATTTTTGATCAATCCAGATCCATGGGTTGCCATT
GCTGCAGCTGAAGTGTATGTCAGACGTTCATACCGTGCTTATGATTTGGGTA
AAATTGAATATCATGTTAACGACAGACTTCCTATTGTTGAATGGAAATTCAA
GTTAGCTAGTATGGGAGCCGCTGGAGTAAATGATGCTCAACAGGCTGCTGC
TGCTGGTGGTGATGACTCAACATCAATGAAACATGCTGCTTCAGTTTCTGAT
TTGACCTTTGTTGTTGATTCCAATACCGAGCATACTACAAGA

> A D P l - \
TACGTTGCAATGTAAATCAGGTGAGTGTATCCATAAAAGTGAAATACCAGG
TTACACTATCCCAGAGAATCCAAAGTTCACTCTTGGTAATTTGTTTGTGATA
ATTGGGGTCTTGTTGGTTTGTGTTTTGGCAGTTGTCTCTCTCTTGAGAAATAT
TAGTGAGTCGGCCTTGTTCAAGAAAAATGGGTATGAGCCATTGGATTCAGA
TCCTAGCGTCATGAATCAAAACTTTGAGCCTACAACATTGTCGTTTGAAGAT
ATAAAGTATGAGGTTGCTGGTGGTCGACAAATTTTGAATGGAGTCTTTGGGT
TTGTAAAACCAAGAGAATGTTTGGCAATAATGGGGGGTTCGGGTGCTGGTA
AAACTACGTTATTGGATATTTTGGCCGGTAAGAACAAGGATGGTATGATTA
ATGGATCGATTTATGTTAATGGAAATCCAA

> A D P l-2
TACGTTGCAATGTAAATCAGGTGAGTGTATTCATAAAAGTGAAATACCAGG
TTACACTATCCCAGAGAATCCAAAGTTCACTCTTGGTAATTTGTTTGTGATA
ATTGGGGTCTTGTTGGTTTGTGTTTTGGCAGTTGTCTCTCTCTTGAGAAATAT
TAGTGAGTCGGCCTTGTTCAAGAAAAATGGGTATGAGCCATTGGATTCAGA
TCCTAGTGTCATGAATCAAAACTTTGAGCCTACAACATTGTCGTTTGAAGAT
ATAAAGTATGAGGTTGCTGGTGGTCGACAAATTTTGAATGGAGTCTTTGGGT
TTGTAAAACCAAGAGAATGCTTGGCAATAATGGGGGGTTCGGGTGCTGGTA

XVI



AAACTACGTTATTGGATATTTTGGCCGGTAAGAACAAGGATGGTATGATTA
ATGGATCGATTTATGTTAATGGAAATCCAA

> A D P l - 3
TACGTTGCAATGTAAATCAGGTGAGTGTATCCATAAAAGTGAAATACCAGG
TTACACTATCCCAGAGAATCCAAAGTTCACTCTTGGTAATTTGTTTGTGATA
ATTGGGGTCTTGTTGGTTTGTGTTTTGGCAGTTGTCTCTCTCTTGAGAAATAT
TAGTGAGTCGGCCTTGTTCAAGAAAAATGGGTATGAGCCATTGGATTCAGA
TCCTAGYGTCATGAATCAAAACTTTGAGCCTACAACATTGTCGTTTGAAGAT
ATAAAGTATGAGGTTGCTGGTGGTCGACAAATTTTGAATGGAGTCTTTGGGT
TTGTAAAACCAAGAGAATGYTTGGCAATAATGGGGGGTTCGGGTGCTGGTA
AAACTACGTTATTGGATATTTTGGCCGGTAAGAACAAGGATGGTATGATTA
ATGGATCGATTTATGTTAATGGAAATCCAA

> A D P l - 4
TACGTTGCAATGTAAATCAGGTGAGTGTATCCATAAAAGTGAAATACCAGG
TTACACTATCCCAGAGAATCCAAAGTTCACTCTTGGTAATTTGTTTGTGATA
ATTGGGGTCTTGTTGGTTTGTGTTTTGGCAGTTGTCTCTCTCTTGAGAAATAT
TAGTGAGTCGGCCTTGTTCAAGAAAAATGGGTATGAGCCATTGGATTCAGA
TCCTAGTGTCATGAATCAAAACTTTGAGCCTACAACATTGTCGTTTGAAGAT
ATAAAGTATGAGGTTGCTGGTGGTCGACAAATTTTGAATGGAGTCTTTGGGT
TTGTAAAACCAAGAGAATGCTTGGCAATAATGGGGGGTTCGGGTGCTGGTA
AAACTACGTTATTGGATATTTTGGCCGGTAAGAACAAGGATGGTATGATTA
ATGGATCGATTTATGTTAATGGAAATCCAA

> A D P l - 5
TACGTTGCAATGTAAATCAGGTGAGTGTATCCATAAAAGTGAAATACCAGG
TTACACTATCCCAGAGAATCCAAAGTTCACTCTTGGTAATTTGTTTGTGATA
ATTGGGGTCTTGTTGGTTTGTGTTTTGGCAGTTGTCTCTCTCTTGAGAAATAT
TAGTGAGTCGGCCTTGTTCAAGAAAAATGGGTATGAGCCATTGGATTCAGA
TCCTAGCGTCATGAATCAAAACTTTGGGCCTACAACATTGTCGTTTGAAGAT
ATAAAGTATGAGGTTGCTGGTGGTCGACAAATTTTGAATGGAGTCTTTGGGT
TTGTAAAACCAAGAGAATGTTTGGCAATAATGGGGGGTTCGGGTGCTGGTA
AAACTACGTTATTGGATATTTTGGCCGGTAAGAACAAGGATGGTATGATTA
ATGGATCGATTTATGTTAATGGAAATCCAA

> A D P l - 6
TACGTTGCAATGTAAATCAGGTGAGTGTATCCATAAAAGTGAAATACCAGG
TTACACTATCCCAGAGAATCCAAAGTTCACTCTTGGTAATTTGTTTGTGATA
ATTGGGGTCTTGTTGGTTTGTGTTTTGGCAGTTGTCTCTCTCTTGAGAAATAT
TAGTGAGTCGGCCTTGTTCAAGAAAAATGGGTATGAGCCATTGGATTCAGA
TCCTAGCGTCATGAATCAAAACTTTGAGCCTACAACATTGTCGTTTGAAGAT
ATAAAGTATGAGGTTGCTGGTGGTCGACAAATTTTGAATGGAGTCTTTGGGT
TTGTAAAACCAAGAGAATGTTTGGCAATAATGGGGGGTTCGGGTGCTGGTA
AAACTACGTTATTGGATATTTTGGCCGGTAAGAACAAGGATGGTATGATTA
ATGGATCTATTTATGTTAATGGAAATCCAA
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> A D P 1 - 1
TACGTTGCAATGTAAATCAGGTGAGTGTATCCATAAAAGTGAAATACCAGG
TTACACTATCCCAGAGAATCCAAAGTTCACTCTTGGTAATTTGTTTGTGATA
ATTGGGGTCTTGTTGGTTTGTGTTTTGGCAGTTGTCTCTCTCTTGAGAAATAT
TAGTGAGTCGGCCTTGTTCAAGAAAAATGGGTATGAGCCATTGGATTCAGA
TCCTAGCGTCATGAATCAAAACTTTGAGCCTACAACATTGTCGTTTGAAGAT
ATAAAGTATGAGGTTGCTGGTGGTCGACAAATTTTGAATGGAGTCTTTGGGT
TTGTAAAACCAAGAGAATGTTTGGCAATAATGGGGGGTTCGGGTGCTGGTA
AAACTACGTTATTGGATATTTTGGCCGGTAAGAACAAGGATGGTATGATTA
ATGGATCGATTTATGTTAATGGAAATCCAA

> G L N 4 - \
TCTGCTTTATACAATATTTTAGGCACAAACTTCCCCAAAACCGATGATAAGA
AATTATCTTTGTTACATCAATTGGCTATACATGAAAGCAAAAATGGAGAGG
AACCAAACCATGACTTTGTCATTAATGGAATTCAAAATGGAGATTTGAAAA
CTGCTTTGCAAGTGACTGAAGGTATCAAGTATTTACAGAATAACACAACTGT
TGCTAAAGAAAAATTCGATGAAGCTAGTGGTGTGGGTATTGAAATTACCCC
TCAACAAGCCAAGGCAGAAATTTCAAAATACCTTGATTCTATTAAAACTGA
TTTGGAAAGTAAAAGATATTCAATATTACCTAAGGTTTTGGGTGAAGTGAA
AACTCAGCCATCCTTGAAATGGGCCCCACCTCAATTATTCAAACC

> GLN4-2
TCTGCTTTATACAATATTTTAGGCACAAACTTCCCCAAAACCGATGATAAGA
AATTATCTTTGTTACATCAATTGGCTATACATGAAAGCAAAAATGGAGAGG
TACCAAACCATGACTTTGTCATTAATGGAATTCAAAACGGAGACTTGAAAA
CTGCTTTGCAAGTGACTGAAGGTATCAAGTATTTACAGAATAACACAACTGT
TGCTAAAGAAAAATTCGATGAAGCTAGTGGTGTGGGTGTTGAAATTACCCC
TCAACAAGCCAAGGCAGAAATTTCAAAATACCTTGATTCTATTAAAACTGA
TTTGGAAAGTAAAAGATATTCAATATTACCTAAGGTTTTGGGTGAAGTGAA
AACTCAGCCATCCTTGAAATGGGCCCCACCTCAATTATTCAAACC

> GLN4-1>
TYTGCTTTATACAATATTTTAGGCACAAACTTCCCCAAAACCGATGATAAGA
AATTATCTTTGTTACATCAATTGGCTATACATGAAAGCAAAAATGGAGAGG
AACCAAACCATGACTTTGTCATTAATGGAATTCAAAATGGAGATTTGAAAA
CTGCTTTGCAAGTGACTGAAGGTATCAAGTATTTACAGAATAACACAACTGT
TGCTAAAGAAAAATTCGATGAAGCTAGTGGTGTGGGTATTGAAATTACCCC
TCAACAAGCCAAGGCAGAAATTTCAAAATACCTTGATTCTATTAAAACTGA
TTTGGAAAGTAAAAGATATTCAATATTACCTAAGGTTTTGGGTGAAGTGAA
AACTCAGCCATCCTTGAAATGGGCCCCACCTCAATTATTCAAACC

> P M I b - \
TTTAAGCCTTTGGATCAATTGGCTAAAACTTTGACTACAGTTCCTGAATTAA
ACGAAATTATTGGTCAAGAATTGGTTGATGAATTTGTTAGTGGTATTAGACT
ACCAGCAGAAATTGGAAGTCAAGATGATGTTAACAATAGAAAATTGTTACA
AAAAGTGTTTGGTAAATTAATGAACACCAATGAAGATATTATAAAGCAACA
AACTACTAAATTACTTGAAAGAACAGAAAGGGAACCTCAAGTGTTTAAAAA
CATTGATTCTAGATTACCAGAGTTAATACAAAGATTGAACAAGCAATTTCCT



AATGATATTGGATTATTTTGTGGATGTCTCTTGTTGAACCACGTTGGCTtGAA
CAAAGGGGAAGCA

> PMIb-2
TTTAAGCCTTTGGATCAATTGGCTAAAACTTTGACTACAGTTCCTGAATTAA
ACGAAATTATTGGTCAAGAATTGGTTGATGAATTTGTTAGTGGTATTAAACT
ACCAGCAGAAATTGGAAGTCAAGATGATGTTAACAATAGAAAATTGTTACA
AAAAGTGTTTGGTAAATTAATGAACACCAATGAAGATATTATAAAGCAACA
AACTACTAAATTACTTGAAAGAACAGAAAGGGAACCTCAAGTGTTTAAAAA
CATTGATTCTAGATTACCAGAGTTAATACAAAGATTGAACAAGCAATTTCCT
AATGATATTGGATTATTTTGTGGATGTCTCTTGTTGAACCACGTTGGCTTGA
ACAAAGGGGAAGCA

> PMIb -3
TTTAAGCCTTTGGATCAATTGGCTAAAACTTTGACTACAGTTCCTGAATTAA
ACGAAATTATTGGTCAAGAATTGGTTGATGAATTTGTTAGTGGTATTAAACT
ACCAGCAGAAATTGGAAGTCAAGATGATGTTAACAATAGAAAATTGTTACA
AAAAGTGTTTGGTAAATTAATGAACACCAATGAAGATATTATAAAGCAACA
AACTACTAAATTACTTGAAAGAACAGAAAGGGAACCTCAAGTGTTTAAAAA
CATTGATTCTAGATTACCAGAGTTAATACAAAGATTGAACAAGCAATTTCCT
AATGATATTGGATTATTTTGTGGATGTCTCTTGTTGAACCACGTTGGCTTGA
ACAAAGGGGAAGCG

> PMIb -4
TTTAAGCCTTTGGATCAATTGGCTAAAACTTTGACTACAGTTCCTGAATTAA
ACGAAATTATTGGTCAAGAATTGGTTGATGAATTTGTTAGTGGTATTARACT
ACCAGCAGAAATTGGAAGTCAAGATGATGTTAACAATAGAAAATTGTTACA
AAAAGTGTTTGGTAAATTAATGAACACCAATGAAGATATTATAAAGCAACA
AACTACTAAATTACTTGAAAGAACAGAAAGGGAACCTCAAGTGTTTAAAAA
CATTGATTCTAGATTACCAGAGTTAATACAAAGATTGAACAAGCAATTTCCT
AATGATATTGGATTATTTTGTGGATGTCTCTTGTTGAACCACGTTGGCTTGA
ACAAAGGGGAAGCR

> PMIb -5
TTTAAGCCTTTGGATCAATTGGCTAAAACTTTGACTACAGTTCCTGAATTAA
ACGAAATTATTGGTCAAGAATTGGTTGATGAATTTGTTAGTGGTATTAGACT
ACCAGCAGAAATTGGAAGTCAAGATGATGTTAACAATAGAAAATTGTTACA
AAAAGTGTTTGGTAAATTAATGAACACCAATGAAGATATTATAAAGCAACA
AACTACTAAATTACTTGAAAGAACAGAAAGGGAACCTCAAGTGTTTAAAAA
CATTGATTCTAGATTACCAGAGTTAATACAAAGATTGAACAAGCAATTTCCT
AATGATATTGGATTATTTTGTGGATGTCTCTTGTTGAACCACGTTGGCTTGA
ACAAAGGGGAAGCR

> PMIb -6
TTTAAGCCTTTGGATCAATTGGCTAAAACTTTGACTACAGTTCCTGAATTAA
ACGAAATTATTGGTCAAGAATTGGTTGATGAATTTGTTAGTGGTATTAGACT
ACCAGCAGAAATTGGAAGTCAAGATGATGTTAACAATAGAAAATTGTTACA
AAAAGTGTTTGGTAAATTAATGAACACCAATGAAGATATTATAAAGCAACA
AACTACTAAATTACTTGAAAGAACAGAAAGGGAACCTCAAGTGTTTAAAAA

XIX



CATTGATTCTAGATTACCAGAGTTAATACAAAGATTGAACAAGCAATTTCCT
AATGATATTGGATTATTTTGTGGATGTCTCTTGTTGAACCACGTTGGCTTGA
ACAAAGGGGAAGCG

> P M Ib  -1
TTTAAGCCTTTGGATCAATTGGCTAAAACTTTGACTACAGTTCCTGAATTAA
ACGAAATTATTGGTCAAGAATTGGTTGATGAATTTGTTAGTGGTATTARACT
ACCAGCAGAAATTGGAAGTCAAGATGATGTTAACAATAGAAAATTGTTACA
AAAAGTGTTTGGTAAATTAATGAACACCAATGAAGATATTATAAAGCAACA
AACTACTAAATTACTTGAAAGAACAGAAAGGGAACCTCAAGTGTTTAAAAA
CATTGATTCTAGATTACCAGAGTTAATACAAAGATTGAACAAGCAATTTCCT
AATGATATTGGATTATTTTGTGGATGTCTCTTGTTGAACCACGTTGGCTTGA
ACAAAGGGGAAGCA

> R P N 2 - \
TTGGTCCAAGTTTTCCGCTACTGCAGCATTGGGTGTTATTCATAAAGGTAAT
TTGTCACAAGGACGTACTATATTGAAACCATATTTGCCAGGATCATCTGGTT
CAGCCAATAACAAAGGTGGTTCCTTATTTGCCCTTGGATTAATCTTTGCTGG
CCATGGTAGAGAAGTCATTAAAACTTTGAAATCATTTATTGACCAAAATGGT
AATGCAGCAGGCTCAAATGATATTGATATTCAATTGCATGGGGCAGCTTTG
GGTGCTGGTGTTGCTGGTATGGGTTCAAAAAGTGAAAGTCTTTACGA

> RPN 2-2
TTGGTCCAAGTTTTCCGCTACTGCAGCATTGGGTGTTATTCATAAAGGTAAT
TTGTCACAAGGACGTACTATATTGAAACCATATTTGCCAGGATCATCTGGTT
CAGCCAATAACAAAGGTGGTTCATTATTTGCCCTTGGATTAATCTTTGCTGG
CCATGGTAGAGAAGTCATTAAAACTTTGAAATCATTTATTGACCAAAATGGT
AATGCAGCAGGCTCAAATGATATTGATATTCAATTGCATGGGGCAGCTTTG
GGTGCTGGTGTTGCTGGTATGGGTTCAAAAAGTGAAAGCCTTTACGA

> RPN2-2,
TTGGTCCAAGTTTTCCGCTACTGCAGCATTGGGTGTTATTCATAAAGGTAAT
TTGTCACAAGGACGTACTATATTGAAACCATATTTGCCAGGATCATCTGGTT
CAGCCAATAACAAAGGTGGTTCCTTATTTGCTCTTGGATTAATCTTTGCTGG
CCATGGTAGAGAAGTCATTAAAACTTTGAAATCATTTATTGACCAAAATGGT
AATGCAGCAGGCTCAAATGATATTGATATTCAATTGCATGGGGCAGCTTTG
GGTGCTGGTGTTGCTGGTATGGGTTCAAAAAGTGAAAGTCTTTACGA

> A L A l - \
TAAATCCAAGGAATTAGGGGTTGCGTTAAAGAAATTATCAATTTCCGTATTG
GATAAACAAAGATTAACTGAAAAATTCAACAAATTGGATAAATCAATCAAA
GATAATTTGAAGGCTAGACAAAAAGAGGAAACCAAAAAGACATTAGATGT
AGTTAACAATTGGTTGAATGATAAAGAAAATGTTTCATCATTTTTGGTTTCT
CATGTTCCAATTACTGCTAATGCAAAGGCAATTACTGAAGCTATTAACTTGA
TCAAAAAGCAAGACAAATCTAAATCAATTTATTTGTTGACCGGCGAAACCG
ATAAAGTTGCTCATGGATGTTATGTTAGTGATGAAGCTATTGCCAAGGGAAT
TAATGCCAATGAGTTAGCTAAGTCTGTATCT

XX



> ALA 1-2
TAAATCCAAGGAATTAGGGGTTGCGTTAAAGAAATTATCAATTTCCGTATTG
GATAAACAAAGATTAACTGAAAAATTCAATAAATTGGATAAATCAATCAAA
GATAATTTGAAGGCTAGACAAAAAGAGGAAACCAAAAAGACATTGGATGT
AGTTAACAATTGGTTGAATGATAAAGAAAATGCTTCATCATTTTTGGTTGCT
CATGTTCCAATTACTGCTAATGCAAAGGCAATTACTGAAGCTATTAACTTGA
TCAAAAAGCAAGACAAATCTAAATCAATTTATTTGTTGACCGGCGAAACCG
ATAAAGTTGCTCATGGATGTTATGTTAGTGATGAAGCTATTGCCAAGGGAAT
TAATGCCAATGAGTTAGCTAAGGCTGTATCT

> ALA 1-2,
TAAATCCAAGGAATTAGGGGTTGCGTTAAAGAAATTATCAATTTCCGTATTG
GATAAACAAAGATTAACTGAAAAATTCAAyAAATTGGATAAATCAATCAAA
GATAATTTGAAGGCTAGACAAAAAGAGGAAACCAAAAAGACATTGGATGT
AGTTAACAATTGGTTGAATGATAAAGAAAATGCTTCATCATTTTTGGTTGCT
CATGTTCCAATTACTGCTAATGCAAAGGCAATTACTGAAGCTATTAACTTGA
TCAAAAAGCAAGACAAATCTAAATCAATTTATTTGTTGACCGGCGAAACCG
ATAAAGTTGCTCATGGATGTTATGTTAGTGATGAAGCTATTGCCAAGGGAAT
TAATGCCAATGAGTTAGCTAAGGCTGTATCT

> ALA 1-4
TAAATCCAAGGAATTAGGGGTTGCGTTAAAGAAATTATCAATTTCCGTATTG
GATAAACAAAGATTAACTGAAAAATTCAACAAATTGGATAAATCAATCAAA
GATAATTTGAAGGCTAGACAAAAAGAGGAAACCAAAAAGACATTAGATGT
AGTTAACAATTGGTTGAATGATAAAGAAAATGTTTCATCATTTTTGGTTTCT
CATGTTCCAATTACTGCTAATGCAAAGGCAATTACTGAAGCTATTAACTTGA
TCAAAAAGCAAGACAAATCTAAATCAATTTATTTGTTGACCGGCGAAACCG
ATAAAGTTGCTCATGGATGTTATGTTAGTGATGAAGCTATTGCCAAGGGAAT
TAATGCCAATGAGTTAGCTAAGGCTGTATCT

> A L A l - 5
TAAATCCAAGGAATTAGGGGTTGCGTTAAAGAAATTATCAATTTCCGTATTG
GATAAACAAAGATTAACTGAAAAATTCAACAAATTGGATAAATCAATCAAA
GATAATTTGAAGGCTAGACAAAAAGAGGAAACCAAAAAGACATTAGATGT
AGTTAACAATTGGTTGAATGATAAAGAAAATGTTTCATCATTTTTGGTTTCT
CATGTTCCAATTACTGCTAATGCAAAGGCAATTACTGAAGCTATTAACTTGA
TCAAAAAGCAAGACAAATCTAAATCAATTTATTTGTTGACCGGCGAAACCG
ATAAAGTTGCTCATGGATGTTATGTTAGTGATGAAGCTATTGCCAAGGGAAT
TAATGCCAATGAGTTAGCTAAGkCTGTATCT

> A L A l - 6
TAAATCCAAGGAATTAGGGGTTGCGTTAAAGAAATTATCAATTTCCGTATTG
GATAAACAAAGATTAACTGAAAAATTCAACAAATTGGATAAATCAATCAAA
GATAATTTGAAGGCTAGACAAAAAGAGGAAACCAAAAAGACATTGGATGT
AGTTAACAATTGGTTGAATGATAAAGAAAATGCTTCATCATTTTTGGTTGCT
CATGTTCCAATTACTGCTAATGCAAAGGCAATTACTGAAGCTATTAACTTGA
TCAAAAAGCAAGACAAATCTAAATCAATTTATTTGTTGACCGGCGAAACCG
ATAAAGTTGCTCATGGATGTTATGTTAGTGATGAAGCTATTGCCAAGGGAAT
TAATGCCAATGAGTTAGCTAAGGCTGTATCT

XXI



> VPS13-\
CCTTGATATGCAAATCAAACCTTTTGAAGCACGGGCAATCAACTGGTCCAC
AGATCTTAATGCTGAAGTTCATATTGAGCATTATATCAATATTTTCAATTAT
GCACGATCGTCTTGGGAACCTTTGGTTGAAAGCTGGCCAATAGCAGTTTACA
TGTCAAAAGCTCGACACCCGAAACCTCAATTATTAGTGGAAATAATTTCCA
GACAAGTAGCTCAAGTGACGCTTACATCTAAGGCAGTAGCATTGTTATCAC
AAGTATCTGATTTGATTACTTCTGGAGAGAAATTGAAACCAAGAGGTGAAG
ATTATCCATATGTAATAGTAAATGAAACTGGATTAGATTTGGAAGTTTGGAA
TGATACAAAGGAATCCGAAACTAGAACCGAAATAAAATCT
TGG

> VPS 13-2
CCTTGATATGCAAATCAAACCTTTTGAAGCACGGGCAATCAACTGGTCCAC
AGATCTTAATGCTGAAGTTCATATTGAGCATTATATCAATATTTTCAATTAT
GCACGATCGTCTTGGGAACCTTTGGTTGAAAGCTGGCCAATAGCAGTTTACA
TGTCAAAAGCTCGACACCCGAAACCTCAATTATTAGTGGAAATAATTTCCA
GACAAGTAGCICAAGTGACGCTTACATCTAAGGCAGTAGCATTGTTATCAC
AAGTATCTGATTTGATTACTTCTGGAGAGAAATTGAAACCAAGAGGTGAAG
ATTATCCATATGTAATAGTAAATGAAACTGGATTAGATTTGGAAGTTTGGAA
TGATACAAAGGAATCCGAAACTAGAACCGAAATAAAGTCT
TCG

> qxVPS12-\
AGAGCAAACGACTTGTACATGAAGTACCAAGGTATGGTTGAAGAGACATCA
AATTCAGAAGAATTCCAGTTCTCGAAGAATTTCAAAAAGAGGCTTTCGCAG
TATGCTCCTAGTGTGCTTTCAACATATTCTGATGAATCCGATTATGAGACTC
CCCGAATTCCACCAGGTGTTGCTATTGTAAAAGGTGAAGAGTTGAATGCCA
ATTTTGGTGGTTTGAGATTTGTTTTGATTGGTGATGTATCTGAGTTGCCTGTC
CTTGATATGCAAATCAAACCTTTTGAAGCACGGGCAATCAACTGGTCCACA
GATCTTAATGCTGAAGTTCATATTGAGCATTATATCAATATTTTCAATTATG
CACGATCGTCTTGGGAACCTTTGGTTGAAAGCTGGCCAATAGCAGTTTACAT
GTCAAAAGCTCGACACCCGAAACCTCAATTATTAGTGGAAATAATTTCCAG
ACAAGTAGCTCAAGTGACGCTTACATCTAAGGCAGTAGCATTGTTATCACA
AGTATCTGATTTGATTACTTCTGGAGAGAAATTGAAACCAAGAGGTGAAGA
TTATCCATATGTAATAGTAAATGAAACTGGATTAGATTTGGAAGTTTGGAAT
GATACAAAGGAATCCGAAACTAGAACCGAAATAAAATCTTGGGACTCTAAA
CCTTGG

> exVPS13-2
AGAGCAAACGACTTGTACATGAAGTACCAAGGTATGGTTGAAGACACATCA
AATTCAGAAGAATTCCAGTTCTCGAAGAATTTCAAAAAGAGGCTTTCGCAG
TATGCTCCTAGTGTGCTTTCAACATATTCTGATGAATCCGATTATGAGACTC
CCCGAATTCCACCAGGTGTTGCTATTGTAAAAGGTGAAGAGTTGAATGCCA
ATTTTGGTGGTTTGAGATTTGTTTTGATTGGTGATGTATCTGAGTTGCCTGTC
CTTGATATGCAAATCAAACCTTTTGAAGCACGGGCAATCAACTGGTCCACA
GATCTTAATGCTGAAGTTCATATTGAGCATTATATCAATATTTTCAATTATG
CACGATCGTCTTGGGAACCTTTGGTTGAAAGCTGGCCAATAGCAGTTTACAT
GTCAAAAGCTCGACACCCGAAACCTCAATTATTAGTGGAAATAATTTCCAG
ACAAGTAGCTCAAGTGACGCTTACATCTAAGGCAGTAGCATTGTTATCACA

xxii



AGTATCTGATTTGATTACTTCTGGAGAGAAATTGAAACCAAGAGGTGAAGA
TTATCCATATGTAATAGTAAATGAAACTGGATTAGATTTGGAAGTTTGGAAT
GATACAAAGGAATCCGAAACTAGAACCGAAATAAAATCTTGGGACTCTAAA
CCTTGG

> e x V P S 1 3 - 3
AGAGCAAACGACTTGTACATGAAGTACCAAGGTATGGTTGAAGAGACATCA
AATTCAGAAGAATTCCAGTTCTCGAAGAATTTCAAAAAGAGGCTTTCGCAG
TATGCTCCTAGTGTGCTTTCAACATATTCTGATGAATCCGATTATGAGACTC
CCCGAATTCCACCAGGTGTTGCTATTGTAAAAGGTGAAGAGTTGAATGCCA
ATTTTGGTGGTTTGAGATTTGTTTTGATTGGTGATGTATCTGAGTTGCCTGTC
CTTGATATGCAAATCAAACCTTTTGAAGCACGGGCAATCAACTGGTCCACA
GATCTTAATGCTGAAGTTCATATTGAGCATTATATCAATATTTTCAATTATG
CACGATCGTCTTGGGAACCTTTGGTTGAAAGCTGGCCAATAGCAGTTTACAT
GTCAAAAGCTCGACACCCGAAACCTCAATTATTAGTGGAAATAATTTCCAG
ACAAGTAGCTCAAGTGACGCTTACATCTAAGGCAGTAGCATTGTTATCACA
AGTATCTGATTTGATTACTTCTGGAGAGAAATTGAAACCAAGAGGTGAAGA
TTATCCATATGTAATAGTAAATGAAACTGGATTAGATTTGGAAGTTTGGAAT
GATACAAAGGAATCCGAAACTAGAACCGAAATAAAGTCTTCGGACTCTAAA
CCTTGG

> t x V P S 1 3 - A
AGAGCAAACGACTTGTACATGAAGTACCAAGGTATGGTTGAAGACACATCA
AATTCAGAAGAATTCCAGTTCTCGAAGAATTTCAAAAAGAGGCTTTCGCAG
TATGCTCCTAGTGTGCTTTCAACATATTCTGATGAATCCGATTATGAGACTC
CCCGAATTCCACCAGGTGTTGCTATTGTAAAAGGTGAAGAGTTGAATGCCA
ATTTTGGTGGTTTGAGATTTGTTTTGATTGGTGATGTATCTGAGTTGCCTGTC
CTTGATATGCAAATCAAACCTTTTGAAGCACGGGCAATCAACTGGTCCACA
GATCTTAATGCTGAAGTTCATATTGAGCATTATATCAATATTTTCAATTATG
CACGATCGTCTTGGGAACCTTTGGTTGAAAGCTGGCCAATAGCAGTTTACAT
GTCAAAAGCTCGACACCCGAAACCTCAATTATTAGTGGAAATAATTTCCAG
ACAAGTAGCTCAAGTGACGCTTACATCTAAGGCAGTAGCATTGTTATCACA
AGTATCTGATTTGATTACTTCTGGAGAGAAATTGAAACCAAGAGGTGAAGA
TTATCCATATGTAATAGTAAATGAAACTGGATTAGATTTGGAAGTTTGGAAT
GATACAAAGGAATCCGAAACTAGAACCGAAATAAAGTCTTCGGACTCTAAA
CCTTGG

> e x V P S 1 3 - 5
AGAGCAAACGACTTGTACATGAAGTACCAAGGTATGGTTGAAGAGACATCA
AATTCAGAAGAATTCCAGTTCTCGAAGAATTTCAAAAAGAGGCTTTCGCAG
TATGCTCCTAGTGTGCTTTCAACATATTCTGATGAATCCGATTATGAGACTC
CCCGAATTCCACCAGGTGTTGCTATTGTAAAAGGTGAAGAGTTGAATGCCA
ATTTTTGTGGTTTGAGATTTGTTTTGATTGGTGATGTATCTGAGTTGCCTGTC
CTTGATATGCAAATCAAACCTTTTGAAGCACGGGCAATCAACTGGTCCACA
GATCTTAATGCTGAAGTTCATATTGAGCATTATATCAATATTTTCAATTATG
CACGATCGTCTTGGGAACCTTTGGTTGAAAGCTGGCCAATAGCAGTTTACAT
GTCAAAAGCTCGACACCCGAAACCTCAATTATTAGTGGAAATAATTTCCAG
ACAAGTAGCTCAAGTGACGCTTACATCTAAGGCAGTAGCATTGTTATCACA
AGTATCTGATTTGATTACTTCTGGAGAGAAATTGAAACCAAGAGGTGAAGA



TTATCCATATGTAATAGTAAATGAAACTGGATTAGATTTGGAAGTTTGGAAT
GATACAAAGGAATCCGAAACTAGAACCGAAATAAAATCTTGGGACTCTAAA
CCTTGG

> Z W F l b - \
CAAACCAGGTTATTTAGATGATAAAACGGTGAATCCTGATTCTAAAGCTGTT
ACTTATGCTGCTTTTAGAGTAAACATTCATAATGAAAGATGGGATGGTGTTC
CAATTGTTTTACGTGCTGGTAAAGCTTTAGATGAAAGTAAAGTTGAAATTAG
AATTCAATTTAAACCTGTTGCTAAAGGAATGTTTAAAGAAATTCAAAGAAA
TGAATTAGTTATTAGAATACAACCAAATGAAGCAATTTATTTAAAAATTAAT
TCAAAGATCCCCGGGATTTCTACTGAAACTTCTTTAACTGATTTAGATTTAA
CTTATGCTACTCGTTATTCAAAAGATTTTTGGATTCCAGAAGCTTATGAAGC
TTTAATTAGAGATTGTTATTTAGGTAATCATTCTAATTTTGTTAGAGATGATG
AATTGGATGTTTCTTGGAAATTATTTACTCCATTATTAAAAGCAGTTGAAGA
TCCTGCTAATAAAATAGAATTAC

> ZW Flb-2
TAAACCAGGTTATTTAGATGATAAAACGGTGAATCCTGATTCTAAAGCTGTT
ACTTATGCTGCTTTTAGAGTAAACATTCATAATGAAAGATGGGATGGTGTTC
CAATTGTTTTACGTGCTGGTAAAGCTTTAGATGAAAGTAAAGTTGAAATTAG
AATTCAATTTAAACCTGTTGCTAAAGGAATGTTTAAAGAAATTCAAAGAAA
TGAATTAGTTATTAGAATACAACCAAATGAAGCAATTTATTTAAAAATTAAT
TCAAAAATCCCCGGGATTTCTACTGAAACTTCTTTAACTGATTTAGATTTAA
CTTATGCTACTCGTTATTCAAAAGATTTTTGGATTCCAGAAGCTTATGAAGC
TTTAATTAGAGATTGTTATTTAGGTAATCATTCTAATTTTGTTAGAGATGATG
AATTGGATGTTTCTTGGAAATTATTTACTCCATTATTAAAAGCAGTTGAAGA
TCCTGCTAATAAAATAGAATTAC

> ZWFJb-3
CAAACCAGGTTATTTAGATGATAAAACrGTGAATCCTGATTCTAAAGCTGTT
ACTTATGCTGCTTTTAGAGTAAACATTCATAATGAAAGATGGGATGGTGTTC
CAATTGTTTTACGTGCTGGTAAAGCTTTAGATGAAAGTAAAGTTGAAATTAG
AATTCAATTTAAACCTGTTGCTAAAGGAATGTTTAAAGAAATTCAAAGAAA
TGAATTAGTTATTAGAATACAACCAAATGAAGCAATTTATTTAAAAATTAAT
TCAAAAATCCCCGGGATTTCTACTGAAACTTCTTTAACTGATTTAGATTTAA
CTTATGCTACTCGTTATTCAAAAGATTTTTGGATTCCAGAAGCTTATGAAGC
TTTAATTAGAGATTGTTATTTAGGTAATCATTCTAATTTTGTTAGAGATGATG
AATTGGATGTTTCTTGGAAATTATTTACTCCATTATTAAAAGCAGTTGAAGA
TCCTGCTAATAAAATAGAATTAC

> ZW Flb-4
CAAACCAGGTTATTTAGATGATAAAACGGTGAATCCTGATTCTAAAGCTGTT
ACTTATGCTGCTTTTAGAGTAAACATTCATAATGAAAGATGGGATGGTGTTC
CAATTGTTTTACGTGCTGGTAAAGCTTTAGATGAAAGTAAAGTTGAAATTAG
AATTCAATTTAAACCTGTTGCTAAAGGAATGTTTAAAGAAATTCAAAGAAA
TGAATTAGTTATTAGAATACAACCAAATGAAGCAATTTATTTAAAAATTAAT
TCAAAGATCCCCGGGATTTCTACTGAAACTTCTTTAACTTATTTAGATTTAA
CTTATGCTACTCGTTATTCAAAAGATTTTTGGATTCCAGAAGCTTATGAAGC
TTTAATTAGAGATTGTTATTTAGGTAATCATTCTAATTTTGTTAGAGATGATG
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AATTGGATGTTTCTTGGAAATTATTTACTCCATTATTAAAAGCAGTTGAAGA
TCCTGCTAATAAAATAGAATTAC

>  ZWFJb-5
CAAACCAGGTTATTTAGATGATAAAACGGTGAATCCTGATTCTAAAGCTGTT
ACTTATGCTGCTTTTAGAGTAAACATTCATAATGAAAGATGGGATGGTGTTC
CAATTGTTTTACGTGCTGGTAAAGCTTTAGATGAAAGTAAAGTTGAAATTAG
AATTCAATTTAAACCTGTTGCTAAAGGAATGTTTAAAGAAATTCAAAGAAA
TGAATTAGTTATTAGAATACAACCAAATGAAGCAATTTATTTAAAAATTAAT
TCAAAGATCCCCGGGATTTCTACTGAAACTTCTTTAACTGATTTAGATTTAA
CTTATGCTACTCGTTATTCAAAGGATTTTTGGATTCCAGAAGCTTATGAAGC
TTTAATTAGAGATTGTTATTTAGGTAATCATTCTAAT
TTTGTTAGAGATGATGAATTGGATGTTTCTTGGAAATTATTTACTCCATTATT
AAAAGCAGTTGAAGATCCTGCTAATAAAATAGAATTAC

> Z W F l b - 6
CAAACCAGGTTATTTAGATGATAAAACGGTGAATCCTGATTCTAAAGCTGTT
ACTTATGCTGCTTTTAGAGTAAACATTCATAATGAAAGATGGGATGGTGTTC
CAATTGTTTTACGTGCTGGTAAAGCTTTAGATGAAAGTAAAGTTGAAATTAG
AATTCAATTTAAACCTGTTGCTAAAGGAATGTTTAAAGAAATTCAAAGAAA
TGAATTAGTTATTAGAATACAACCAAATGAAGCAATTTATTTAAAAATTAAT
TCAAAGATCCCCGGGATTTCTACTGAAACTTCTTTAACTGATTTAGATTTAA
CTTATGCTACTCGTTATTCAAAAGATTTTTGGATTCCAGAAGCTTATGAAGC
TTTAATTAGAGATTGTTATTTAGGTAATCATTCTAATTTTGTTAGAGATGATG
AATTGGATGTTTCTTGGAAATTATTTACTCCATTATTAAAAGCAGTTGAAGA
TCCTGCTAATAGAATAGAATTAC

> Z W F l b - 1
CAAACCAGGTTATTTAGATGATAAAACGGTGAATCCTGATTCTAAAGCTGTT
ACTTATGCTGCTTTTAGAGTAAACATTCATAATGAAAGATGGGATGGTGTTC
CAATTGTTTTACGTGCTGGTAAAGCTTTAGATGAAAGTAAAGTTGAAATTAG
AATTCAATTTAAACCTGTTGCTAAAGGAATGTTTAAAGAAATTCAAAGAAA
TGAATTAGTTATTAGAATACAACCAAATGAAGCAATTTATTTAAAAATTAAT
TCAAAGATCCCCGGGATTTCTACTGAAACTTCTTTAACTGATTTAGATTTAA
CTTATGCTACTCGTTATTCAAAAGATTTTTGGATTCCAGAAGCTTATGAAGC
TTTAATTAGAGATTGTTATTTAGGTAATCATTCTAATTTTGTTAGAGATGATG
AATTGGATGTTTCTTGGAAATTATTTACTCCATTATTAAAAGCAGTTGAAGA
TCCTGCTAATARAATAGAATTAC

>  e x Z W F l b - l
AAAGTTTTAAAAGCTTTTGATAATATTGATGTTAATGATGTTATATTGGGTC
AATATACTAAATCAGAAGATGGTACCAAACCAGGTTATTTAGATGATAAAA
CGGTGAATCCTGATTCTAAAGCTGTTACTTATGCTGCTTTTAGAGTAAACAT
TCATAATGAAAGATGGGATGGTGTTCCAATTGTTTTACGTGCTGGTAAAGCT
TTAGATGAAAGTAAAGTTGAAATTAGAATTCAATTTAAACCTGTTGCTAAA
GGAATGTTTAAAGAAATTCAAAGAAATGAATTAGTTATTAGAATACAACCA
AATGAAGCAATTTATTTAAAAATTAATTCAAAGATCCCCGGGATTTCTACTG
AAACTTCTTTAACTGATTTAGATTTAACTTATGCTACTCGTTATTCAAAAGAT
TTTTGGATTCCAGAAGCTTATGAAGCTTTAATTAGAGATTGTTATTTAGGTA
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ATCATTCTAATTTTGTTAGAGATGATGAATTGGATGTTTCTTGGAAATTATTT
ACTCCATTATTAAAAGCAGTTGAAGATCCTGCTAATAAAATAGAATTACAA
TATTATCCTTATGGTTCAAAAGGTCCAAAAGATTTAAGAAAATATTTGAAA

> e x Z W F lb -2
AAAGTTTTAAAAGCTTTTGATAATATTGATGTTAATGATGTTATATTGGGTC
AATATACTAAATCAGAAGATGGTACTAAACCAGGTTATTTAGATGATAAAA
CGGTGAATCCTGATTCTAAAGCTGTTACTTATGCTGCTTTTAGAGTAAACAT
TCATAATGAAAGATGGGATGGTGTTCCAATTGTTTTACGTGCTGGTAAAGCT
TTAGATGAAAGTAAAGTTGAAATTAGAATTCAATTTAAACCTGTTGCTAAA
GGAATGTTTAAAGAAATTCAAAGAAATGAATTAGTTATTAGAATACAACCA
AATGAAGCAATTTATTTAAAAATTAATTCAAAAATCCCCGGGATTTCTACTG
AAACTTCTTTAACTGATTTAGATTTAACTTATGCTACTCGTTATTCAAAAGAT
TTTTGGATTCCAGAAGCTTATGAAGCTTTAATTAGAGATTGTTATTTAGGTA
ATCATTCTAATTTTGTTAGAGATGATGAATTGGATGTTTCTTGGAAATTATTT
ACTCCATTATTAAAAGCAGTTGAAGATCCTGCTAATAAAATAGAATTACAA
TATTATCCTTATGGTTCTAAAGGTCCAAAAGATTTAAGAAAATATTTGAAA

> ex Z W F lb -3
AAAGTTTTAAAAGCTTTTGATAATATTGATGTTAATGATGTTATATTGGGTC
AATATACTAAATCAGAAGATGGTACCAAACCAGGTTATTTAGATGATAAAA
CRGTGAATCCTGATTCTAAAGCTGTTACTTATGCTGCTTTTAGAGTAAACAT
TCATAATGAAAGATGGGATGGTGTTCCAATTGTTTTACGTGCTGGTAAAGCT
TTAGATGAAAGTAAAGTTGAAATTAGAATTCAATTTAAACCTGTTGCTAAA
GGAATGTTTAAAGAAATTCAAAGAAATGAATTAGTTATTAGAATACAACCA
AATGAAGCAATTTATTTAAAAATTAATTCAAAAATCCCCGGGATTTCTACTG
AAACTTCTTTAACTGATTTAGATTTAACTTATGCTACTC
GTTATTCAAAAGATTTTTGGATTCCAGAAGCTTATGAAGCTTTAATTAGAGA
TTGTTATTTAGGTAATCATTCTAATTTTGTTAGAGATGATGAATTGGATGTTT
CTTGGAAATTATTTACTCCATTATTAAAAGCAGTTGAAGATCCTGCTAATAA
AATAGAATTACAATAyTATCCTTATGGTTCAAAAGGTCCAAAAGATTTAAGA
AAATATTTGAAA

> ex Z W F lb - 4
AAAGTTTTAAAAGCTTTTGATAATATTGATGTTAATGATGTTATATTGGGTC
AATATACTAAATCAGAAGATGGTACCAAACCAGGTTATTTAGATGATAAAA
CGGTGAATCCTGATTCTAAAGCTGTTACTTATGCTGCTTTTAGAGTAAACAT
TCATAATGAAAGATGGGATGGTGTTCCAATTGTTTTACGTGCTGGTAAAGCT
TTAGATGAAAGTAAAGTTGAAATTAGAATTCAATTTAAACCTGTTGCTAAA
GGAATGTTTAAAGAAATTCAAAGAAATGAATTAGTTATTAGAATACAACCA
AATGAAGCAATTTATTTAAAAATTAATTCAAAGATCCCCGGGATTTCTACTG
AAACTTCTTTAACTTATTTAGATTTAACTTATGCTACTCGTTATTCAAAAGAT
TTTTGGATTCCAGAAGCTTATGAAGCTTTAATTAGAGATTGTTATTTAGGTA
ATCATTCTAATTTTGTTAGAGATGATGAATTGGATGTTTCTTGGAAATTATTT
ACTCCATTATTAAAAGCAGTTGAAGATCCTGCTAATAAAATAGAATTACAA
TATTATCCTTATGGTTCAAAAGGTCCAAAAGATTTAAGAAAATATTTGAAA
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> QxZWFlb-5
AAAGTTTTAAAAGCTTTTGATAATATTGATGTTAATGATGTTATATTGGGTC
AATATACTAAATCAGAAGATGGTACCAAACCAGGTTATTTAGATGATAAAA
CGGTGAATCCTGATTCTAAAGCTGTTACTTATGCTGCTTTTAGAGTAAACAT
TCATAATGAAAGATGGGATGGTGTTCCAATTGTTTTACGTGCTGGTAAAGCT
TTAGATGAAAGTAAAGTTGAAATTAGAATTCAATTTAAACCTGTTGCTAAA
GGAATGTTTAAAGAAATTCAAAGAAATGAATTAGTTATTAGAATACAACCA
AATGAAGCAATTTATTTAAAAATTAATTCAAAGATCCCCGGGATTTCTACTG
AAACTTCTTTAACTGATTTAGATTTAACTTATGCTACTCGTTATTCAAAGGAT
TTTTGGATTCCAGAAGCTTATGAAGCTTTAATTAGAGATTGTTATTTAGGTA
ATCATTCTAATTTTGTTAGAGATGATGAATTGGATGTTTCTTGGAAATTATTT
ACTCCATTATTAAAAGCAGTTGAAGATCCTGCTAATAAAATAGAATTACAA
TATTATCCTTATGGTTCAAAAGGTCCAAAAGATTTAAGAAAATATTTGAAA

> QxZWFlb-6
AAAGTTTTAAAAGCTTTTGATAATATTGATGTTAATGATGTTATATTGGGTC
AATATACTAAATCAGAAGATGGTACCAAACCAGGTTATTTAGATGATAAAA
CRGTGAATCCTGATTCTAAAGCTGTTACTTATGCTGCTTTTAGAGTAAACAT
TCATAATGAAAGATGGGATGGTGTTCCAATTGTTTTACGTGCTGGTAAAGCT
TTAGATGAAAGTAAAGTTGAAATTAGAATTCAATTTAAACCTGTTGCTAAA
GGAATGTTTAAAGAAATTCAAAGAAATGAATTAGTTATTAGAATACAACCA
AATGAAGCAATTTATTTAAAAATTAATTCAAAAATCCCCGGGATTTCTACTG
AAACTTCTTTAACTGATTTAGATTTAACTTATGCTACTCGTTATTCAAAAGAT
TTTTGGATTCCAGAAGCTTATGAAGCTTTAATTAGAGATTGTTATTTAGGTA
ATCATTCTAATTTTGTTAGAGATGATGAATTGGATGTTTCTTGGAAATTATTT
ACTCCATTATTAAAAGCAGTTGAAGATCCTGCTAATAAAATAGAATTACAA
TAyTATCCTTATGGTTCAAAAGGTCCAAAAGATTTAAGAAAATATTTGAAA

> QxZWFlb-7
AAAGTTTTAAAAGCTTTTGATAATATTGATGTTAATGATGTTATATTGGGTC
AATATACTAAATCAGAAGATGGTACCAAACCAGGTTATTTAGATGATAAAA
CGGTGAATCCTGATTCTAAAGCTGTTACTTATGCTGCTTTTAGAGTAAACAT
TCATAATGAAAGATGGGATGGTGTTCCAATTGTTTTACGTGCTGGTAAAGCT
TTAGATGAAAGTAAAGTTGAAATTAGAATTCAATTTAAACCTGTTGCTAAA
GGAATGTTTAAAGAAATTCAAAGAAATGAATTAGTTATTAGAATACAACCA
AATGAAGCAATTTATTTAAAAATTAATTCAAAGATCCCCGGGATTTCTACTG
AAACTTCTTTAACTGATTTAGATTTAACTTATGCTACTCGTTATTCAAAAGAT
TTTTGGATTCCAGAAGCTTATGAAGCTTTAATTAGAGATTGTTATTTAGGTA
ATCATTCTAATTTTGTTAGAGATGATGAATTGGATGTTTCTTGGAAATTATTT
ACTCCATTATTAAAAGCAGTTGAAGATCCTGCTAATAGAATAGAATTACAA
TATTATCCTTATGGTTCAAAAGGTCCAAAAGATTTAAGAAAATATTTGAAA

> QxZWFlb-8
AAAGTTTTAAAAGCTTTTGATAATATTGATGTTAATGATGTTATATTGGGTC
AATATACTAAATCAGAAGATGGTACCAAACCAGGTTATTTAGATGATAAAA
CGGTGAATCCTGATTCTAAAGCTGTTACTTATGCTGCTTTTAGAGTAAACAT
TCATAATGAAAGATGGGATGGTGTTCCAATTGTTTTACGTGCTGGTAAAGCT
TTAGATGAAAGTAAAGTTGAAATTAGAATTCAATTTAAACCTGTTGCTAAA
GGAATGTTTAAAGAAATTCAAAGAAATGAATTAGTTATTAGAATACAACCA
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AATGAAGCAATTTATTTAAAAATTAATTCAAAGATCCCCGGGATTTCTACTG
AAACTTCTTTAACTGATTTAGATTTAACTTATGCTACTCGTTATTCAAAAGAT
TTTTGGATTCCAGAAGCTTATGAAGCTTTAATTAGAGATTGTTATTTAGGTA
ATCATTCTAATTTTGTTAGAGATGATGAATTGGATGTTTCTTGGAAATTATTT
ACTCCATTATTAAAAGCAGTTGAAGATCCTGCTAATARAATAGAATTACAAT
ATTATCCTTATGGTTCAAAAGGTCCAAAAGATTTAAGAAAATATTTGAAA
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