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Abstract 

Oral squamous cell carcinoma (OSCC) can remain undiagnosed until in an advanced, 

and sometimes lethal, state. It is often preceded by a potentially malignant lesion, 

which may manifest as a white patch ‗leukoplakia‘ of the oral mucosa. Previous 

research has implicated an association between the presence of Candida albicans and 

the progression of leukoplakias to OSCC. Alcohol may contribute to oral cancer via its 

conversion to acetaldehyde, a known carcinogen, which is also a product of C. 

albicans metabolism. The reversible conversion of ethanol to acetaldehyde is 

catalysed by enzymes known as alcohol dehydrogenases (ADHs) and in C. albicans, it 

is not known which ADH is responsible for acetaldehyde production.  

Aims of this study: To investigate expression of the CaADH genes in vitro and to 

identify the C. albicans genes responsible for acetaldehyde production. It is also the 

aim of this study to detect the expression of the CaADH genes in archival formalin-

fixed paraffin-embedded (FFPE) samples from leukoplakia biopsies. 

Study hypotheses: (i) that production of acetaldehyde by C. albicans via expression of 

ADH genes can be detected in lesions diagnosed as CHC; (ii) that the presence of C. 

albicans in CHC lesions is associated with expression of CaADH1 mRNA; (iii) that 

acetaldehyde production may provide a mechanism for the previously reported 

putative link between oral infection/colonisation with C. albicans and oral cancer. 

Methods: The levels of expression for three C. albicans genes, CaADH1, CaADH2 

and CaADH3, were measured under various growth conditions using Northern blot 

analysis and qRT-PCR. The three C. albicans genes were also cloned and expressed in 

the model yeast Saccharomyces cerevisiae. CaAdhp polypeptide expression was 

confirmed by Western blot analysis. Ethanol utilisation was assayed in cell extracts of 

recombinant S. cerevisiae strains expressing CaADH1 or CaADH2. Disruption of the 

endogenous ScADH2 gene, which is responsible for production of acetaldehyde in S. 

cerevisiae, was carried out in the recombinant S. cerevisiae strain that expressed 

CaADH1 to reduce background ScAdhp activity. The presence of Candida was 

investigated in archival FFPE samples from four sample groups: normal oral mucosa, 

non-dysplastic leukoplakia, chronic hyperplastic candidosis (CHC) and non-CHC 

dysplastic leukoplakia. Candida was detected in FFPE samples by histology and 

immunocytochemistry and C. albicans ADH1 and ADH2 mRNAs were detected by 

RT-PCR and qRT-PCR.  
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Results: Northern blot analysis showed that CaADH1 mRNA was expressed under a 

variety of in vitro growth conditions while CaADH2 was only detected during 

stationary phase in a rich medium. No expression of CaADH3 was detected. Each 

gene was cloned in S. cerevisiae but CaADH3 again was not expressed. Cell extracts 

from the Adh1p-expressing S. cerevisiae recombinant, but not the Adh2p-expressing 

recombinant, or an empty vector control strain, possessed ethanol utilising Adh 

activity. Expression of C. albicans Adh1p in a recombinant S. cerevisiae strain in 

which the endogenous ScADH2 gene had been deleted conferred an NAD-dependant 

ethanol utilising and hence acetaldehyde producing Adh activity. FFPE samples were 

analysed by immunocytochemistry for C. albicans and by RT-PCR for C. albicans 

gene expression. C. albicans was detected by both methods in FFPE samples 

diagnosed as CHC, but not in any other sample group, including the non-dysplastic 

leukoplakias. RT-PCR confirmed the presence of high levels of C. albicans ADH1 

mRNA expression, compared to a house-keeping gene, in CHC biopsies but CaADH2 

expression was variable.  

Conclusions: C. albicans Adh1p was shown to be the major Adh isozyme involved in 

the production of acetaldehyde by this human commensal yeast. 

Immunohistopathological evidence was obtained from FFPE samples from patients 

with previously diagnosed CHC indicating that C. albicans was the predominant 

species in the lesions. The presence of C. albicans in CHC lesions was associated with 

a high expression of CaADH1 mRNA. The results of this study provide the first 

experimental support for the hypothesis of a putative link between acetaldehyde 

production by oral infection/colonisation with C. albicans and oral cancer despite the 

lack of malignant transformation in the clinical cases of chronic hyperplastic candidosis 

studied. 
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Chapter 1  

Literature review and study aims 

1.1 Oral cancer  

Oral cancer is the sixth most common cancer in the world (Warnakulasuriya 2009a). It 

is estimated that the incidence of oral cancer is around 275,000 and two-thirds of these 

cases occur in developing countries (Ferlay et al. 2004). A wide variation 

(approximately 20-fold) in geographical distribution has been reported 

(Warnakulasuriya 2009a). Several countries with the highest incidence of oral cancer 

in the world are located in South Asia. India has often been cited as the country with 

the highest incidence in the world though in some recent reports Sri Lanka and 

Pakistan are ranked at the top (Parkin et al. 2002, Ferlay et al. 2004, de Camargo 

Cancela et al. 2009). Other areas characterised by high incidence rates for oral cancer 

are found in Southeast Asia (e.g. Taiwan), parts of Western (e.g. France)  (Remontet et 

al. 2002) and Eastern Europe (e.g. Hungary, Slovakia and Slovenia) (Bánóczy and 

Squier 2004), parts of Latin America and the Caribbean (e.g. Brazil, Uruguay and 

Puerto Rico) (Wunsch-Fiho and de Camargo 2001) and in Pacific regions (e.g. Papua 

New Guinea and Melanesia) (Parkin 2004).   

 

The most common oral cancer is oral squamous cell carcinoma (OSCC) (Ferlay et al. 

2004). The aetiopathogenesis, genetic and molecular alterations associated with OSCC 

have been extensively reviewed (Haddad and Shin 2008, Pérez-Sayáns et al. 2009, 

Scully and Bagan 2009). The major risk factors associated with oral cancer are 

tobacco smoking and alcohol consumption. Tobacco smoking alone is a strong and 

independent risk factor for the cancers of the oral cavity (Johnson 2001, Winn 2001, 

Vineis et al. 2004, Warnakulasuriya et al. 2005, Vallecillo Capilla et al. 2007, Hirota 

et al. 2008, Pelucchi et al. 2008, Stucken et al. 2010) and it has been estimated that the 

proportion of cancers of the oral cavity attributable to tobacco smoking is between 

43% and 60% (Sasco et al. 2004). The risk of developing oral cancer is proportional to 

the number of cigarettes smoked and duration of smoking (Franceschi et al. 1990, 

Talamini et al. 2000, Lubin et al. 2009). Pipe and cigar smokers are at higher risk for 

developing oral cavity cancers compared with cigarette smokers (Franceschi et al. 
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1990). Other products, which may be mixed with tobacco, such as betel quid or 

marijuana cigarettes, are associated with oral cancer in certain geographic regions and 

social groups (Johnson 2001, Znaor et al. 2003) although marijuana appears to be of 

limited significance as a risk factor for oral cancer, independent of tobacco (Hashibe et 

al. 2006).  

 

Another risk factor associated with oral cancer is alcohol ingestion (Schlecht et al. 

2001, Huang et al. 2003, Figuero Ruiz et al. 2004, Seitz et al. 2004, Boccia et al. 

2009, Ogden 2009, Warnakulasuriya 2009b). Ethanol itself is not carcinogenic but 

impurities in the beverage and breakdown products are linked with carcinogenesis. 

Ethanol is also known to have a co-carcinogenic effect when administered to animals 

along with well-known chemical carcinogens such as nitrosamines (Hsu et al. 1991, 

Hooper et al. 2009). The effect of alcohol intake on the absolute risk of cancer of the 

head and neck can be influenced by the presence of other risk factors especially 

smoking (Lubin et al. 2009). There is a synergistic effect between alcohol 

consumption and tobacco smoking and hence people who are both alcohol drinkers 

and heavy tobacco smokers have a greater risk of developing oral cancer, than the sum 

of each single risk factor (Pelucchi et al. 2008, Hashibe et al. 2009). A breakdown 

product of ethanol, acetaldehyde, is a known carcinogen and the carcinogenic effects 

of acetaldehyde are well documented (Seitz et al. 2001, Poschl and Seitz 2004, Seitz 

and Stickel 2009).  

 

The high incidence of oral cancer in some populations have been reported to be related 

to their lifestyle. The lifestyle behaviours for which there is convincing evidence for 

an association with oral cancer are tobacco use, betel quid chewing, alcohol drinking 

and low fruit and vegetable consumption (Petti 2008, de Camargo Cancela et al. 

2009). In France, it is estimated that 70% of oral cavity cancers among males and 65% 

among females could be avoided in Europe if risk factors related to lifestyle were 

eliminated (Soerjomataram et al. 2007). Low socioeconomic status and problems in 

accessing healthcare facilities are related to poor oral health that increases the oral 

cavity cancer risk. The effect of socioeconomic inequalities on the incidence of oral 

cancer have been investigated and reviewed (Conway et al. 2008, Warnakulasuriya 

2009c). Individuals in high socioeconomic strata were compared to those in low 

socioeconomic strata and the factors considered included educational attainment, 
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occupational social class and income. The results indicated that socioeconomic 

inequalities were associated with the risk of oral cancer. The association between 

education attainment and cancer incidence has been studied in India. The level of 

education attainment in the study ranged from no education to more than 12 years and 

it was reported that the risk of oral cancer was inversely associated with higher levels 

of education (Swaminathan et al. 2009). In other developing countries, similar 

findings have also been reported (Hemminki and Li 2003, Mouw et al. 2008, 

Vidarsdottir et al. 2008). 

 

Nutrition is another factor related to the etiology of oral cavity cancer and among the 

many aspects of nutrition, greater consumption of fruits and vegetables was found to 

be associated with the reduced risk of oral cancer (Conway 2007, Garavello et al. 

2009, Lucenteforte et al. 2009). Another risk factor is infection with viruses such as 

human papilloma virus (HPV), although this applies particularly to carcinoma of the 

oropharynx and tonsil (Ha et al. 2002, D'Souza et al. 2007). The association between 

fungal, for example candidal, infection and OSCC have also been implicated. 

Although candidal infection does not appear to be a risk factor for dysplastic cervical 

lesions or cervical carcinoma (Engberts et al. 2006), there have been a number of 

reports of oral or esophageal carcinoma developing in immunocompromised patients 

with candidal infections such as chronic mucocutaneous candidiasis (CMC) and 

autoimmune polyendocrinopathycandidiasis-ectodermal dystrophy (APECED) 

(McGurk and Holmes 1988, Firth et al. 1997, Rautemaa et al. 2007, Rosa et al. 2008, 

Domingues-Ferreira et al. 2009), and this will be dealt with further in Chapter 6 (page 

171). 

 

Oral cancer occurs more frequently in men over 40 years of age, although in recent 

years an increasing number of these tumors are being diagnosed in younger adults 

(Shiboski et al. 2005, Warnakulasuriya et al. 2007a, de Camargo Cancela et al. 2009). 

The male to female ratio has declined to approximately 1.5:1-2:1 (Llewellyn et al. 

2004, Warnakulasuriya 2009a). The male population in Brazil has the highest risk in 

the world for cancer of mouth, followed by males in France and India (Wunsch-Fiho 

and de Camargo 2001).  
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The reported survival rate of patients with oral cancer shows worldwide variation 

(Warnakulasuriya 2009a). Survival is better for younger patients than for older 

patients (Shiboski et al. 2005, Warnakulasuriya et al. 2007a) but there has been a 

small but steady increase in mortality rates in Western countries (Llewellyn et al. 

2001). For most countries age-adjusted death rates from oral cancer have been 

estimated at 3–4 per 100,000 men and 1.5–2.0 per 100,000 for women 

(Warnakulasuriya 2009a). In Europe, the most significant rise in mortality rates were 

observed in males in six Eastern European countries: Bulgaria, Czech Republic, 

Hungary, Poland, Romania and Slovakia (La Vecchia et al. 2004). 

 

OSCC is often preceded by a mucosal ‗white patch‘ or leukoplakia, which are lesions   

classified as potentially malignant oral disorders (PMOD). 

1.2 Potentially malignant oral disorders (PMOD) 

Based on a World Health Organization (WHO) Workshop, held in 2005, the term 

‗‗potentially malignant‖ was preferred to ‗‗premalignant‖ or ‗‗precancerous‖ 

(Warnakulasuriya et al. 2007b). Potentially malignant oral disorders (PMOD) that had 

been classified as Precancerous Lesions include leukoplakia and erythroplakia, 

siderpoenic dysphagia, lichen planus, oral submucous fibrosis, syphilis, discoid lupus 

erythematosus, xeroderma pigmentosum and epidermolysis bullosa (Pindborg et al. 

1997). This section of the literature review concentrates on leukoplakia, which is 

defined as ‗a predominantly white lesion that cannot be characterized as any other 

definable lesion‘ (Pindborg et al. 1997). White patches where a cause has been 

identified, such as mechanical trauma, or where the lesion has been classified as a 

specific condition such as lichen planus will not be described. 

  

The epidemiological data and clinical and histological features of leukoplakia have 

been reviewed extensively (Napier and Speight 2008, Martorell-Calatayud et al. 2009, 

van der Waal 2009). The incidence of leukoplakia has been studied mostly in India 

and, depending on the study, the annual incidence rate of PMD lesions for individuals 

who used tobacco was between 0.2/1000 to 30.2/1000 (Mehta et al. 1972, Bhargava et 

al. 1975, Gupta et al. 1980) and males were predominantly affected. On a global scale, 

the prevalence of oral PMOD has been examined, with most authorities agreeing that 
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there is a rate of between 1% and 5% for a given population at any one time (Smith et 

al. 1975, Kleinman et al. 1993, Bouquot and Whitaker 1994, Petti 2003). 

 

In developed nations, leukoplakias are usually found in middle-aged and elderly 

persons while in the developing world they tend to occur some 5-10 years earlier 

(Napier and Speight 2008). It is further reported that PMOD may be located on any 

part of the oral mucosa, most commonly the buccal mucosa, but involvement of 

multiple sites is frequent. In both the developed and developing world, males are 

predominantly affected (Mehta et al. 1969, Bouquot and Gorlin 1986, Axéll 1987). 

 

The vast majority of oral leukoplakias are associated with tobacco use in both the 

developed and developing nations (Smith et al. 1975, Gupta et al. 1980, Baric et al. 

1982, Axéll 1987, Lind 1987, Lim et al. 2003). In the presence of tobacco use, alcohol 

consumption has been found to increase the risk of PMOD (Jaber et al. 1998), but the 

independent association between alcohol and PMOD remains unclear. In some case-

controlled studies, after adjustment for tobacco use, a greater association between 

alcohol and leukoplakia was observed (Hashibe et al. 2000, Maserejian et al. 2006). In 

contrast, others report no independent role for alcohol in oral leukoplakia (Kaugars et 

al. 1991, Kulasegaram et al. 1995, Dietrich et al. 2004, Shiu and Chen 2004).  

 

HPV infection is another risk factor that may be associated with leukoplakia as there is 

a well established link between HPV types 16 and 18 infection and squamous cell 

carcinoma of the cervix (Clifford et al. 2003, Insinga et al. 2009). However, there are 

contradictory opinions on whether an association exists for oral cancers (Campisi et al. 

2004, Boy et al. 2006, Bagan et al. 2007). A meta-analysis of 17 studies found that 

HPV is most strongly associated with tonsillar cancer, is intermediate for 

oropharyngeal cancer in general, and is weakest for oral cancer (Hobbs et al. 2006). In 

addition, HPV type 16 is associated with an increased risk of developing HPV-positive 

oropharyngeal cancers but has a weaker association with oral cancer (Herrero et al. 

2003, Furniss et al. 2007, Hennessey et al. 2009).  

 

Leukoplakias can be divided clinically into 2 groups: homogenous leukoplakia and 

non-homogeneous leukoplakia (Pindborg et al. 1997). The most common form, 

homogenous leukoplakia, is characterized by a sharply defined white plaque lesion 
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with a smooth or corrugated surface. It often occurs on the buccal mucosa (Scully 

1993). Non-homogeneous leukoplakia presents as a white patch in a red area of the 

oral mucosa or as a nodular or verrucous white lesion. Homogenous leukoplakias, 

except those on the floor of the mouth, tend to lack dysplastic features and are of 

lower risk than speckled leukoplakia (Pindborg 1980, Scully 1993, Reibel 2003, 

Bokor-Bratić and Vucković 2004). A malignant transformation rate of 26% in 

speckled leukoplakias compared to only 2% in homogenous leukoplakias (Bánóczy 

1977). Most of the PMOD lesions in which OSCC develop are non-homogenous 

although 5% of homogenous PMOD will develop carcinoma (Napier and Speight 

2008). Oral leukoplakia may or may not show epithelial dysplasia but the presence of 

epithelial dysplasia in leukoplakia is an important factor in determining the relative 

risk of malignant potential (Vucković et al. 2004, Bouquot et al. 2006, Smith et al. 

2009). However, it is very difficult to predict which dysplastic lesions will undergo 

malignant change as the rate of malignant transformation varies between 9-36% 

(Gupta et al. 1980, Silverman et al. 1984, Speight and Morgan 1993, Pindborg et al. 

1997). In spite of advances in the field of molecular biology, there is no single marker 

that can be used to predict malignant transformation in leukoplakia and therefore the 

usual treatment for leukoplakia is removal of the lesion, irrespective of the presence or 

absence of dysplasia (Brennan et al. 2007, van der Waal 2009).  However, it is not 

known if such removal truly prevents the progression or development of OSCC. 

1.3 Candida and leukoplakia 

Yeast of the genus Candida have been associated with oral leukoplakias in several 

reports since the 1960s and therefore the term ‗candidal leukoplakia‘ was introduced 

(Cernea et al. 1965, Jepsen and Winther 1965). Oral candidosis can take many forms 

with distinct clinical and histopathological features and, over the years, there have 

been many attempts to classify oral candidosis (Lehner 1966, Holmstrup and Axell 

1990, Samaranayake 1991, Scully et al. 1994). A revised classification was proposed 

where oral candidosis lesions were divided into two main groups; Group 1 where 

lesions were confined to the oral cavity with no involvement of skin or other mucosa 

and Group II, or secondary candidoses, where lesions were present in the oral cavity 

as well as extra-oral sites such as skin (Table 1-1) (Samaranayake 1991). The Group I 

lesions were the pseudomembranous, erythematous and hyperplastic variants. The 
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hyperplastic variant has been further subdivided into plaque-like and nodular types 

(Holmstrup and Bessermann 1983). 

 

 

Table 1-1. Classification of oral candidosis. 

 

Primary Oral Candidosis 

(Group I) 

Secondary Candidosis  

(Group II) 
 

The ‘Primary Triad”: 

Pseudomembranous (mainly acute) 

Erythematous (acute/chronic) 

Hyperplastic (mainly chronic) 

    -Plaque like 

    -Nodular / speckled 

 

Condition 

Familial chronic mucocutaneous 

candidosis 

 

Diffuse chronic mucocutaneous 

candidosis 

 

Candidosis endocrinopathy 

syndrome 

 

Familial mucocutaneous 

candidosis 

 

Severe combined 

immunodeficiency 

 

Di George syndrome 

 

Chronic granulomatous disease 

 

Acquired immunodeficiency 

syndrome 

Subgroup 

1 

 

2 

 

3 

 

4 

 

5a 

 

5b 

5c 

6 

Candida-associated lesions 

Denture stomatitis 

Angular cheilitis 

Median rhomboid glossitis 

Linear gingival erythema 

  

Table adapted from (Samaranayake 1991). 
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Among the various Candida species, the majority of oral Candida infections are 

caused by C. albicans (Colombo et al. 2003, Pfaller and Diekema 2007, Leroy  et al. 

2009) although non-albicans species have also been implicated (Krcmery and Barnes 

2002, Chow et al. 2008, Dimopoulos et al. 2008). There have been a number of 

studies investigating the presence of C. albicans and various Candida species in oral 

leukoplakia lesions and C. albicans was identified in leukoplakia lesions from 

between 7 to 90% of all leukoplakias (Jepsen and Winther 1965, Roed-Petersen et al. 

1970, Daftary et al. 1972, Roed-Petersen and Pindborg 1973, Krogh et al. 1987b, 

Lipperheide et al. 1996). Other non-albicans species isolated from leukoplakia lesions 

were C. dubliniensis, C. tropicalis, C.  pintolopesii, C. glabrata and Saccharomyces 

cerevisiae  (Krogh et al. 1987b). More recently, a significant correlation was reported 

for the presence of Candida in the saliva of patients diagnosed with leukoplakia (Cao 

et al. 2007). 

1.4 Chronic hyperplastic candidosis (CHC) 

Chronic hyperplastic candidosis (CHC), sometimes referred to as candidal 

leukoplakia, is a variant of oral candidosis that typically presents as a white patch on 

the commissures of the oral mucosa. Histopathological examination of a potential 

lesion is essential for the diagnosis of CHC. The suspected primary etiologic agent of 

the disease is the oral fungal pathogen Candida, predominantly C. albicans, but other 

systemic co-factors such as immune suppression may play a contributory role. 

Conversely, it has been argued that the presence of Candida in a white lesion is 

incidental and it has merely settled in a pre-existing lesion, due to favourable 

environmental conditions (Jepsen and Winther 1965). However, the malignant 

transformation of CHC samples has been observed. In a retrospective study 

investigating clinical follow-ups, six out of ten samples initially diagnosed as CHC 

had progressed into carcinoma (Cawson 1966) while another study reported that 

malignant transformation occurred in two out of three cases (Eyre and Nally 1971). In 

addition, the successful treatment of a significant number of CHC cases with the 

polyene anti-fungal nystatin has been reported (Cawson and Lehner 1968) and a case 

of candidal leukoplakia with a significant degree of epithelial dysplasia resolved 

within 11 days of systemic treatment with a triazole antifungal (Lamey et al. 1989). 

Taken together, these studies would suggest that there is a strong association between 

Candida and the cancerous progression of CHC lesions.  
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1.4.1 Epidemiology  

The epidemiological data on CHC are linked to those of oral leukoplakia as reviewed 

in section 1.3. Leukoplakias that harbour Candida hyphae constitute between 7 and 

50% of all leukoplakias (Jepsen and Winther 1965, Roed-Petersen et al. 1970, Daftary 

et al. 1972, Roed-Petersen and Pindborg 1973, Krogh et al. 1987b). Gender 

distribution among CHC patients is the same as for oral leukoplakia where men are 

affected more than women (Cawson and Lehner 1968). The factors predisposing to 

CHC include tobacco smoking, regular alcohol consumption and denture-wearing 

(Arendorf et al. 1983, Lamey et al. 1991). CHC affects the following sites in 

decreasing order of frequency: the buccal commissures, cheeks, palate and the tongue 

(Williams 1969). 

1.4.2 Clinical Features 

The classic clinical presentation of CHC is a white plaque, speckled or homogenous, 

that cannot be rubbed off and presenting most frequently in the commisural regions of 

the oral mucosa.  

1.4.3 Histopathology  

Histopathological examination of a suspected lesion is essential for the diagnosis of 

CHC. Histopathological features of CHC vary according to the clinical subtype, 

whether homogenous or speckled, and the degree of dysplasia present in the lesion.  

 

Normal oral mucosa may be orthokeratinzed e.g. the hard palate, or non-keratinized 

e.g. floor of mouth. Orthokeratinized epithelium has a surface layer with keratin 

devoid of nuclei and with a prominent granular cell layer beneath. If epithelial 

metabolism is disturbed the epithelium may become parakeratinized, where nuclei are 

retained in the keratin layer and there is no granular cell layer. A biopsy from a 

homogenous leukoplakia may be hyperorthokeratinized if it was obtained from a 

region normally keratinized, or orthokeratinized if it was obtained from a region 

normally non-keratinized or it may be parakeratinized (Pindborg 1980). In CHC, there 

is usually increased thickness of keratin, most often parakeratin and acanthosis. The 

epithelium in CHC may or may not show dysplasia. The definiton of dysplasia is 

explained in section 1.5.1.2. Epithelial dysplasia is generally absent in homogenous 

leukoplakia but is more commonly noted in nodular leukoplakias and these are the 
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type of leukoplakia most likely to be infected with Candida. Varying degrees of 

chronic inflammatory cell infiltrate are seen in the lamina propria.  

 

The key to the diagnosis of CHC is the presence of Candida hyphae invading the 

superficial epithelium at right angles to the surface (Figure 1-1). In some cases, the 

organisms may be so sparse that several periodic acid-Schiff (PAS) stained specimens 

have to be examined for candidal hyphae to be detected (Sitheeque and Samaranayake 

2003). Polymorphonuclear leukocytes are usually present within the epithelium, 

adjacent to the Candida and may be seen forming ‗microabscesses‘ in the stratum 

corneum. 

 

 

Figure 1-1. Periodic acid Schiff stained histopathological section of chronic 

hyperplastic candidosis showing hyphae in the superficial parakeratin.  

 

 

A biopsy from a nodular leukoplakia may show marked variations in the thickness of 

the epithelium. Hyperkeratosis is rarely seen in the infected part of the lesion but 

parakeratosis is almost always present. The parakeratotic layer is of variable thickness, 

sometimes about 12 or more cells deep, generally corresponding to the depth of 

invasion of the hyphae. The penetration of Candida cells has been reported to stop 
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short of penetrating the junction between the parakeratotic layer and the stratum 

spinosum (Cawson and Lehner 1968) but the reason for this is not understood. 

 

Tissue invasion by Candida has been studied in various ways and some of the 

methods used include animal models, human biopsy specimens and chick 

chorioallantoic membranes (Shimizu et al. 1987, Borg and Rüchel 1988, 

Samaranayake and Samaranayake 2001, Gow et al. 2003). Of late, the use of 

multilayer, tissue culture-based, reconstituted human oral epithelia (RHOE) has been 

employed. The RHOE model in combination with computerized image analysis was 

used to assess the invasive potential of various Candida species in a quantitative 

manner (Jayatilake et al. 2006). It was concluded that the conversion from the 

blastospore (yeast) phase to the hyphal phase is an important virulence attribute of C. 

albicans, in comparison with non-albicans Candida species. In addition C. albicans 

was found to be the most invasive among the Candida species investigated and this 

feature has also been reported in other studies (Arendrup et al. 2002, Schaller et al. 

2002). 

 

In another study, C. albicans isolated from various clinical conditions, including CHC, 

were used to infect RHOE and, using confocal microscopy, it was found that there was 

penetration of the hyphae into the epithelial cells and  between keratinocytes;  yeast 

budding was also evident (Malic et al. 2007). It was also noted that C. albicans strains 

which were catergorized as high invaders were isolates from CHC. 

1.4.4 Host factors contributing to CHC 

C. albicans is a common commensal fungus that can be found colonizing the oral 

mucosa. Asymptomatic carriage rates in healthy individuals range from 3-70% 

(d'Enfert 2009). Most oral Candida species are known as "opportunistic pathogens" 

because depending on the
 
local oral microenvironment, or whether the

 
host defense 

mechanism are compromised, Candida can transform from a harmless commensal to 

an organism causing an infection in the oral mucosa (Scully et al. 1994, Ohmit et al. 

2003, Villar and Dongari-Bagtzoglou 2008). There is evidence from epidemiological 

studies that when host defenses are compromised, most Candida infections arise from 

an endogenous commensal strain rather than an exogenous strain (Bouza and Muñoz 

2008, Marol and Yücesoy 2008 ). 
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1.4.4.1 Local predisposing factors 

It has been postulated that a breach in the integrity of the host oral mucosa may lead to 

the initiation of CHC. The oral mucosa is an intrinsically thick, impervious integument 

with a multiplicity of defence mechanisms. Trauma or friction to the mucosa from 

natural teeth as well as prostheses is relatively common. Dental prostheses pose an 

additional threat as adhering yeasts can provide a reservoir of Candida (Budtz-

Jogersen 1990, Daniluk et al. 2006). Changes to the oral mucosa such as epithelial 

atrophy, hyperplasia and/or dysplasia may compromise the mucosal barrier and 

facilitate candidal invasion (Samaranayake and MacFarlane 1990).  

 

Salivary flow rate, as well as qualitative changes of saliva, can also contribute to CHC. 

Reduced salivary flow has been shown to favour increased oral carriage of Candida 

with a concomitant increase in candidal infection (MacFarlane and Mason 1973, 

Martin et al. 1981, Samaranayake et al. 1984). High glucose concentration in saliva 

and a low pH have been shown by several workers to favor oral candidal colonisation 

and therefore may have an indirect effect on the genesis of CHC (Knight and Fletcher 

1971, Shipman 1979, Arendorf and Walker 1980, Samaranayake et al. 1984, 

Samaranayake 1986).  

1.4.4.2 Tobacco smoking 

It has been shown that in smokers the oral bacterial flora in the oral cavity can change 

rapidly from Gram-negative to Gram-positive bacteria (Colman et al. 1976, Bastiaan 

and Waite 1978, Macgregor 1988, Homann et al. 2000). An increase in yeast 

infection, (e.g. by C. albicans) in smokers has been reported to be significant in some 

studies (Arendorf and Walker 1980, Arendorf et al. 1983, Holmstrup and Bessermann 

1983, Kamma et al. 1999) but in other studies, it was reported that there is no 

correlation between smoking and the presence of yeast infection (Bastiaan and Reade 

1982, Birman et al. 1997). 

 

The significance of smoking in candidal leukoplakia has been reported (Daftary et al. 

1972, Arendorf et al. 1983, Chiu et al. 2010), but in other studies, no correlation 

between smoking habits and oral candidosis was reported (Gergely and Uri 1966, 

Colman et al. 1976, Bastiaan and Reade 1982, Oliver and Shillitoe 1984, Darwazeh et 

al. 2010). Although the evidence presented is contradictory, a direct link between 
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smoking and at least commisural leukoplakia, and by inference, to CHC, has been 

strongly advocated (Sitheeque and Samaranayake 2003). In addition, it has been 

shown that C. albicans was isolated more frequently from the mouths of smokers than 

from non-smokers (Arendorf et al. 1983). It is possible that the effects of smoking, 

such as a reduction in salivary immunoglobulin A levels (Bennet and Reade 1982) and 

depression of polymorphonuclear leukocyte function (Berman and Sudbery 2002), 

increases the likelihood of oral candidal infection rather than colonization. Smoking 

also induces an increased epithelial keratinization (Zimmermann and Zimmermann 

1965, Mosadomi et al. 1978, Bánóczy 1982, Zimmermann 1986, Bánóczy et al. 2001) 

which may also favour candidal colonization/infection.  

1.4.4.3 Systemic predisposing factors 

Diabetes mellitus is among the systemic diseases that have been studied in relation to 

candidal leukoplakia although it has been reported that candidal leukoplakia is fairly 

uncommon in diabetic patients (Sitheeque and Samaranayake 2003). Oral Candida 

carriage in diabetic patients has been reported to be higher than for non-diabetics with 

C. albicans being the most frequently isolated species. However, up to 40% of the 

patients colonised with Candida species had no clinical signs of oral candidosis 

(Willis et al. 1999, Belazi et al. 2005, Daniluk et al. 2006, Gonçalves et al. 2006, 

Manfredi et al. 2006, Pires-Goncalves et al. 2007, Al-Attas and Amro 2010). C. 

albicans isolates from diabetic patients have been shown to have greater proteinase 

and haemolytic activities, properties that contribute to Candida virulence, than C. 

albicans isolates from non-diabetics (Tsang et al. 2007). While some researchers 

report that there is no correlation between poor glycemic control and oral carriage of 

C. albicans (Tapper-Jones et al. 1981, Fisher et al. 1987), a recent report suggested 

otherwise, that oral candidal colonization was significantly associated with diabetic 

type, glycemic control and salivary pH, demonstrating a potential role of these factors 

in controlling candidal infections (Al-Attas and Amro 2010).  

 

Immunological aspects of CHC have been studied and a marked increased prevalence 

of candidal infection can be seen in IgA-deficient individuals. It is reported that over 

50% of patients with chronic mucocutaneous candidosis, a systemic disease with 

widespread CHC lesions, had a reduced total IgA antibody concentration in their 

saliva (Lehner et al. 1972). The inflammatory cell infiltrate in CHC was studied using 
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immunocytochemical techniques and it was concluded that the mucosal defense 

against Candida infection involves a cell-mediated response which includes 

recruitment of macrophages and local production of immunoglobulin with a prominent 

IgA component (Williams et al. 1997). It has been reported that there is an increase in 

the serum and salivary specific immunoglobulins, IgG and IgA, against C. albicans in 

HIV-infected patients with oral candidosis (Coogan and Challacombe 2000, 

Drobacheff et al. 2001). In contrast, when total salivary IgA levels and effects on yeast 

growth of Candida were investigated in healthy patients with or without oral yeast 

carriage (Hibino et al. 2009), there were no significant changes in total IgA between 

the two groups of patients but it was observed that the saliva of Candida-free 

individuals significantly inhibited yeast growth more than saliva from Candida-

carriers. This suggested that salivary components other than IgA may play a role in 

modulating oral candidal populations in health.  

 

The discovery of Toll-like receptors (TLR) in the immune system has heralded a 

revolution in our understanding of how microorganisms are recognized by the immune 

system and the activation of the immune system (Filler 2006, Netea et al. 2008, Gil 

and Gozalbo 2009). In humans, ten types of TLR have been identified and some 

studies have suggested that C. albicans may utilize the TLR response to evade the 

immune system of the host. In an immunocytochemistry study, both TLR2 and TLR4 

were identified in CHC lesions (Ali et al. 2008). Yeast cells stimulate both TLR2 and 

TLR4 but hyphal cells are not recognised by TLR4 (Villar and Dongari-Bagtzoglou 

2008); and recognition by TLR2 alone leads mainly to an anti-inflammatory cytokine 

release whereas a TL4 mediated response is pro-inflammatory (van der Graaf et al. 

2005). The authors concluded that C. albicans may utilize TLRs to evade the immune 

system of the host. 

 

Other aspects of the immune response to Candida infection include the secretion of 

interleukins. Interleukin 2 (IL-2) is secreted by a subset of helper T-cells (TH1) and is 

involved in promoting inflammation. Helper T-cells type 2 (TH2) produces IL-4, IL-5, 

IL-9, IL-10 and IL-13 that downregulates the inflammatory responses (Rogers et al. 

2005, Gow et al. 2007, Netea et al. 2008). More recently, interleukin 17 was 

implicated in the host defence against extracellular bacterial and fungal pathogen 
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infection by recruiting acute inflammatory cells into local sites of infection (Curtis and 

Way 2009).  

 

The Langerhans cells which line the stratified epithelia and mucosal tissues are the 

first antigen presenting cells to encounter invading pathogens (Fithian et al. 1981, 

Patterson et al. 2002). Langerhans cells express C-type lectin Langerin which is 

thought to play a role in pathogen recognition by facilitating pathogen uptake and 

processing for antigen presentation (Hunger et al. 2004). Not much is known about the 

role of human Langerin in fungal infections but a recent study has shown that there is 

a strong binding between the human Langerin and a variety of Candida species, 

including C. albicans, through the interaction with both the mannan and glucan 

structures in the cell wall of the fungi (de Jong et al. 2010).  

 

The oral epithelium also functions as a mechanical and protective barrier to resist 

bacterial infection. The mechanical barrier of the oral epithelium consists of stratified 

keratinocytes and among antimicrobial peptides produced by the keratinocytes is beta-

defensin. The role of another beta-defensin in oral epithelial health and disease has 

been reviewed (Abiko et al. 2007, Doss et al. 2010) and expression of human beta-

defensin type 2 (hBD-2) in Candida leukoplakia has been confirmed (Abiko et al. 

2002). It was reported that  in hyperkeratinized epithelium there was an increase of 

hBD-2 detected by immunohistochemical staining but in keratinized surfaces invaded 

by Candida hyphae, the results showed only negative or faint staining for hBD-2. The 

expression of hBD-2 was induced after a certain period of infection with C.  albicans, 

but the expression regressed and was subsequently undetectable as hyphal invasion 

progressed (Lu et al. 2006). Therefore, it was postulated that Candida hyphae may act 

as an inhibitory mechanism for hBD production. 

 

Nutritional factors also have a role in the pathogenesis of oral candidosis 

(Samaranayake 1986, Sitheeque and Samaranayake 2003). Oral epithelial 

abnormalities, including hyperkeratosis and atrophy, have been described in iron-

deficient individuals (Rennie et al. 1982) and in experimental animals (Steele et al. 

1981, Rennie and MacDonald 1982, Rennie et al. 1984). Iron deficiency also causes 

depression of the in vivo and in vitro cell-mediated immunity (Joynson et al. 1972), 

and may also cause defects in phagocytosis and inadequate antibody production (Dhur 
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et al. 1989). Folic acid deficiency has also been shown to be present in a significant 

proportion of patients with CHC (Jenkins et al. 1977). Deficiencies in Vitamins A 

(Montes et al. 1973) and B1 and B2 (De Greciansky 1957) are generally implicated in 

the causation of oral candidosis in animal experiments. Vitamin C deficiency among 

patients with candidosis has been reported (Paillaud et al. 2004) and, in animals, it was 

observed that mice receiving diets supplemented with Vitamin C show a detectable 

increase in resistance against disseminated candidosis (Rogers and Balish 1980). Zinc 

depletion in elderly patients with candidosis was also reported (Paillaud et al. 2004) 

and this is in line with the recognised role of zinc  in resistance to infection as it has 

been reported that infection with Candida species could be prevented by zinc  

supplementation in patients receiving radiotherapy for head and neck cancer (Ertekin 

et al. 2003). 

 

ABO blood group antigen status has also been suggested as another risk factor for 

CHC. ABO blood group antigens, which are essential components of red blood cells, 

are secreted in saliva and other body fluids of most individuals, who are referred to as 

secretors (Mourant et al. 1978). It has been shown that the saliva from secretors 

reduces the adhesion of C. albicans to epithelial cells while other studies have shown 

that the saliva of non-secretors of blood-group substances have significantly increased 

oral candidal carriage (May et al. 1986, Burford-Mason et al. 1988, Lamey et al. 

1991). Blood group O individuals have been reported to be susceptible to colonization 

by C. albicans (Burford-Mason et al. 1988) but on the other hand, there are reports 

that there are no significant correlations between oral Candida carriage with blood 

group or secretor status (Shin et al. 2003). 

1.4.5 Prognosis 

CHC represents a chronic opportunistic candidal infection of the oral cavity and it has 

been suggested that it is involved in the development of oral cancer (Williams et al. 

2001, McCullough et al. 2002, Sitheeque and Samaranayake 2003, Liu and Hua 

2007). C. albicans infection is of particular importance due to its recognised 

association with the presence of epithelial dysplasia and potential to lead to the 

development of OSCC in the lesion (Cawson and Lehner 1968, Zhang et al. 1994, 

Barrett et al. 1998). The exact link between C. albicans and malignant change in CHC 

is not known, but it has been observed that CHC lesions can resolve following 
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systemic antifungal therapy which may indicate a causative role for the organism 

rather than the Candida being a passive bystander (Lamey et al. 1989). It has been 

suggested that 15% of non-dysplastic CHC lesions may progress into dysplastic 

lesions (Samaranayake and MacFarlane 1990) and therefore it is advocated that 

recalcitrant lesions that do not resolve after appropriate therapy should be monitored 

closely and strong consideration be given to their removal either by conventional 

surgery or laser surgery (Sitheeque and Samaranayake 2003). 

1.4.6  Confirmation of the presence of Candida in biopsy specimens  

1.4.6.1 Histology 

Histopathological examination is essential for the diagnosis of CHC. However, 

Candida cells tend to stain poorly with routine hematoxylin and eosin (H&E) staining 

and therefore there is a risk that the presence of yeast cells may be missed. Periodic 

acid Schiff (PAS) and Gridley's or Grocott's methenamine silver (GMS) stains are 

suitable for the demonstration of fungal elements within tissues (Sitheeque and 

Samaranayake 2003, Montagna et al. 2009). The adjacent hydroxyl groups of the 

complex polysaccharides of the yeast cell wall are oxidized to aldehydes in the 

presence of chromic or periodic acid. In the PAS techniques, the fungi appear magenta 

(Figure 1-1), whereas in the GMS method the aldehydes reduce the methenamine 

silver nitrate complex, producing a brown-black staining as a result of the deposition 

of reduced silver (Figure 1-2).  

 

PAS is routinely use to detect Candida in tissue sections in most diagnostic oral 

pathology laboratories and is requested when there is a suspicion of the presence of 

Candida hyphae and/or the presence of neutrophils in the superficial epithelium of the 

H&E stained slide. 

 

The presence of yeast and hyphae or pseudohyphae may enable the histopathologist to 

identify the fungus or the species of Candida through further analysis, such as 

immunodetection. Confirmation of Candida, together with the presence of other 

histopathological features allows a diagnosis of CHC to be made.  
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Figure 1-2. Grocott's methenamine silver stained histopathological section of chronic 

hyperplastic candidosis.  

 

 1.4.6.2 Immunocytochemistry 

Antigen detection methods offer a valid alternative to the conventional methods 

(microscopy), in terms of their high potential sensitivity and specificity (Wong et al. 

2008, Montagna et al. 2009). Methods for detecting C. albicans include direct and 

indirect immunofluorescence and enzyme-linked immunosorbent assays (ELISA) 

(Ostrosky-Zeichner et al. 2005, Kurita et al. 2009). The immunofluorescent 

techniques require frozen specimens and are not feasible with formalin-fixed tissue 

specimens. In recent years, with the advent of sophisticated immunocytochemical 

techniques involving monoclonal and polyclonal antibodies, it is now feasible to 

detect C. albicans in formalin-fixed specimens (Williams et al. 1998, Järvensivu et al. 

2006, Eyzaguirre and Haque 2008, Piao et al. 2008).  

1.4.6.3 Molecular biology 

The development of techniques to recover, amplify and analyse nucleic acids from 

tissues allows additional analysis of biopsy specimens. In particular, the recovery of 

specific mRNAs from FFPE tissue allows the use of archival material for retrospective 

genetic analyses of disease processes (Lewis et al. 2001). Sensitive techniques such as 

RT (reverse-transcribed)-PCR, real-time PCR and microarray transcript profiling have 

been applied to the analysis of human disease progression in sequential FFPE archival 

samples (Korbler et al. 2003). Few studies, however, have reported the recovery of 
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microbial mRNAs from human FFPE samples although C. albicans-specific mRNA 

has been identified in fresh FFPE samples from animal infection models (Schofield et 

al. 2003). The recovery of yeast mRNA from archival human biopsies was first 

reported by Beggs et al. (2004). Among the C. albicans genes investigated were 

CaADH1 and CaADH2 genes involved in acetaldehyde metabolism. The 

housekeeping genes CaACT1 and CaADH1 were found to be consistently expressed in 

contrast to CaADH2, which showed differential expression in the biopsy samples 

investigated.  

When detecting the presence of Candida in archival material, molecular biology 

techniques are considered to be more sensitive than the more traditional methods of 

detecting Candida, such as the histological methods or immunocytochemistry. Not 

only is the presence of Candida confirmed with the molecular biology methods but 

additional information can also be gained, such as strain variation, gene activity and, 

with real-time PCR, quantification of gene expression. However, molecular biology 

techniques rely on having good quality RNA and it has been widely reported that the 

quality and quantity of RNA obtained from archival FFPE samples varies enormously. 

This is due to the effects of using formalin for fixation of the tissues. The quality of 

extracted RNA can be affected by the delay before fixation, prolonged fixation or 

long-term preservation after fixation (Bresters et al. 1994, Cronin et al. 2004). In 

addition, the deleterious effects of chemical fixatives on nucleic acids (e.g. 

degradation, chemical modification of the bases, and protein cross-linking) are also 

well documented (Ben-Ezra et al. 1991, Masuda et al. 1999, Lewis et al. 2001). RNA 

is fragile and easily degraded in nature and this adds complexity to the process of 

extracting RNA from FFPE samples and subsequently in the following procedures for 

producing cDNA.  

It is anticipated that in the future, there will be wider use of molecular biology 

methods in analyzing archival material for retrospective studies and therefore the 

method of processing archival material as FFPE samples should be revised to 

complement the sophistication and potential of the molecular biology techniques.  
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1.5 Attributes of C. albicans that may contribute to the potential of 

PMOD leukopakias to progress to OSCC 

The ability of C. albicans to colonize, penetrate, and damage host tissues depends on 

an imbalance between C. albicans virulence factors and host defences, often due to  

specific defects in the immune system (de Repentigny 2004, Fidel 2008). C. albicans 

virulence factors and adherence to mucosal or artificial surfaces in the mouth have 

been extensively reviewed (Cannon and Chaffin 1999, Haynes 2001, Sundstrom 2002, 

Naglik et al. 2004, Hruskova-Heidingsfeldova 2008, Karkowska-Kuleta et al. 2009). 

Two different mechanisms of oral epithelial cell invasion have been proposed (Filler 

and Sheppard 2006, Dalle et al. 2010). One postulated mechanism includes physical 

forces produced by hyphae and the secretion of degradative enzymes, such as secreted 

aspartic proteases (SAPs) that can digest epithelial cell surface components and 

thereby allow the physical movement of hyphae into, or between, host cells. The 

second proposed mechanism of C. albicans invasion into epithelial cells is the 

induction of epithelial cell endocytosis (Phan et al. 2007). C. albicans stimulates oral 

cells to produce pseudopod-like structures that surround the fungus and draw it into 

the cell in a process that partially involves the E-cadherin pathway (Phan et al. 2007, 

Zakikhany et al. 2007). While hyphae seem to be essential for C. albicans to induce its 

own endocytosis, proteases are likely to be dispensable because killed fungi are also 

endocytosed to some extent (Park et al. 2005). Recently, it has been shown that 

adhesion, invasion and damage by C. albicans depends not only on fungal 

morphology and activity, but also on the epithelial cell type and the differentiation 

stage of the epithelial cells, indicating that epithelial cells differ in their susceptibility 

to the fungus (Dalle et al. 2010).  

 

C. albicans is a polymorphic microorganism with three morphology types; ovoid 

yeast, pseudohyphae and hyphae. C. albicans undergoes dimorphic transition from 

yeast to hyphae (Leberer et al. 1997, Lo et al. 1997, Diez-Orejas et al. 1999). It has 

been reported that the adherence of the hyphal phase of C. albicans is greater than that 

of yeast-phase cells (Jayatilake et al. 2006, Lu et al. 2006, Malic et al. 2007).   

  

C. albicans adherence to epithelial cells is optimal at acidic pH (Samaranayake and 

MacFarlane 1982) and such an environment is conducive for the activity of  C. 
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albicans secreted proteinases, such as SAPs, expressed at the tips of hyphal elements 

(Ghannoum 2000, Hube and Naglik 2001, Niewerth and Korting 2001, Naglik et al. 

2003, Naglik et al. 2008). SAP types 4–6 are important for the yeast to hypha 

transition (Naglik et al. 2003) and high expression of these hypha-associated genes in 

isolates of C. albicans from CHC has been confirmed by RT-PCR (Malic et al. 2007) 

and therefore an indirect role for these enzymes in tissue invasion has been postulated.  

 

Another factor that contributes to the adhesion of C. albicans to mucosal surfaces is a 

fibrillar surface component of the yeast cell wall, a strain-specific mannoprotein layer 

(Critchley and Douglas 1987, Arancia et al. 2006, Pietrella et al. 2008, Mora-Montes 

et al. 2009). Several cell surface proteins have been identified as adhesin-recognising 

host molecules and postulated to mediate C. albicans biofilms formation in vitro (Li et 

al. 2007, Li and Palecek 2008). A C. albicans gene family encoding agglutinin-like 

sequences (ALS) also plays a critical role in C. albicans adhesion to host surfaces 

(Hoyer 2001, Dranginis et al. 2007, Hoyer et al. 2008). 

1.5.1 Putative role of C. albicans in inducing epithelial pathology 

1.5.1.1 Epithelial hyperplasia 

Hyperplasia is described as an increase in cell numbers. Whether C. albicans is 

directly involved in causing epithelial hyperplasia or just invades an existing 

hyperplastic lesion is debatable. Experiments using the chick chorioallantoic 

membrane model (Cawson 1973) or mice (Sohnle and Kirkpatrick 1978) have shown 

that invasion of C. albicans was able to elicit a hyperplastic response by the 

epithelium (Jennings and MacDonald 1990). The regression of a significant proportion 

of CHC lesions as a result of antifungal therapy (Samaranayake 1990) is an indication 

that hyperplasia is a protective response of the host mucosa against infection by C. 

albicans. This view was supported by a study where biopsies of leukoplakic lesions 

associated with C. albicans, when analysed by transmission electron microscopy, 

revealed the presence of numerous small desmosomes and the interdigitation of 

cytoplasmic membrane between spinous cells in the hyperplastic and dysplastic 

epithelia (Nagai et al. 1992). Recently, it was reported that hyperplasia occurred when 

mice tongues were exposed to C. albicans (Dwivedi et al. 2009) and following this, 



 22 

further experiments were carried out to determine if C. albicans had a role in 

promoting dysplasia. 

1.5.1.2 Epithelial dysplasia 

Dysplasia of a stratified squamous epithelium is characterized by cellular atypia 

(variation in the size and shape of the keratinocytes) and loss of normal maturation 

and stratification (Pindborg et al. 1997). Conventionally, dysplasia is divided into 

grades of mild, moderate and severe (Pindborg et al. 1997, Warnakulasuriya et al. 

2008, van der Waal 2009). Mild dysplasia has been described as architectural 

disturbance limited to the lower third of the epithelium and accompanied by minimal 

cytological atypia. In moderate dysplasia, architectural disturbance extending to the 

middle third of the epithelium is the initial criterion. Consideration is then given to the 

degree of cytological atypia. The presence of marked atypia may indicate that a lesion 

should be categorized as severe dysplasia despite not extending into the upper third of 

the epithelium. Alternatively, lesions with mildly atypical features extending into the 

middle third of the epithelium may merit being graded as moderate dysplasia. 

Recognition of severe dysplasia starts with greater than two-thirds of the epithelium 

showing architectural disturbance with associated cytological atypia. Although most 

oral pathologists recognize and accept the classification for dysplasia, several studies 

have shown significant inter- and intra-examiner variability in the diagnosis of 

dysplasia (Abbey et al. 1995, Karabulut et al. 1995, Fischer et al. 2004). 

 

The possibility that C. albicans can induce epithelial dyplasia has been suggested by 

several authors. A study involving an animal model has shown that C. albicans can 

induce epithelial dysplasia when innoculated onto a non-dysplastic hyperplastic lesion 

(Zhang et al. 1994). In humans, 223 biopsy specimens were examined and a 

significant association between fungal infection and induction of epithelial dysplasia 

was reported (Barrett et al. 1998). In another study (Renstrup 1970), epithelial atypia 

was found in 71% cases of speckled leukoplakia, with 40% of all candidal 

leukoplakias demonstrating epithelial atypia. A significant correlation between 

epithelial dysplasia and the overall degree of oral yeast carriage has also been reported 

(Nagy et al. 1998, McCullough et al. 2002) in patients who had a histopathological 

diagnosis of either epithelial dysplasia or OSCC. The frequency of oral yeast carriage 

in patients who had epithelial dysplasia or OSCC was also significantly greater (p < 
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0.001) than that in those patients without such histopathologically demonstrable 

lesions.  

 

The ability of C. albicans to promote the development of neoplasia was investigated 

when a carcinogen, 4-nitroquinoline-1-oxide (4NQO), was used in a model of oral 

mucosal candidosis. 4NQO was applied to the oral mucosa, palatal and tongue mucosa 

3 times weekly for 4 weeks before induction of experimental oral mucosal infection 

with C. albicans. The development of carcinoma in this experimental group was found 

to be significantly greater when compared to the control group that was exposed only 

to 4NQO (O'Grady and Reade 1992). Recently, the role of C. albicans in promoting 

oral cancer was again investigated. 4NQO was used as initiator of oral neoplasia in a 

mouse model (Dwivedi et al. 2009) and although there was no development of 

carcinoma in this group, mice treated with both 4NQO and C. albicans developed oral 

dysplastic lesions 19 weeks after exposure to 4NQO. The histopathologic finding were 

also supported by the discovery that expression of Ki-67 and p16 was higher in the 

group of mice that was exposed to both 4NQO and C. albicans than the group exposed 

only to 4NQO. Ki-67 and p16 are proteins that are associated with the cell-cycle and 

are frequently deregulated in oral dysplasia/neoplasia (Angiero et al. 2008, Pitiyage et 

al. 2009). It was therefore concluded that C. albicans is able to promote epithelial 

dysplasia or carcinoma in a mouse model of infection when 4NQO was used as 

initiator of neoplasia.  

1.6 Candida and oncogenesis  

The postulated role of Candida in oral cancer has been disputed. A major risk factor is 

tobacco use, but the role of alcohol as an aetiological agent in oral carcinogenesis is 

considerable and could be the link to Candida colonisation/infection. There have been 

reports of carcinomas developing from candidal leukoplakia (Robinson and Tasker 

1947, Kugelman et al. 1963, Williamson 1969, Eyre and Nally 1971, Hornstein et al. 

1979, Cawson and Binnie 1980) where it was claimed that candidal infection was the 

direct cause of the malignant transformation. On the other hand, in a study where 

constant inoculation with Candida to the lingual mucosa of the rats resulted in 

epithelial hyperplasia with some features of dysplasia, malignant transformation did 

not occur (Russell and Jones 1975). While some leukoplakias resolve, some become 

increasingly dysplastic and progress through to malignancy. This fits the 
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understanding of cancer as a multi-step interaction between both the host and 

environmental factors, involving sequential deregulation of genes encoding human 

proteins associated with growth and development (Chen et al. 1999, Regezi and 

Jordan 2001).  

 

It is possible that Candida might induce cancer directly by producing carcinogenic 

compounds or act indirectly with other chemical carcinogens which activate specific 

oncogenes and thus initiate the development of oral cancer. C. albicans has been 

shown to produce carcinogenic compounds such as nitrosamine N-

nitrosobenzylmethylamine (Krogh et al. 1987a) or acetaldehyde (Collings et al. 1991, 

Tillonen et al. 1999, Scotter et al. 2005) and the carcinogenic effects of these 

compounds is well documented. C. albicans can also act as a promoter for oral 

carcinogenesis in the rat tongue when the carcinogen 4NQO was repeatedly applied 

(O'Grady and Reade 1992, Dwivedi et al. 2009).  

 

More recently, the role of the microenvironment in tumor progression has been 

gaining attention (Nakamura et al. 1997, Park et al. 2000, Cunha et al. 2003, Schor et 

al. 2003, Bhowmick et al. 2004, Nielsen et al. 2008). Tumor growth and invasion 

involves multiple interactions between tumor cells and stromal cells. Among the many 

different stromal events that may contribute to carcinogenesis are vascularization 

(Folkman 2003), fibroblast activation (Dabelsteen et al. 2005, Costea et al. 2006, 

Kalluri and Zeisberg 2006, Su et al. 2007), myofibroblast differentiation (Uchida et al. 

2001, Lewis et al. 2004, Wandall et al. 2007) and the presence of specific stromal 

proteins such as proteolytic enzymes, fibronectin and laminin 5 (Natarajan et al. 2003, 

Nielsen et al. 2007). The secretion of proteolytic enzymes by C. albicans itself (as 

reviewed in section 1.5.5) may also play a role in the modification of the 

microenvironment and thus contribute to tumour progression. 

 

Thus, although there is evidence for a link between Candida and pre-cancerous oral 

lesions, the mechanisms involved are not yet determined.  The goal of this study was 

to investigate a possible explanation for the perceived link between C. albicans and 

oral carcinogenesis, i.e. the production by C. albicans of the known carcinogen 

acetaldehyde.  
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1.7 Procarcinogens and carcinogens 

Procarcinogens are defined as chemical substances that become carcinogenic only 

when altered by metabolic processes, and carcinogens are defined as substances which 

cause cancer. Among the many procarcinogens and carcinogens associated with oral 

cancer development, only the role of alcohol as a procarcinogen, and of acetaldehyde 

as a carcinogen, are discussed further in this section, as these are directly related to the 

present study. 

1.7.1 Alcohol as a procarcinogen 

Alcohol is defined as a hydrocarbon derivative containing an OH group attached to a 

carbon atom that is not in an aromatic ring. An example of a primary alcohol is 

ethanol, which is formed by microbial fermentation of carbohydrates. Following 

ingestion of ethanol by humans, the metabolism of this compound results in the 

generation of toxic compounds such as acetaldehyde, hydroxyethyl radicals, ethoxy 

radicals and hydroxy radicals (Poschl and Seitz 2004, Zakhari 2006, Seitz and Cho 

2009). Both in vitro studies with tissue cultures of human cells, and animal studies, 

have shown that alcohol itself is not a carcinogen. Rather, it is the production of its 

metabolite, the known carcinogen acetaldehyde, that may be the active factor in 

carcinogenesis (Soffritti et al. 2002, Timmons et al. 2002, Viswanathan and Wilson 

2004, Seitz and Stickel 2009).  

 

It has been reported that the amount of alcohol consumed is a strong determinant for 

oral cancer (Pelucchi et al. 2008, Petti 2008). The  alcohol content in alcoholic 

beverages differs according to the type of alcoholic drinks and may range from 3% to 

29% (Kerr et al. 2008, Barnett et al. 2009). Dark liquors, in particular, could play a 

significant role in carcinogenesis in chronic alcoholics (Rothman et al. 1989, Schlecht 

et al. 2001). Dark liquors include all whiskeys, dark rum, cognac and light rum while 

light liquors are highly distilled alcoholic beverages that are comparatively free of 

additional chemicals.  

 

However, multiple mechansims may be involved in alcohol-associated cancer 

development. More than 90% of carcinogens are present in the environment in their 

procarcinogenic form and nearly all carcinogens and procarcinogens require activation 

by metabolizing enzymes. Genetic polymorphism in alcohol metabolizing enzymes, 
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such as alcohol dehydrogenase (ADH) and cytochrome P450, have been implicated in 

alcohol-induced cancer (Ho et al. 2007, Druesne-Pecollo et al. 2009, Kawase et al. 

2009, Marichalar-Mendia et al. 2009). The local toxic effect of alcohol is due to its 

solvent properties which leads to membrane permeability and cell injury and enhances 

the penetration of carcinogenic compounds through cell membranes, (Seitz et al. 

1998) especially tobacco smoke (Poschl and Seitz 2004). Ethanol-induced 

proliferation of cancer cell lines has also been reported (Hager et al. 2001, Hennig et 

al. 2009). This could be due to down regulation of cell-cycle inhibitor proteins 

(Kornfehl et al. 2002). 

 

Retinol and retinoic acid are Vitamin A derivatives important in epithelial homeostasis 

as well as having a range of other functions (Seitz 2000).  They have a putative 

protective function in head and neck cancer but their metabolism may be altered by 

alcohol through various enzymatic steps involving microsomal and cytosolic alcohol 

dehydrogenase (ADH) and aldehyde dehydrogense (ALDH) enzymes (Seitz et al. 

1998, Poschl and Seitz 2004, Boccia et al. 2009). Alcohol intake may also induce the 

tumor suppressor gene, p53, to undergo mutation (Lassaletta et al. 1999, Ahrendt et al. 

2000, Petersen 2005, Hussain et al. 2007, Rossini et al. 2010).  

 

A possible association between alcohol-containing mouthwash and oral cancer has 

been extensively reviewed (McCullough and Farah 2008, Werner and Seymour 2009). 

Alcohol acts as a solvent for other mouthwash ingredients but at 10–12% it also acts 

as a preservative, antiseptic and caustic agent (Carretero Pelaez et al. 2004). The 

amount of ethanol in commercially available mouthwashes is between 5 and 27% by 

volume (Lachenmeier et al. 2009). It was observed that the use of alcohol-containing 

mouthwashes among alcohol abstainers increased the risk of oral cancer and it was 

suggested that the alcohol content of certain mouthwashes (up to 30 per cent) may 

cause oral cancer (Guha et al. 2007). This was followed by another study where the 

level of acetaldehyde in saliva was measured twice daily following the use of selected 

mouthwashes and it was reported that the acetaldehyde level in the saliva was near the 

concentrations associated with DNA adduct formation and sister chromatid exchange 

in vitro (Lachenmeier et al. 2009). 
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1.7.2 Acetaldehyde as a carcinogen 

Acetaldehyde is highly toxic, mutagenic and carcinogenic (Salaspuro 2009, Seitz and 

Cho 2009). The adverse effects of acetaldehyde have been shown in many cell culture 

studies as well as in animal models (Dellarco 1988, Poschl and Seitz 2004, Brooks and 

Theruvathu 2005, Seitz and Stickel 2007). Acetaldehyde, typical of many known 

procarcinogens and carcinogens, has a pronounced affinity for binding to DNA and 

cellular proteins, which results in morphological and functional impairment of the cell 

(Fang and Vaca 1997, Masuda et al. 1999, Hecht et al. 2001, Noori and Hou 2001, 

Cheng et al. 2003). The mutagenic and carcinogenic changes caused by acetaldehyde 

can occur at acetaldehyde concentrations of 40 to 200 μM (Homann et al. 1997, 

Salaspuro et al. 2002). Acetaldehyde binds rapidly to cellular proteins and DNA, 

forming stable adducts which could trigger replication errors in oncogenes or tumour 

suppressor genes (Fang and Vaca 1997, Visapaa et al. 2004, Peters et al. 2005, Jelski 

and Szmitkowski 2008). When inhaled, acetaldehyde causes nasopharyngeal and 

laryngeal carcinoma in rats (Woutersen et al. 1986). In humans, it has been reported 

that when lymphocytes were treated with an ALDH inhibitor, acetaldehyde caused 

point mutations in cultured human peripheral lymphocytes (Helander and Lindahl-

Kiessling 1991).  

 

An increased prevalence of OSCC is seen in certain populations with a genetic 

predisposition to accumulate acetaldehyde in oral tissues following ingestion of 

alcohol. The enzymes involved in acetaldehyde metabolism are ALDH and ADH 

(Figure 1-3).  

 

 

 

 

 

 

 

 

 

 

Figure 1-3. Acetaldehyde metabolism. 
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In humans, there are at least four classes of ALDH isoenzymes and the mitochondrial 

class 2 form (ALDH2) is primarily responsible for acetaldehyde metabolism. The 

human ALDH2 enzyme is polymorphic, with two distinct alleles: ALDH2*1 and 

ALDH2*2.  The ALDH2*2 allele is inactive and therefore individuals homozygous for 

ALDH2*2 have no ALDH2 activity while heterozygous individuals with the 

ALDH2*1,2 genotype have about 30-50% of the normal ALDH activity. Acetaldehyde 

concentrations in saliva and blood have been measured following ethanol 

consumption. It was found that salivary acetaldehyde levels were higher in individuals 

deficient in ALDH2 than in those individuals with normal ALDH activity while the 

acetaldehyde level in the blood of ALDH2*2 individuals was six to twenty times 

higher than that in ALDH2*1 individuals (Vakevainen et al. 2000). The mutant allele 

which encodes the inactive ALDH2*2 is prevalent in the Asian population but has not 

been found in Caucasians or African-Americans (Goedde et al. 1992). The so-called 

alcohol flush syndrome is mostly due to these genetic changes (Brooks et al. 2009). In 

this condition, facial flushing and other unpleasant side-effects occur because the body 

cannot rapidly metabolise the acetaldehyde produced from the ingested alcohol. 

Because of these unpleasant side-effects, people subject to this condition are in effect 

protected from alcoholism. However, it has been reported that heterozygous 

individuals may become heavy drinkers or even alcoholics (Seitz et al. 2001). Further 

implication of the ALDH2 polymorphism in cancer is that the heterozygous 

ALDH2*1,2 genotype increases the risk for oropharyngeal, oesophageal and stomach 

cancer as reported in a study carried out on a Japanese population (Yokoyama et al. 

1996, Yokoyama et al. 1998). A comprehensive study of the ALDH2 genotype
 
and 

cancer prevalence in Japanese alcoholics showed that the
 
frequency of inactive 

ALDH2 was much greater among alcoholics
 

with cancer of the oral cavity, 

oropharynx, hypopharynx, larynx,
 
oesophagus and colorectum (Yokoyama et al. 1998, 

Park et al. 2010). 

 

In addition to the inactive ALDH2 gene, polymorphism of another gene, the ADH 

gene, in particular, the ADH2*2 mutant allele, also contributes to the alcohol flushing 

response. The influence of both the ADH2 and ALDH2 genotypes on aerodigestive 

tract cancers has been studied and it was found that the combination of polymorphisms 

in both the ADH2/ALDH2 genes increases the risk for oropharyngolaryngeal cancer 
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(Yokoyama et al. 2001). The distribution of ADH3 genotypes and their relationship 

with OSCC has also been studied (Schwartz et al. 2001) and it was found that the 

ADH3*2 allele conferred increased susceptibility to OSCC risk in a population-based 

study in Washington State, USA. A recent review reported that the total 

dehydrogenase activity of both ALDH and ADH was significantly higher in tissues 

with cancer (e.g liver, stomach, oesophageal, and colorectal cancers) than in healthy 

organs and that the activity of ADH is much higher than the activity of ALDH (Jelski 

and Szmitkowski 2008). This would suggest that cancer cells have a greater ability to 

oxidise ethanol to acetaldehyde, but less ability to metabolise acetaldehyde than 

normal tissues.  

1.8 Acetaldehyde in the oral cavity 

An increasing number of studies have shown that acetaldehyde can be produced by 

oral microorganisms and therefore a link between oral microorganisms and oral cancer 

has been suggested (Meurman and Uittamo 2008, Hooper et al. 2009, Nieminen et al. 

2009). Salivary acetaldehyde concentration was measured after ethanol consumption 

and following this, volunteers used antiseptic mouthwash (chlorhexidine) for three 

days before the salivary acetaldehyde concentration was again measured. In vivo 

acetaldehyde production was significantly reduced following chlorhexidine treatment 

and it was postulated that the observed reduction was the result of inhibiting the 

production of acetaldehyde by oral microbes, which are sensitive to clorhexidine 

(Homann et al. 1997). Bacterial species isolated from the normal flora of the oral 

cavity that were shown to produce acetaldehyde include Neisseria (Muto et al. 2000) 

and more recently, the viridans group Streptococcal strains (Kurkivuori et al. 2007).  

 

However, it is apparent that oral yeasts may be the principal source of acetaldehyde in 

the oral cavity. Tillonen et al. (1999) investigated acetaldehyde production by yeast 

present in saliva. Saliva samples were collected from patients and acetaldehyde 

concentrations were measured. The saliva samples were grouped into high and low 

acetaldehyde concentration saliva samples and the yeasts present in all the saliva 

samples were isolated and identified. It was found that yeast colonization was high 

(78%) in the high acetaldehyde saliva compared to the low acetaldehyde saliva (47%). 

C. albicans was the main yeast species isolated (88% of all oral isolates) and C. 

albicans isolated from the high acetaldehyde saliva generated significantly higher 
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acetaldehyde levels from ethanol than C. albicans strains from low acetaldehyde 

saliva. 

 

There is also in vitro evidence of acetaldehyde production by yeast. Cultures of C. 

albicans accumulated much higher concentrations of acetaldehyde compared to other 

yeast species (Table 1-2) (Collings et al. 1991). In another study, the technique of 

selected ion flow tube-mass spectrometry (SIFT-MS), which allows real-time 

detection of volatile organic compounds was used to measure production of 

compounds such as ethanol and acetaldehyde by six types of fungi including C. 

albicans (Scotter et al. 2005). The fungi examined were grown on five types of media 

and the results revealed that both ethanol and acetaldehyde were produced by C. 

albicans, with more ethanol than acetaldehyde detected. However, it was noted that 

the presence and quantity of volatiles was greater when using carbohydrate-rich media 

and the type of media used to measure volatile compounds by SIFT-MS has been 

reported to have an effect on the results obtained (Sunesson et al. 1996, Gao et al. 

2002a, Gao and Martin 2002b).  

 

 

Table 1-2. Gas chromatography (GC) analysis of the accumulation of acetaldehyde in the 

supernatant of late log phase cultures of different Candida species in a defined medium 

containing glucose. 

 

Yeast species Acetaldehyde (µmol ml
-1

) 

C. albicans  4.50 – 12.6 

C. glabrata  0.50 - 1.10 

C. tropicalis  1.6 - 3.50 

C. krusei 0.4 

Table adapted from Collings et al. (1991). 

 

Recently, acetaldehyde production by non-C. albicans yeasts has been reported 

(Nieminen et al. 2009) using gas chromatography. The Candida isolates used in the 

study included Candida dubliniensis, Candida tropicalis, Candida glabrata and 

Candida krusei. All of the Candida isolates produced significant amounts of 

acetaldehyde when incubated in ethanol with C. tropicalis isolates producing the 
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highest amount. However, when glucose was used for the incubation, only C. krusei 

produced significant amount of acetaldehyde.  

 

The conversion of ethanol to acetaldehyde can be brought about by the ADH enzymes 

found on the oral epithelium (Homann et al. 1997, Vakevainen et al. 2000, Poschl and 

Seitz 2004, Visapaa et al. 2004). Production of acetaldehyde from saliva has been 

shown in both in vitro and in vivo studies. It has been shown that saliva collected from 

individuals and incubated with ethanol produces acetaldehyde and that the production 

of acetaldehyde was found to be linear with time (Homann et al. 1997). This was 

followed by in vivo studies where it was shown that the acetaldehyde concentration in 

saliva following alcohol consumption is 10-20 times higher than the concentration in 

the blood. Acetaldehyde is a volatile compound naturally found in alcoholic beverages 

(Liu and Pilone 2000) and it has been shown that higher acetaldehyde concentrations 

were generally found in fortified wines (118 mg/l) than spirits (66 mg/l) or beers (9 

mg/l) (Lachenmeier and Sohnius 2008). Calvados, a type of apple brandy, is the only 

alcoholic drink where there is a proven association between directly ingested 

acetaldehyde in the beverage and cancer risk (Launoy et al. 1997, Launoy et al. 1998, 

Linderborg et al. 2008, Yokoyama et al. 2008). Acetaldehyde is extremely reactive 

and readily binds to proteins, specifically to the peptide glutathione or to individual 

amino acids to generate flavour compounds.  

 

Acetaldehyde in the oral cavity can also come from tobacco smoking. Several classes 

of carcinogens can be found in tobacco smoke including polycylic aromatic 

hydrocarbons, aromatic amines and nitrosamines (Davidson et al. 1993). Tobacco 

smoke also contains high concentration of toxic aldehydes (Hoffmann and Hecht 

1985) and the most abundant aldehyde in tobacco smoke is acetaldehyde (Hoffmann 

and Hoffmann 1997) where the concentration is a thousand times greater than that of 

the polycyclic aromatic hydrocarbons and tobacco-specific nitrosamines. 

Acetaldehyde is formed in mainstream smoke during the burning process (Hoffmann 

et al. 1979, Seeman et al. 2002) and previous studies have shown that smokers have 

elevated levels of acetaldehyde in their breath after acute cigarette smoking and even 

endogenously after several weeks of smoking cessation (Shaskan and Dolinsky 1985, 

McLaughlin et al. 1990). 
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The combined effect of smoking and alcohol consumption on the acetaldehyde 

concentration in saliva has been investigated. The markedly increased concentration of 

salivary acetaldehyde in patients who consumed alcohol and smoked tobacco 

(Homann et al. 2000, Salaspuro and Salaspuro 2004), was suggestive of a synergistic 

effect of alcohol drinking and smoking on upper gastrointestinal tract carcinogenesis. 

Due to the adverse effects of acetaldehyde, there have been attempts to reduce the 

acetaldehyde levels in saliva following smoking. The use of cysteine tablets has also 

been suggested to eliminate the accumulation of acetaldehyde in the oral cavity 

(Salaspuro et al. 2002, Salaspuro et al. 2006). Cysteine, a non-essential amino acid 

reacts covalently with acetaldehyde resulting in an inactive sulphur compound thus 

eliminating its toxicity (Sprince et al. 1975). In another study, salivary acetaldehyde 

concentrations were reduced by 59% in patients who were given cysteine compared to 

placebo (Salaspuro et al. 2002). It has also been reported that use of an oral controlled-

release chlorhexidine chip reduced acetaldehyde concentrations in the oral cavity 

(Rota and Poggi 2003).  

 

In a recent study, the effects of alcohol and glucose, fructose or xylitol on microbial 

acetaldehyde production by Candida species isolates were investigated (Uittamo et al. 

2010). The amount of acetaldehyde produced from C. albicans isolates incubated with 

alcohol and xylitol were significantly reduced.  Xylitol dehydrogenase (XDH) belongs 

to the ADH enzyme family and the NAD-binding part of XDH resembles that of the 

liver ADH (Kotter et al. 1990), and it was postulated that xylitol may directly inhibit 

the C. albicans ADH enzyme activity via blockage of the substrate binding site. 

1.9 Carbohydrate metabolism in S. cerevisiae  

Sugars are excellent carbon sources for all known yeasts. The species S. cerevisiae has 

been very well studied and the term ―yeast‖ is used by some as a synonym for S. 

cerevisiae. It is not surprising therefore that there is most knowledge of carbohydrate 

metabolism in S. cerevisiae. The common theme in yeast metabolism is the conversion 

of glucose to pyruvate through the glycolytic pathway. The metabolic destiny of 

pyruvate depends on the yeast species and the cultivation conditions. Even in the 

presence of air, S. cerevisiae ferments sugar in batch cultures (Crabtree effect) (De 

Deken 1966, Fiechter et al. 1981, Pronk et al. 1996). Non-Saccharomyces yeasts 
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require a growth limiting supply of oxygen to trigger alcoholic fermentation. 

Therefore production of ethanol during growth on sugars by other yeasts is not as 

important as it is in S. cerevisiae due to their predominantly aerobic metabolism. For 

other yeasts, such as C. albicans, pyruvate is oxidised to CO2 through the tricarboxylic 

acid (TCA) cycle. Glycolysis and the TCA cycle are central pathways of metabolism 

(Barnett 2003, Kern et al. 2007) in many organisms where they perform a dual role: to 

produce energy and reducing equivalents in the form of ATP, NADH or NADPH and 

to provide building blocks to synthesize other biomolecules. 

 

Maintaining the cellular redox balance is a basic requirement for living cells in order 

to sustain metabolism and for growth. The intracellular redox state is, to a large extent, 

dependant on the intracellular concentration ratios of the two pyridine nucleotide 

systems of NADH/NAD
+
 and NADPH/NADP

+
 (Heux et al. 2006). Oxidation 

reactions are often linked to the NADP
+
/NADH ratio and reducing reactions linked to 

the NAD
+
/NADPH ratio. In S. cerevisiae, there are more than 300 different 

biochemical reactions involving oxidation and reduction (Forster et al. 2003).  

 

During growth of S. cerevisiae, biosynthesis of proteins, nucleic acids, lipids and 

excretion of metabolites results in the production of a surplus of cytosolic NADH 

(Van Dijken and Scheffers 1966, Verduyn 1990, Nissen et al. 1997). The cytosolic 

redox balance is restored in several ways. During anaerobic respiratory metabolism, S. 

cerevisiae couples the oxidation of cytosolic NADH directly to the mitochondrial 

electron transport chain via the internal and external NADH dehydrogenases and the 

glycerol 3-Phosphate shuttle (Bakker et al. 2000, Rigoulet et al. 2004). The 

NADH/NAD
+
 redox couple cannot transverse the mitochondrial membrane in S. 

cerevisiae, and therefore cytosolic and mitochondrial NADH is oxidized by external 

and internal NADH dehydrogenases respectively (Luttik et al. 1998, Small and 

McAlister-Henn 1998). Under anaerobic conditions, ethanol formation from glucose is 

redox neutral and reducing glucose to glycerol is the only available mechanism to 

reoxidize the surplus NADH as, in the presence of oxygen at high glucose 

concentration, the glycerol-3-phosphate shuttle is inactive. 

 

The regulation of redox metabolism is tightly linked to central carbon and nitrogen 

metabolism. Alteration of the redox balance is therefore expected to trigger large 
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changes in metabolic fluxes. For example, overproduction of the NADH dependant 

enzyme glycerol-3-phosphate dehydrogenase (GPDH) resulted in a shift of carbon 

towards glycerol synthesis and therefore ethanol formation was reduced and the 

production of acetaldehyde and acetoin was increased (Nevoigt and Stahl 1996, 

Michnick et al. 1997, Remize et al. 1999). On the other hand, decreased NADH 

availability led to reduced glycerol yield and increased ethanol production (Nissen et 

al. 2000). 

 

Information on the basic metabolism of C. albicans is scarce (Flores et al. 2000) 

compared to that of S. cerevisiae. As these two yeast species are not closely related, 

care must be taken in extrapolating S. cerevisiae-based research on metabolism to C. 

albicans. Indeed, 12 proteins have been identified in C. albicans that have no 

orthologues in S. cerevisiae (Kusch et al. 2008). An alternative respiratory chain has 

been identified in C. albicans (Helmerhorst et al. 2002). In a recent study (Kusch et al. 

2008), the proteins present in the exponential and stationary growth phases of C. 

albicans were studied using two-dimensional (2-D) polyacrylamide gel 

electrophoresis.  During the exponential phase, proteins important for the physiology 

of growing cells which include proteins required for the synthesis of RNA, DNA, and 

proteins were overrepresented. Other proteins included in the exponential phase were 

proteins that are involved in glycolysis and the citric acid cycle, which are important 

in the metabolism of sugars.  The proteins involved in glycolysis and citric acid cycle 

were also found in the stationary phase but neither an increase or decrease in the 

amount of proteins could be detected. Instead proteins that are involved in utilising 

carbon sources other than glucose such as M1s1p, Ic11p and Pck1p, which are 

proteins of the glyoxylate cycle and gluconeogenesis were found to be upregulated. 

Other studies have confirmed these findings and it was shown that expression of these 

proteins was repressed by glucose in C. albicans (Leuker et al. 1997, Lorenz and Fink 

2002, Barelle et al. 2006). Therefore, the stationary-phase revealed a complex 

reprogramming of metabolic networks and signaled a switch to the utilization of 

alternative carbon sources such as ethanol when the supply of glucose is exhausted. C. 

albicans is a dimorphic fungus and can grow under both aerobic and anaerobic 

conditions. The respiration system of C. albicans has been studied in the lag and log 

growth phase (Ogasawara et al. 2006) and it was suggested that oxygen was needed to 
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generate ATP by oxidative phosphorylation in the log growth phase but in the lag 

growth phase, ATP was generated by fermentation.  

1.10 Acetaldehyde metabolism in S. cerevisiae and C. albicans 

The enzymes that are involved in acetaldehyde metabolism are known as the alcohol 

dehydrogenases (ADHs). They have been identified in yeasts, other eukaryotes and 

prokaryotes. The ADHs of S. cerevisiae have been studied extensively for over half a 

century and, without a doubt, S. cerevisiae is the most important commercially 

exploited microorganism. Its contribution to human progress has been due largely to 

its capacity for the fermentation of carbohydrate to yield ethanol. In contrast, there is 

little information on the ADHs of C. albicans and due to the high homology between 

the S. cerevisiae and C. albicans ADH genes, previous research on the C. albicans 

ADHs has been largely based on knowledge of S. cerevisiae.  

1.10.1 Classification of alcohol dehydrogenases (ADHs) 

ADHs (E.C. 1.1.1.1) are oxidoreductases that catalyse the reversible oxidation of 

alcohols to aldehydes or ketones, with the concomitant reduction of NAD
+
 or NADP

+
. 

ADHs belong to an enzyme superfamily the medium-chain dehydrogenases/ 

reductases (MDR) (Reid and Fewson 1994, Kallberg et al. 2002). The MDR family is 

subdivided further based on structural and functional relationships (Jornvall et al. 

2001), has a basic subunit size of 350 amino acid residues and is dimeric or 

tetrametric, with two domains in each subunit: one catalytic and one responsible for 

binding the nucleotide NAD
+
 or NADP

+
. Many enzymes of the MDR family have zinc 

in their active site and have an amino acid sequence motif, 

GHEX2GX5(G,A)X2(I,V,A,C,S), known as the zinc-containing ADH signature 

(Persson et al. 1993). In S. cerevisiae, the genes encoding classical ADHs include 

ADH1, ADH2, ADH3, ADH4, ADH5, ADH6 and ADH7 (Lutstorf and Megnet 1968, 

Ciriacy 1975a, Walton et al. 1986, Feldmann et al. 1994).  

1.10.2 The alcohol dehydrogenases of S. cerevisiae (ScADHs)  

1.10.2.1 ScADH1 and ScADH2 

Yeast Adhp was the first pyridine nucleotide-dependent dehydrogenase to be 

crystallized. S. cerevisiae Adh1p was purified and found to have a molecular weight of 

150 kDa (Harris 1964). The active enzyme contained four identical reactive sites that 
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consisted of four similar polypeptide chains. Both Adh1p and Adh2p are located in the 

S. cerevisiae cytosol (Heick et al. 1969, Ciriacy 1975a). Their genes have been cloned 

(Williamson et al. 1980, Williamson et al. 1981) and the DNA sequences were 

determined (Bennetzen and Hall 1982, Russel et al. 1983). It was observed that there 

was high homology between ScADH1 and ScADH2, both at the nucleotide sequence 

level (90%) and in their amino acid sequence (95%).  

 

The study of the regulation of the ScADH genes provided the first proof of a control 

site for carbon catabolite repression in eukaryotes (Ciriacy 1975a, Ciriacy 1975b, 

Ciriacy 1976). The first gene associated with this function was ADR1, a positive 

regulatory gene that activated the expression of the structural gene ScADH2 (Ciriacy 

1979).  Synthesis of Adr1p is 10-16 fold greater during growth on ethanol than during 

growth on glucose where Adr1p translation was found to occur within 40-60 min of 

glucose depletion. Since these initial studies, genetic and biochemical analysis has 

shown that the regulation of ScADH2 is under the control of least 24 other elements in 

addition to Adr1p, as reviewed by de Smidt et. al (2008).  

 

It was reported initially that the regulation of ScAdh2p had no effect on ScADH1 

expression (Denis et al. 1983) but further studies have shown that deletion of CCR4 

and CAF1 genes, which together encode the major cytoplasmic mRNA deanylase 

complex (involved degradation of the transcripts initiated by shortening of the poly(A) 

tail at the 3′ end of the transcript), had an effect on both ScADH2 and ScADH1 

expression; ScADH2 expression was repressed and ScADH1 expression was enhanced 

(Liu et al. 2001). It should be noted that 750 bp upstream of the ScADH1 promoter 

there is an Adr1p binding site and therefore it is possible to speculate that when 

glucose in the culture is depleted, the presence of ethanol in the culture broth rather 

than the absence of glucose, causes Adr1p to be activated (de Smidt et al. 2008). It 

was suggested that the presence of ethanol might have caused the downregulation of 

the ScADH1 promoter region (Rindum et al. 1994).  

1.10.2.2 ScADH3 

The presence of ScAdh3p in a respiratory (mitochondrial)-deficient mutant proved 

that nuclear DNA encodes this mitochondrial enzyme (Wiesenfeld et al. 1975). 

ScADH3 has been sequenced and the nucleotide sequence indicated a 73% and 74% 
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identity with ScADH1 and ScADH2 respectively (Young and Pilgrim 1985). ScAdh3p 

is tetrameric in structure and the amino acid similarity of the predicted ScAdh3p 

polypeptide to ScAdh1p and ScAdh2p was 79% and 80% respectively (Wiesenfeld et 

al. 1975). The ORF-encoding ScAdh3p has a highly basic 27 amino acid amino 

terminal extension relative to ScAdh1p and ScAdh2p. Gene fusion studies (van Loon 

and Young 1986) showed that the amino terminus of ScAdh3p contained the 

information for targeting and transporting the protein to the mitochondrion. Studies of 

the regulation of ScADH3 have reported that ScADH3 is repressed by glucose but the 

repression is not as severe as that of ScADH2 and when glucose is depleted, ScADH3 

transcription is reactivated (Ciriacy 1976, Young and Pilgrim 1985).  

1.10.2.3 ScADH4 

It has been suggested that ScAdh4p is located in the cytoplasm as it was unlikely that 

ScAdh4p is proteolytically processed (Drewke and Ciriacy 1988). On the contrary, 

(Huh et al. 2003) created yeast strains in which ADH genes were chromosomally 

tagged with green fluorescent fusion protein (GFP). The use of GFP tag with red 

fluorescent protein (RFP)-tagged reference proteins established that both ScAdh3p and 

ScAdh4p were located in the mitochondria. However, an explanation is yet to be 

provided for the absence of the amino terminal mitochondrial leader peptide sequence 

in ScAdh4p. ScADH4 is the most distal marker on the left arm of chromosome VII and 

both restriction and genetic analysis of the chromosomal copy of ScADH4 indicated 

that it was situated near a telomere (Walton et al. 1986). Sequencing of ScADH4 

revealed a long ORF with low homology to other yeast ADHs and only distantly 

related to other characterized eukaryotic ADHs (Paquin and Williamson 1986). Unlike 

ScAdh1p, ScAdh2p and ScAdh3p which are thought to function as tetramers 

(Leskovac et al. 2002), ScAdh4p is a dimeric protein that is normally present in low 

concentrations in laboratory strains (Drewke and Ciriacy 1988). The expression of 

ScADH4 is downregulated by dimethyl sulphoxide (DMSO) and upregulated by 

lithium, a toxic compound to yeast cells grown on galactose caused by inhibition of a 

key enzyme in galactose metabolism, phosphoglucomutase (Zhang et al. 1994, Bro et 

al. 2003). In addition, ScADH4 is strictly regulated by zinc without an observable 

phenotype and it has been shown that ScADH4
 
expression can be induced in low-zinc 

conditions suggesting that this protein may
 
function in certain conditions as a backup 

to the strongly expressed
 
alcohol dehydrogenase encoded by ScADH1 (Yuan 2000).  
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1.10.2.4 ScADH5 

Not much is known about ScADH5 except that it was first identified through 

sequencing of chromosome II (Feldmann et al. 1994) and shares 76%, 77% and 70% 

sequence identities with ScADH1, ScADH2 and ScADH3 respectively (Feldmann et al. 

1994, Ladriere et al. 2000). ScADH5 expression is not affected by DMSO but when a 

S. cerevisiae strain was grown anaerobically on D-xylose, a carbon source not 

normally utilized by yeast in the absence of oxygen, it was reported that ScADH5 

transcription was significantly increased (Sonderegger et al. 2004).  

1.10.2.5 ScADH6 

ScAdh6p is the first ScADH and the first member of the MDR superfamily whose 

three-dimensional crystal structure has been determined (Valencia et al. 2004). 

ScAdh6p showed only a 26% sequence similarity to the tetrameric enzyme family 

(Valencia et al. 2003) and exhibits a strict specificity for NADPH (Larroy et al. 

2002a). 

  1.10.2.6 ScADH7 

By homology, ScAdh7p has a 64% sequence similarity to ScAdh6p and the purified 

ScAdh7p has a reductase activity about five-fold that of the dehydrogenase activity 

(Larroy et al. 2002a, Larroy et al. 2002b). 

1.10.3 Acetaldehyde metabolism in S. cerevisiae 

In S. cerevisiae, there are seven genes that encode alcohol dehydrogenases and are 

involved in acetaldehyde metabolism, ScADH1 to ScADH7. Four of these enzymes, 

ScAdh1p, ScAdh3p, ScAdh4p and ScAdh5p reduce acetaldehyde to ethanol during 

glucose fermentation (Figure 1-4), while ScAdh2p catalyzes the reverse reaction of 

oxidizing ethanol to acetaldehyde (Bennetzen and Hall 1982, Russel et al. 1983, 

Young and Pilgrim 1985, Drewke and Ciriacy 1988, Smith 2004).  

 

When S. cerevisiae is grown on a fermentable carbon source such as glucose, the 

fermentative, classical alcohol dehydrogenase (ScAdh1p) catalyzes the regeneration of 

NAD
+
 from NADH (Figure 1-4) with the concomitant production of ethanol from 

acetaldehyde (Lutstorf and Megnet 1968, Denis 1976, Holland and Holland 1978). 

During glycolysis, when the fermentable carbon source such as glucose is depleted, 
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the yeast cells repress the synthesis of a variety of other enzymes in order to utilize the 

previously produced ethanol as an energy and carbon source. Instead of using 

ScAdh1p for the reverse reaction in the utilization of ethanol, another ScAdh isozyme, 

the glucose-repressible ScAdh2p (Ciriacy 1975a) catalyses the reverse reaction and is 

responsible for the formation of acetaldehyde. Like ScAdh1p, ScAdh3p is involved in 

ethanol production but it is also involved in the shuttling of the mitochondrial NADH 

to the cytosol under anaerobic conditions (Bakker et al. 2000, Flores et al. 2000). 

ScAdh4p resembles ScAdh1p and has affinity for the substrate ethanol (Lutstorf and 

Megnet 1968, Drewke and Ciriacy 1988). The functional characteristics of ScAdh5p 

are unknown.    

 

 

 

Other enzymes involved in acetaldehyde metabolism are the Pdcp (pyruvate 

decarboxylase) and Aldp (aldehyde dehydrogenase) isozymes (Figure 1-4). In S. 

cerevisiae, ScPdcp and ScAldp isozymes are part of the ‗pyruvate bypass‘ pathway to 

oxidative respiration, thought to be useful both for the production of acetate for 

biosynthetic purposes and for the flux of NADH. Aldp-catalysed reactions can occur 

in two different subcellular locations in S. cerevisiae; the mitochondria and the 

cytosol. The cytosolic Aldps are encoded by ScALD1 (giving the major activity), 

ScALD2 and ScALD3, while the mitochondrial counterparts are encoded by ScALD4 

(giving the major activity) and ScALD5 (Aranda and del Olmo 2003). Interestingly, 

however, in C. albicans, only homologues of the mitochondrial ScALD genes are 

present in the genome. 

 

 

 

 

 

 

Figure 1-4. Acetaldehyde metabolism in S. cerevisiae. 
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1.10.3.1 Kinetic characteristics of ScAdh1p and ScAdh2p 

Although ScADH1 and ScADH2 share 90% sequence similarity, their gene products 

differ in the reactions they catalyse due to their differences in substrate affinity (Wills 

1976, Russel et al. 1983). The first biochemical data showed that both ScAdh1p and 

ScAdh2p favoured alcohol production (Heick et al. 1969). ScAdh1p has a high Km 

value for ethanol (17,000-20,000 μM) (Thomson et al., 2005) and therefore, is thought 

to be chiefly responsible for the production of ethanol during anaerobic growth. 

ScAdh2p has a low Km for ethanol (600-800 μM) and is found only in aerobically 

grown yeast cells (Wills 1976, Thomson et al. 2005) therefore is thought to be the 

major isoenzyme responsible for acetaldehyde formation. The ScAdh2p reaction rates, 

for all types of alcohol, were found to be about threefold faster than ScAdh1p 

(Leskovac et al. 2002). The activities of both ScAdh1p and ScAdh2p stabilizes the 

NAD/NADH ratio and the possibility of ScAdh1p/ScAdh2p inter-substitution seems 

to exist, for instance, cells lacking ScAdh2p activity can grow on ethanol as a carbon 

source under aerobic conditions (Wills 1976, Wills et al. 1982). 

1.10.4 Acetaldehyde metabolism in C. albicans 

In C. albicans, five ADH genes have been annotated in the C. albicans genome 

database (http://www.candidagenome.org/) by homology to S. cerevisiae genes. Apart 

from CaAdh1p, not much is known about the functions of the other putative alcohol 

dehydrogenase enzymes of C. albicans although one or more of the Adhp isoenzymes 

is a major cellular component (Swoboda et al. 1994, Bertram et al. 1996, Klotz et al. 

2001). Adhp is an important intracellular enzyme in C. albicans and can also be found 

among cell wall proteins (Pendrak and Klotz 1995, Chaffin et al. 1998, Chaffin 2008). 

In S. cerevisiae, ethanol is a significant metabolic end-product resulting from 

differential ADH expression, principally of ScADH1 and ScADH2, but in C. albicans 

acetaldehyde accumulates (Table 1-2 and 1-3) (Collings et al. 1991). This seems to 

suggest that the C. albicans ADH genes may be more important in converting ethanol 

to acetaldehyde than vice versa. Although not much is known about the C. albicans 

ADH genes, it is evident that there is significant homology between the C. albicans 

and S. cerevisiae ADH genes (Table 1-4 and Table 1-5). CaAdh1p has a high 

homology to both ScAdh1p (79.3%) and ScAdh2p (78.7%) and therefore, it is difficult 

to predict if CaAdh1p is functionally homologous to ScAdh1p or ScAdh2p.  
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Table 1-3. Gas chromatography (GC) analysis of the accumulation of metabolites during 

growth of C.albicans ATCC 10261 in GSBMV medium. 

 

Metabolite 

(nmol/ml) 

Growth phases 

Early log Mid log Late log Stationary 

Ethanol 6.7 22.0 56.7 27.6 

Acetaldehyde 11.0 2.9 4.5 1.3 

Table adapted from Collings et al. (1991)  

 

 

 

C. albicans can grow on ethanol as a carbon source (Zeuthen et al. 1988, Bertram et 

al. 1996) and presumbaly this requires a functional ADH. However, the ethanol 

tolerance of C. albicans has been reported to be about 1% v/v (Lee et al. 1975, Pollack 

and Hashimoto 1985, Zeuthen et al. 1988) whereas the tolerance of S. cerevisiae has 

been reported to be much higher, about 10% (v/v) (Ghareib et al. 1988, Alexandre et 

al. 1994). Ethanol is known to inhibit yeast growth, affect viability, and affect various 

transport systems such as the general amino acid permease and glucose uptake 

processes. In addition, the activity of crucial glycolytic enzymes is inhibited by 

ethanol and damage to the mitochondrial DNA in yeast cells has also been reported 

(Chi and Arneborg 1999, Aguilera et al. 2006). Ethanol also modifies the fluidity of 

the plasma membrane and stimulates plasma membrane ATPase activity (Alexandre et 

al. 1994). The fatty acid composition of the phospholipid membranes has also been 

implicated in ethanol stress tolerance and there is a well-documented correlation 

between ethanol tolerance and the increased degree of fatty acid unsaturation of 

membrane lipids in S. cerevisiae (Alexandre et al. 1994, You et al. 2003). In C. 

albicans, the amount of ethanol formation from glucose is directly related to the 

concentration of glucose in the medium but the time required to produce ethanol 

increases as the concentration of glucose in the media increases (Zeuthen et al., 1988), 

and this may be attributed to the toxicity of the end-product to the cells. 
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Table 1-4. DNA homology between ScADH and CaADH genes.  

  ScADH1 ScADH2 ScADH3 ScADH4 ScADH6 CaADH1A CaADH1B CaADH2A CaADH2B CaADH3A CaADH3B CaADH4 

ScADH1                         

ScADH2 88.8(1047)                       

ScADH3 75.0(1047) 73.1(1047)                     

ScADH4 39.5(1047) 37.6(1047) 41.3(1128)                   

ScADH6 45.2(1047) 46.1(1047) 45.9(1128) 39.9(1398)                 

CaADH1A 74.9(1305) 72.6(1305) 71.2(1305) 39.5(1305) 45.3(1305)               

CaADH1B 75.3(1308) 73.4(1308) 71.5(1308) 41.7(1308) 45.7(1308) 98.2(1305)             

CaADH2A 76.9(1047) 73.8(1047) 73.3(1047) 39.8(1047) 47.0(1047) 84.6(1305) 85.4(1308)           

CaADH2B 76.9(1047) 74.0(1047) 73.3(1047) 39.8(1047) 47.2(1047) 84.8(1305) 85.6(1308) 99.8(1047)         

CaADH3A 44.0(849) 42.4(849) 44.6(849) 39.6(849) 41.8(849) 45.6(1305) 45.9(1308) 45.4(1047) 45.4(1047)       

CaADH3B 46.1(1050) 44.4(1050) 46.6(1050) 41.0(1050) 41.2(1050) 47.0(1305) 47.9(1308) 47.0(1047) 46.9(1047) 99.5(849)     

CaADH4 39.3(777) 38.0(777) 39.3(777) 39.6(777) 38.3(777) 40.8(1305) 40.41(1308) 44.0(1047) 44.0(1047) 42.0(849) 41.8(1050)   

CaADH5 45.2(1080) 47.7(1080) 46.2(1080) 39.2(1080) 44.2(1080) 49.3(1305) 49.2(1308) 47.0(1047) 46.9(1047) 53.0(849) 53.5(1050) 40.5(777) 

Table 1-5. Protein homology between ScAdhps and CaAdhps.  

  ScAdh1p ScAdh2p ScAdh3p ScAdh4p ScAdh6p CaAdh1Ap CaAdh1Bp CaAdh2Ap CaAdh2Bp CaAdh3Ap CaAdh3Bp CaAdh4p 

ScAdh1p                         

ScAdh2p 95.1(348)                       

ScAdh3p 84.2(348) 83.9(348)                     

ScAdh4p 25.6(348) 26.9(348) 45.5(375)                   

ScAdh6p 40.3(348) 39.9(348) 37.4(375) 33.3(465)                 

CaAdh1Ap 79.0(348) 78.7(348) 75.9(375) 27.3(465) 38.9(360)               

CaAdh1Bp 79.6(348) 79.3(348) 76.5(375) 36.4(465) 39.1(360) 98.8(434)             

CaAdh2Ap 81.3(348) 81.3(348) 79.9(375) 36.4(465) 38.2(360) 91.1(434) 91.7(435)           

CaAdh2Bp 81.3(348) 81.3(348) 79.9(375) 36.4(465) 38.2(360) 91.1(434) 91.7(435) 100(348)         

CaAdh3Ap 37.0(348) 38.6(348) 38.5(375) 45.5(465) 35.1(360) 37.1(434) 37.4(435) 36.1(348) 36.1(348)       

CaAdh3Bp 38.7(348) 39.0(348) 39.9(375) 45.5(465) 37.7(360) 37.8(434) 38.0(435) 37.3(348) 37.3(348) 100(282)     

CaAdh4p 43.8(348) 41.7(3480 37.2(375) 30.0(465) 20.0(360) 38.5(434) 42.3(435) 27.2(348) 27.3(348) 18.2(282) 18.2(349)   

CaAdh5p 43.8(348) 42.6(348) 40.6(375) 21.4(465) 40.5(360) 39.0(434) 39.3(435) 42.5(348) 42.5(348) 51.6(282) 52.7(349) 30.9(258) 

*A-A allele, *B-B allele. 

DNA and amino acid homologies between C. albicans and S.cerevisiae ADH genes were calculated using sequences from the Candida Genome Database 

(http://www.candidagenome.org/) and S. cerevisiae Genome Database (http://www.yeastgenome.org/) and programs available through the Australian National 

Genomic Information Service (ANGIS).  
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1.10.4.1 ADH genes of C. albicans 

In C. albicans only two ADH genes (ADH1 and ADH2) have been studied to any 

extent, although five ADH genes are annotated in the CGD. The possible function(s) 

of the other genes (ADH3, ADH4, ADH5) are unknown although differential 

expression of CaADH3 has been reported to occur in white/opaque cells and 

associated with phenotypic switching (Lan et al. 2002).  

1.10.4.1.1 CaADH1  

The CaADH1 gene encodes an alcohol dehydrogenase which is immunogenic during 

infections in humans (Franklyn et al. 1990, Shen et al. 1991, Ishiguro et al. 1992, 

Swoboda et al. 1993). Partial sequence information on C. albicans ADH1 cDNAs was 

initially reported (Shen et al. 1991) and the complete C. albicans ADH1 gene 

sequence was published in 1996 where it was also reported that the CaADH1 gene 

contains no introns (Bertram et al. 1996). The ADH1 gene was isolated and sequenced, 

and the 5‘ and 3‘ ends of its mRNA were mapped. The gene encodes a 350 amino acid 

polypeptide with strong homology (70 – 85 % identity) to alcohol dehydrogenases 

from S. cerevisiae, Kluyveromyces lactis and Schizosaccharomyces pombe. 

 

In an attempt to show that the CaADH1 gene encodes a functional protein, the 

CaADH1 gene was cloned in S. cerevisiae (Bertram et al. 1996).  Three S. cerevisiae 

ADH genes (adh1, adh2, adh3) were disrupted in the host strain, rendering it 

unable to grow on ethanol as sole carbon source, resistant to the toxic analogue allyl 

alcohol, and sensitive to the respiration inhibitor antimycin A (Lutstorf and Megnet 

1968, Wills 1976, Ciriacy 1979). The CaADH1-expressing transformants were able to 

grow on ethanol, were sensitive to allyl alcohol and resistant to antimycin; it was 

concluded that the CaADH1 gene was functional and that it could complement alcohol 

dehydrogenase mutations in S. cerevisiae. 

 

The transcription of the CaADH1 gene has been shown to fluctuate: mRNA levels 

increase dramatically during the exponential growth phase and then decrease to 

relatively low levels in stationary phase (Swoboda et al. 1994, Bertram et al. 1996).  

CaADH1 mRNA was measured during batch growth and during the yeast-to-hyphal 

transition and it was concluded that the change in the glycolytic gene expression in C. 
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albicans reflects the underlying physiological status of the cells during morphogenesis 

and not the cell shape (Swoboda et al. 1994). Northern analysis revealed that the 

CaADH1 mRNA levels were regulated in response to the carbon source, as the mRNA 

levels were relatively abundant during growth on galactose, glycerol, pyruvate, lactate 

or succinate and less abundant during growth on glucose or ethanol (Bertram et al. 

1996).   

 

Enzymatic activities of ADH genes of C. albicans have also been investigated. While 

no detectable alcohol dehydrogenase activity in C. albicans was reported (Schwartz 

and Larsh 1982), the presence of C. albicans alcohol dehydrogenase activitiy has been 

reported by Bertram and colleagues (Bertram et al. 1996). Ethanol producing alcohol 

dehydrogenase activities were compared between S. cerevisiae and C. albicans and, 

interestingly, it was reported that the alcohol dehydrogenase activity was about 20-fold 

higher in S. cerevisiae (Bertram et al. 1996). In addition, the ethanol producing 

alcohol dehydrogenase activities did not correlate closely with CaADH1 mRNA levels 

under the growth conditions studied. While the mRNA levels increased dramatically 

during the exponential growth phase and then decreased to relatively low levels in the 

stationary phase, the alcohol dehydrogenase level increased during exponential 

growth, but it remained at a high level, even after the CaADH1 mRNA level decreased 

(Bertram et al. 1996). Therefore it was suggested that the locus was controlled at both 

the transcriptional and post-transcriptional level, or that other differentially regulated 

ADH loci exist in C. albicans.  

 

In a biofilm study, the level of ethanol and acetaldehyde was measured in biofilms 

formed by a C. albicans ADH1 mutant strain (Mukherjee et al. 2006). The 

extracellular ethanol and acetaldehyde levels were determined by scraping the biofilm 

and placing it in phosphate buffered saline and the resulting suspension was 

centrifuged. The supernatant was retained and the levels of ethanol and acetaldehyde 

present in these supernatants were determined using a commercially available assay 

kit. It was reported that the adh1 mutant strain had a significantly enhanced ability to 

form biofilms compared to the parent strain. The biofilms formed by the adh1 mutant 

strain produced significantly smaller amounts of ethanol, but larger amounts of 

acetaldehyde, than biofilms formed by the parent and revertant strains. Thus, it was 

concluded in the study that CaAdh1p is similar to the Adh1p of S. cerevisiae, which 
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catalyses the production of ethanol from acetaldehyde. The conversion of 

acetaldehyde to ethanol is reversible and alcohol dehydrogenase activity in C. albicans 

has only been demonstrated when ethanol was given as the substrate (Shen et al. 1991, 

Bertram et al. 1996). Adhp activity when acetaldehyde was given as the substrate has 

not been reported and therefore it is not known if the main activity of CaAdh1p lies in 

converting ethanol to acetaldehyde or vice versa.  

 

In a more recent study using 2-D polyacrylamide gel electrophoresis (Kusch et al. 

2008), CaAdh1p was among the C. albicans proteins detected during both the 

exponential and stationary growth phases. While most of the proteins identified on the 

2-D gels during the log and stationary growth phase corresponded to the positions 

expected from calculated pI values and molecular weight, the pI of the identified 

CaAdh1p on the 2-D gel was different from the predicted pI of the alcohol 

dehydrogenase Adh1p (Hernandez et al. 2004, Kusch et al. 2008). In another study, 

the transcriptional response of C. albicans to hypoxia was analysed using whole-

genome DNA microarrays and it was reported that C. albicans upregulates three 

alcohol dehydrogenase genes (ADH1, ADH2, and ADH5) during hypoxic growth 

(Setiadi et al. 2006).  

 

C. albicans Adh1p has been reported to be similar to the Candida utilis ADH1 which 

has been cloned and expressed in E. coli (Park et al. 2006). Amino acid sequences 

analysis revealed that C. utilis Adh1p has a stronger homology to C. albicans Adh1p 

(97%) than to S. cerevisiae Adh1p (73%). It was shown that C. utilis Adh1p preferred 

NAD
+
 to NADP

+
 as a cofactor (Park et al. 2006) when ethanol was given as the 

substrate in enzyme assays and the results obtained suggested that C. utilis Adh1p 

might be the primary alcohol dehydrogenase in the cytoplasm.  

1.10.4.1.2 CaADH2 

CaAdh2p has been detected only in stationary phase cells and therefore it was 

concluded that CaAdh2p was similar to ScAdh2p (Kusch et al. 2008) as ScAdh2p 

catalyses the formation of acetaldehyde from ethanol when the fermentable carbon 

source such as glucose is depleted (Ciriacy 1975a).   
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Another protein detected during the stationary phase is Meu1p which in S. cerevisiae 

has been described as a protein associated with ScAdh2p expression during the 

stationary phase (Donoviel and Young 1996). In C. albicans, the orthologue CaMeup 

is not detectable in the stationary phase but instead was identified in the exponential 

phase (Kusch et al. 2008). Thus it is unclear whether C. albicans Meu1p is, or is not, 

involved in the regulation of CaAdh2p.  

 

The conversion of alcohol to acetaldehyde is reversible and the alcohol producing 

activity in C. albicans has been demonstrated. However, the acetaldehyde producing 

activity in C. albicans has not been shown and it is also not known if C. albicans 

possesses a greater ethanol or acetaldehyde producing activity. Although the role of C. 

albicans in the cancerous progression of potentially malignant oral disorders (PMOD) 

lesions is not fully understood, it is possible that C. albicans could promote 

carcinogenesis through the production of acetaldehyde, a known carcinogen. 

 

1.11 Aims of this study 

(i) to investigate mRNA and protein expression of the CaADH genes in in vitro 

cultures of C. albicans. 

(ii) to identify the C. albicans genes responsible for acetaldehyde production. 

(iii) to detect mRNA expression of the CaADH genes in archival formalin- fixed 

paraffin-embedded (FFPE) samples from leukoplakia biopsies. 

 

1.12 Study hypotheses 

(i) that production of acetaldehyde by C. albicans via expression of ADH genes can be 

detected in lesions diagnosed as CHC. 

(ii) that the presence of C. albicans in CHC lesions is associated with expression of 

CaADH1 mRNA. 

(iii) that acetaldehyde production may provide a mechanism for the previously 

reported putative link between oral infection/colonisation with C. albicans and oral 

cancer. 
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Chapter 2  

Materials and Methods 

2.1 Materials 

2.1.1 General chemicals 

General chemicals were analytical grade and were purchased from Merck (Darmstadt, 

Germany); Bio-Rad Laboratories (Hercules, CA, USA); Invitrogen (Carlsbad, CA, 

USA), Sigma Chemical Co. (St. Louis, MO, USA) or Global Science and Technology 

(Auckland, NZ). 

2.1.2 Electrophoresis reagents 

Ultrapure agarose, SDS (sodium dodecyl sulfate), Tris (Tris [hyroxymethyl] 

methylamine), and ammonium persulphate were purchased from Invitrogen, TEMED 

(N,N,N‘,N‘-Tetramethylethylenediamine) was purchased from Merck, 40% 

Acrylamide/Bis solution, 37.5:1 Acrylamide:N,N‘-methylenebisacrylamide was 

obtained from Bio-Rad Laboratories. 

2.1.3 Solid supports 

Hybond
TM

ECL
TM

 nitrocellulose membrane and Hybond-
TM

XL nylon membrane were 

purchased from Amersham (Little Chalfont, UK). 

2.1.4 Radioactive materials and autoradiographic films 

Redivue [
32

P] dCTP and Hyperfilm
TM

ECL (High Performance Chemiluminescence) 

were obtained from Amersham. BioMax Film was obtained from Kodak (Rochester, 

New York, USA). 

2.1.5 Organisms and strains 

Organisms and strains used in this project are listed in Table 2-1. Yeast and bacterial 

cultures were stored at -80
o
C in ~1 ml of yeast extract peptone dextrose (YPD) liquid 

broth medium supplemented with glycerol [1L contained 10 g yeast extract, 20 g 

Bacto Peptone, 20 g glucose and 15% (w /vol) glycerol].  

  



 48 

 

Table 2-1. Organisms and Strains used in this study.  

 

Organisms Genotype Source/Reference 

E. coli 

DH5α 

 

F
-
, φ80dlacZΔM15, Δ(lacZYA-

argF)U169, deoR, recA1, 

endA1, hsdR17(rk
-
, mk

+
), phoA, 

supE44, λ
-
, thi-1, gyrA96, relA1 

 

(Hanahan 1983) 

C. albicans   

SC5314 

ATCC 10261 

Wild-type strain* 

Wild-type strain 

(Jones et al. 2004) 

American Type Culture 

collection, Rockville, MD, 

USA. 

S. cerevisiae 

INVSc1 

 

MATa his3D1 leu2 trp1-289 

ura3-52 MATAlpha his3D1 leu2 

trp1-289 ura3-52  

 

Invitrogen Corporation, 

Carlsbad CA 92008 

INVSc1/CaADH1-his INVSc1, ∆Gal::pYES2- 

CaADH1-his  
This study 

AD 1-8u
-
  MATα, PDR1-3, ura3, his1, 

∆yor1::hisG, ∆snq2::hisG, 

∆pdr10::hisG, ∆pdr11::hisG, 

∆ycf1::hisG, 

∆pdr3::hisG,∆pdr5::hisG, 

∆pdr15::hisG 

(Decottignies et al. 1998) 

AD AD 1-8u
-
, ∆ura3 (Lamping et al. 2007) 

AD/pABC3-his AD, ∆ura3 (Vector, empty 

cloning cassette control-his) 

This study 

AD/CaADH1-his AD, ∆pdr5::pABC3-his-

CaADH1 

This study 

AD/CaADH2-his AD, ∆pdr5::pABC3-his-

CaADH2 

This study 

AD/CaADH3-his AD, ∆pdr5::pABC3-his-

CaADH3 

This study 

AD/ScADH2 AD∆,ura3, ∆ScADH2 This study 

AD/CaADH1(pABC5)

/ScADH2 

AD, ∆pdr5::pABC5-

CaADH1,∆ScADH2 

This study 

* Strain for which whole genome sequence is available from the Candida Genome Database 

(http:www./candidagenome.org/). 
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2.1.6 Plasmids 

Plasmids used in this study are listed in Table 2-2. 

 

Table 2-2. Plasmids used in this study. 

 

Plasmids Description Source 

pYES2 Plasmid for inducible expression of 

recombinant proteins in S. cerevisiae. 
Invitrogen 

pABC3 Plasmid for constitutive expression of 

heterologous proteins in S. cerevisiae 

(Lamping et al. 2007) 

pABC3-his Vector pABC3 containing a C-terminal 

hexahistidine affinity tag 

(Lamping et al. 2007) 

pABC5 Identical to pABC3 but contains HIS1 

instead of URA3 

(Lamping et al. 2007) 

pDDB57 Plasmid containing the gene disruption 

cassette of URA3-dpl200 

(Sikorski and Hieter 1989, 

Wilson et al. 2000) 

 

2.1.7 Media 

2.1.7.1 Yeast: 

Glucose Salts Biotin (GSB; (Holmes and Shepherd 1988)) medium was prepared from 

a 5 x stock solution [1L contained 5 g (NH4)2SO4, 10 g KH2PO4, 0.25 g MgSO4,7H2O, 

0.25 g CaC12.2H2O, pH 4.5 and 1.5 ml biotin solution (0.12 mg/ml)]. Glucose (10 g) 

was dissolved in 200 ml 5 x GSB stock solution, the volume was made up to 1 L with 

distilled water and the solution was autoclaved.  

 

Yeast Nitrogen Base medium without amino acids (YNB w/o aa) medium was 

prepared from a filter-sterilised 10 x stock solution (100 ml contained 6.7 g yeast 

nitrogen base w / o amino acids, and 5 g glucose). 

 

Yeast Extract Peptone Dextrose (YPD) liquid broth medium contained per litre 10 g 

yeast extract, 20 g Bacto Peptone, and 20 g glucose. YPD agar was made by addition 

of 2% (w/vol) agar to YPD prior to sterilization. 
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Complete synthetic medium (CSM) without uracil (CSM-ura) contained 0.67% 

(wt/vol) YNB w/o aa, 0.077% (wt/vol) Complete Supplement Mixture-ura (Bio 101, 

California, USA.), 2% (wt/vol) glucose. 

 

CSM without histidine (CSM-his) contained 0.67% (wt/vol) yeast nitrogen base 

without amino acids, 0.077% (wt/vol) Complete Supplement Mixture-his (Bio 101), 

2% (wt/vol) glucose. 

2.1.7.2 Bacteria: 

Luria-Bertani (LB) medium (1L) contained 5 g yeast extract, 10 g Bacto Peptone, 10 g 

NaCl, pH 7.4. 

2.1.8 Growth conditions 

2.1.8.1 Yeast cultures 

C. albicans cells were grown at 30
o
C on YPD agar plates for 24-48 h or in liquid GSB, 

YNB (w/o aa) or YPD cultures with shaking (250 rpm), 30
o
C in an orbital shaker 

(Infors HT, Multitron, Switzerland). S. cerevisiae strains were routinely maintained on 

CSM medium with or without an appropriate drop-out or YPD. 

2.1.8.2 E. coli 

E. coli cells were grown (with or without a selection antibiotic as necessary) at 37
o
C 

either on LB agar plates statically, or in LB broth cultures with shaking in an orbital 

shaker (200 rpm). For E. coli strains harbouring plasmids that encoded ampicillin 

resistance determinants, ampicillin was added to the LB medium at 100 g/ml (final 

concentration). 

 

The cell concentrations of cultures were estimated using a UV-120-02 

spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The optical densities (OD) 

of yeast cultures were measured at 600 nm. Cell concentrations for C. albicans were 

determined from a standard curve. An OD600 of 0.5 corresponded to a C. albicans 

concentration of 1.1 x 10
7
 cells / ml. 
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2.2 Methods 

2.2.1 Molecular biology techniques (nucleic acids)  

2.2.1.1 Isolation of yeast genomic DNA 

C. albicans cells were streaked on YPD agar plates and incubated at 30
o
C overnight. 

A loopful of C. albicans cells from the overnight plate was used for the isolation of 

DNA using the Y-DER yeast DNA extraction kit (Pierce, Illinois, USA) according to 

the manufacturer's instructions. 

2.2.1.2 Agarose gel electrophoresis 

DNA molecules in samples were separated by horizontal submerged agarose gel 

electrophoresis using a BioRad mini or midi gel apparatus. In most experiments, gels 

consisted of 0.8% (w/ v) agarose (Invitrogen) in gel buffer (1L 50 x concentrated 

solution contained 242 g Tris (hydroxymethyl)aminomethane (Tris), 37.2 g 

disodiumethylenediaminetetraacetic acid (Na2EDTA), 57.1 ml glacial acetic acid) with 

3 µl (mini gel) or 7 µl (midi gel) of  ethidium bromide (EtBr; 3 µg /ml). DNA samples 

were mixed with a quarter volume of loading dye (20 ml: 500 µg bromophenol blue 

dye, 4 g Ficoll, 10 – 50 µl 1 M NaOH) and electrophoresed at fixed voltage (usually 

10 v/cm) for sufficient time to separate DNAs of interest. The stained DNA was 

visualised with UV light at 300 nm. 

2.2.1.3 Polymerase Chain Reaction (PCR) 

PCRs for cloning purposes were undertaken in a 50 µl volume containing 0.4 U of 

KOD Hot Start DNA Polymerase (Toyobo, Osaka, Japan) with 5 µl of the 

manufacturer's buffer (10 x), 5 µl of 2 mM dNTP, 5 µl of each of the forward and 

reverse primers (3.2 pmol), 2 µl of 25 mM MgSO4 and the DNA template. Thermal 

cycling was performed using either a Mastercycler-Gradient instrument (Bio-Rad) or a 

PTC-100 instrument (MJ Research Inc). The standard cycling conditions consisted of 

an initial enzyme activation step of 94
o
C for 5 min, followed by 35 cycles of 

denaturation at 94
o
C for 15 s, annealing at the appropriate temperature and time for the 

primer pair (usually 15 s) and extension at 68
o
C with extension time depending on the 

length of amplimer (1 min/kb) before a final extension step of 68
o
C for 10 min.  
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PCRs for general analytical purposes were undertaken in a 50 µl volume containing 1 

U of HotMaster Taq DNA Polymerase (5 Prime, Hamburg, Germany) with 5 µl of the 

manufacturer's buffer (10 x), 1 µl of 10 mM dNTP, 5 µl of each of the forward and 

reverse primers (3.2 pmol) and the DNA template. The standard cycling conditions 

consisted of an initial enzyme activation step of 95
o
C for 15 min, followed by 35 

cycles of denaturation at 94
o
C for 15 s, annealing at the appropriate temperature and 

time for the primer pair (usually 15 s) and extension at 72
o
C with extension time 

depending on length of amplimer (1 min/kb) before a final extension step of 72
o
C for 

10 min. 

2.2.1.4 Oligonucleotides 

Oligonucleotides were synthesised by Herman GbR Synthetische Biomolekule 

(Denzlingen, Germany) or by Sigma Genosys (Sigma-Aldrich, New South Wales, 

Australia).  

2.2.1.4.1 Determination of oligonucleotide melting temperature 

Calculations of the melting temperature, Tm, at which a short oligonucleotide 

(containing 18 nucleotides or fewer) will melt from its target sequence was calculated 

using the following equation: 

Tm = ([number of A's and T's] x 2
o
C + ([number of C's and G's] x 4

o
C) 

In some cases Tm was estimated using the computer programme Gene Jockey II 

(Cambridge, UK). 

2.2.1.5 Ethanol precipitation of DNA 

Ethanol precipitation was used routinely to concentrate DNA samples or to change the 

buffer containing the DNA. To DNA samples, either one-tenth volume of 3 M sodium 

acetate (pH 5.2) or a half volume of 7.5 M ammonium acetate (pH 7.4) was added, 

and then two times the combined volume of absolute ethanol (-20
o
C) was added. The 

solution was mixed gently by inversion, incubated at -20
o
C for 30 min and centrifuged 

at 10,000 x g at 4
o
C for 20 min. The precipitate was recovered, washed with 0.5 ml of 

70% (v/v) ethanol (-20
o
C) and centrifuged at 10,000 x g at 4

o
C for 10 min. The DNA 

pellet was air dried and resuspended in a suitable volume of EB buffer (10 mM Tris-

HCl, pH 8.5). 
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2.2.1.6 Subcloning DNA 

2.2.1.6.1 Restriction enzyme digestion 

Restriction enzymes were obtained from New England BioLabs (NEB, Beverley, 

USA). Digestions were usually performed in 20 or 50 µL volumes of an appropriate 

buffer (supplied by the manufacturer as 10 x stock) which contained enzyme 1-2 U 

and the target DNA sample (100-1000 ng). Digests were incubated at the 

recommended temperature for a given enzyme for 45-60 min. In some experiments, a 

further dose of enzyme was added for an additional 45-60 min incubation. Depending 

on the type of enzyme used, the reactivities of some enzymes were stopped by 

incubating the mixture at 65
o 
C for 20 min. 

2.2.1.6.2 Recovery of DNA fragments from agarose gels 

The DNA fragments to be isolated were electrophoresed in agarose gels and stained 

with ethidium bromide. Two adjacent wells on the gel were used: one for analytical 

purpose and the other (double) well for preparative purpose. After electrophoresis, the 

wells were separated using a scalpel and only the small well lane was used to visualize 

the DNA fragment on a UV transilluminator. Using a scalpel, the position of DNA 

band was marked. Based on the position of the marked DNA fragment, agarose 

containing the preparative DNA band was excised with a scalpel. Thus, the DNA to be 

isolated was not exposed to UV light. The gel slice was weighed, placed in a 

microfuge tube and the DNA isolated according to the QIAquick Gel Extraction kit 

(Qiagen, Hilden, Germany) instructions. The DNA was eluted from the QIAquick 

column with 30~50µl of EB buffer. 

2.2.1.6.3 Ligation of DNA fragments into plasmids 

DNA fragments were ligated into either plasmid pABC3 or pYES2. Ligation of DNA 

fragments into plasmid pABC3 involved purifying DNA fragments of interest that had 

been digested with Pac1 and Not1 and ligated to the plasmid pABC3 which had been 

previously digested with Pac1 and Not1 to form linear DNA. Restricted plasmid (5 

ng) and insert (7.5 ng) DNA were gently mixed together with 1 unit of T4 DNA ligase 

in 1 x buffer (provided with the ligase) in a total volume of 20 µl and incubated at 

14
o
C for 16 h. Ligation of DNA fragments into plasmid pYES2 involved the same 

protocol except that both the insert and vector were digested with Kpn1 and Xho1.  
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2.2.1.6.4 Transformation of E. coli 

A loopful of competent E. coli DH5α cells (Inoue et al. 1990) from an overnight 

culture on an LB agar plate (without ampicillin) was used to inoculate 250 ml warm 

(37
o
C) SOB medium (1L: 20.0 g tryptone, 5.0 g yeast extract, 0.5 g NaCl and 

autoclaved; 10 ml filter sterilized solution of 1 M MgC12 and 10 ml 1 M MgSO4 was 

added to SOB medium before use) in a 2 liter flask, and incubated with vigorous 

aeration (200-250 rpm) at 18
o
C. Cells were harvested when the OD600 reached 0.6. 

The cells were harvested by centrifugation at 2,500 x g at 4
 o

C for 5 min, and 

resuspended in 80 ml (ice-cold) TB (containing 10 mM piperazine-N, N'-bis [2-

ethanesulfonic acid], 55 mM MnC12, 15 mM CaC12 and 250 mM KCl) incubated on 

ice for 10 min and then centrifuged at 2,500 x g at 4
o
C for 10 min. The cell pellet was 

gently resuspended in 20 ml of ice-cold TB and dimethyl sulfoxide (DMSO) was 

added to a final concentration of 0.7% (vol/vol). The cells were incubated on ice for 

10 min, dispensed into pre-cooled microfuge tubes and kept at –80
o
C until required. 

Before use, cell aliquots were thawed on ice. A maximum of 10 µl of transforming 

DNA (10~200 ng DNA) was added to each 0.2 ml portion of competent E. coli DH5α 

cells in a microfuge tube, which were incubated on ice for 40 min and then the cells 

were heat shocked at 42
o
C for 45 s. 0.8 ml of warm (37

o
C) SOC medium (100 ml SOB 

medium with the addition of 1 ml filter sterilized 2 M glucose) was added to the cells 

and they were incubated at 37
o
C for 1 h for physiological recovery before plating on 

LB plates containing ampicillin (100 µg/ml) and incubation at 37
o
C overnight.  

2.2.1.6.5 Screening of transformant colonies 

E.coli colonies on LB agar plates containing ampicillin (100 µg/ml) and incubated at 

37
o
C overnight were picked and plated as patches on a fresh LB plate containing 

ampicillin (100 µg/ml). 

2.2.1.6.6 Isolation of plasmid DNA from E. coli (alkaline lysis) 

Plasmid DNA was purified from a loopful of E. coli cells from a fresh overnight plate 

(see 2.2.1.6.4) using the Plasmid Mini Kit (Qiagen) according to the manufacturer's 

instructions. When isolation of plasmid DNA from E. coli was carried out simply for 

screening purposes, the Plasmid Mini Kit (Qiagen) was used according to the 

manufacturer's instructions but without the use of the columns. Ethanol precipitation 

of the DNA was carried out instead as described in section 2.2.1.5. 
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2.2.1.6.7 Transformation of S. cerevisiae  

Cloned DNA isolated from E. coli as described above was used to transform S. 

cerevisiae, strain AD1-8u
-
. The transformation was carried out using the Alkali-

Cation
TM

 Yeast Kit (BI0 101 Systems, Ohio, USA) according to the manufacturer's 

instructions (buffers and solutions were provided by the manufacturer and 

concentrations are not known). To prepare competent cells, an overnight culture of S. 

cerevisiae AD1-8u
-
 cells, grown in YPAD (YPD medium with 30 mg/L adenine 

sulfate) was used to inoculate 250 ml YPAD medium to give an initial OD600 of 0.1. 

The cells were incubated with shaking at 30°C and harvested at OD 0.4. The cell pellet 

was washed with 10 ml of TE buffer, resuspended in Lithium/Cesium Acetate (Cation 

solution; 5 mL) and incubated at 30
o
C for 30 min with gentle shaking (100 rpm) 

before centrifuging at 2,000 x g for 5 min. The cell pellet was resuspended in TE (1 

mL). A portion (100 µl) of the competent cells was mixed with 5 µl carrier DNA, 5 µl 

of histamine solution and 1-10 µg of DNA (10 µL, plasmid or linear cassette DNA). 

The mixture was incubated at room temperature for 15 mins before adding 1 ml of 

pre-mixed solution of Polyethyleneglycol, TE and Cation solution, and incubated at 

30
o
C for 10 min before heat shock at 42

o
C for 10 min. Following recovery at room 

temperature for 2 min, the cells were pelleted briefly (10,000 x g for about 10 s), 

resuspended in the SOS medium provided (100 µL) and immediately plated on 

selective media (CSM-ura). Plates were incubated at 30
o
C for two to three days for 

recovery of recombinant colonies.  

2.2.1.7 DNA sequencing analysis 

Double stranded DNA (200 ng) was denatured in a total volume of 10 µl in an 

overnight mixture reaction containing 0.5µl BigDye (BigDye®Terminator v3.1 Cycle 

Sequencing Kit, Applied Biosystems, USA) with the manufacturer‘s buffer, 1 ng of 

purified DNA template and  1 µl of sequencing primer (3.2 pmol). The DNA was 

ethanol precipitated and the samples were submitted to the Micromon DNA 

Sequencing Facility (Monash University, Melbourne, Australia) for sequencing. DNA 

sequencing was undertaken using Applied Biosystems 3730s Genetic Analyser which 

utilized the Applied Biosystems PRISM BigDye Terminator Mix.  
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2.2.1.8 Isolation of yeast RNA 

2.2.1.8.1 RNA extraction from C. albicans 

All buffers and solutions used in RNA preparation were treated with 0.1% (v/v) 

diethylpyrocarbonate (DEPC) (Schmitt et al. 1990). All glassware and plastic ware 

was also washed in DEPC-treated water immediately before use. Total RNA was 

isolated from early-log, mid-log and late-log phase C. albicans (100 OD units where 1 

OD unit is equivalent to 1 ml cell suspension of OD600 = 1.0). Cells were harvested by 

centrifugation (2,000 x g, 5 min), and the cell pellet was stored at -80
o
C until ready for 

use. To the cell pellet, 50 µl of 10% (w/v) sodium dodecyl sulphate (SDS), 500 µl of 

SAB buffer (50 mM sodium acetate, 10 mM EDTA, pH 5.0) and 500 µl of phenol 

were added and the solution was vortex-mixed. The solution was heated to 65 ºC for 

10 min and chilled rapidly in an ethanol-dry ice bath for 30 sec. The cells were then 

centrifuged (10,000 x g, 5 min) and the RNA in the upper aqueous phase was 

extracted with 400 µl of phenol-chloroform. A portion of the upper aqueous phase 

(350 µl) was retained after centrifugation (10,000 x g, 5 min), and the RNA present 

was precipitated with 35 µl of 3 M sodium acetate (pH 5.3) and 960 µl of absolute 

ethanol at -20 ºC for at least 30 min. RNA was pelleted by centrifugation (10,000 x g, 

20 min), washed with 70% ethanol and resuspended in an appropriate volume of 

DEPC water (normally 20 µl). 

2.2.1.8.2 RNA extraction from rat FFPE tissues  

Six 10 m sections were placed in a 2 ml microfuge tube. Xylene (1 ml) was added to 

the tube for deparaffinization and the tube was vortexed briefly and incubated at 50
o
C 

for 3 min. This was followed by centrifugation at 16,000 x g for 5 min at room 

temperature. The xylene was discarded and the pellet was then washed twice with 

100% ethanol and air dried. Following deparaffinization, samples were incubated in 1 

ml of SK buffer (1 M sorbitol, 50 mM KH2PO4 [pH8.0]) containing 0.5 mg of 

Zymolyase (Seikagaku Corp., Tokyo, Japan) and 0.1% (v/v) 2–mercaptoethanol at 

37
o
C for 1 hour to digest C. albicans cell walls. Sample material was then pelleted at 

16 000 x g for 5 min at room temperature and as much supernatant as possible was 

carefully discarded. RNA was then extracted from the pellet using an Invitrogen 

PureLink 
TM

 FFPE RNA isolation kit, following the manufacturer‘s instructions. The 

extracted RNA (10 µg) was treated with DNase I (Ambion, Texas, USA) to eliminate 
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residual traces of DNA in the RNA samples. The reaction mix of 10 µl contained the 

extracted RNA pellet (10 µg), the manufacturer‘s buffer and 1.25 µl of DNase I made 

up to the volume of 10 µl with DEPC-water. The reaction mix was incubated at 37
o
C 

for 30-60 min and the reaction was stopped by adding the provided DNase 

Inactivation reagent (1 µl). The reaction mix was left at room temperature for 2 

minutes and centrifuged at 10,000 x g for 1.5 min. The supernatant containing RNA 

was then placed in a sterile microcentrifuge tube and stored at -80
 o
C .  

2.2.1.8.3 RNA extraction from human FFPE samples 

Extraction of RNA from human FFPE samples was carried out using the method 

developed for the RNA extraction from rat FFPE samples as described in section 

2.2.1.8.2. 

2.2.1.8.4 Estimation of RNA concentration 

A portion (1µl) of the RNA sample was diluted with MilliQ water (1: 1 000 [v/v]) in a 

quartz cuvette. The optical density of the solution at 260 nm was measured using a 

Shimadzu UV-Visible Recording Spectrophotometer UV 240 (Shimadzu Co, Tokyo, 

Japan). A solution of OD260 = 1 contains approximately 40 mg/ml RNA. The 

absorbance of the solution at 280 nm was also measured and the ratio of OD260/OD280 

was calculated to determine the purity of the RNA sample. RNA samples of high 

purity should have an OD260/OD280 ratio of 1.9-2.0.  

2.2.1.9 Northern blot analysis 

2.2.1.9.1 Labelling of probe DNA with [α-³²P]dCTP 

Experiments with radionucleotides were performed in a separate laboratory dedicated 

to work with radioactivity, under licence from the New Zealand National Radiation 

Laboratory. All appropriate precautions were applied according to the New Zealand 

National Radiation Laboratory Codes of Practice 

(http://www.nrl.moh.govt.nz/regulatory/default.asp). Oligonucleotides were designed 

for the PCR amplification of the genomic C. albicans DNA of interest and the PCR 

products were used as DNA probes. The DNA probes (20-30 ng) were dissolved in 5–

20 µl distilled water in a microcentrifuge tube and denatured by placing the 

microcentrifuge tube in a boiling water bath for 5 min followed by immediate cooling 

on ice for 5 min. The DNA probes were labelled using the RadPrime DNA Labelling 
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System (Invitrogen) and the following additions were carried out on ice: 1 µl dATP, 1 

µl dGTP, 1 µl dTTP, 2 µl [α-³²P]dCTP (50 µCi) and water to a total volume of 49 µl. 

Klenow fragment (1 µl) was added and the labeling reaction was incubated at 37 ºC 

for 15 min. The reaction was stopped by the addition of 5 µl of stop buffer and 40 µl 

of freshly prepared 1 M NaOH. The reaction mixture was put through a ProbeQuant 

G-50 Micro column (Pharmacia Biotech) to remove unincorporated nucleotides as 

described in the manufacturer‘s protocol.  

2.2.1.9.2 Preparation of Northern blots  

Distilled water used in RNA experiments was treated with 0.1% (v/v) 

diethylpyrocarbonate (DEPC). The gel apparatus was washed with 1% (v/v) hydrogen 

peroxide in DEPC water and rinsed with DEPC water. Agarose (1.2 g) was melted in 

DEPC-water, 10 ml of 10 x MOPS electrophoresis buffer (10 x concentration: 0.2 M 

3-N-morpholino propanesulphonic acid MOPS, 50 mM sodium acetate, 10 mM 

EDTA, 01.% v/v DEPC, pH 7.0) and 3 ml of 37% (v/v) formaldehyde were added 

and the volume was made up to 100 ml with DEPC-water. All gels were poured and 

used in a fume hood. RNA samples (20 - 30 µg) were mixed with 20 µl of sample 

buffer (10 x MOPS electrophoresis buffer: formaldehyde: formamide: DEPC treated 

water 1:2:5:2 v/v), 4 µl of loading buffer (1 mM EDTA, 0.25% w/v bromophenol 

blue, 50% v/v glycerol, 0.1% v/v DEPC) and 1 µl of ethidium bromide solution, 

and incubated at 55ºC for 15 min followed by quenching on ice. Samples were 

electrophoresed at 70 V for 2.5 h until the bromophenol blue dye reached the end of 

the gel. Gels were photographed and vacuum blotted (TransVac
TM

, Hoefer Scientific 

Instruments, San Francisco, Ca., USA) on to Hybond-™XL nylon membrane 

(Amersham) for 1 - 2 h using 10 x SSC (1.5 M NaCl and 0.15 M sodium citrate 2H2O) 

as the transfer solution. Blots were treated with UV light (340 nm) for 10 min to fix 

the RNA onto the membrane and rinsed with 10 X SSC in preparation for 

hybridization (Kroczek and Siebert 1990).  

2.2.1.9.3 Northern blot hybridization 

All hybridizations were performed in glass cylinders (~100 mL) with liquid-tight 

screw top lids in a rotary hybridization incubator (Hybaid). Rinsed blots were placed 

on a nylon support (~ 20 cm x 20 cm) which was rolled and placed in the glass tubes. 

Blots were prehybridized, with rotation, for 1 h at 65ºC in 10 ml Church and Gilbert 
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solution (1 mM EDTA, 7% (w/v) SDS, 0.5 M NaHPO4 (pH 7.2), 0.1% (v/v) DEPC) 

supplemented with 8% (w/v) dextran sulphate. The [α-³²P]dCTP labelled DNA probe 

was added to the prehybridization solution (taking care not to add to the solution 

directly onto the blot) and the blot was hybridized with rotation, at 65ºC for 16 h. For 

post-hybridisation stringency washes, blots were washed twice with post-hybridization 

solution I (2 x SSC, 0.1% [w / v] SDS) at room temperature for 15 min, and then 

washed twice with solution II (0.1 x SSC, 0.5% [w / v] SDS) at 60 ºC for 15 min (high 

stringency wash conditions). Blots were either dried at room temperature or kept wet 

under plastic film for autoradiography.  

2.2.1.9.4 Autoradiography 

Autoradiography was carried out at -80 ºC for 1–7 days using BioMax Film (Kodak), 

held between glass plates and light-proof plastic or in a Kodak cassette, with or 

without intensifying screens. 

2.2.1.10 Reverse-transcription (RT) 

RT reactions were performed using Superscript III enzyme (Invitrogen) and the cDNA 

template was created by using one of two methods. The first method involved using a 

specific reverse primer, and the RT reaction mix contained 1 l of 10 mM dNTP, 1 l 

of specific reverse primer (3.2 pmol) and 2 l of RNA template (5 g) in a total 

volume of 20 l. The second method involved using oligo dT and random primers and 

the RT reaction mix contained 1 l of 10 mM dNTP, 1 l of 50 mM oligo dT 

(Invitrogen), 1 l of 50-250 ng random hexamers (Applied Biosystems, CA, USA) 

and RNA template in a total of volume of 20 l. In both methods, the reaction mix 

was incubated at 65
o
C for 5 min and kept at 65

o
C for the addition of the 

manufacturer‘s buffer, 1 l of 0.1 M DTT, 1 l RNase OUT™ Recombinant RNase 

Inhibitor and 1 l of SuperScript III RT (200 units/ul). The RT reaction mix was 

incubated at 55
o
C for 50 minutes and inactivated by heating at 70

o
C for 15 minutes. 

RT negative controls were prepared in the same way but without the Superscript III 

enzyme.  

2.2.1.11 Real-time polymerase chain reaction (qRT-PCR) 

Quantitative real-time PCR (qPCR) was performed using the 7500 Fast Real-Time 

PCR system (Applied Biosystems, California, USA).  The qPCR reactions were 
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undertaken in 20 l volumes each containing 10 l of 2X Fast SYBR
 

Green Master 

Mix (Applied Biosystems), 2 l of each of the forward and reverse primers (3.2 pmol) 

the cDNA template and DNAase-/RNAse-free water as required to make up to 

volume. Thermal cycling was performed with an initial enzyme activation step at 95
o
C 

for 20 s, followed by 40 cycles of denaturation at 95
o
C for 3 s, annealing at 60

0
C for 

15 s and extension at 60
o
C for 15 s. 

2.2.2 Molecular biology techniques (protein and enzyme analysis) 

2.2.2.1 Determination of protein concentration 

Total protein in samples was determined using commercially available reagents (Bio-

Rad Protein assay kit) in a microtitre format and an adaption of the method of 

Bradford (Bradford 1976, Compton and Jones 1985). Bradford reagent was diluted 1:5 

in distilled water. Five dilutions of a protein standard (bovine gamma globulin, Bio-

Rad) were prepared (1 - 10 µg protein / 20 µl). Duplicate protein samples or diluted 

protein standards (20 µl) were mixed with 200 µl diluted Bradford reagent in 

microtitre wells. Samples were diluted with distilled water when required. After a 10 

min incubation at room temperature, absorbance in each well was measured at OD620 

nm using a microtitre plate reader (EL 340, Bio-tek, Vermont, USA). A negative 

control contained distilled water (20 µl) and Bradford reagent (200 µl). 

2.2.2.2 Preparation of protein samples for electrophoresis 

Protein samples (~15 µg if the gel was to be stained with Coomassie Blue or ~ 5 µg if 

the gel was to be stained with silver nitrate) were mixed with equal volumes 

(approximately 10 µl) of sample buffer (10 ml contained 2.5 ml stacking gel buffer 

[0.5 M Tris/HCL (pH6.8) and 0.4% (w/v) SDS], 0.2 ml 2-mercaptoethanol, 1 ml 20% 

[w /v] SDS and 6.3 ml H20) and loading dye was added to 10% (v/v) (10 ml contained 

0.05 g bromophenol blue, 3 ml H20, 0.01 ml 1 M NaOH, and 7.0 ml glycerol). The 

samples were then incubated at 80ºC for 10 min and cooled to room temperature prior 

to loading onto the polyacrylamide gel. 

2.2.2.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) 

The gel apparatus used in this study was a Bio-Rad Mini-Protean3


. A uniform 

concentration of acrylamide in the separating gel (8% to 15%T [total concentration of 
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acrylamide plus bisacrylamide]) was achieved by using a variable amount of 

acrylamide stock (40% acrylamide/bis solution, BioRad) with a constant amount of 

lower gel buffer (100 ml contained 18.2 g Tris, 0.4 g SDS, pH 8.8) and a 

compensating amount of water to give a total volume of 6 ml. The polymerization of 

the acrylamide was catalysed by adding 4 µl N,N,N‘,N‘-Tetramethylethylenediamine 

(TEMED) and 30 µl 10% (w/v) ammonium persulphate (APS). The gel mix was 

poured into the gel mould and overlayed with 0.1% (w/v) SDS until the gel was set 

and then the SDS solution was removed. A stacking gel mix (0.25 ml 40% acrylamide 

stock, 0.5 ml stacking gel buffer [100 ml contained 6.1 g Tris, 0.4 g SDS, pH 6.8], 

1.25 ml water, 1 µl TEMED, and 15 µl 10% [w/v] APS 15 µl) was poured on to the 

separating gel and a comb (containing 10 slots) put in place. When the stacking gel 

had set the comb was removed and the wells rinsed with running buffer) (1L contained 

14 g glycine, 3 g Tris and 1 g SDS). The gels were mounted on the gel apparatus, and 

running buffer added. The protein samples and prestained protein markers 

SeeBlue®Plus2, (Invitrogen) or PageRuler™ (Fermentas, Ontario, Canada) were 

loaded into individual wells. The gels were electrophoresed at 100 V (Bio-Rad power 

pack 300) for 1-2 h at room temperature (Laemmli 1970). 

2.2.2.4 Coomassie brilliant blue R-250 staining 

The gel was soaked in Coomassie staining solution (0.04% (w/v) Coomasie brilliant 

blue R-250, 40% (v/v) methanol and 10% (v/v) glacial acetic acid) at room 

temperature for ≥ 1 h with shaking (100 rpm). The staining solution was decanted and 

the gel was destained in a solution containing 20% (v/v) methanol in 10% (v/v) glacial 

acetic acid at room temperature. Small pieces of foam rubber were added to absorb the 

released dye. 

2.2.2.5 Silver staining 

Glass containers were used for this procedure (Morrissey 1981). Electrophoretically 

separated proteins in SDS-polyacrylamide gels were submerged in fixative solution I 

(40% v/v methanol in 10% v/v glacial acetic acid; ~100 mL) for 30 min at 20
o
C, on 

a reciprocal shaker (50-60/min), followed by incubation in fixative solution II (5% 

v/v methanol in 7% v/v glacial acetic acid; ~100 mL) for 30 min at 20
o
C with 

reciprocal shaking as above. The gel was rinsed with several changes of distilled water 

and soaked for 30 min in 1,4 Dithiothreitol (DTT) solution [0.5 ml 100 x DTT and 50 
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ml H20 (100 x DTT = 0.5 g / ml) ] for 30 min with reciprocal shaking as above.  The 

solution was poured off and without rinsing, a silver nitrate solution 0.1% (w/v) was 

added. The gel was incubated with reciprocal shaking as above for 30 min at 20
o
C. 

The solution was decanted and the gel was quickly rinsed with 50 ml of distilled water 

and then twice rapidly with 50 ml of developer (made freshly by dissolving 6 g of 

anhydrous sodium carbonate in 200 ml of distilled water to which 100 l of 37% 

formaldehyde was added). The gel was then soaked in 100 ml of fresh developer until 

the desired staining was attained. The staining reaction was stopped by adding 3 ml of 

2.3 M citric acid directly to the gels in staining solution and agitated for 10 min.  

2.2.2.6 Western blot analysis 

2.2.2.6.1 Electroblotting proteins from polyacrylamide gels to membrane 

supports 

Hybond
TM

ECL
TM

 nitrocellulose membranes were pre-wetted in electroblotting transfer 

buffer (1L contained 3 g Tris, 14.4 g Glycine and 200 ml methanol) for 10 min 

(Towbin et al. 1979, Mozdzanowski and Speicher 1990). A 'sandwich' arrangement 

was assembled which consisted of one layer of pre-cut, prewetted 3M chromatography 

paper (Whatman, Maidstone, UK), the polyacrylamide gel, the pre-cut nitrocellulose 

membrane, and a second layer of 3M chromatography paper which were all placed 

between pre-wetted sponge pads in a gel holder cassette (Bio-Rad mini trans-blot cell 

system). The cassette was placed, together with a plastic 'bioice' container of frozen 

water, in the blotting apparatus tank (BioRad) containing transfer buffer. Direct 

voltage was applied (BioRad PowerPack; 100 V for 1-1.5 h at 4
o
C with stirring).  

2.2.2.6.2 Western blotting and chemiluminescence detection  

Immunodetection was performed in glass containers with a cross-section just 

sufficient to allow the blot to be placed flat without bending, and with some 

movement. Non-specific binding sites on the Hybond
TM

ECL
TM

 nitrocellulose 

membrane were blocked by incubation with blocking solution (~30 ml; 10 % [w/v] 

skimmed milk / 0.3% [v/v] Tween 20 in PBS [Phosphate buffered saline]) at room 

temperature for 1 hour with shaking. Blots were then incubated with ~15-30 ml of 

primary antibody, at an appropriate pre-determined dilution in blocking solution (for 

example, 1:1,000 for Mouse Monoclonal Anti-PolyHistidine antibodies (Sigma) or 

1:20,000 for Rabbit Polyclonal anti-Alcohol Dehydrogenase (Abcam, UK), at room 
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temperature with reciprocal shaking for 2-3 h. The membrane was washed with 

blocking solution three times before incubation with an appropriate dilution (usually 

1:1000) of (~15-30 ml) secondary antibody  conjugated with Horse Radish peroxidase 

(HRP) (for example, Polyclonal Rabbit Anti-Mouse Immunoglobulin, 

DakoCytomation, Denmark, or Polyclonal Swine Anti-Rabbit Immunoglobulins, Med-

bio, Denmark) in blocking solution at room temperature for 1-2 h with reciprocal 

shaking. Blots were washed with blocking solution once and twice with PBS.  

 

For chemiluminescent detection, membranes were incubated with 25 ml 0.1 M Tris 

pH 8.6 solution containing 60 μl of solution A (5.5mg Luminol [5-amino-2,3-dihydro-

1,4-phthalazinedione], and 60 μl  dimethyl sulfoxide (DMSO) [275 mg in 3 ml]), 10 μl 

of solution B (2.8 mg p-coumaric acid and 100 μl DMSO) and 7.7 μl of 30% H2O2 for 

2 min. The detecting reagent was removed and the membrane was covered with clear 

plastic film. Emitted light was detected by exposing the blot to Hyperfilm
TM

ECL
TM

 for 

between 10 s and 3 min (depending on signal) in the dark and then developed and 

processed with standard radiographic reagents (Kodak). 

2.2.2.7 Assays of alcohol dehydrogenase enzyme activity 

2.2.2.7.1 Preparation of crude cell-free extracts 

S. cerevisiae cells were used to inoculate YPD to an initial OD600 of 0.2. Cells were 

incubated at 30
o
C with shaking (200 rpm) and were harvested at an OD600 of 1-2. 

Harvested cells were washed with PBS and centrifuged at 2,000 x g for 4 min. Cells 

equivalent to 1 ml at OD600 = 5 were lysed with 250 µl of YEX lysis buffer (1.85 M 

NaOH, 7.5% 2-mercapthoethanol), incubated for 10 min on ice and precipitated with 

250 µl of 50% (w/w) trichloroacetic acid for 10 min on ice. The suspension was 

centrifuged at 10,000 x g at 4ºC for 15 min and the protein precipitate was dissolved in 

100 µl of sample buffer for analysis by SDS-PAGE. 

2.2.2.7.2 Isolation of plasma membrane and cytoplasmic fractions  

S. cerevisiae cells were used to inoculate 250 ml of YPD liquid medium to an initial 

OD600 of 0.2 and cells were harvested at OD600 = 7. Isolation of S. cerevisiae plasma 

membranes was carried out as described previously (Niimi et al. 2004) with some 

modifications. Harvested cells were resuspended in homogenization buffer (50 mM 

Tris, 20% (v/vol) glycerol, 1 mM phenylmethylsulfonyl fluoride [PMSF], 50 mM 
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NaH2PO4, 300 mM NaCl and 10 mM imidazole), pH 7.5. Glass beads (0.5 mm 

diameter) were added to the cell suspension (about 1.5 g/ 20 OD units). Cells and 

beads were vigorously mixed using a beadbeater (Hamilton Beach, Bead-Beater®, 

Model 1107900, Biospec Products, North Carolina, USA) for 1 min and then cooled 

on ice for 1 min, and the procedure was repeated a further 3 to 5 times until more than 

95% of cells were broken (ascertained with microscope). Cellular material was 

aspirated from the glass beads and transferred to 50 ml OakRidge centrifuge tubes 

(Nalgene, New York, USA). The beads were washed with 0.5 ml homogenization 

buffer. The cellular material and the wash were combined and centrifuged at 2,000 x g 

at 4ºC for 5 min to separate the supernatant from the cell debris. The supernatant 

fraction was recovered for further centrifugation at 30,000 x g at 4ºC for 45 min. The 

supernatant (cytoplasmic) fraction obtained was for purification (section 2.2.2.7.3) and 

enzyme activity (section 2.2.2.7.4). The plasma membrane fraction was enriched by 

selective precipitation of mitochondria at pH 5.1 (Goffeau and Dufour 1988), pelleted 

by centrifugation at 30,000 x g at 4ºC for 45 mins, and the cell pellet was resuspended 

in 1 ml of GTED-20 buffer (10 mM Tris (pH 7.0), 0.5 mM EDTA and 20% (v/vol) 

glycerol) and stored at -80 ºC.  

2.2.2.7.3 Enzyme purification 

His-tagged proteins were purified from S. cerevisiae culture supernatants by nickel 

column chromatography, using Nickel-Nitrilotriacetic acid (Ni-NTA) Agarose 

(Qiagen) according to the manufacturer‘s instructions. Ni-NTA agarose (1 ml) was 

added to 4 ml of the S. cerevisiae culture extract preparation and mixed gently by 

shaking (200 rpm) on a rotary shaker for 60 min. The lysate / Ni-NTA mixture was 

loaded into a 5 mL column (BioRad) with the bottom outlet capped and the cap was 

removed for collection of the flow-through. The column was washed twice with 4 ml 

of wash buffer (50 mM NaH2PO4, 300 mM NaCl and 20 mM imidazole, pH 8.0) and 

the wash fractions were collected. The His-tagged proteins were eluted four times with 

0.5 ml elution buffer (50 mM NaH2PO4, 300 mM NaCl and 250 mM imidazole, pH 

8.0) and all column fractions were collected for analysis by SDS-PAGE. 
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2.2.2.7.4 Alcohol dehydrogenase enzyme assay 

Alcohol dehydrogenase enzyme assays were carried out using either ethanol or 

acetaldehyde as a substrate. Assays with ethanol as the substrate were carried out in 

triplicate in a final volume of 1 ml, containing 100 l 250 mM Tris-HCl (pH 8.5), 20 

l of 100 mM β-Nicotinamide adenine dinucleotide (NAD
+
), enzyme extract 

(approximately 100 µg protein) and 20 l of 0.017 M ethanol as the substrate. The 

reaction was started by adding ethanol and the reduction of NAD
+
 was measured at 

340 nm using the Shimadzu UV-240 spectrophotometer (Shimadzu Co., Tokyo, 

Japan). Assays with acetaldehyde as the substrate were carried out in triplicate in a 

final volume of 1 ml, containing 100 l 250 mM Tris-HCl (pH 8.5), 50 l 100 mM β-

Nicotinamide adenine dinucleotide reduced tetrasodium salt (NADH), enzyme extract 

(approximately 100 µg protein) and 10 l 0.02 M acetaldehyde as the substrate. The 

reaction was started by adding acetaldehyde and the oxidation of NADH at 340 nm 

was measured using the Shimadzu UV-240 spectrophotometer. One unit of enzyme 

activity was defined as the amount required to form 1mol of NAD
+ 

(NADH) per min, 

respectively. Specific Adh activity was expressed as units (U) per mg of protein. 

2.2.2.8 Histology 

2.2.2.8.1 Rat FFPE samples 

Rat tongues were obtained from an animal model study of oral colonisation by C. 

albicans (Cannon et al. unpublished), approved by the Otago University Animal 

Ethics Committee (protocol 87/06). Male Sprague-Dawley rats (6 weeks old) were 

inoculated with C. albicans strain ATCC 10231 (3 x 10
7
 cells) on three occasions 48 

hours apart (Figure 2-1). Prior to inoculation, rats were treated with 

immunosuppressant (Dexamethasone) and antibiotic (Doxycyline). At the completion 

of the project (5 weeks post inoculation) rat tongues were severed and placed in 10% 

neutral buffered formalin for one week.  
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Figure 2-1. Inoculation regime for a rat model of commensal (non-symptomatic) infection 

with C. albicans (Cannon et al., unpublished). Male Sprague-Drawley rats (6 weeks old) were 

inoculate at with C. albicans strain ATCC 10231 (3 x 10
7
 cells) on three occasions 48 hours 

apart. Prior to inoculation, rats were treated with immunosuppressant (Dexamethasone) and 

antibiotic (Doxycyline). At the completion of the project (5 weeks post inoculation), rat 

tongues were severed and placed in 10% Neutral buffered formalin for one week.  

 

 

2.2.2.8.2 Human FFPE samples 

All human samples were obtained from the University of Otago Oral Pathology 

Diagnostic Service (Medlab Dental) archives and had been stored in darkness at room 

temperature. Use of the samples was approved by the Otago Regional Ethics 

Committee (reference OTA 02/11/115). The archival cases had been diagnosed as 

Chronic Hyperplastic Candidosis (CHC), epithelial hyperplasia without dysplasia, and 

epithelial dysplasia, and had a minimum of 3 years follow-up (see Chapter 6, page 

156). 

 

The human tissue samples were historical biopsies that had been fixed in formalin and 

embedded in paraffin as FFPE samples as described below. The fixation method and 

embedding was also applied to the rat tongue samples. 

2.2.2.8.3 Processing of FFPE tissues 

After fixation in 10% Neutral buffered formalin, the specimens were placed in a 

processing cassette with the specimen number clearly written on the side. The 

cassettes were placed in a basket in a tissue processing unit (Shandon Citadel 2000, 

Life Sciences International [Europe] Ltd., Cheshire, England). A 12-8 h cycle was 

used with the specimens spending 2 h in each of the following solutions: 
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Solution 1 10% formalin  Solution 2 95% ethanol 

Solution 3 absolute ethanol Solution 4 absolute ethanol 

Solution 5 absolute ethanol Solution 6 absolute ethanol 

Solution 7 absolute ethanol Solution 8 xylol / ethanol 

Solution 9 xylol / ethanol  Solution 10 xylol / ethanol 

Solution 11 histological wax Solution 12 histological wax (Vacuum 60
o
C) 

 

After processing, the specimens were embedded with care to ensure correct orientation 

in Tissue-Tek
®

III wax, (Sakura, Japan) in a tissue embedding centre (Leica 

Histoembedder). When cold, the blocks were cut with a rotary microtome (Microm, 

340E) with feather disposable blades. The microtome was used to cut sections either 

20 or 3 m thick. Sections 20 m thick were used for RNA extraction and sections 3 

m thick were used for histology and immunocytochemistry. When an adequate 

ribbon of sections was achieved it was floated onto a hot water bath, the sections 

separated and picked up onto labelled slides. After drying, the slides were used for 

staining with PAS (periodic acid Schiff) and immunocytochemistry staining. 

2.2.2.8.4 Periodic acid Schiff (PAS) stain 

Slides were dewaxed, dehydrated in absolute alcohol (5 times each for 2 min) and 

immersed in 1% periodic acid for 5 min before washing with running tap water for 10 

min. Slides were stained with Schiff‘s reagent for 10-15 min and washed again with 

running tap water for 10 min. Gills Haematoxylin was applied (2 min) in order to stain 

the nuclei. Slides were washed with water for 2 min before blued in Scott‘s tap water 

for ten dips. Slides were then dehydrated through five changes of alcohol, cleared for 

2 min and mounted in Distrene Dibutyl Phthalate Xylene (DPX) and coverslipped.  

2.2.2.8.5 Immunocytochemistry  

Sections (3 m) obtained from FFPE tissue blocks were placed on Histobond adhesive 

slides and dried for 1 h at 60
o
C. The slides were dewaxed, dehydrated in absolute 

alcohol five times for 2 min, washed in running water for 2 min and placed in distilled 

water for 2 min. The slides were placed in a Coplin jar, covered with vented glad 

wrap, and the sections were initially equilibrated in citrate buffer (10 mM; pH 6.0). 

Two 5-min microwave cycles (approximately 650 W) were then applied to heat the 

slides for antigen retrieval in conjuction with citrate buffer, with an interval between 
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cycles to check on the fluid level in the jars. Following microwave treatment, the 

immersed slides were allowed to cool to room temperature. To block non-specific 

peroxidase binding sites on the sections, the samples were covered with 3% hydrogen 

peroxide in phosphate buffered saline (PBS; pH 7.2) for 10 min. PBS was used 

throughout the immunostaining procedure as the diluent buffer and for washing 

between reaction steps. The sections were then washed in PBS (5 min) and overlaid 

with 5% fetal calf serum for 15 min to block non-specific protein binding sites. Excess 

serum was removed and anti-C. albicans primary antibody (prepared in rabbits to 

heat-killed whole yeast cells of C. albicans ATCC10261; dilution 1:500; Holmes et 

al., unpublished data) was applied to the wet sections for 30 min at room temperature. 

Following this, the sections were washed in PBS (5 min) and overlaid with drops of 

labelled Streptavidin-Biotin2-horseradish peroxidase (LSABII-hp) immunoglobulin 

link antibody (Dako, Denmark) for 20 min. Sections were again washed in PBS (5 

min) and then overlaid with drops of labelled Streptavidin-Biotin2 immunoglobulin 

peroxidase anti peroxidase Avidin Biotin block (PAP AB) for 20 minutes and washed 

in PBS (5 min). The slides were then covered with 3,3-diaminobenzidine reagent for 5 

min and washed in tap water for 2 min and counterstained with Gill‘s haematoxylin 

for 30 seconds and blued in Scotts tap water. After washing in tap water, sections were 

dehydrated in alcohol, cleared in xylene and mounted with DPX for microscopy. 

2.2.3 Microscopy and image analysis 

All sections were evaluated using a light microscope (Leica DM Digital Microscope, 

CTR5000, Leica Microsystems, USA) under various magnifications up to 400x, 

followed by image capture.  Digital images of exposed x-ray films (Kodak) from 

Northern blots and exposed ECL films (ECL Hyperfilm; GE Healthcare) from 

Western blots were obtaining using a flat-bed scanner (Epson Perfection 

2480/2580). Images of PAGE and agarose gels were captured using a Canon 

PowerShot G10 digital camera. All images were processed using Adobe Photoshop. 

2.2.4 Molecular biology (Bioinformatic analysis) 

All sequence data for C. albicans and S. cerevisiae were obtained from the Candida 

Genome Database (CGD) and S. cerevisiae Genome Database (SGD) respectively. 

The CGD (http://www.candidagenome.org/), is based on the SGD 

(http://www.yeastgenome.org/) and both CGD and SGD are online databases for gene 
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and protein information. Analyzing of nucleic acid and protein sequences was carried 

out using GeneJockey program (Cambridge, UK) as well as other on-line softwares 

such as the ClustalW2 web-based alignment tool at EMBL-EBI 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html) and ApE-A Plasmid Editor 

(http://www.biology.utah.edu/jorgensen/wayned/ape/). 

 

DNA and amio acid homology between C. albicans and S.cerevisiae ADH genes was 

measured using the Australian National Genomic Information Service (ANGIS), 

which provides bioinformatics software, databases, documentation, training and 

support, on a subscription basis. The National Center for Biotechnology Information 

(NCBI) was also utilized to gather information on genomic information and relevant 

references. 

 

  

http://umpda.um.edu.my/groupmail/services/go.php?url=http%3A%2F%2Fwww.biology.utah.edu%2Fjorgensen%2Fwayned%2Fape%2F
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Chapter 3                                                                                 

The effect of environmental factors on the in vitro expression 

of Candida albicans ADH genes involved in acetaldehyde 

metabolism 

3.1 Introduction 

Acetaldehyde production in eukaryotic cells is due to the expression of pyruvate 

decarboxylase genes in the pyruvate metabolic pathway and alcohol dehydrogenase 

(ADH) genes in the acetaldehyde metabolic pathway (Figure 1-4 in Chapter 1). This 

study focuses on acetaldehyde metabolism and in particular the ADH genes. Although 

the pathways and enzymes involved in acetaldehyde metabolism are well documented 

for the model yeast S. cerevisiae (Flores et al. 2000, de Smidt et al. 2008) very little is 

known about the functions of C. albicans ADH genes.  

 

Five genes (ADH1-5) are annotated in the Candida genome database (CGD – 

http://www.candidagenome.org/) as having putative alcohol dehydrogenase activities. 

Out of the five ADH genes, only three (ADH1, ADH2 and ADH5) are verified as ORFs 

in the CGD (ADH3 and ADH4 are indicated to be "uncharacterised" ORFs). Their 

function as alcohol dehydrogenases is only inferred by homology to the seven 

characterised S. cerevisiae ADH genes. The importance of any one particular C. 

albicans ADH gene for acetaldehyde production has not been demonstrated. Although 

many of the S. cerevisiae ADH genes can catalyse both the forward and reverse 

reactions in the inter-conversion of ethanol and acetaldehyde, ScADH2 has been 

demonstrated to be the major effector of acetaldehyde production (Bennetzen and Hall 

1982, Russel et al. 1983, Young and Pilgrim 1985, Drewke and Ciriacy 1988, Smith 

2004). However, the gene annotated as ADH2 in C. albicans is in fact most similar to 

ScADH1, which in S. cerevisiae is responsible for the production of ethanol from 

acetaldehyde. This possible inconsistency in annotation reflects the fact that C. 

albicans ADH1 was the first CaADH gene to be identified and sequenced (Shen et al. 

1991), several years prior to large scale genomic sequence analysis. Therefore the 

gene names may not accurately reflect their relationship to S. cerevisiae genes.  



 71 

 

Determining which of the C. albicans ADH genes is responsible for acetaldehyde 

production, in combination with an analysis of the expression of these genes in C. 

albicans cells associated with oral lesions, will help elucidate whether acetaldehyde 

produced by C. albicans could have a role in oral cancer. A first step in determining 

the functions of C. albicans ADH genes is to measure the levels of gene expression 

under various growth conditions.  

 

Three of the C. albicans ADH genes; CaADH1, CaADH2 and CaADH3 were selected 

for study. ADH1 and ADH2 were selected as the apparent orthologues of the major 

functional ADH genes in S. cerevisiae. CaADH3 was selected as it is another gene for 

which expression has been reported in C. albicans, albeit only in opaque cells (Lan et 

al. 2002). C. albicans cells can switch between two morphological forms, called white 

and opaque cells, which display different cell and colony morphologies and different 

metabolic states (Lohse and Johnson 2009). There are no reports of CaADH4 and 

CaADH5 expression, and as they have most similarity to the S. cerevisiae ADH1 and 

ADH5 genes involved in ethanol, rather than acetaldehyde, production, these genes 

were not included in the study.   

 

My hypothesis is that production of acetaldehyde by C. albicans, and by inference 

expression of the ADH genes responsible for its production, varies depending on 

conditions in the host. In an attempt to mimic changes in nutritional conditions that 

may apply in vivo, determination of the expression of the three CaADH genes was 

carried out by analysis of mRNA present in cells at different growth phases in 

different culture media under laboratory conditions. To replicate both minimal and 

replete nutritional conditions, three types of growth media were used: complex and 

undefined, (yeast extract peptone dextrose) (YPD); defined (yeast nitrogen base) 

(YNB); and minimal (glucose salts biotin) (GSB). Cells were harvested at different 

growth phases for each of the media, (early exponential, mid-exponential and 

stationary growth phase), for determination of C. albicans ADH gene expression.  

 

Initially, the highly sensitive but non-quantitative Northern blot technique was 

employed and this was followed by the more quantitative approach, quantitative 

reverse transcriptase PCR (qRT-PCR). Northern blots hybridized with radiolabelled 
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probes are very sensitive for detecting mRNA, but quantification of relative levels of 

expression of different genes is difficult because each probe may have a different 

specific activity. More accurate measurement of mRNA expression can be obtained by 

qRT-PCR. This method measures the rate of formation of PCR product in "real time". 

This is dependent on the amount of template cDNA in the sample analysed, which is 

generated from mRNA samples by reverse transcription (Bustin et al. 2005, Derveaux 

et al. 2010). These experiments were also important for developing methods that can 

be used to measure ADH mRNA expression in formalin-fixed paraffin-embedded 

(FFPE) samples from patients and this will be discussed further in Chapter 6.  

  

3.2 Growth of C. albicans in different media 

In order to measure ADH gene expression at three phases of growth (early-

exponential, mid-exponential and stationary) in each of three different media, it was 

first necessary to measure the growth rates of C. albicans cells in these media. Growth 

of C. albicans ATCC 10261 in liquid YPD, YNB and GSB cultures (250 ml) was 

determined by measuring the change in OD600 with time (Figure 3-1). The greatest 

maximum growth rate was observed with YPD (0.69 generation/h), followed by YNB 

(0.5 generation/h). The minimal medium GSB gave the lowest maximum growth rate 

(0.43 generation/h). The greatest growth yield was obtained using YPD medium. 

Minimal media gave lower yields as expected from a previously published study 

(Collings et al. 1991). These results were obtained from a representative experiment 

that was repeated twice. The growth curves allowed the selection of growth phase-

specific time points for RNA determinations for each medium, as indicated by the 

arrows on Figure 3-1. Early exponential time-points were 7h, 7h and 18h for YPD, 

YNB and GSB, cultures respectively. Mid-exponential time-points were 7h, 7h 

and18h, while stationary phase time points were 30h, 24h and 30h for YPD, YNB and 

GSB respectively. The expression of ADH genes in C. albicans ATCC 10261 cells 

grown to early-exponential, mid-exponential or stationary phase in the three media 

was determined initially by Northern blot analysis. 
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Figure 3-1. Growth curves for C. albicans strain ATCC 10261 in (A) YPD, (B) YNB and (C) 

GSB media. The results are from a representative experiment that was repeated twice. Arrows 

indicate growth phase-specific time points: early exponential (E); mid exponential (M), and 

stationary (S) at which cells were harvested for RNA extraction. Total RNA was extracted 

with hot phenol as described in section 2.2.1.8.1. 
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3.3 Northern blot analysis of C. albicans ADH1, ADH2 and ADH3 

mRNA expression 

3.3.1 Design of probes specific for each ADH gene 

The sequences used to design the probes and their primers were based on the 

published Assembly 19 sequence of the C. albicans genome. The Assembly 21 

sequence was not available when these experiments were carried out. The ADH gene-

specific probes used to detect mRNAs on Northern blots were PCR products generated 

from a template of C. albicans ATCC 10261 genomic DNA. Primers used to generate 

the PCR products (Table 3-1) were designed such that they were specific for each 

ADH gene and there was minimal similarity between the ADH1, ADH2 or ADH3 

products to ensure that the probes were also gene-specific. The probes were generated 

from the relatively unique N-terminal sequences. A diagram showing the positions of 

the primers within the CaADH1, CaADH2 and CaADH3 ORFs is shown in Figure 3-2. 

A comparison of the primers for ADH1, ADH2 and ADH3 against other C. albicans 

genes were also carried out using the basic local alignment search tool (BLAST; 

www.ncbi.nlm.nih.gov/blast/) and no similarities were found between the primer 

sequences for ADH1, ADH2 and ADH3 and those of other C. albicans genes. As 

shown in Figure 3-3 there is a 25% mis-match between the probe for ADH1 and that 

for ADH2, and a higher mis-match between the probes for ADH1 (54%), ADH2 (49%) 

and that for ADH3.  Although the ADH2 reverse primer is very similar to the ADH1 

DNA probe in the equivalent region, there is a mismatch at the 3‘ end. Therefore 

amplification of ADH1 sequence with the ADH2 primer pair was considered to be 

unlikely at the annealing temperatures used for PCR generation of the probes. 
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Table 3-1. Oligonucleotide primers used in generating DNA probes for use with Northern 

blots.  

 

Primer name Sequence (5‘ – 3‘) 

CaADH1 PCR For
 
 AGTCTCACCACTACCACTGC 

CaADH1 RT primer and PCR reverse GCACAGTGGATCCAGACAATG 

CaADH2 PCR For
 
 TGTTATTTTCGAAACCAACGGT  

CaADH2 RT primer and PCR reverse  AACGTTGATTAACAATTCATTTGC  

CaADH3 PCR For
 
 ATCAATTAGTGCTGTTGGTGAC  

CaADH3 RT primer and PCR reverse  CACAAGCTTGAACAATTTGTAAA  

    

 

 

  

 

 

 

Figure 3-2. Location of the primers used to generate DNA probes for use with Northern 

blots. Map showing the positions of CaADH1, CaADH2 and CaADH3 PCR product 

probes (coloured bars) and their primers used for RT and PCR. Black bars indicate the 

ORFs, which have been aligned by homology of the DNA sequences. 
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Figure 3-3. Sequence alignment showing primers (and PCR products) used to create probes for use in Northern blots. Primer pairs and PCR 

products for ADH2 and ADH3 are shown aligned with the equivalent regions from pair-wise alignments with ADH1 as a basis for the sequence 

comparisons. Sequence alignments were performed using the ClustalW2 web-based alignment tool at EMBL-EBI 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html).  

Mismatch of 

products (%) 

25 

54 

 

49 

 

 
CaADH1 probe AGTCTCACCACTACCACTGCAGCTGCATCTTTTACAGCAACAGCAACAGCAGGTGCCACCACGGCAAAGACATTGTCTGGATCCACTGTGC 

 

 

 

 

 

CaADH2 probe TGTTATTTTCGAAACCAACGGTGGTAAGTTGGAATACAAAGATATCCCAGTCCCAAAACCAAAAGCAAATGAATTGTTAATCAACGTT 

              *   * ** ** ***** *****  * ** *  ***** ***  ***********  *****  ********************** 

CaADH1       AGCCGTCTTTGATACCAATGGTGGTCAATTAGTCTACAAGGATTACCCAGTTCCAACTCCAAAGCCAAATGAATTGTTAATCAACGTC  

 

 

 

 

 

CaADH3 probe ATCAATTAGTG-CTGTTGGTGACCAATTAGCTAATGATCCATATTATAAAAAAGGTGCTAGATTTGCTTTAC---------AAATTGTTCAAGCTTGTG 

             *    * * ** *  ****  ** ** * ** * *  *   *    * *  *******  *  * * * *           ***  **  ***  **                       

CaADH1       AAAGGTGACTGGCCATTGGCTACTAAATTGCCATTAGTTGGTG—-GTCACGAAGGTGCCGGTGTCGTTGTCGGTATGGGTGAAAACGTCAAAGGATGGA 

             *    * * ** *  ****  ** ** * ** * ** *   *    * *  ******** *  *** * *           ***  *** ***  **   

CaADH2       AAAGGTGACTGGCCATTGGCTACTAAATTGCCATTGGTTGGTG--GTCACGAAGGTGCTGGTGTTGTTGTCGCCTTGGGTGAAAACGTTAAAGGCTGGA 

 
 

     

ADH1 forward primer 

ADH2 forward primer 

ADH3 forward primer 

ADH1 reverse primer 

ADH2 reverse primer 

ADH3 reverse primer 
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3.3.2 Northern blot analysis 

RNA samples, extracted from C. albicans cells grown in each of the three media and 

harvested at each of the three representative time-points described in section 3.2 were 

run on triplicate agarose gels and blotted onto nylon membranes using the protocols 

for Northern Blotting as described in section 2.2.1.9. For all blots, equivalent RNA 

loading in each lane was confirmed by comparing the intensity of ethidium bromide-

stained rRNA bands (Figure 3-4D). Each blot was probed with one of the three 
32

P 

radiolabelled gene-specific PCR products described in section 3.3.1 (Figure 3-4). The 

blots that were hybridised with the CaADH1- and CaADH2- specific probes were 

exposed to X-ray film for 2 hours while blots hybridised with the CaADH3-specific 

probe were exposed to film for 14 days. 

 

There appeared to be greater expression of CaADH1 mRNA compared to CaADH2 

mRNA in the extracts from each of the three media. Interestingly, the ADH2 signal 

appeared to be growth phase-specific for the mRNAs from cells grown in YPD; a 

signal was only observed for stationary-phase cells, not with extracts from the early 

and mid-exponential phase cells. CaADH3 expression was not detected in any sample, 

despite exposure of Northern blots to X-ray film for 14 days (Figure 3-4C). 
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Figure 3-4. Northern blot analysis of CaADH gene expression. C. albicans strain 

ATCC 10261 was cultured in GSB, YNB or YPD at 30
0
C. The CaADH1 and 

CaADH2 blots were exposed to X-ray film for 2 hours; the CaADH3 blots were 

exposed to film for 14 days. 

A. Blot hybridised with CaADH1-specific fragment  

B. Blot hybridised with CaADH2-specific fragment 

C. Blot hybridised with CaADH3-specific fragment 

D. Ethidium bromide stained gels used to make replicate blots 
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3.4 Measurement of C. albicans ADH1, ADH2 and ADH3 mRNA 

expression under different in vitro growth conditions by qRT-

PCR 

3.4.1 Development of methods for the detection of CaADH mRNAs by qRT-PCR 

 Northern blot analysis had detected expression of CaADH1 and CaADH2 in C. 

albicans cells grown in vitro (section 3.3.2). The objective of this section of the 

project was to use qRT-PCR to measure the relative amounts of CaADH mRNAs in 

samples obtained from different growth conditions which included using three types of 

media; YPD, YNB and GSB and for each, harvesting cells at three different growth 

phases, early exponential, mid-exponential and stationary. In order to develop the 

qRT-PCR method, it was necessary to first establish in pilot experiments whether 

mRNAs for CaADH1, CaADH2, CaADH3 and control genes could be detected by 

standard, non-quantitative, RT-PCR. Once optimal conditions were determined for 

detection of mRNAs by RT-PCR, these were applied to qRT-PCR for the 

quantification of CaADH mRNA expression under different growth conditions. 

 

There are two chemistries used most commonly for detection of PCR products during 

qRT-PCR; the sequence-specific fluorescently labeled probes (Taqman) and the DNA 

binding fluorophore SYBR
®
 Green I. The use of Taqman probes although providing 

high specificity can be expensive. An alternative method to monitor DNA 

amplification, independent of its sequence, involves the high affinity double-stranded 

DNA (dsDNA) binding dye SYBR Green I (Simpson et al. 2000, Workenhe et al. 

2008). This has negligible fluorescence in the absence of double stranded DNA but 

has a large fluorescence enhancement upon binding to double stranded DNA. The 

major advantage of this technique is that, in theory, it can be used with any primer pair 

provided that no products other than the specific one of interest are amplified. 

 

Initial experiments for the standard, non-quantitative, RT-PCR pilot experiments were 

performed using an RNA sample prepared from C. albicans ATCC 10261 cells grown 

in GSB and harvested during early exponential growth phase, as this sample was 

shown to contain both ADH1 and ADH2 mRNAs by Northern analysis (Figure 3-4). 

As it was not known how much ADH mRNA would be in the RNA sample, initial RT-
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PCRs amplified two other RNAs, 18S rRNA and actin mRNA, as control mRNAs 

which were anticipated to be present in high concentrations. In addition, two methods 

of creating the cDNA templates required for PCR were tested. One, which employed 

gene-specific primers to generate the cDNAs, should be highly sensitive and be able to 

detect low concentrations of mRNA. The other technique used a mixture of random 

primers and an oligo dT primer to amplify a mixed cDNA template containing all 

expressed mRNAs, in order to facilitate determination of the relative expression of 

different RNAs. In the first method, the cDNA templates were generated using reverse 

primers specific for each of the genes to be PCR amplified, and in the second method, 

a common cDNA template was created using an oligo dT primer combined with 

random primers, to generate a template representative of all mRNAs present from 

which any cDNA can be amplified. Beggs et al. (2004) found that greater RT-PCR 

sensitivity was obtained using the specific primer method. However, for qRT-PCR, the 

use of the second method was preferred because the generation of a common template 

reduced any variation in template production for the different mRNAs to be measured 

and thus facilitated direct comparison of the relative amounts of particular mRNAs. 

3.4.2 Detection of CaADH mRNAs by non-quantitative RT-PCR using cDNA 

templates generated with gene-specific reverse primers 

Individual cDNA templates were created for Ca18S rRNA, CaACT1, CaADH1, 

CaADH2 and CaADH3 using specific reverse primers (Table 3-2). Except for the 

CaADH3 primer pair, all other primers used were as designed by Beggs et al. (2004) 

for detecting C. albicans mRNAs from archival histopathology samples.  

 

In order to determine the sensitivity of mRNA detection by this method, the cDNA 

templates obtained from C. albicans ATCC 10261 cells grown in GSB and harvested 

during early exponential phase, were serially diluted prior to use in PCR. RT-PCR 

products for the different target genes were detected over different ranges of template 

dilution (Figure 3-5). RT-PCR products for Ca18S rRNA, were detected in template 

dilutions between 1 x 10
-4

 and 3 x 10
-5

 fold (Figure 3-5A), whereas CaADH1 and 

CaADH2 RT-PCR products were only detected over the dilution range 1 x 10
-2

 to 3 x 

10
-3

 fold (Figures 3-5B and 3-5C). Much higher concentrations of template cDNA 

were required to detect CaADH3 mRNA (Figure 3-5D) (the limit of detection was a 

template dilution of 1 x 10
-2 

fold). Thus, although not quantitative, the RT-PCR results 



 81 

indicated that a very low level of CaADH3 mRNA was present in these cells, because 

a high concentration of template was required to detect the PCR product relative to 

that required for amplification of Ca18s cDNA or even for the amplification of 

CaADH1 or CaADH2 cDNA.  

 

Table 3-2. Oligonucleotide primers for RT-PCR.  

Primer name Sequence (5‘ – 3‘) 

Ca18S rRNART-PCR For 

Ca18S rRNART primer and PCR reverse  

CaACT1RTPCR For
 
 

CaACT1RT primer and PCR reverse 

CaADH1RTPCR For
 
 

CaADH1RT primer and PCR reverse 

CaADH2RTPCR For 

CaADH2RT primer and PCR reverse 

CaADH3RTPCR For 

CaADH3RT primer and PCR reverse 

GGATTTACTGAAGACTAACTACTG 

GAACAACAACCGATCCCTAGT 

ATGGACGGGAAGAAGTTGC 

CCCATACCAACCATGATACC 

CACTCACGATGGTTCATTCG  

AAGATGGTGCGACATTGG 

CACCCACGATGGTTCTTTCC 

AAGATTGGTGCAACATGGG 

ATCAATTAGTGCTGTTGGTGAC 

CACAAGCTTGAACAATTTGTAAAG 

 

Figure 3-5. Use of specific reverse primers for the detection of C. albicans 18S rRNA, 

CaADH1, CaADH2 and CaADH3 mRNAs by RT-PCR. Template RNA was from C. albicans 

ATCC 10261 cells grown in GSB and harvested during early exponential phase. Template 

cDNA was prepared using reverse primers specific for Ca18S rRNA (A), CaADH1 (B), 

CaADH2 (C), or CaADH3 (D) and serial dilutions (indicated above gel pictures) were 

prepared for use in RT-PCR. A sample (5 µl) of each PCR product was run on a 2% agarose 

gel. RT-ve is a negative control consisting of a PCR reaction carried out on template from a 

cDNA synthesis reaction where no reverse transcriptase was added. 
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3.4.3 Detection of CaADH mRNAs by qRT-PCR using cDNA templates generated 

with gene-specific reverse primers 

The serial dilutions of templates that gave positive results with RT-PCR were then 

used for qRT-PCR (Figures 3-6, 3-7, 3-8 and Table 3-3). Although it was not possible 

to directly compare expression levels with this method because each template was 

generated separately, the results suggested that there was greatest expression of Ca18S 

rRNA. Lesser, but similar amounts of the CaADH1 and CaADH2 mRNAs were 

detected. CaADH3 expression was detectable but only with use of high template 

concentrations (≤ 1:10). 

 

The most frequent parameter used when reporting qRT-PCR results is the threshold 

cycle (Ct). Ct is defined as the fractional PCR cycle number at which the reporter 

fluorescence is greater than the threshold. In the initial cycles of PCR, there is little 

change in fluorescence signal, the change observed is non-specific background noise 

and the term used to describe this is the baseline. Threshold can be adjusted for each 

experiment so that it is above the baseline and in the region of exponential 

amplification as in PCR, the increase in the accumulated PCR product is indeed 

exponential. In this experiment, the threshold is shown as the horizontal orange bar in 

Figures 3-6A and 3-7A in the amplification plots. An amplification plot is the plot of 

fluorescence signal (delta Rn) versus cycle number (Figures 3-6A and 3-7A). In 

general, Ct values above 30 are not considered significant as too many cycles are 

needed to obtain detectable product (Schmittgen et al. 2000, Skern et al. 2005, Karlen 

et al. 2007). 

 

In order to determine the relationship between the amount of DNA in the sample and 

cycle number, the Ct values were plotted against the template dilution (on a 

logarithmic scale) for Ca18S rRNA and CaADH1 (Figures 3-6C and 3-7C). The 

correlation coefficient obtained for Ca18S rRNA (r
2
 = 0.999) and CaADH1 (r

2
 = 

0.999) indicated that the amplifications of the DNAs in the PCR reactions were indeed 

exponential reactions. The amount of DNA in the PCR reaction doubles with every 

amplification cycle if the PCR reaction is 100% efficient. If the PCR efficiency is 

100% efficient, then ΔCt = 1 means one sample has twice the amount of template 

compared to the other. Choosing suitable primers is crucial in qRT-PCR experiments 

and the primer efficiencies can be calculated based on the formula:  
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efficiency % = 100 x (10
(-1/slope)

 – 1) 

 

In an efficient qRT-PCR, the primer efficiencies should be in the range of 78% - 

100%. The primer efficiencies for Ca18S rRNA and CaADH1 were calculated from 

the standard curves obtained from Figures 3-6C and 3-7C. The primer efficiencies 

were approximately 95% and 80% for Ca18S rRNA and CaADH1 respectively. This 

difference in efficiencies makes any quantitative comparison of mRNA expression 

only approximate.  

 

Based on results obtained for the detection of CaADH2 and CaADH3 by RT-PCR 

(Figure 3-5), two sets of template dilution were chosen for the detection of CaADH2 

(3 x 10
-2

 and 1 x 10
-3

 fold) and CaADH3 (neat 1 µl and 1 x 10
-1 

fold) by qRT-PCR. 

The Ct values for the detection of CaADH2 and CaADH3 by qRT-PCR were valid as 

all Ct values were under 30 (Table 3-3). All the Ct values obtained for CaADH1, 

CaADH2 and CaADH3 are shown in Figure 3-8.  
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Ca18S rRNA cDNA 

template dilution 

 

Ct 

 

1 x 10
-4 24.1 

3 x 10
-4 

25.7 

1 x 10
-5 

27.3 

3 x 10
-5 

29.2 

1 x 10
-6 

30.9 

 

 

 

Figure 3-6. Detection of C. albicans 18S rRNA by qRT-PCR using cDNA template generated 

with a specific reverse primer. RNA was from C. albicans ATCC 10261 cells grown in GSB 

and harvested during early exponential phase. The results are from a representative experiment 

that was repeated twice. Template cDNA was prepared using a reverse primer specific for 

Ca18S rRNA (Table 3-2) and serial dilutions of cDNA (1/2 log) were prepared for use in 

qRT-PCR using Cybergreen
TM

 for detection of fluorescence.  

A. Amplification plots (cycle number versus delta Rn) for detection of C .albicans 18S rRNA. 

Delta Rn is the magnitude of the signal generated by the given set of PCR conditions as the 

cycle progress and the horizontal orange bar indicates the threshold signal that indicates the 

threshold cycle (Ct) values.  

B. Variation in threshold cycle (Ct) values with template dilution.  

C. Ct values plotted against the serial dilution of cDNA.  

B C 

 

 

A 
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CaADH1  cDNA 

template dilution 
Ct 

1 x 10
-2

 21.7 

3 x 10
-2 

23.6 

1 x 10
-3 

25.5 

3 x 10
-3 

27.3 

1 x 10
-4 

29.5 

 

 

 

Figure 3-7. Detection of C. albicans ADH1 mRNA by qRT-PCR using cDNA template 

generated with a specific reverse primer. RNA was from C. albicans ATCC 10261 cells grown 

in GSB and harvested during early exponential phase. The results are from a representative 

experiment that was repeated twice. Template cDNA was prepared using a reverse primer 

specific for CaADH1 mRNA (Table 3-2) and serial dilutions of cDNA (1/2 log) were prepared 

for use in qRT-PCR using Cybergreen
TM

 for detection of fluorescence.   

A. Amplification plots (cycle number versus delta Rn) for detection of C .albicans ADH1 

mRNA. Delta Rn is the magnitude of the signal generated by the given set of PCR conditions 

as the cycle progress and the horizontal orange bar indicates the threshold cycle (Ct) values.  

B. Variation in threshold signal that indicates the threshold cycle (Ct) values with template 

dilution.  

C. Ct values plotted against the serial dilution of cDNA. 

 

A 

B C 
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Table 3-3. Detection of CaADH2 and CaADH3 mRNA by qRT-PCR using cDNA generated 

with specific reverse primers. 

 

cDNA template* Template dilution Ct 

CaADH2 3 x 10
-2

 

 1 x 10
-3

 

25.2 

 26.7 

CaADH3 
neat1 l 

1 x 10
-1

 

25.3 

26.6 

 

*Template RNA was from C. albicans ATCC 10261 cells grown in GSB and harvested during 

early exponential phase. Template cDNA was prepared using reverse primers specific for 

either CaADH2 or CaADH3, 2 µl of the diluted cDNA template was used in qRT-PCR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 3-8. Summary of C. albicans 18S rRNA, ADH1, ADH2 and ADH3 mRNA analysis by 

qRT-PCR using cDNA templates generated with specific reverse primers. RNA was from C. 

albicans ATCC 10261 cells grown in GSB and harvested during early exponential phase. 

Template cDNAs were prepared using reverse primer specific for either Ca18S rRNA, ADH1, 

ADH2 or ADH3 mRNAs and serial dilutions of the cDNAs were prepared for use in qRT-PCR.  
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3.4.4 Detection of C. albicans 18S rRNA, ADH1, ADH2 and ADH3 mRNAs by 

qRT-PCR using cDNA templates generated with oligo-dT and random 

primers 

An alternative method for the generation of cDNAs was investigated. A common 

cDNA template was synthesized using a combination of oligo dT and random primers. 

This approach reduces the variation that could occur in the measurement of mRNA 

expression using gene-specific primers, arising from different efficiencies of cDNA 

synthesis for the different target mRNAs (Nam et al. 2002, Skrypina et al. 2003, 

Jacquet et al. 2005). A single cDNA template was created from DNA-free RNA 

samples using oligo dT combined with random primers. Serial dilutions of the cDNA 

template were then prepared for use in PCR and in qRT-PCR for detection and 

measurement of Ca18S rRNA, CaACT1, CaADH1, CaADH2 and CaADH3 mRNAs.  

 

In initial experiments, the ranges of template dilutions over which the different 

mRNAs could be detected by RT-PCR were established (Figure 3-9A). The most 

abundant mRNA was Ca18S rRNA (detection limit of 3 x 10
-5

 fold dilution of 

template) and CaADH1 expression was similar to that for CaACT1 (detection limit of 

3 x 10
-3 

fold
 
dilution of template). Detection of both CaADH3 and CaADH2, however, 

required a greater concentration of template (a dilution of no more than 10-100 fold). 
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cDNA template Template dilution Ct 

Ca18S rRNA 
1 x 10

-5
 

3 x 10
-5

 

27.2 

29.2 

CaACT1 
1 x 10

-3
 

3 x 10
-3

 

27.8 

29.5 

CaADH1 
3 x 10

-2
 

1 x 10
-3

 

26 

27.5 

CaADH2 
Neat 1 l 

1 x 10
-1

 

22.7 

28 

CaADH3 
Neat 1 l 

1 x 10
-1

 

28 

31.5 

 

Figure 3-9. Detection of C. albicans 18S rRNA, ACT1 and ADH1, ADH2 and ADH3 mRNAs 

by RT-PCR and qRT-PCR using cDNA template generated with oligo dT and random 

primers. RNA was from C. albicans ATCC 10261 cells grown in GSB and harvested during 

early exponential phase. Template cDNA was prepared using oligo dT and random primers. 

Serial dilutions of cDNA (indicated above gel figures) were prepared for use in PCR (2 l) 

and qRT-PCR (2 l).  

A. Detection of Ca18S rRNA, CaACT1, CaADH1, CaADH2 and CaADH3 mRNAs by RT-

PCR. RT-ve control was carried out using the PCR reaction mix without added RT. 

B. Ct values for amplification of Ca18S rRNA, CaACT1, CaADH1, CaADH2 and CaADH3 

mRNAs by qRT-PCR.  

B 

 

A 
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Having established the template concentration range over which RT-PCRs were 

successful, similar template dilutions were used for measuring Ca18S rRNA, 

CaADH1, CaADH2 and CaADH3 mRNA concentrations by qRT-PCR. Ca18S rRNA, 

CaACT1, CaADH1, CaADH2 and CaADH3 cDNAs could be detected by qRT-PCR 

(Figure 3-9B) but, as with RT-PCR, optimum template dilutions varied for the 

different genes. For example the Ca18S rRNA cDNA template was the most easily 

detected (a 3 x 10
-5

 fold template dilution gave detectable product), while the CaADH3 

template was only detected with a high concentration of template cDNA (not 

detectable at a dilution greater than 10 fold). 

 

3.4.5 Quantification of CaADH mRNAs in yeast cells grown under different 

nutritional conditions by qRT-PCR using cDNA templates prepared with 

oligo dT and random primers 

Having demonstrated that it was possible to detect CaADH mRNAs by qRT-PCR 

using template cDNA generated with an oligo dT/random primer combination, this 

approach was used to compare expression of the CaADH genes involved in 

acetaldehyde metabolism under different yeast growth conditions. As for the Northern 

analyses (Section 3.3.2) the expression of C. albicans ADH genes was determined in 

three types of media; complex and undefined, (YPD), defined (YNB) and minimal 

(GSB). RNA was extracted from cells grown in each of these media at three 

representative time-points (early exponential, mid-exponential and stationary growth 

phase) based on the growth curves conducted (Figure 3-1). cDNA templates were then 

prepared from the extracted RNAs using oligo dT combined with random primers. 

Due to the high cellular abundance of the Ca18S rRNA in comparison to that of the 

mRNAs of the single copy genes CaACT1, CaADH1, CaADH2 and CaADH3, 

detection of mRNAs by qRT-PCR was only carried out for CaACT1, CaADH1, 

CaADH2 and CaADH3 to allow quantification of the CaADH mRNAs relative to the 

housekeeping gene CaACT1 at a single template dilution. Based on the limit of 

detection of CaADH3 (Figure 3-9), the template dilution used for qRT-PCR was 10 

fold. 
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The qRT-PCR results (Table 3-4) are presented as Ct values which have been 

normalized relative to CaACT1 mRNA levels (∆Ct = Ct for ADH PCR - Ct for ACT1 

PCR). A negative ∆Ct value indicates that the CaADH product appeared first (more 

cDNA present) and a positive ∆Ct value indicates that CaACT1 product appeared first. 

Regardless of the growth phases (early exponential, mid-exponential or stationary) or 

type of media (GSB, YPD, or YNB), there was greater expression of CaADH1 than 

expression of CaACT1 or CaADH2 (Table 3-4).  In general, Ct values above 30 are 

not considered significant – too many cycles are needed to get detectable product 

(Schmittgen et al. 2000, Skern et al. 2005, Karlen et al. 2007). By this criterion, there 

was no expression of CaADH3 in any of the media used and CaADH2 expression was 

not detectable in YPD, with CaADH2 expression in YNB being borderline. There was 

more expression of CaADH2 during mid-exponential and stationary growth phase in 

GSB media relative to the early exponential phase. In contrast, expression of CaADH1 

was relatively consistent for all conditions but was greatest relative to the CaACT1 

control when cells were grown in the GSB medium. 

 

Table 3-4. Detection of CaADH mRNAs* by qRT-PCR using a cDNA template generated 

with oligo dT and random primers.  

 

Growth 

Medium 

Growth 

Phase 
ACTI ADH1 ∆Ct ADH2† ∆Ct ADH3† ∆Ct 

GSB E 25.5 21.0 -4.5 28.0 2.5 (32.5) NR 

 M 26.2 20.5 -5.7 26.5 0.3 (31.6) NR 

 S 25.0 21.5 -3.5 26.5 1.5 (31.2) NR 

YNB E 23.5 22.5 -1.0 (30.0) NR† (33.3) NR 

 M 25.0 23.8 -1.2 29.8 4.8 (33.4) NR 

 S 28.0 26.4 -1.6 (30.0) NR (34.1) NR 

YPD E 26.5 25.8 -0.7 (33.5) NR (34.5) NR 

 M 25.0 23.2 -0.7 (33.2) NR (34.0) NR 

 S 26.0 23.5 -2.5 (33.2) NR (33.4) NR 

 

*RNA was extracted from C. albicans ATCC 10261 cells grown in GSB, YNB and YPD. 

Cells were harvested during early exponential (E), mid exponential (M) or stationary phase 

(S). RNA was extracted from the harvested cells using the hot phenol extraction method as 

described in section 2.2.1.8.1 and template cDNA was prepared using oligo dT and random 

primers (section 3.4.4). A single dilution of the cDNA template (1:10) was used in each of the 

PCRs. 

 † NR = Not Relevant. Ct values greater than 30 (contained in parentheses) were considered to 

be insignificant and therefore a calculation of ∆Ct was not relevant. 
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3.5 Discussion 

 

The expression of CaADH mRNAs in C. albicans was determined by both Northern 

blot analysis and by applying RT and qRT techniques. Northern blot analysis is highly 

sensitive and can give an indication of relative mRNA expression, but this can be 

misleading as the specific activity of the probes, and hence signal strengths, can vary.  

It is also cumbersome and often involves high energy radiolabel, such as the 
32

P 

isotope used in the experiments in this study, which has health and safety implications. 

Although non-radioactive alternatives such as enhanced chemiluminescent probes are 

available, they do not have the exquisite sensitivity of 
32

P labeling, and also suffer 

from variability in labeling efficiency. The Northern analysis indicated that CaADH1 

was consistently expressed in cells grown in all three media. In contrast, the 

expression of CaADH2 was found to vary according to the media used.  CaADH2 was 

expressed in minimal (GSB) and defined (YNB) media at all growth phases; but in 

YPD, CaADH2 was only expressed during the stationary phase. No expression for 

CaADH3 was detected even though the blots were exposed for 14 days. 

 

The expression of the CaADH mRNAs was also investigated by the more readily 

quantifiable RT-PCR technique. RT-PCR requires an initial reverse-transcription of 

RNA to create a cDNA template which then used for PCR amplification. This 

amplification process is very powerful and can give rise to false positive results if 

there is non-specific amplification. The likelihood of non-specific amplification can be 

reduced by the use of gene specific reverse transcription primers. The first approach, 

therefore, was to create the cDNAs for CaADH1, CaADH2, CaADH3 and Ca18S 

rRNA using gene-specific primers. Both CaADH1 and CaADH2 mRNAs were 

detected in RNA from cells grown to early exponential phase in GSB. A CaADH3 

mRNA signal however, required a high template concentration indicating either none 

or a very low level of CaADH3 mRNA was present in these cells, a result consistent 

with the Northern Blot data.  

 

 

Although using cDNA templates created by specific primers has advantages of 

sensitivity and accuracy, because primer binding efficiency can vary, these templates 
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cannot be used to measure relative expression of genes by qRT-PCR. Therefore, a 

method of generating the mRNAs of the ADH genes was used in which a universal 

cDNA template was synthesised using oligo dT combined with random primers. Oligo 

dT binds to the poly A tail of mRNAs and requires high quality RNA that is full 

length. However, because my goal is to detect mRNAs in archival FFPE samples 

which are often fragmented, the use of oligo dT was combined with the use of random 

primers. Random primers bind at multiple points along all RNA molecules, hence 

producing multiple cDNA transcripts representative of all RNA in the sample. Using 

this approach, the mRNAs of several genes can be measured relative to a 

housekeeping gene (normalization). RT-PCR using such non-specific primers is 

reported to be less sensitive than RT-PCR using reverse primers specific to the gene of 

interest (Lekanne Deprez et al. 2002, Beggs et al. 2004). Indeed, this was observed for 

the detection of the CaADH mRNAs: the qRT-PCR Ct values observed in this study 

for templates at different dilutions (Table 3-5) indicated that the greatest amounts of 

PCR products were obtained using the templates created using specific primers. 

However, despite the decrease in sensitivity observed using the oligo dT/random 

primer method of generating cDNAs, this method was preferred for quantitation of 

mRNA expression in cells grown under different conditions because of the ability to 

compare expression of ADH genes relative to that of housekeeping genes, 

"normalisation". 

 

 

Table 3-5. Use of specific reverse primers versus oligo dT combined with random primers for 

detection of CaADH mRNAs of C. albicans ATCC10261 grown in GSB (early exponential 

phase). 

 

 Sequence specific primers  Oligo dT with random primers 

 
Template 

dilution Ct 
Template 

dilution Ct 

18S rRNA 1 x 10
-5

 27.3 1 x 10
-5

 27.2 

CaADH1 3 x 10
-2

 23.6 3 x 10
-2

 26.0 

CaADH2 3 x 10
-2

 25.2 1 x 10
-1

 28.0 

CaADH3 Neat 1 µl 25.3 Neat 1 µl 28.0 
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The expression of housekeeping genes has been used to measure relative mRNA 

expression (normalisation) because their expression was generally assumed to be 

similar between all samples in a study, and unaffected by experimental conditions 

(Hendriks-Balk et al. 2007, Guénin et al. 2009). Recently, the use of housekeeping 

genes for the normalisation of qRT-PCR results has come under scrutiny as it has been 

shown that experimental design can affect housekeeping gene expression (Schmittgen 

et al. 2000, Dheda et al. 2004, Radonić et al. 2004). Therefore some studies have 

resorted to using more than one housekeeping gene for normalization purposes. In this 

study, two housekeeping genes, Ca18S rRNA and the single copy CaACT1 were 

initially included when using the gene-specific primer approach. It was observed that 

the sensitivity of detecting expression of the housekeeping gene Ca18S rRNA 

(template dilution 1 x 10
-5

) was much higher than that for CaACT1 (1 x 10
-3

) (Figure 

3-9B). This is because there are multiple (55) copies of the 18S rRNA gene in the C. 

albicans genome, as reported in the CGD, and ribosomal genes are highly expressed. 

Due to the cellular abundance of Ca18S rRNA, it was decided to compare the 

expression of the single copy CaADHs mRNA to that of CaACT1 by qRT-PCR, as it 

meant that a single template dilution could be used for a common template generated 

using an oligo dT/random primer mixture. It has been reported that among several 

housekeeping genes studied, β-actin was the most stably expressed gene (Steinau et al. 

2006). Given that the initial RT-PCR did not show any detectable variation in the 18S 

rRNA and actin PCR products, I believe the choice of CaACT1 as a single 

housekeeping control was appropriate. 

 

When expression of CaADH1 under different growth conditions was analysed using 

qRT-PCR, there was more expression of CaADH1 than that of the housekeeping gene 

CaACT1 at all time points and regardless of which media was used. This is consistent 

with previous observations that C. albicans Adh1p is a major component of the cell 

proteome (Chaffin 2008, Kusch et al. 2008, Martínez-Gomariz et al. 2009) as well as 

being an immunodominant protein (Franklyn et al. 1990, Shen et al. 1991, Ishiguro et 

al. 1992, Swoboda et al. 1993, Pitarch et al. 2004, Thomas et al. 2006). A decline in 

the level of CaADH1expression between mid-exponential phase and stationary phase 

cultures was observed for cells grown in GSB media. This was consistent with the 

Northern analysis results.  
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In contrast, CaADH2 expression in GSB and YNB, as measured by qRT-PCR, was 

less than that of the housekeeping gene CaACT1 at all time points, indicating that 

expression of CaADH2 was less than that of CaADH1. Similar to CaADH1 expression 

in GSB and YPD, expression of CaADH2 was also less in stationary phase cultures 

than in mid-exponential phase cultures. The expression of CaADH2 in YPD as 

measured by qRT-PCR was considered insignificant because the Ct values for 

CaADH2 exceeded 30. However, Northern analysis showed that CaADH2 mRNA was 

present in the stationary phase cells grown in YPD. This may reflect the greater 

sensitivity of Northern analysis. A recent proteomic analysis of C. albicans proteins 

present in extracts from cells grown to either exponential or stationary growth phases 

in YPD medium (Kusch et al. 2008) found that CaAdh1p was present in both extracts 

in similar quantities. In contrast, CaAdh2p was only found in the stationary phase, 

which is in accord with the mRNA expression data. In another study, CaAdh2p has 

also been reported to be present when C. albicans cells were grown in YPD under 

hypoxic condition (Setiadi et al. 2006).  

 

One of the problems faced when carrying out qRT-PCR in this study was in deciding 

the concentration of template to be used for qRT-PCR as there was a significant 

difference in the concentration of the template used for detecting CaADH2 from that 

used for the detection of CaADH1 (Figure 3-9B). Although the data obtained would 

suggest that using a higher concentration template may increase the chances of 

detecting CaADH2, the use of too concentrated a sample, on the other hand, could 

have an effect on the amplification process during PCR and thus hinder quantification 

of the mRNA levels. The concentration of reagents used in PCR are in excess, but the 

concentration of the template should be low enough so that in the initial stages of PCR 

when both template and product is present at low concentrations, there will be no 

competition between the template or  product for binding to the primer. Using a high 

concentration of template will lead to high concentration of the product in the early 

stage of PCR and this will cause the product to compete with the template for the 

primers and thus the amplification of the template may not proceed at a constant, 

exponential rate. 

 

All Ct values obtained for CaADH3 mRNAs by qRT-PCR using the combined oligo 

dT random primer-generated cDNA template were above 30 and therefore were not 
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considered significant. The inability to detect CaADH3 expression by this method was 

consistent with the Northern analysis. The detection of CaADH3 in GSB-grown cells 

using the specific primer-generated cDNA (Table 3-3) may reflect an aberrant result 

because a high concentration of template was used, However, CaADH3 expression has 

been observed in opaque cells (Lan et al. 2002) and therefore my results would 

suggest that CaADH3 expression is highly regulated, and suppressed under most in 

vitro conditions. This possibility will be discussed further in Chapter 4.  

 

In conclusion, my results suggest that of the three CaADH genes only ADH1 and 

ADH2 play significant roles in C. albicans metabolism (they are expressed under a 

variety of in vitro conditions). In order to analyse the individual functions of each 

gene, the CaADH genes were cloned and expressed in a heterologous system (S. 

cerevisiae). This experimental approach allows the use of enzyme kinetic analysis to 

determine which of the CaADH genes is involved in producing acetaldehyde. This will 

be described in Chapters 4 and 5. The techniques described in this Chapter also 

provide the basis for measuring the expression of CaADH mRNAs in archival FFPE 

samples. This will be described in Chapter 6. 
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Chapter 4  

Cloning of CaADH genes and expression of CaAdhp proteins 

4.1 Introduction 

In the previous chapter, mRNA expression of CaADH1 and CaADH2 in C. albicans 

was confirmed by Northern analysis and qRT-PCR. No mRNA expression was 

detectable for CaADH3. Therefore only ADH1 and ADH2 were subjected to extensive 

analysis in the experiments reported in this Chapter. However, some investigation of the 

ADH3 gene was attempted because expression under certain conditions has been 

reported; for example, differential expression (Lan et al. 2002) in white/opaque 

phenotypic switching (Soll 2002).  

 

In order to determine the function of CaAdh1p or CaAdh2p in acetaldehyde formation, 

each of the proteins were individually purified for kinetic analysis using heterologous 

expression in the model yeast Saccharomyces cerevisiae using two different systems, 

one plasmid-based and one based on incorporation into the host yeast genome. We used 

heterologous expression in yeast as this is preferable for expression of eukaryotic 

proteins. However, one issue with the use of yeast is that the ADH genes from the host 

cell will be present, but it was considered that these proteins would be removed during 

purification, and also that it would be possible to negate their effect genetically as null 

mutants are viable (Giaever et al. 2002). This approach is discussed in Chapter 5. Two 

yeast expression systems were tested to ensure optimal protein production for the 

subsequent kinetic analysis. Both systems allow tagging of the expressed protein with 

multiple histidine residues (6 x his) (Hochuli et al. 1988) to facilitate detection of 

protein expression by Western blot using anti-His antibodies, and protein purification by 

Nickel chromatography. 

 

The plasmid-based expression system used was pYES2, a commercially available 

(http://www.invitrogen.com) system in which expression of the cloned gene is 

controlled by the yeast GAL1 promoter for inducible protein expression in yeast 

following addition of galactose, whereas expression is repressed by glucose. The 

plasmid contains the URA3 gene for selection in yeast and the 2µ origin of replication 
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for maintenance of a high plasmid copy number per cell (West et al. 1984, Giniger et al. 

1985). 

 

The pABC3 expression system was developed by colleagues at the University of Otago 

(Lamping et al. 2007). It does not need inherently variable plasmid-based expression to 

achieve high expression levels; the gene encoding the protein of interest is integrated 

from a shuttle plasmid, pABC3, at the S. cerevisiae PDR5 genomic locus downstream 

of a promoter under the control of a mutant transcriptional regulator, Pdr1-3p. The 

result is constitutive and consistent high-level expression of functional heterologous 

proteins (Lamping et al. 2007). The PDR5 gene has been deleted in the host S. 

cerevisiae strain AD which is Ura-. The shuttle plasmid vector pABC3 contains the 8 

bp restriction sites PacI and NotI to facilitate the directional insertion of the gene ORF 

downstream of the S. cerevisiae PDR5 promoter. A transformation cassette comprising 

the PDR5 promoter, cloned ABC gene, PGK1 terminator sequence, URA3 selectable 

marker, and downstream PDR5 sequence can be isolated from recombinant pABC3 

plasmids with the 8 bp restriction enzyme AscI. This cassette is used to transform S. 

cerevisiae AD1-8u
-
 to uracil prototrophy by a double homologous cross-over event at 

the genomic PDR5 locus.    
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4.2 Cloning of CaADH1 genes using plasmid pYES2 

The pYES2 system was tested in the first instance for cloning and expression of C. 

albicans ADH1.   

4.2.1 Generation of insert 

Genomic DNA was isolated from Candida albicans strain SC5314 as the DNA 

sequences of all genes from this strain are known, and used as template to amplify the 

CaADH1 gene. In order to ligate the DNA fragment into the multiple cloning site of the 

plasmid pYES2, a set of oligonucleotide primers were designed which included the 

KpnI cutting site for the forward primer and a XhoI cutting site for the reverse primer 

(Table 4-1). A 6 x his tag was also incorporated in the reverse primer to enable protein 

purification by nickel column chromatography and detection of expression by Western 

blot using an anti-His antibody. The PCR product (Figure 4-1) was gel purified, 

digested with both KpnI and XhoI and gel purified again. The fragment was of the 

predicted size (ADH1 ORF 19.3997 of 1305 bp plus cloning sites and his tag, i.e. 

~1323bp). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1. PCR amplification of CaADH1. Genomic DNA was isolated from C. albicans 

SC5314 as described in section 2.2.1.1 and amplified by PCR using primers incorporating KpnI 

and  XhoI cutting sites.  
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Table 4-1. Oligonucleotide primers for cloning CaADH genes. Restriction enzyme 

cutting sites are indicated in bold typeface. 

 

 

Primer name Sequence (5‘ – 3‘) 

  

Primers for cloning CaADH1 into plasmid pYES2 (containing KpnI and XhoI) 

YES2ADH1forKpn  GACGGTACCAAGATGGAAGCAAGCTTATTCAG 

YES2ADH1revXho GATTTGTCCTCGAGCTCAACTGGTGTCCAATAC 

  

Primers for cloning CaADH1, CaADH2 and CaADH3  into plasmid pABC3 

(containing PacI and NotI) 

ADHIforPac GGTTTAATTAAAAAATGCAAGCAAGCTTATTCAGAATT 

ADH1revNot ATGCGGCCGCTGGTGTCCAATACGTATCTACT 

ADH2forPac GGTTTAATTAAAAAATGTCTGTCCCAACTACTCAAAAAGCTG 

ADH2revNot ATGCGGCCGCCTTTGTCGTTGTCCAAGACATATCTAC 

ADH3forPac GGTTTAATTAAAAAATGGGACATGAAATTGCTGGATCA 

ADH3revNot ATGCGGCCGCCCAGTTCATTAGGTTTAAATACAATTC 

  

Primers for checking correct insertion of CaADH genes in the ScPDR5 locus 

PDR5upstream
 a
 GAGCATAAAACAGAGAGGCGATATAGG  

Pdf5for GAACATGAACGTTCCTCAGCGCG 

pABC3-For
 a
 TTGGCAACTAGGAACTTTCG 

ADH1seq CACTACCACTGCAGCTGCAT 

ADH2seq CCAACGGTGGTAAGTTGGAATAC 

ADH3seq GTGCTGTTGGTGACCAATTAGC 

Internal ADH1Rev GCACAGTGGATCCAGACAATG  

Internal ADH2Rev TAACGTTGATTAACAATTCATTTGC 

Internal ADH3Rev CACAAGCTTGAACAATTTGTAAAG 

PDR5downstream
 a
 TATGAGAAGACGGTTCGCCATTCGGACAG 

PGK1-rev
 a
 TCGGATAAGAAAGCAACACCTGG 

 

Primers to determine open reading frame of CaADH3 (ORF19.11981) 

ADH3upstream GATTGAATCTGACCAACGTTGACG 

ADH3downstream GAGATTACCCTGTTATACTTC 

 

a 
Lamping et al (2007) 
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4.2.2 Construction of plasmid and amplification in E. coli 

Plasmid pYES2 is a 5.9 kb vector designed for the inducible expression of recombinant 

proteins in S. cerevisiae (Figure 4-2). The vector contains the yeast GAL1 promoter for 

inducible protein expression in yeast by galactose and repression by glucose (Giniger et 

al. 1985), a versatile multiple cloning site, the CYC1 transcriptional terminator for 

termination of mRNA, the URA3 gene for selection of transformants in a yeast host 

strain with a Ura3 genotype and ampicillin resistance gene for selection in E. coli. For 

the purpose of this study, the pYES2 plasmid was digested with both KpnI and XhoI 

before ligation with the CaADH1 DNA fragment, prepared as described in section 4.2.1. 

 

 

  

Figure 4-2. Features of plasmid pYES2 (Invitrogen).   
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Transformation of E. coli DH5 was carried out as described in section 2.2.1.6.4. A 

transformation frequency of 200 colonies per µg DNA was obtained. No colonies were 

obtained in vector only and insert only controls. 

 

Selected colonies were plated on fresh LB+Amp plates and the plasmids from these 

colonies were extracted and digested with KpnI to check for the presence of insert. 

Agarose gel electrophoresis (not shown) confirmed that the CaADH1 fragment (1.3 kb) 

was correctly inserted in the pYES2 plasmid (5.9 kb) for three selected clones.  

4.2.3 Transformation of S. cerevisiae 

Plasmids extracted from the three selected E. coli transformants 

(DH5/pYES2/CaADH1-9-his, DH5/pYES2/CaADH1-10-his and 

DH5/pYES2/CaADH1-11-his) were used to transform S. cerevisiae INVSc1 cells by 

the lithium cation method as described in section 2.2.1.6.7. Transformation frequencies 

of ~400 colonies per µg DNA were observed for each. No transformants were present in 

negative control transformation reactions. One yeast colony was selected from each of 

the transformation plates and the strains will be referred to as INVSc1/CaADH1-9-his, 

INVSc1/CaADH1-10-his and INVSc1/CaADH1-11-his. 

4.2.4 Confirmation of protein expression by immunodetection on Western blot  

 

In initial experiments, expression of the recombinant CaADH1 protein in the S. 

cerevisiae strains was induced by addition of galactose for between 2 and 10 h as 

recommended by the manufacterer‘s protocol: the recombinant proteins should be 

detected in cells that have been pre-cultured in glucose 4 hours after galactose 

induction. Protein lysates were obtained as described in section 2.2.2.7.1 and samples 

(30 µg total protein) were separated by SDS-PAGE. There was no detectable protein 

band of the expected size (40 kDa) observed in Coomassie or Silver stained PAGE gels 

or Western blots using an anti-His antibody (results not shown) of the recombinant 

clones, even in those induced for 10 hours. Therefore, the experiment was repeated and 

the recombinant clones were induced for 20 hours. Protein lysates were separated on 

replicate SDS-PAGE gels (Figure 4-3A and B). One of the gels was used for performing 

Western blot using anti-His antibody (Figure 4-3B) and his-tagged proteins of 

appropriate size (40kDa) were confirmed for three of the S. cerevisiae recombinant 
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clones, INVSc1/CaADH1-9-his, INVSc1/CaADH1-10-his and INVSc1/CaADH1-11-

his strains. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3. PAGE and Western blot analysis of protein lysates from the recombinant yeast 

strains expressing CaAdh1p cloned in pYES2. Protein expression was induced by adding 

galactose to the cultures of the S. cerevisiae recombinant clones for 20 hours and the protein 

lysate from the recombinant clones were extracted as described in section 2.2.2.7.1. Lanes 

labelled "-" contained samples from extracts of uninduced cultures; Lanes labelled "+" 

contained samples from extracts of induced (galactose added for 20 h) cultures.  

A. PAGE analysis. The protein samples were separated on 10% polyacrylamide gels and 

stained with Coomassie Blue.  

B. Western blot confirming protein expression of his-tagged proteins in recombinant S. 

cerevisiae clones. Proteins were visualised using the ECL detection method as described in 

section 2.2.2.6 using anti-His-tag antibody diluted 1:1 000.  
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It was apparent from these results that the pYES2 system was not practicable for 

expression studies of the C. albicans Adhp proteins. The time taken for induction of the 

Adh1p protein in the pYES2 system was too long. Therefore in subsequent experiments 

the pABC3 system was used for cloning of the CaADH genes.  

 

4.3 Cloning of CaADH genes using the AD/pABC3-his yeast expression 

system 

CaADH1, CaADH2 and CaADH3 were cloned in the S. cerevisiae expression system 

AD/pABC3-his.  

4.3.1 Construction of pABC3-derived plasmids  

Plasmid pABC3 (Lamping et al. 2007) is a 5.7 kb plasmid derived from pSK-

PDR5PPUS (Nakamura et al. 2001) which was based on pBluescript SK(+) (Stratagene, 

La Jolla, CA).  The features of pABC and its host S. cerevisiae strain AD∆ are 

illustrated in Figure 4-4. The PacI and NotI cloning sites are located between the PDR5 

promoter and the PGK1 terminator and allow for the directional cloning of any ORF at 

the PDR5 chromosomal locus. A derivative of plasmid pABC3, pABC3-his, was used 

for the cloning of each of the C. albicans ADH genes. It has a hexahistidine affinity tag 

(6 x his) that is incorporated in the C-terminus of the cloned protein to facilitate affinity 

purification of heterologously hyperexpressed proteins. The host strain used was AD∆. 

In this strain, derived from the original host strain AD1-8u
-
 (Decottignies et al. 1998) 

the S. cerevisiae URA3 gene has been completely removed (Lamping, unpublished 

data). (Note: In AD1-8u
-
, the S. cerevisiae URA3 gene was only disrupted, not removed, 

and the remaining sequence could allow unwanted incorporation of the cloning cassette 

into the URA3 locus instead of the PDR5 locus). 
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Figure 4-4. Features of the AD/pABC3 yeast expression system. 

A) plasmid map for pABC3  

B) diagrammatic representation of the incorporation of the cloned gene at the PDR5 locus in 

the host strain S. cerevisiae AD∆ (Lamping et al. 2007). 

 

B 

A 
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4.3.2 Construction of PCR amplified ADH ORF insert fragments for cloning 

Genomic DNA was isolated from C. albicans strain SC5314 and used as template for 

amplification of the C. albicans ADH1, ADH2 and ADH3 ORFs using oligonucleotide 

primers which included PacI sites in the forward primers and NotI sites in the reverse 

primers. The sets of oligonucleotide primers for each gene are shown in Table 4-1. PCR 

amplifications were undertaken using KOD Hot Start DNA Polymerase (Toyobo, 

Japan) as described in section 2.2.1.3. C. albicans ADH1 (1.3 kb), ADH2 (1.0 kb) and 

ADH3 (0.8 kb) PCR products of the predicted sizes were obtained as shown in Figure 4-

5. The PCR products were gel purified, digested with PacI and NotI and gel purified 

again.  

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.3 Ligation of PCR amplified ADH ORF inserts into pABC3 

The PacI and NotI digested DNA fragments of CaADH1, CaADH2 and CaADH3 were 

each ligated with preparations of plasmid pABC3-his which had also been digested with 

PacI and NotI. Recombinant plasmids of ~7.0, 6.8 and 6.6 kb in size, respectively, were 

generated.   

4.3.4 Transformation of E. coli 

Transformations of E. coli DH5 with the recombinant plasmids were carried out as 

described in section 2.2.1.6.4. The transformation frequencies for each of the constructs 

are given in Table 4-2.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4-5. PCR amplification of CaADH1 (1), CaADH2 (2) and CaADH3 (3).  Genomic 

DNA was isolated from C. albicans SC5314 as described in section 2.2.1.1 and amplified by 

PCR using primers incorporating PacI and NotI sites.  
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Table 4-2.Transformation frequencies for E. coli DH5α transformed with pABC3/CaADH1-his, 

pABC3/CaADH2-his and pABC3/CaADH3-his. 

 

Ligation mixes 

 
E. coli transformation frequency   

(transformants /µg DNA) 
 

 pABC3/CaADH1-his 4.1 x 10
3
 

 pABC3/CaADH2-his 4.8 x 10
3
 

 pABC3/CaADH3-his 4.4 x 10
3
 

 

4.3.5 Isolation of AscI transformation cassettes and transformation of S. cerevisiae 

Selected bacterial colonies, referred to as pABC3/CaADH1-2-his, pABC3/CaADH2-1-

his and pABC3/CaADH3-1-his, representing E. coli recombinant strains containing 

plasmids with CaADH1, CaADH2 and CaADH3 inserts respectively, were plated on 

fresh LB+Amp plates. Plasmid preparations were digested with AscI. In silico analysis 

of the CaADH1, CaADH2 or CaADH3 gene sequences obtained from the CGD revealed 

no AscI sites in these genes. This was confirmed when the digested products were 

electrophoresed on an agarose gel (Figure 4-6). The AscI digested fragments of the 

transformation cassettes, containing each of individual CaADH genes (between 3.6 and 

4.0 kb in size respectively) were gel purified and used to transform S. cerevisiae AD∆
 
as 

described in section 2.2.1.6.7. The transformation frequencies are given in Table 4-3. 

 

Table 4-3. Transformation frequencies for S. cerevisiae AD∆ transformed with 

pABC3/CaADH1-his, pABC3/CaADH2-his and pABC3/CaADH3-his. 

 

Transformation cassettes 

 
S. cerevisiae transformation frequency   

(transformants /µg DNA) 
 

pABC3/CaADH1-his 112 

pABC3/CaADH2-his 135 

pABC3/CaADH3-his 109 
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4.3.6 PCR analysis of ScADH recombinant clones to confirm correct insertion 

To confirm the correct insertion of the CaADH ORFs at the PDR5 genomic locus in the 

host AD∆ strain, genomic DNA was extracted from the S. cerevisiae recombinant 

clones and selected portions of the cloning locus were amplified and sequenced. The 

strategy for this is illustrated in Figure 4-7. Two PCRs were carried out for each of the 

CaADH genes to confirm the correct orientation of the inserted gene using an upstream 

pABC3-based forward primer, external of the cloning cassette, with an internal ORF 

reverse primer to amplify the N-terminal (PacI site) fragments and a downstream 

pABC3-based reverse primer (also external of the cloning cassette) with an upstream 

pABC3-based forward primer for the C-terminal (NotI site) fragment. The expected 

sizes of the PCR products to confirm correct insertion at the PacI site and NotI site of 

plasmid pABC3 were approximately 1.5 kb for each of the CaADH genes. The PCRs to 

confirm insertion at the NotI site of plasmid pABC3 should produce amplimers of 

approximately 3.5, 3.3 and 3.0 kb respectively for CaADH1, CaADH2 and CaADH3 

clones. The oligonucleotide primers used in these PCRs are shown in Table 4-1. Results 

confirming correct insertion are shown in Figure 4-8. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4-6. AscI digested fragments of plasmids prepared from E. coli transformants 

containing the CaADH1 (1), CaADH2 (2) and CaADH3 (3) inserts. Digested products were 

electrophoresed on an agarose gel. 
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PDR5p – PDR5 promoter 

CaADH1 6 x his - his-tagged C. albicans Alcohol dehydrogenase 1 

PGK1 ter - Phosphoglycerate kinase 1 terminator 

URA3 – Selectable marker 

PDR5ds – PDR5 downstream sequence 

 

 

Figure 4-7. Representative pABC3-his cloning cassette containing one of the CaADH genes (ADH1) showing how it is inserted into the PDR5 locus of 

the host S. cerevisiae strain AD∆. Coloured arrows and bars represent primers and PCR products respectively, that were created to confirm correct 

insertion of the ADH gene in the cloning cassette. Black arrows represent sequencing primers. 
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4.3.7 Sequencing of DNA from recombinant S. cerevisiae clones to confirm in-

frame insertion and fidelity of amplification of the cloned CaADH genes 

Sequence data was obtained for the representative clones containing each of the C. 

albicans ADH genes, by sequencing the PCR products obtained to confirm correct 

insertion using oligonucleotide primers shown in Table 4-1 and Figure 4.7. Analysis of 

the sequencing data obtained revealed that CaADH1, CaADH2 and CaADH3 had been 

correctly cloned, in frame, into pABC3-his. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4-8. PCR amplification of DNA from recombinant S. cerevisiae strains AD/CaADH1-

his, AD/CaADH2-his and AD/CaADH3-his to check for correct insertion of CaADH genes in 

the ScPDR5 locus. Genomic DNA was extracted from recombinant S. cerevisiae clones as 

described in 2.2.1.1 and two sets of PCR amplifications were carried out;  a) PCR amplification 

across the junction between the PDR5 (5‘) promoter region of pABC3 and the 5‘ end of the 

CaADH1 (1), CaADH2 (2) and CaADH3 (3) gene inserts in the PacI cloning site and b) PCR 

amplification across the junction between PDR5 3‘, downstream region and the 3‘ end of the 

CaADH1 (1), CaADH2 (2) and CaADH3 (3) gene insert in the NotI cloning site. 
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4.3.8 Western Blot analysis to confirm protein expression for the C. albicans 

ADH genes cloned in the AD/pABC3-his S. cerevisiae expression system 

Crude cell-free extracts from recombinant S. cerevisiae strains AD/CaADH1-his, 

AD/CaADH2-his and AD/CaADH3-his were prepared as described in section 

2.2.2.7.1 and the protein extracts obtained were analysed by SDS-PAGE and Western 

blot as described in section 2.2.2.6. The recombinant proteins were not detectable in 

PAGE gels, stained either with Coomassie Blue or the more sensitive silver method 

(results not shown). This was similar to the results observed using the pYES2 cloning 

system for CaAdh1p expression. However, Western blotting with an anti-His tag 

antibody (Figure 4-9) confirmed that expression of recombinant proteins could be 

detected in the AD/CaADH1-his and AD/CaADH2-his strains but not in the 

AD/CaADH3-his strain. In addition, a strong cross-reacting protein band of ~65 kDa 

was present in the AD/pABC3-his control strain as well as the recombinants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9. Immunodetection of his-tagged CaAdh proteins in recombinant S. cerevisiae 

clones. Cultures of recombinant S. cerevisiae strains AD/pABC3-his (1), AD/CaADH1-his 

(2) and AD/CaADH2-his (3) and AD/CaADH3-his (4) were harvested during exponential 

growth in YPD and the cells were lysed as described in section 2.2.2.7.1. Protein samples (30 

µg per well) were separated on 10% polyacrylamide gels and electroblotted onto 

nitrocellulose membranes. Western Blotting was carried out using anti-His antibodies. 

Proteins were visualised using the ECLdetection method as described in section 2.2.2.6 

using an anti-His antibody dilution of 1:1000.  
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4.3.9  Nickel chromatography affinity purification of his-tagged preparations of 

recombinant CaAdh1p and CaAdh2p 

S. cerevisiae clones expressing CaAdh1p or CaAdh2p were grown in YPD at 30
0
C and 

the cells were harvested at an OD of between 6 - 7. The harvested cells were broken 

by bead-beating as described in section 2.2.2.7.2. Broken cell suspensions were 

centrifuged at 30,000 x g for 45 min and the supernatants were subjected to nickel 

affinity chromatography as described in section 2.2.2.7.3. Various fractions from the 

nickel column were collected for analysis by SDS-PAGE gels, including the flow-

through, a 20 mM imidazole wash (carried out twice) and imidazole eluates (four 

sequential elutions with 250 mM imidazole). PAGE gels were silver stained (as 

described in Section 2.2.2.5) (Figure 4-10). Both CaAdh1p and CaAdh2p were 

detected in the soluble cellular fraction of the S. cerevisiae recombinant strains 

AD/CaADH1-his and AD/CaADH2-his respectively. The eluates for both CaAdh1p 

and CaAdh2p clones contained some contaminants and the protein yield for CaAdh2p 

was greater than for CaAdh1p.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-10. Affinity purification of CaAdh1p and CaAdh2p using nickel chromatography. 

Soluble cellular cell extracts from recombinant S. cerevisiae strains AD/CaADH1-his and 

AD/CaADH2-his were loaded on a Ni column. The column was washed and eluted with 

imidazole as described in section 2.2.2.7.3. Fractions were collected and electrophoresed on a 

10% PAGE gel which was silver stained. A. Affinity purification of CaAdh1p. B. Affinity 

purification of CaAdh2p. FT- Flow-through. Immidazole concentrations used for washes (W1 

and W2) and elution (E1, E2, E3 and E4) were 20 mM and 250 mM respectively.  
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4.3.10 Attempts to improve the resolution of nickel column chromatography     

purification of CaAdh1p from recombinant S. cerevisiae strains 

AD/CaADH1-his 

It was observed in section 4.3.9 that the 250 mM imidazole eluates of Ni-affinity 

chromatography for both the CaAdh1p and CaAdh2p preparations contained several 

contaminants and that there was greater yield for CaAdh2p than for CaAdh1p. In 

subsequent experiments the yield of CaAdh1p was increased by concentrating the cells 

harvested from 250 ml culture 25-fold instead of the original 5-fold as described in 

section 4.3.9. Further attempts were also made to increase the purity of CaAdh1p and 

this involved increasing the stringency of affinity chromatography column washes 

(Figure 4-11A), increasing the concentration of imidazole (40 mM) in the lysis buffer, 

(Figure 4-11B), adding detergent (SDS 0.2% w/v) to the buffers (Figure 4-11C) and 

eluting the His-tagged protein with histidine (100 mM) rather than imidazole (Figure 

4-11D). As shown in Figure 14-11A-D, despite the attempts to remove the 

contaminants, none of the methods applied gave an improvement on the standard 

method described in section 4.3.9 (Figure 4-10A). In fact, adding detergent (SDS 0.2% 

w/v) to the buffers (Figure 4-11C) and eluting the his-tagged protein with histidine 

rather than imidazole (Figure 4-18D) decreased the resolution. 
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Figure 4-11. Attempts to improve the purification of CaAdh1p (arrowed) by modification of 

the nickel chromatography procedure. Soluble cellular cell extracts from recombinant S. 

cerevisiae strain AD/CaADH1-his were loaded on a Ni column. The column was washed and 

eluted as described in section 2.2.2.7.3. In each case fractions from the column were collected 

and electrophoresed on a 10% PAGE gel which was stained with silver as described in section 

2.2.2.5. Arrows show eluted CaAdh1p. 

A. Increased stringency of affinity chromatography column washes.  

B. Increased concentration (40 mM) of imidazole in lysis buffer. 

C. Incorporation of detergent (SDS 0.2% w/v) in buffers.  

D. Replacement of imidazole with histidine (100 mM) as the eluant.  
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4.4 Western blot analysis demonstrating the expression of CaAdh1p 

and CaAdh2p in the recombinant S. cerevisiae strains 

AD/CaADH1-his and AD/CaADH2-his  

An examination of the purification by Ni affinity chromatography of the recombinant 

proteins CaAdh1p and CaAdh2p was undertaken using PAGE and Western Blot 

analysis. Samples were taken for analysis at each stage of the purification process and 

electrophoresed on replicate PAGE gels. Coomassie blue staining (Figure 4-12A) 

showed that there is an increase in the relative amount of the recombinant protein 

following Nickel chromatography, although some contaminanting proteins remain in 

the eluates. The contaminants present in the eluted fractions were similar in both the 

recombinant CaAdh1p-his and CaAdh2p-his purification and were also observed when 

an extract from the control AD/pABC3-his strain was subjected to nickel column 

chromatography (Figure 4-12A lane 6). A replicate PAGE gel, electroblotted as 

described in section 2.2.2.6.2 was incubated with anti-His antibody (dilution 1:1000). 

Neither CaAdh1p nor CaAdh2p were detectable in the crude extracts as applied to the 

column, but following affinity purification, both proteins were detected (Figure 4-

12B). As noted in section 4.3.8, a strong cross-reacting protein band was observed at 

~65 kDa in the blot probed with the anti-His antibody (the amount of protein loaded 

onto the PAGE gel before and after purification was equal). 

 

A further replicate gel was electroblotted and incubated with antibody to S. cerevisiae 

Adh1p (Figure 4-12C).  The anti-ScADH antibody reacted with a ~40 kDa protein in 

crude extracts of all three strains (AD/CaADH1-his and AD/CaADH2-his and 

AD/pABC3-his) and this band was assumed to be the endogenous S. cerevisiae Adhp. 

It is unlikely that this band, although of similar size, is cross-reacting with the 

recombinant C. albicans Adhp proteins in extracts from AD/CaADH1-his and 

AD/CaADH2-his as no reactivity of the antibody was observed with extracts from C. 

albicans cells (results not shown). Unexpectedly, the antibody-reactive band was also 

present in the eluates following Nickel column chromatography (Figure 4.12C), 

suggesting that endogenous S. cerevisiae Adhp co-purified with the recombinant 

proteins. However, in each case, the eluates contained more of the recombinant protein 

relative to the S. cerevisiae Adh antibody-reactive protein than in the crude extracts, 
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whereas the apparent S. cerevisiae Adh contaminant was not increased in 

concentration relative to crude extracts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-12. Purification of his-tagged CaAdh1p and CaAdh2p by nickel chromatography. 

Soluble cellular fractions obtained from recombinant S. cerevisiae strains AD/CaADH1-his, 

AD/CaADH2-his and AD/pABC3-his were obtained as described in section 2.2.2.7.2  and used 

for affinity purification. Eluates of both unpurified and purified column fractions were 

electrophoresed on three replicate PAGE gels. One PAGE gel was stained with Coomassie blue 

(A) and two other PAGE gels (B and C) were electroblotted on nitrocellulose membrane for 

Western detection using the ECL
TM

 detection method as described in section 2.2.2.6.2. 

A. PAGE gel stained with Coomassie blue.  

B: Western blot using anti-His antibody dilution 1:1000.  

C. Western blot using anti-ScADH antibody dilution 1:20000.  
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4.5 Attempts to clone C. albicans ADH3 

In this study, CaADH3 was cloned into S. cerevisiae but the expression of CaAdh3p 

could not be detected. In addition, no expression of ADH3 mRNA was detected in 

Northern analysis of total mRNA extracted from C. albicans under different culture 

conditions (refer to Chapter 3, Figure 3-4). However, because the gene is annotated in 

CGD, and there are reports that ADH3 transcription is modulated during white/opaque 

switching (Lan et al. 2002) cloning of the gene in the pABC3 system was attempted. 

Analysis of the ADH3 gene sequences in the CGD revealed that in the database strain 

(SC5314) there are two CaADH3 alleles with a substantial size difference (203 

nucleotides); ORF 19.11981 is 1.050 kb whereas ORF 19.4505 (0.849 kb) is 

apparently truncated at the N-terminus. The two alleles show 99 % identity over the 

shared residues and the sequence is also identical over the N-terminal 203 residues of 

ORF 19.11981 except for two apparent single nucleotide deletions in the equivalent 

region of ORF 19.4505 (Figure 4-13). Either there is a mistake in the sequence in the 

database or the two ADH3 alleles truly differ in size. In order to confirm that this 

difference between the two alleles is due to a single nucleotide polymorphism and not 

due to a nucleotide deletion, the presence of a restriction site, PflFI, in the 19.4505 

allele, but not in the 19.11981 allele, was exploited. The strategy used is illustrated in 

Figure 4-13. DNA was amplified from a C. albicans SC5314 genomic template using 

primers designed to include the ORF sequence together with 500 bp upstream and 

downstream sequence including the two supposed inserted nucleotides in the sequence 

of the 19.4505 allele. The amplimer was digested with PflF1, which allowed 

separation of the 19.4505 allele fragments and the fragments were sent for sequencing.  
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Figure 4-13. Strategy to establish the open reading frame (ORF) of CaADH3B (ORF19.4505). 

A. Annotated CaADH3A and CaADH3B open reading frames (ORF19.11981 and 

ORF19.4505) obtained from the Candida genome database (CGD) and the ATG positions on 

both alleles. B. i. Amplification of CaADH3 from C. albicans SC5314 genomic DNA. Arrows 

indicate the set of primers used for amplification of approximately 500 bp upstream and 

downstream of the open reading frame of CaADH3B (ORF19.4505). ii. PCR product. iii. PCR 

product digested with PflF1 resulting in separation of CaADH3B allele. iv. Arrows indicate the 

primers used for sequencing the digested fragments of CaADH3B and the sequenced 

fragments were compared with the annotated sequence for the CaADH3A allele 

(ORF19.11981) and CaADH3B allele (ORF 19.4505) in CGD. v. Sequence analysis identified 

two ATG codons in CaADH3B which corresponded to ATG codons in similar positions in 

CaADH3A (ORF 19.11981) from the CGD. 
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4.5.1 Sequence analysis to determine the open reading frame of CaADH3B 

Genomic DNA was extracted from C. albicans SC5314 as described in section 2.2.1.1 

and used as template for PCR amplification. Primers were designed (Table 4-1) to 

include 500 bp upstream and downstream region of the open reading frame of 

CaADH3B (ORF19.4505) and a PCR product of the expected size (1.8 kb) (Figure 4-

14) was confirmed by PCR. The PCR product was then digested with with PflFI. The 

observed digestion products (Figure 4-14) confirmed the presence of the PflF1 site in 

ORF 19.4505 as indicated by the two cut fragments of 1.0 kb bp and 0.8 kb.  The full-

length (1.8 kb) fragment represents the uncut CaADH3 (ORF19.11981) allele). Both 

of the cut fragments of ORF 19.4505 were excised, gel purified and processed for 

sequence analysis as described in section 2.2.1.7.   

 

 

 

 

 

 

 

 

Sequence analysis (Figure 4-15), however, did not detect the two single base insertions 

as reported in the CGD for the sequence upstream of the ORF 19.4505 ATG. This 

finding would suggest that the CGD annotation of the two different length alleles may 

have been caused by a sequencing error which showed two insertions in the 19.4505 

sequence. 

 

Thus it appears that the correct sequence for the ADH3 gene is that of ORF 19.11981, 

and that the N-terminal cloning primer used in this study should have been designed 

using the ATG of this allele.  However, given the lack of evidence for ADH3 

expression in Chapter 3, it was not considered relevant to the thesis to undertake 

further cloning of the full-length gene.   

 
 

 Figure 4-14. PCR amplification of CaADH3 from C. albicans SC5314 genomic DNA 

followed by digestion of PCR product with restriction enzyme PflF1. Primers were designed 

to amplify 500 bp upstream and downstream of CaADH3 ORF 19.4505 from C. albicans 

genomic SC5314 (1) and this was followed by digest of the PCR product with PflF1 (2). 
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Figure 4-15. CaADH3 ORF 19.4505 aligned with the CaADH3 ORF 19.11981. Sequence data shown was obtained from the CGD sequence of C. 

albicans strain SC5314 (http://www.candidagenome.org/). Regions circled show apparent insertions of single base nucleotides in CaADH3 ORF 

19.4505. Highlighted in yellow are two ATG triplet codons, the second of which was used as the start ATG within the N-terminal primer used for 

the attempted cloning of the C. albicans ADH3 gene in pABC3 (see section 4.3).  
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4.6 Discussion 

In this study, three C. albicans alcohol dehydrogenase genes were selected for cloning 

using two S. cerevisiae expression systems, pYES2 and pABC3. The main reason for 

using the yeast expression systems over a prokaryotic expression system is due to the 

lack of post-translational modification machinery in prokaryotes which may lead to 

the production of inactive protein (Lin-Cereghino and Cregg 2000, Sahdev et al. 

2008). Prokaryotic expression systems, particulary E. coli, have been exploited over 

the years for the production of a variety of proteins on an industrial scale but a 

common problem associated with using this system is the over-expression of the 

protein concerned in inclusion bodies. The production of biologically active protein is 

an important criterion in this study as the expressed proteins will be used for further 

analysis in determining their roles in the acetaldehyde metabolism.  

 

A commercially available S. cerevisiae expression system, pYES2 (Invitrogen) was 

initially tested for cloning of CaADH1. According to the manufacturer‘s protocol, 

recombinant proteins should be detected after 4 hours of galactose induction, or, if 

pre-cultured in raffinose, in as little as 2 hours after galactose induction. In this study, 

expression of the cloned protein (CaAdh1p) was confirmed by Western blot using 

anti-His antibody but protein expression was only detected after the recombinant S. 

cerevisiae clones were induced for 20 hours with galactose. This discrepancy has also 

been reported by others using the pYES2 system where some researchers have chosen 

overnight induction (Wang et al. 2004, Xingmin et al. 2006) while another researcher 

chose two days of induction (Osborne et al. 2005). In another study using the pYES2 

system, 2-6 days of colony induction on plates was carried out and this was followed 

by growing selected colonies from the plates in glucose medium overnight before 

further induction in galactose for an additional 72 hours (Kang et al. 2005).  

 

In an attempt to increase protein expression for our study, without the disadvantages 

of the pYES2 plasmid-based induction system, it was decided to use another 

expression system, AD/pABC3 (Lamping et al. 2007) for cloning of the CaADH 

genes.  
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The three C. albicans ADH genes selected were cloned using the shuttle plasmid 

pABC3 and E. coli intermediate host before expression in S. cerevisiae. The 

AD/pABC3 system utilizes a S. cerevisiae host strain deleted in seven major ATP-

binding cassette (ABC) transporters and was initially developed to facilitate the 

functional analysis of fungal multidrug efflux pumps. The AD/pABC3 expression 

system has also been used to express cytochrome P450 CaErg11p and cytoplasmic 

CaUra3p (Lamping et al. 2007). The main advantages of the system include its ease of 

directional cloning and the use of homologous recombination to stably integrate single 

copy constructs into the host genome under the control of a highly active 

transcriptional regulator. The inherent stability disadvantages of a plasmid-based 

expression system are thus avoided. There is no need to maintain continuous selection 

with the AD/pABC3 system, ie cultures can be grown in non-selective media. 

 

Following confirmation by sequence analysis that all three of the CaADH genes has 

been successfully cloned using the pABC3 expression system, the CaAdh1p and 

CaAdh2p proteins were purified and analysed using Ni chromatography and Western 

Blot analysis. No expression of CaAdh3p was detected (this is discussed later).   

 

Generally, affinity tags fall into one of two categories: (i) proteins that recognize small 

ligands or (ii) small peptides such as hexa-histidines (Waugh 2005). One popular 

example of the former is Glutathione S-transferase (GST). Large protein tags such as 

GST, usually recognize small ligands that use inexpensive and robust chromatography 

matrices. However, one disadvantage of GST is that it is a homodimer (Kaplan et al. 

1997), which can complicate purification of fusion proteins. In addition, a 

disadvantage of large protein affinity tags in general is that they devour more 

metabolic energy during overproduction than small tags. Due to its size, removal of 

this large fusion tag may be necessary and might incur additional costs. An example of 

a small peptide affinity tag that binds to immobilized proteins is the hexahistidine tag 

(his-tag) commonly used for high-throughput protein purification. Ni(II)-

nitrilotriacetic acid (Ni-NTA), which exhibits a high affinity for adjacent histidine 

residues, is the most commonly used matrix for immobilized metal affinity 

chromatography IMAC (Hochuli et al. 1988, Gaberc-Porekar and Menart 2001). The 

his-tag combines the advantages of small size with the added benefit of interacting 

with a chromatographic matrix (e.g. Ni-NTA resin) that is relatively inexpensive, able 
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to withstand multiple regeneration cycles under stringent sanitizing conditions, and 

exhibits a high binding capacity. The his-tag also works well under denaturing 

conditions, adding yet another dimension to its versatility. Although this affinity tag 

could interfere with protein activity (Wu and Filutowicz 1999), in general  the 

relatively small size and charge of the polyhistidine affinity tag ensure that protein 

activity is rarely affected (Terpe 2003). 

 

Strategies to purify C. albicans Adh proteins from the recombinant S. cerevisiae 

clones were developed. When the expression of CaAdh1p and CaAdh2p in 

recombinant S. cerevisiae strains was confirmed by immunodetection, the next stage 

of this study was to purify them and to analyse their activities. Therefore, when 

purifying the proteins, the aim was to obtain a good yield of protein with high purity, 

while preserving the biological activity. The eluate fractions of CaAdh1p and 

CaAdh2p collected from the nickel column, when visualized on a PAGE gel showed 

that both eluates of CaAdh1p and CaAdh2p contained some contaminants although 

CaAdh2p had a higher yield when compared to CaAdh1p. Attempts to improve the 

yield by modifying the chromatography protocol were unsuccessful. It was evident 

that following purification, both CaAdh1p and CaAdh2p were concentrated as these 

proteins were not visible prior to purification. Introduction of a hexahistidine (6 x his) 

tag at either the amino or carboxy-termini of recombinant proteins provides for their 

ready affinity purification under native or denaturing conditions, by immobilized 

metal ion affinity chromatography (IMAC), on matrices such as nickel. There is a 

higher potential for binding non-specific proteins to Ni-agarose under native 

conditions than under denaturing conditions, and this was evident in this study where 

contaminants persisted despite the various methods that were tried to reduce non-

specific binding.   

 

Two major contaminants of the purified preparations were detected by Western 

blotting using anti-His and anti-ScADH antibodies. With the anti-His antibody, an un-

identified cross-reactive polypeptide was present in the crude extracts and the eluates. 

The protein was not identified. However, this contaminant was not detected in the 

extracts of pYES2 clones probed with anti-His antibodies. This could be attributed to 

the difference in the host strain as the pYES2 expression system uses strain Inv 

whereas the AD/pABC3-his system uses the AD strain. As the contaminant protein 
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was present at similar concentrations in the recombinant strain extracts as well as in 

the control extract from the AD/pABC3-his strain, it was not considered to be a factor 

that would affect interpretation of the activity profiles.  

 

Another contaminant of the affinity purification was of more concern. When a 

duplicate PAGE gel of crude extracts of recombinants and the control strain was 

incubated with anti-ScADH antibody, one of the separated polypeptides reacted with 

the anti-ScADH antibody. This is not surprising as Adh proteins are major enzymes in 

S. cerevsiae with seven isoforms identified in the SGD (SGD – 

http://www.yeastgenome.org/). However, the anti-ScAdhp-reactive band was also 

detected in the affinity chromatography eluates. The anti-Adh1p antibody-cross-

reactive band in the eluate must represent co-purification of S. cerevisiae Adh1p, or 

other isoforms of Adhp (for example ScAdh2p is very similar to ScAdh1p (94% 

conserved at the amino acid level) (Russel et al. 1983, Young and Pilgrim 1985)). 

However, it is likely to be ScAdh1p as the antibody was raised to this isoform. 

Furthermore, in a study of three monoclonal antibodies prepared from a mouse 

immunized against a commercial preparation of yeast Adhp (the isozyme composition 

of the immunogen was not defined and may have included Adh1, Adh2 and Adh3), 

the antibodies, which were found to be specific to ScAdh1p, did not recognize  

ScAdh2p in an ELISA (Carlson and Weissman 1988).  

 

As noted above, it has been reported that proteins that contain neighbouring histidines 

or cysteines (Dibrov et al. 2000, Kozlov et al. 2007) that can bind to nickel are 

abundant in eukaryotic cells and this includes the alcohol dehydrogenase of yeast. In 

fact, alcohol dehydrogenase from S. cerevisiae has been purified using IMAC on a 

HiTrap chelating column charged with nickel, zinc and copper ions and eluted using 

EDTA gradient (Willoughby et al. 1999). In another study using nickel column 

chromatography, the purification of a human glutamic acid decarboxylase expressed in 

Pichia pastoris and tagged with histidine (6 x his), it was shown that alcohol 

dehydrogenase was present as a contaminant that bound strongly to nickel (Law et al. 

2001). These studies indicate that yeast alcohol dehydrogenase can have a high 

affinity for the metal ions used in affinity chromatography and therefore it would be 

difficult to remove the S. cerevisiae alcohol dehydrogenase from the cell free extracts 

containing CaAdh1p used in this study. The implication of the co-purification of 
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several of the S. cerevisiae Adh proteins with the recombinant C. albicans Adh 

proteins, is very important especially when the partially purified cell free extracts are 

to be used for further analysis to determine the activity of CaAdh1p and CaAdh2p in 

acetaldehyde metabolism. However, as noted above for the his-tag antibody reactive 

protein, the protein(s) cross-reacting with the Anti-ScAdh1p antibody was present at 

similar concentrations in the control extract from the AD/pABC3-his strain to that in 

the recombinant strain extracts. Therefore all activity evaluation was done in 

comparison to activities in the control strain. 

 

Protein expression was only confirmed for the cloned CaADH1 and CaADH2 genes. 

Possible reasons for the lack of protein expression in the AD/CaADH3-his 

recombinant yeast strain were examined. Sequence analysis of the CaADH3 ORF 

19.4505 amplified from genomic DNA from C. albicans SC5314 confirmed that the 

CGD annotation of the two different length alleles was incorrect because of a 

sequencing error which showed two insertions in the 19.4505 sequence. Therefore the 

two alleles (with single nucleotide polymorphisms) may actually have the same size. 

In this study, cloning of CaADH3 was carried out using the shorter allele ADH3 ORF 

19.4505. The use of ADH3 ORF 19.4505 was based on an interpretation of the CGD 

sequence which was later shown to have errors, so it is possible that this may have 

been the reason for the lack of protein expression in the AD/CaADH3-his strain. 

However, it is perhaps more important to consider the results of Northern analysis 

achieved in the previous Chapter (Chapter 3). The Northern analysis of total mRNA 

extracted from C. albicans under different culture conditions (refer Chapter 3 – Figure 

3-4) has shown that there was no expression of CaADH3 mRNA from either allele in 

C. albicans. This was in accordance with other published information for this gene; 

expression of CaADH3 mRNA has only been reported in a study of the opaque/white 

switching of C. albicans (Lan et al. 2002). 

 

In conclusion, CaADH1 and CaADH2 were successfully cloned and expressed in S. 

cerevisiae using the AD/pABC3 system. CaADH1 was also successfully expressed 

using plasmid pYES2 but modification to the manufacturer‘s protocol was necessary 

for protein expression. In this study, the use of the pABC3 expression system for 

cloning of CaADH1, CaADH2 and CaADH3 was pursued and protein expression for 
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CaADH1 and CaADH2 was confirmed by Western blot. There was no protein 

expression of the cloned CaADH3 gene.   
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Chapter 5  

Alcohol dehydrogenase enzyme activities in C. albicans and 

in recombinant S. cerevisiae strains expressing individual C. 

albicans ADH genes 

5.1 Introduction 

Having established in Chapter 3 that ADH1 and ADH2 mRNAs are expressed in C. 

albicans cells grown under different conditions, assays of enzyme activity were 

undertaken in order to determine which Adh protein was responsible for the 

production of acetaldehyde from ethanol in vivo. As such activity cannot be attributed 

to a specific protein in C. albicans cells because cells express many genes, in this 

chapter I describe the development of Adh enzyme activity assays undertaken with 

extracts from recombinant S. cerevisiae strains expressing either C. albicans ADH1 or 

C. albicans ADH2. The cloning of each of the three ADH genes into two yeast 

expression systems (pYES2 and pABC3) was described in Chapter 4, and because the 

best results were achieved using pABC3, the strains created with this system were 

used to analyze the enzymic functions of each C. albicans ADH gene. The 

recombinant S. cerevisiae strain expressing C. albicans ADH3 was not investigated as 

no significant CaADH3 mRNA expression was detected under various growth 

conditions.  

 

Activities of proteins encoded by ADH genes in yeast involve the reversible reduction 

of nicotinamide adenine dinucleotide (NAD) (Figure 5-1). NAD reduction (and the 

reversal of this, the oxidation of NADH) can be followed spectrophotometrically as 

NAD absorbs light at a wavelength of 340 nm. Thus, ADH activity can be measured 

by following the fate of either NAD and utilization of ethanol as substrate or, for the 

reverse reaction, NADH and utilization of acetaldehyde as substrate. On the other 

hand, ADH activity can be determined by measuring the amount of acetaldehyde 

produced when ethanol is converted to acetaldehyde. Acetaldehyde is volatile and 

although the amount produced can be measured using methods such as gas 
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chromatography  (Kurkivuori et al. 2007), a direct measure of the rate of acetaldehyde 

production for kinetic purposes is not possible and therefore the method measuring 

NAD production or consumption is preferred.  

 

 

 

 

 

 

 

 

 

 

 

 

Adh enzyme activities were assessed in cell extracts from yeast cell cultures.  In 

preliminary assays, the presence of an NAD-dependent ethanol utilising activity in C. 

albicans was confirmed using cell-free extracts of the laboratory strain ATCC 10261, 

before developing the assays for the recombinant S. cerevisiae strains.  

 

As noted in Chapter 4, endogenous S. cerevisiae Adh proteins will be present in all of 

the recombinant strains, and although expression of the cloned C. albicans protein is 

driven by a constitutively hyper-expressed promoter (PDR5p), the enzyme data may 

be affected by activities of the endogenous enzymes. Therefore, in order to confirm 

that any ethanol-utilising activity observed in recombinant strains resulted from the 

activity of the introduced C. albicans ADH gene, rather than endogenous activity, 

disruption of the endogenous ScADH2, which is responsible for production of 

acetaldehyde in S. cerevisiae (Bennetzen and Hall 1982, Russel et al. 1983, Young 

and Pilgrim 1985, Drewke and Ciriacy 1988, Smith 2004) was carried out (an 

ScADH2 disrupted strain is known to be viable; (Giaever et al. 2002, Jin et al. 2008)). 

 

 

Figure 5-1. The reversible inter-conversion of acetaldehyde and ethanol. 
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5.2 Adhp activities in cell-free extracts of C. albicans 

As noted above, the activity of Adh enzymes can be determined by assaying the 

reversible reduction of NAD. In order to confirm that Adhp-mediated ethanol utilising 

activity is present in a wild-type C. albicans strain, cell-free extracts of C. albicans 

strain ATCC 10261 were prepared as described in section 2.2.2.7.1.  Assays were 

performed at room temperature in a spectrophotometer and enzyme activity was 

followed by measuring the change in NAD absorption at 340 nm. A typical 

spectrophotometer printout is shown in Figure 5-2. To check for any background 

activity, individual components of the reaction mix were added sequentially, as 

indicated in Figure 5-2, and the reaction was started by adding ethanol. The reduction 

of NAD was measured. Raw data were adjusted according to the protein concentration 

of the cell extract and the rate of NAD reduction was then calculated. Although yeast 

Adh enzymes are known to require NAD rather than NADP, assays containing NADP 

were undertaken to determine whether any irrelevant background activity was present. 

Activity was only detected with NAD, confirming that the correct activity was 

assayed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2. A spectrophotometer printout showing ethanol-dependent NAD utilisation activity 

in extracts of C. albicans. Enzyme activity was followed spectrophotometrically by 

measuring the change in NAD absorption at 340 nm. 
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Following confirmation that an NAD-dependent ethanol utilising enzyme activity was 

present in C. albicans, additional assays were undertaken using cell extracts of C. 

albicans harvested from cultures at different growth phases. Activity was detectable in 

extracts from cultures at all phases of growth (early exponential through to stationary 

phase) with the highest activities recorded for cells harvested during either the mid-

exponential phase or the stationary phase cultures (0.05 - 0.06 U /[mg protein]). One 

unit of enzyme activity (U) was defined as the amount required to form 1 mol of 

NAD
+ 

(NADH) per min.  

 

5.3  Adhp activities in cell-free extracts from the recombinant S. 

cerevisiae strains AD/CaADH1-his and AD/CaADH2-his  

5.3.1 Effect of NAD concentration, ethanol concentration and assay pH on 

enzyme activities with ethanol as a substrate  

Following detection of Adh activity in whole cell extracts of C. albicans strain ATCC 

10261, the effect of varying NAD concentration, ethanol concentration and assay pH 

on ethanol utilisation activities was determined for cell-free extracts from the 

recombinant S. cerevisiae strains AD/CaADH1-his, AD/CaADH2-his and the control 

strain AD/pABC3-his grown to mid-exponential phase. All assays were carried out in 

triplicate and the mean value and standard deviation was calculated for each 

measurement.   

  

Results of representative experiments are shown in Figure 5-3. Enzyme activity was 

greatest for extracts from the AD/CaADH1-his strain. Enzyme activity for the 

AD/CaADH2-his strain was similar to that for the control strain AD/pABC3-his. 

 

For the control AD/pABC3-his strain, and the CaADH2 expressing strain, an invariant 

basal level of enzyme activity was mostly observed, although there appeared to be an 

indication of a pH optimum at pH 8.0 in these strains. In contrast, for the 

AD/CaADH1-his strain, maximum activities were obtained at an NAD concentration 

of 2 mM, ethanol concentration of 0.3 mM and an assay pH of 8.5.  
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A 

B 

C 

Figure 5-3. Effect of (A) NAD concentration; (B) ethanol concentration; and (C) assay pH on 

the Adh enzyme activities in extracts of recombinant S. cerevisiae strains AD/CaADH1-his, 

AD/CaADH2-his and the control strain AD/pABC3-his when ethanol was given as a substrate. 

NAD reduction was measured at 340 nm using a spectrophotometer and enzyme assays were 

carried out as described in section 2.2.2.7.4. All assays were carried out in triplicate and the 

results are the means ±SD.  

(♦) AD/CaADH1-his, (■) AD/CaADH2-his and (▲) AD/pABC3-his 
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5.3.2 Effect of NADH concentration, ethanol concentration and assay pH 

          on enzyme activities with acetaldehyde as a substrate 

 

NADH-dependent actetaldehyde utilising acivities were also assayed. The effect of 

varying NADH concentration, acetaldehyde concentration and assay pH on 

acetaldehyde utilization activities was determined for cell-free extracts from the S. 

cerevisiae strains AD/CaADH1-his, AD/CaADH2-his and the control strain 

AD/pABC3-his.  

 

Assays were performed as described for ethanol utilization except that NADH 

conversion to NAD was followed as a measure of enzyme activity. Enzyme activity 

was greatest for extracts from the AD/CaADH1-his strain while enzyme activity for 

AD/CaADH2-his was similar to that for the control strain AD/pABC3-his (Figure 5-

4). There was a clear maximum activity at 5 mM NADH for all three strains but an 

optimum acetaldehyde concentration was not found, there was a gradual reduction in 

activity as the concentration was increased. For AD/CaADH1-his, a pH optimum of 

8.5 was observed. The CaAdh1p-expressing strain showed greater (up to 2-fold) 

activity than the other recombinant strains under all conditions tested (Figure 5-4).  
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A 

B 

C 

Figure 5-4. Effect of (A) NADH concentration; (B) acetaldehyde concentration; and (C) 

assay pH on the Adh enzyme activities in extracts of recombinant S. cerevisiae  strains 

AD/CaADH1-his, AD/CaADH2-his and the control strain AD/pABC3-his when 

acetaldehyde was given as the substrate. Oxidation of NADH was measured at 340nm using 

a spectrophotometer and enzyme assays were carried out as described in section 2.2.2.7.4. 

All assays were carried out in triplicate. Results are the means ±SD.  

(♦) AD/CaADH1-his, (■) AD/CaADH2-his and (▲) AD/pABC3-his. 
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5.4 Adhp activities in samples purified from recombinant S. cerevisiae 

strains AD/CaADH1-his, AD/CaADH2-his and AD/pABC3-his 

cell-free extracts by Nickel column chromatography 

 

Having established the optimum assay conditions for measuring Adhp activities, 

Adhps were purified from soluble fractions of cell culture extracts from recombinant 

S. cerevisiae strains AD/CaADH1-his, AD/CaADH2-his or the control AD/pABC3-his 

using Nickel column affinity chromatography. As reported in Chapter 4, his-tagged C. 

albicans Adh1p and Adh2p were concentrated from the extracts by the Nickel 

chromatography although, despite use of a range of elution conditions, the eluate 

contained other co-purified proteins including one which reacted with the anti-his-tag 

antibody and another which was putatively identified as S. cerevisiae Adh1p because 

it reacted with an antibody to S. cerevisiae Adh1p (refer to Figure 4-12 in Chapter 4). 

 

However, since there was an apparent increase in the concentrations of the 

recombinant proteins in these preparations compared to the crude extracts, the partially 

purified cell-free extracts were used to assay Adhp activities as described in section 

5.3. All assays were carried out in triplicate and the Student‘s t-test was used to 

compare the Adh enzyme activities. P values of < 0.05 was considered statistically 

significant. 

 

When ethanol was given as the substrate, samples from the strain expressing CaAdh1p 

possessed the highest Adh activity (~2-fold greater than activities of the control or 

CaAdh2p-expressing strains) for converting ethanol to acetaldehyde (Figure 5-5A). 

Similarly, when acetaldehyde was given as the substrate, the greatest activity was also 

present in an extract from the strain expressing CaAdh1p, although the difference 

(approximately 1.3-fold) from the activities of the AD/pABC3-his and AD/CaADH2-

his strains was not as marked as for ethanol utilization (Figure 5-5B). 

 

Enzyme activity in the preparation purified from the strain expressing CaAdh2p was 

similar to that from the AD/pABC3-his control strain for both ethanol and 

acetaldehyde utilization, suggesting there is background enzyme activity in the S. 
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cerevisiae AD strain and also that CaAdh2p has a low activity either with ethanol or 

acetaldehyde as substrate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.5 Disruption of ScADH2 in the host S. cerevisiae AD strain used to 

express C. albicans ADH genes  

In section 5.4, the strain expressing CaAdh1p was shown to have greater ethanol 

utilising Adh activity than a CaAdh2p-expressing strain or an empty vector control 

strain, in both crude and partially purified extracts. Furthermore, the CaAdh2p-

expressing strain showed no increase in activity compared to the empty vector control 

strain. This would appear to indicate that CaAdh1p effects the conversion of ethanol to 

acetaldehyde under the assay conditions examined.  

 

 

Figure 5-5. Adh enzyme activities of Ni-column-purified cell-free extracts of recombinant S. 

cerevisiae strains AD/CaADH1-his, AD/CaADH2-his and the control strain AD/pABC3-his. 

Enzyme activities were determined when either ethanol (A) or acetaldehyde (B) was given as 

a substrate as described in section 5.3.1 and 5.3.2. When ethanol was used as the substrate, the 

assays were carried out at pH 8.5 with 2 mM NAD and 0.3 mM ethanol. When acetaldehyde 

was used as the substrate, the assays were carried out at pH 8.5 with 5 mM NADH and 0.2 

mM acetaldehyde. All assays were carried out in triplicate. *P < 0.01 

 

B A 

 

* * 
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However, as might be expected, background Adh activities were present in the vector 

control S. cerevisiae strain. In the case of NAD-dependent ethanol utilising activity, 

this background activity is likely to be due to the endogenous S. cerevisiae Adh2 

enzyme. It has been shown that of the S. cerevisiae Adh proteins, Adh2p is responsible 

for converting ethanol to acetaldehyde (Bennetzen and Hall 1982, Russel et al. 1983, 

Young and Pilgrim 1985, Drewke and Ciriacy 1988, Smith 2004). The ADH2 gene is 

not essential in S. cerevisiae (Giaever et al. 2002, Jin et al. 2008), so in order to 

confirm that the ethanol-utilising activity in the AD/CaADH1-his strain was due to 

CaAdh1p expression, a strain was created in which the ScADH2 gene was inactivated 

by gene disruption, and in which the CaADH1 gene was expressed heterologously.  

 

Two approaches to creating the required strain expressing CaAdh1p in an ScAdh2p 

disruptant background were attempted (Figure 5-6). One approach (strategy B, Figure 

5-6), was to first create an ScADH2 disruptant of the AD parent strain, and then to 

clone the CaADH1 gene via a pABC3-based plasmid (pABC5) which uses a HIS1 

gene for transformant selection. Another approach (strategy A, Figure 5-6) essentially 

the reverse of strategy B, was to first create a CaADH1-expressing strain using pABC5 

and then disrupt the ScADH2 gene. For both approaches, an important step was to 

create a disruption cassette for the S. cerevisiae ADH2 gene in which the selective 

marker gene (the URA3 gene) was flanked by regions that were homologous to the 

upstream and downstream regions of the ScADH2 gene. The method of gene 

disruption was based on a previously published technique that involved a URA3 gene 

flanked by a direct repeat of 200 nucleotides (Wilson et al. 2000).  
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Figure 5-6. Strategies for disruption of ScADH2 in S. cerevisiae recombinant strain expressing CaAdh1p.  

‗ter‘ – terminator; ‗up‘ – upstream; ‗ds‘ - downstream 
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5.5.1 Construction of URA3-dpl200 cassette 

The most widely used gene disruption strategy for yeast involves the Ura-blaster 

cassette (Fonzi and Irwin 1993). The method uses a DNA fragment which contains the 

C. albicans URA3 gene flanked by direct repeats of the Salmonella hisG gene (hisG-

URA3-hisG). This method is widely used (Staab and Sundstrom 2003) but one 

limitation is that it is difficult to amplify the hisG repeats as they are sufficiently long 

to promote URA3 deletion through homologous annealing during the PCR (Wilson et 

al., 2000). To overcome this problem, Wilson et al. (2000) created a short URA3 

cassette, URA3-dpl200, with short flanking repeats to allow PCR amplification of 

transformants as well as homologous excision and re-utilization of the URA3 marker. 

 

 

The URA3-dpl200 cassette was used in this study for disruption of ScADH2 and the 

cassette was amplified using plasmid pDDB57 as the template with primers containing 

50 bp of ScADH2 flanking sequence as well as the URA3-dpl200 cassette sequence 

(Figure 5-7A). The two fragments flanking ScADH2: upstream (0.5 kb) and 

downstream (0.5 kb) were amplified using S. cerevisiae AD genomic DNA as 

template (Figure 5-7B). The primer set used for constructing the upstream flanking 

fragment was Up500For and Up500Rev while the downstream flanking fragment was 

constructed using the primer set, Dwn500For and Dwn500Rev. Both upstream and 

downstream fragments were successfully amplified (Figure 5-8). The final cassette 

was constructed by PCR using the three fragments as templates and the outer primers 

Up500For and Dwn500Rev (Figure 5-7C). Fusion of the three PCR products (URA3-

dpl200 cassette, 0.5 kb upstream region and 0.5 kb downstream region) should 

produce a fragment of 2.6 kb (Figure 5-7C) and this was confirmed by PCR (Figure 5-

8) using primers Up500For and Dwn500Rev (Table 5-1). This cassette, 

ScADH2::URA3-dpl200, was then used for transformation of S. cerevisiae ADΔ to 

disrupt ScADH2 as explained in the following section (5.5.2). To check for correct 

intergration of the cassette following transformation, primers CHECKFor and 

CHECKRev were used (Figure 5-7C). 

  



 138 

Table 5-1. Oligonucleotide primers used for disruption of ScADH2. 

 

Primer name Sequence (5‘ – 3‘) 

a 
(Lamping et al. 2007) 

  

Primers for amplification of URA3-dpl200 cassette 

URA3For ACAAAAAGCATACAATCAACTATCAACTATTAACTATA 

TCGTAATACACACACTATAGGGCGAATTGGGGAGCTC 

 

URA3Rev GGCATACTTGATAATGAAAACTATAAATCGTAAAGACAT 

AAGAGATCCGCAGGTCGACGGTATCGATAAGCTTCA 

  

Primers for amplification of 0.5 kb upstream region of ScADH2 

Up500For GCCTTATGATCCGTCTCTCCGGTTAC 

Up500Rev TGTGTATTACGATATAGTTAATAGTTGATAGTTG 

  

Primers for amplification of 0.5 kb downstream region of ScADH2 

Dwn500For GCGGATCTCTTATGTCTTTACGATT 

Dwn500Rev GAGGGTGTGTACATTGCAGTGCATC 

  

Primers to check correct intergation of  ScADH2::URA3-dpl200 cassette following 

transformation 

CHECKFOR GATCAAAGGGGC AAAACGTAGGGG 

CHECKRev GGAAGTCGTTCGTACTAGCAACATGG 

  

Primers for cloning CaADH1 into plasmid pABC5 (containing PacI and NotI) 
ADHIforPac GGTTTAATTAAAAAATGCAAGCAAGCTTATTCAGAATT 

ADH1revNot ATGCGGCCGCTGGTGTCCAATACGTATCTACT 

  

Primers for checking CaADH1 expression 

pABC3-For
 a
 TTGGCAACTAGGAACTTTCG 

PDR5downstream
 a
 TATGAGAAGACGGTTCGCCATTCGGACAG 



 139 

  

 

 

 

 

 

 

  

Figure 5-7. Schematic diagram showing construction of ScADH2::URA3-dpl200 cassette for 

disruption of S. cerevisiae ADH2. A. Amplify URA3-dpl200 cassette using plasmid pDDB57 

as the template with primers containing 50 bp of ScADH2 flanking sequence as well as the 

URA3-dpl200 cassette sequence. B.  Amplify flanking fragments of ScADH2, upstream (0.5 

kb) and downstream (0.5 kb) of ORF using S. cerevisiae DNA as template. C. Create 

transformation cassette ScADH2::URA3-dpl200 by recombinant PCR, followed by 

transformation of the host strain S. cerevisiae ADΔ. Dashed lines indicate regions of the 

ScADH2::URA3-dpl200 cassette where double cross-over can occur so that the URA3 gene 

replaces ADH2 in the genome of the S. cerevisiae host strain AD.  
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5.5.2 Disruption of ScADH2 in S. cerevisiae ADΔ  

Following creation of the ScADH2::URA3-dpl200 cassette, ScADH2 was disrupted in 

the host strain S. cerevisiae ADΔ, creating a control strain designated as 

AD/ScADH2. Transformation was carried out using the alkali cation method as 

described in section 2.2.1.6.7 and six Ura
+
 transformants were isolated on CSM-ura 

agar plates.  

5.5.3 Confirmation of ScADH2 disruption in AD/ScADH2 by PCR 

Genomic DNA was extracted from the six Ura
+
 putative AD/ScADH2 transformants 

as described in section 2.2.1.1 and PCR was carried out to confirm disruption of 

ScADH2. Primers CHECKFor and CHECKRev (Table 5-1) were used in the PCR 

which should yield a fragment of 2.7 kb if ScADH2 had been successfully disrupted 

(Figure 5-7). The PCR products were electrophoresed on an agarose gel (Figure 5-9). 

A control for the PCR reaction was also carried out using genomic DNA from the 

AD strain as template; the expected size of the PCR product from this strain 

containing the undisrupted ScADH2 gene is 2.0 kb. Four out of the six AD/ScADH2 

transformants gave the amplicon size expected for successful ScADH2 disruption. 

Figure 5-8. Construction of the ScADH2::URA3-dpl200 cassette for disruption of ScADH2 in 

the S. cerevisiae host strain AD∆. PCRs were carried out to amplify the three DNA fragments 

required for disruption of ScADH2: (1) URA3-dpl200 cassette flanked with 50 bp of DNA 

homologous to DNA upstream and downstream of ScADH2 (Figure 5-7A); (2) 0.5 kb of 

upstream region of ScADH2 (Figure 5-7B); (3) 0.5 kb of downstream region of ScADH2 

(Figure 5-7B); Lane 4 shows the product obtained by fusion of the three PCR products using 

recombinant PCR (Figure 5-7C). 
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Two strains did not give the expected amplicon; this could be due to a random 

insertion of the URA3 marker at a genomic site other the ScADH2 locus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9. Confirmation of ScADH2 disruption in S. cerevisiae AD/∆ScADH2 clones. 

Genomic DNA was extracted from each of the transformants and was used in a PCR to 

confirm ScADH2 disruption. Lane 1 is the PCR product from the control strain AD. Lanes 

2-7 are the PCR products from the putative S. cerevisiae AD/ScADH2 disruptants. 
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 5.5.4 Adhp activities in cell-free extracts from S. cerevisiae AD/ScADH2  

In order to confirm the reduction in background ethanol utilization activity in S. 

cerevisiae AD/ScADH2 strain, (and thus in any CaAdh-expressing derivative 

strains), NAD-dependent ethanol utilising activities were compared for the parental 

host strain AD and for a selected S. cerevisiae AD/ScADH2 deletant strain.  

Optimum assay conditions, as determined in section 5.3, were used. The S. cerevisiae 

AD/ScADH2 strain showed a 93% reduction in ethanol-utilising activity relative to 

the S. cerevisiae ADΔ strain (Figure 5-10A). This would suggest that the endogenous 

ethanol utilising activity of ScADH2 is not present due to the disruption of ScADH2. In 

contrast, when acetaldehyde was given as the substrate, the S. cerevisiae 

AD/ScADH2 strain showed Adh activity that was similar to that of the control S. 

cerevisiae ADΔ strain (Figure 5-10B). This would suggest that only endongenous 

ethanol utilising activity in the S. cerevisiae AD/ScADH2 strain was affected by 

deletion of the ScADH2 gene. The endogenous NADH-dependent acetaldehyde 

utilising activity still detectable in this strain was probably mediated by the ScADH1 

gene which is still present. 

 

 

 

 

  
* 

 

Figure 5-10. Adh enzyme activities of S. cerevisiae strain AD/∆ScADH2 and the control S. 

cerevisiae strain ADΔ. Enzyme activities were determined when ethanol (A) or acetaldehyde 

(B) was used as a substrate as described in section 5.3. All assays were carried out in triplicate. 

*P < 0.01. 
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5.5.5 Creation of an S. cerevisiae ScADH2 strain that expresses C.  albicans 

Adh1p  

 

As noted in section 5.5 (Figure 5-6), there were two approaches to creating this strain. 

In one, the C. albicans ADH1 gene was introduced into a strain in which the S. 

cerevisiae ADH2 gene had been disrupted (right-hand pathway, Figure 5-6). This 

approach was attempted but it did not produce the required Ura
+ 

His
+
 transformants. In 

the second approach (left-hand pathway, Figure 5-6) the first step was to create a 

strain expressing C. albicans Adh1p using a cassette based on pABC5 that contains 

the HIS1 marker. The strain created was denoted AD/CaADH1(pABC5). Plasmid 

pABC5 is similar to plasmid pABC3, described in section 4.3.1, except that plasmid 

pABC5 has the HIS1 marker instead of the URA3 marker. Use of this plasmid allowed 

the URA3 marker to be used for disruption of ScADH2 in a strain expressing CaADH1 

at the S. cerevisiae PDR5 locus. The methods used for the insertion of CaADH1 into 

the pABC5 plasmid, the transformation of E. coli followed by excision of the pABC5 

cassette containing CaADH1 and transformation of S. cerevisiae were similar to those 

described in sections 4.3.2 – 4.3.5. Briefly, CaADH1 was amplified using primers 

which included a PacI site in the forward primer and a NotI site in the reverse primer. 

The CaADH1 DNA fragment was digested with PacI and NotI and ligated with 

plasmid pABC5 which had also been digested with PacI and NotI. The ligated plasmid 

was used to transform E.coli. A total of ~250 E. coli transformants were obtained. 

Plasmids from selected colonies were digested with AscI and the DNA fragment 

containing CaADH1 was gel purified and used to transform S. cerevisiae AD∆ to His
+
. 

A total of
 
~25 S. cerevisiae transformants were obtained and selected colonies, in 

which the presence of CaADH1 was confirmed, were used for S. cerevisiae ADH2 

gene disruption. 

 

Disruption of the S. cerevisiae ADH2 gene in the AD/CaADH1(pABC5) strain was 

carried out as described in section 5.5.1 and 5.5.2 using the URA3-dpl200 cassette in 

which the selective marker (the URA3 gene) was flanked by regions that were 

homologous to the upstream and downstream regions of the ScADH2 gene. 

Transformants were designated as AD/CaADH1(pABC5)/ScADH2. A total of ~100 

transformants were obtained and it was observed that transformants grew as either 

large or small colonies. Three each of the large and small colony types were 
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investigated; nutritional phenotypes were checked and each was checked by PCR for 

the disruption of ScADH2 and the presence of CaADH1. 

 

5.5.6 Phenotypic and genetic analysis of AD/CaADH1(pABC5)/ScADH2 strains 

Representative AD/CaADH1(pABC5)/ScADH2 strains, the parental AD strain and 

the ScADH2 disruptant, were plated on different selective media as shown in Table 5-

2 to confirm their nutritional phenotypes. As expected, the 

AD/CaADH1(pABC5)/ScADH2 strain grew on both His
-
 and Ura

-
 CSM selective 

media. 

 

Table 5-2. Growth of parental and recombinant strains on selective media.  

 

S. cerevisiae strains 
Complete 

CSM 

 

CSM-His 

 

CSM-Ura 

AD + — — 

AD/ScADH2  + — + 

AD/CaADH1(pABC5)/ScADH2 + + + 

+: growth      — : no growth 

 

To confirm that the ScADH2 gene was disrupted in six of the 

AD/CaADH1(pABC5)/ScADH2 colonies (three large and three small colonies), 

genomic DNA was extracted from each of the colonies and PCR was carried out using 

primers CHECKFor and CHECKRev (Table 5-1). ScADH2 disruption was confirmed 

for all six of the selected AD/CaADH1(pABC5)/ScADH2 strains (Figure 5.11A). 

The predicted size for the PCR product from the control strain, AD/CaADH1, is 2.2 kb 

whereas the PCR products from the AD/CaADH1(pABC5)/ScADH2 transformants 

were 2.7 kb as expected.  

 

The presence of CaADH1 in the S. cerevisiae AD/CaADH1(pABC5)/ScADH2 

strains was determined by PCR using primers pABC3-For and PDR5downstream
  

(Table 5-1). As a control, genomic DNA from the original recombinant strain, 

AD/CaADH1, was also used as a template for PCR. PCR products were 

electrophoresed on an agarose gel (Figure 5-11B). The predicted size for the PCR 
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product from the control strain is 3.2 kb whereas the PCR products from the 

AD/CaADH1(pABC5)/ScADH2 transformants were expected to be 4.4 kb because 

of the different sizes of the URA3 and HIS1 selective marker genes present in the 

AD/CaADH1 and AD/CaADH1(pABC5)/ScADH2 strains respectively. The results 

obtained indicate that the CaADH1 gene was detectable only in the smaller colonies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.5.7 Adhp activities in cell-free extracts from the S. cerevisiae 

AD/CaADH1(pABC5)/ScADH2 strains 

 

Finally, the Adh activities of representative recombinant strains were determined, 

using the optimised enzyme assay conditions developed as described in section 5.3. 

Activities in whole cell extracts from a representative S. cerevisiae 

AD/CaADH1(pABC5)/ScADH2 small colony type (presence of the C. albicans 

ADH1 gene confirmed; Figure 5-11) and control strains were compared. The 

representative small colony strain AD/CaADH1(pABC5)/ScADH2 possessed greater 

NAD-dependent ethanol utilising activity (0.13 U/mg protein) than the ScADH2 

disruptant parental strain (<0.001 U/mg protein) or the control S. cerevisiae ADΔ 

strain (Figure 5-12A). Unexpectedly, an extract from a large colony in which the 

 

Figure 5-11. Confirmation of ScADH2 disruption (A) and the presence of CaADH1 (B) in 

AD/CaADH1(pABC5)/∆ScADH2 strains. Genomic DNA was extracted from both the big 

(lanes 2-4) and small colonies (lanes 5-7) and was used in PCR to confirm ScADH2 disruption 

and the presence of CaADH1. Lane 1 represents the control strain AD/CaADH1. 

 



 146 

cloned CaADH1 gene was not detected also had this activity (0.12 U/mg protein). 

Possible explanations for this observation will be presented in the discussion.  

 

When acetaldehyde was given as the substrate, a representative S. cerevisiae 

AD/CaADH1(pABC5)/ScADH2 small colony type possessed greater NADH-

dependent acetaldehyde utilising activity (0.28 U/mg protein) than the ScADH2 

disruptant parental strain (< 0.1 U/mg protein) or the control S. cerevisiae ADΔ strain 

(Figure 5-12B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

 

B 

Figure 5-12. Adh enzyme activities of cell-free extracts of S. cerevisiae strains 

AD/CaADH1(pABC5)/∆ScADH2 and the controls AD∆ and AD/∆ScADH2. Enzyme 

activities were determined when (A) ethanol or (B) acetaldehyde was given as a substrate as 

described in section 5.3. All assays were carried out in triplicate. *P < 0.001 

 

* 
* 
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5.6 Discussion  

In this chapter, the Adhp activities of C. albicans and recombinant S. cerevisiae strains 

expressing either C. albicans ADH1 or C. albicans ADH2 were investigated. 

Following confirmation that an NAD-dependent ethanol utilising activity, assumed to 

represent acetaldehyde production by an Adhp enzyme, was present in cell free 

extracts of C. albicans cultures, further analysis of C. albicans Adhp activities were 

carried out with the recombinant S. cerevisiae strains AD/CaADH1-his and AD 

/CaADH2-his, initially using unpurified cell extracts. Activities were compared to that 

of a control strain containing the empty cassette from vector pABC3. The optimal 

conditions for performing Adhp enzyme assays were established for both ethanol and 

acetaldehyde as the substrate. The results indicated that the production of acetaldehyde 

from ethanol, and the reverse reaction, were greatest for the strain expressing 

CaAdh1p and the greatest increase in activity relative to the other recombinant strains 

was in catalyzing the conversion of ethanol to acetaldehyde rather than the reverse 

reaction. Crude extracts of the S. cerevisiae strains expressing either C. albicans 

Adh1p or C. albicans Adh2p were purified using Nickel column affinity 

chromatography to facilitate further analysis of the Adhp activities in the recombinant 

strains. As discussed in Chapter 4, SDS-PAGE and Western blot analysis 

demonstrated that the column-purified extracts contained an increased concentration 

of the recombinant protein compared to the crude whole-cell extracts. The pattern of 

Adh enzyme activities obtained for the Nickel column-purified extracts were similar to 

that using the crude extracts: regardless of using either ethanol or acetaldehyde as the 

substrate, CaAdh1p exhibited the greatest activity as compared to CaAdh2p or the 

empty cassette vector pABC3-his control. In addition, the Nickel column-purified 

extract demonstrated more pronounced activity in converting ethanol to acetaldehyde 

than vice versa suggesting that CaAdh1p is the major isozyme responsible for the 

production of acetaldehyde. The presence of the cloned CaAdh1p in the purified cell 

extract tested for Adhp activities was confirmed by Western blot using an anti-His 

antibody (see Chapter 4). 

 

In contrast, although the presence of CaAdh2p in the purified cell extract from the 

AD/CaADH2-his strain was confirmed by Western blot using an anti-His antibody 

(see Chapter 4), this strain showed enzyme activities similar to those in extracts from 
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the control empty vector strain, when either ethanol or acetaldehyde was provided as 

the substrate.  This would suggest that CaAdh2p is inactive under the conditions 

tested, and that the results for the AD/CaADH2-his strain represent the background 

Adh activities of the host AD strain.  

 

The purified extracts contained some contaminants despite various attempts to remove 

them. Western blot analysis demonstrated that one of the co-purified contaminant 

polypeptides was probably ScAdh1p as it reacted with a commercial antibody against 

ScAdh1p (refer to Chapter 4, Figure 4-12). Indeed, Adh1p has been reported 

previously as a contaminant of immobilised metal ion affinity chromatography (Law 

et al. 2001). Thus it was evident that background activity from the endogenous host 

strain would still be present despite affinity purification of the his-tagged recombinant 

proteins. It would be anticipated that the endogenous ScAdh1p could contribute to the 

activity detected in the column eluates when acetaldehyde was given as the substrate 

as ScAdh1p catalyses the conversion of acetaldehyde to ethanol (Lutstorf and Megnet 

1968). It is not known if the anti-ScAdh1p antibody also reacts with ScAdh2p, (the 

proteins are of similar size and have considerable sequence similarity).Thus, it is also 

possible that ScAdh2p is present in the affinity purified cell-free extracts and may 

contribute to the activity detected when ethanol was given as the substrate (ScAdh2p 

catalyses the conversion of ethanol to acetaldehyde (Ciriacy 1975a)).  

 

Although the results obtained consistently indicated that the production of 

acetaldehyde from ethanol or vice versa was greater for CaAdh1p-containing extracts 

than for either CaAdh2p or the empty cassette vector AD/pABC3-his control extracts, 

the possible presence of endogenous S. cerevisiae Adhp isoenzymes, co-purified with 

the His-tagged recombinant proteins in the Nickel affinity chromatography, was of 

concern in interpreting the data.  In order to confirm that the Adhp activities in 

extracts from the AD/CaADH1-his recombinant strain were mediated by the cloned 

CaAdh1p rather than contaminating ScAdh2p, CaAdh1p was expressed in a strain in 

which ScADH2 was disrupted. ScADH2 was successfully disrupted in the parental 

AD strain. In this recombinant strain (AD/ScADH2) no significant NAD reduction 

activity was detected in extracts when ethanol was given as the substrate, whereas the 

acetaldehyde utilising activity was similar to that of an extract from the parental strain 

(Figure 5-10) confirming that ScAdh2p catalyses the ethanol utilising activity in S. 
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cerevisiae (Ciriacy 1975a). When ScADH2 was disrupted in a recombinant strain 

expressing CaAdh1p, ethanol utilising activity was present confirming that CaAdh1p 

catalyses the conversion of ethanol to acetaldehyde (Figure 5-12).  

 

Two intriguing observations were: (1) that disruption of ScADH2 in the CaAdh1-

expressing cells gave large and small colonies; and (2) that no transformants were 

obtained when attempts were made to transform an S. cerevisiae ADH2 disruptant 

strain with CaADH1. This suggests the possibility that the CaAdh1p-mediated activity 

of acetaldehyde production from ethanol could be toxic or is not favoured by the host 

S. cerevisiae strain. Indeed the finding that the CaADH1 gene could not be detected by 

PCR in the large colonies obtained following disruption of ScADH2 in the CaAdh1-

expressing strain would be consistent with this hypothesis, the small colonies were 

possibly growth restricted because of the expression of CaAdh1p. Significant Adh 

enzyme activity was demonstrated in the large colony of the S. cerevisiae 

AD/CaADH1(pABC5)/ScADH2 even though CaADH1 could not be detected at the 

PDR5 locus by PCR in this strain. This suggests the CaADH1 gene may have 

intergrated at another locus. This could have have been tested by using primers 

binding within the ADH1 ORF in PCR or by Southern blot, to confirm the presence of 

CaADH1 in this strain. 

 

In conclusion, the production of acetaldehyde from ethanol was greatest for 

recombinant S. cerevisiae strain AD/CaADH1-his relative to S. cerevisiae 

AD/CaADH2-his or the AD/pABC3-his control containing empty vector indicating 

that CaADH1 is the major ADH isozyme involved in the production of acetaldehyde. 

In addition, these experiments also confirmed that expression of the C. albicans ADH1 

gene in an S. cerevisiae strain in which the endogenous ScADH2 gene has been 

deleted conferred an NAD-dependant ethanol utilising and hence acetaldehyde 

producing activity. 

 



 150 

 

Chapter 6  

Detection of Candida in human archival biopsy samples 

6.1 Introduction  

Candida has been associated with oral leukoplakias since the 1960s (Cernea et al. 

1965, Jepsen and Winther 1965) but the role of Candida in promoting oral cancer has 

always been controversial (Sitheeque and Samaranayake 2003). In this chapter, the 

presence of Candida, and the expression of particular C. albicans genes in potentially 

malignant human archival biopsies genes was investigated so that the presence of 

Candida, or gene activity, could be related to histopathological diagnosis.  

 

Two methods for the detection of C. albicans in biopsy samples were used – 

conventional histology and immunocytochemistry. These results were then compared 

with those from the RT-PCR method of detecting C. albicans gene expression, in 

particular CaADH1, as it was shown in Chapter 5 that CaAdh1p catalyses the 

conversion of ethanol to acetalydehyde. There is general acceptance that acetaldehyde 

is a carcinogen and its carcinogenic activity is widely reported (Fang and Vaca 1997, 

Masuda et al. 1999, Hecht et al. 2001, Noori and Hou 2001, Cheng et al. 2003). Hence 

the presence of CaAdh1p in the potentially malignant lesions was investigated to 

further elucidate the possible roles of C. albicans in promoting oral cancer. Although 

CaAdh2p was shown to have no Adhp activity (Chapter 5), the presence of CaADH2 

in these lesions was also investigated as expression of ADH2 by C. albicans has been 

confirmed by Northern analysis (Chapter 3).  

 

Compared to conventional histology and immunocytochemistry methods, RT-PCR 

offers a more sensitive method of detection but in addition to detection and 

identification also provides information about specific gene expression. Thus, 

recovery of specific nucleic acids from archival material allows retrospective genetic 

analyses of disease processes. However, most of the archival human biopsy samples 

studied have been fixed in formalin and it has been widely reported that the chemical 

nature of the fixative can have a drastic effect on the quality and quantity of the 
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nucleic acid extracted from the samples (Bresters et al. 1994, Cronin et al. 2004). 

These formalin-treated samples are referred to as formalin-fixed paraffin-embedded 

(FFPE) samples. Although little work has been carried out using RT-PCR to detect C. 

albicans in human or animal FFPE samples, the problems associated with RT-PCR 

FFPE samples have been highlighted (Bustin 2002, Beggs et al. 2004, Bustin and 

Nolan 2004). Therefore, it was anticipated that the RT-PCR analysis of human FFPE 

samples in this study would also be very challenging. In order to optimize the RT-PCR 

conditions for FFPE samples, rat tissues processed as FFPE samples were initially 

used to develop the method for detecting C. albicans ADH gene expression.  
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6.2 Detection of C. albicans in rat FFPE samples 

Rat tongues were obtained from a study in which rats were used to develop an animal 

model for oral colonization with C. albicans as described in section 2.2.2.8.1. The rat 

tongues were fixed in 10% neutral buffered formalin for 5 - 7 days before being 

embedded in paraffin wax. Sections (3 m) were cut from each block, processed as 

described in section 2.2.2.8.3 and used to optimize the Candida detection method. 

Candida detection was carried out by histology, immunocytochemistry and RT-PCR.  

6.2.1 Detection of Candida by PAS staining 

When sections were stained with PAS, Candida cells were clearly detectable as 

magenta hyphae and yeasts (Figure 6-1). Candida cells were only detected in the 

surface keratin layer and did not penetrate deeper into the epithelium or into the 

connective tissue. 

6.2.2 Detection of C. albicans by immunocytochemistry 

Rat tongue sections were also examined by immunocytochemistry. The 1
o
 antibody 

was a C. albicans-specific antibody raised against whole heat-killed C. albicans 

ATCC 10261 cells (Holmes et al., unpublished data). Bound antibody was detected 

with a peroxidase-labelled 2
o
 antibody and visualized with Dako LSAB2System-

HRP. As shown in Figure 6-2, brown coloured C. albicans hyphae and yeast were 

present. 
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Figure 6-1. Detection of Candida cells in rat tongue sections by staining with PAS (x 40). 

Sections (3µm) from FFPE samples were stained with PAS as described in section 

2.2.2.8.4. 

 

 

Figure 6-2. Detection of C. albicans cells in rat tongue sections by immunocytochemistry 

(x 40). Sections (3µm) from rat tongues FFPE samples were incubated with anti-Candida 

primary antibody as described in section 2.2.2.8.5. 
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6.2.3 Detection of C. albicans mRNA expression using RT-PCR 

Six 10 μm sections from rat FFPE samples were used for RNA extraction as described 

in section 2.2.1.8.2. RT-PCR to detect Ca18S rRNA was initially performed. The 

housekeeping gene Ca18S rRNA was chosen due to its high cellular abundance 

relative to the mRNAs of single-copy genes. Specific reverse primers were used to 

generate cDNA templates in the reverse transcription (RT) reaction. These primers 

were also used for subsequent PCR amplification and the primer pairs used are listed 

in Table 6-1. The primers were designed to amplify fragments less than 150 bp in 

length as these were most likely to be present in degraded or fragmented mRNA and 

were based on a study conducted by Beggs et al. (2004). Several controls were 

included in this experiment. RNA was extracted from a culture of C. albicans cells 

using the hot–phenol extraction method as described in section 2.2.1.8.1 and the 

extracted RNA was then used for RT-PCR positive controls (with reverse transcriptase 

enzyme) and negative controls (without reverse transcriptase enzyme). Amplification 

of the Ca18S rRNA gene from C. albicans genomic DNA was also carried out as a 

PCR positive control and the reaction mixes without template were used as PCR 

negative controls.  

 

The initial PCR results obtained indicated that Ca18S rRNA could be detected in 

FFPE samples, but in addition to Ca18S rRNA, many other non-specific products 

(bands) were also present. However, this problem was not encountered when detecting 

Ca18S rRNA using RNA that was extracted from a culture of C. albicans cells.  To 

overcome the problem associated with detecting Ca18S rRNA in FFPE samples, 

RNase inhibitor was included in the reverse transcription reaction and in addition, the 

reaction mix was kept at 55
o
C following the initial template denaturation-primer 

annealing step, to reduce the potential for mispriming.  

 

As shown in Figure 6-3, using this modified protocol, Ca18S rRNA was successfully 

detected in the rat FFPE samples and similar RT and PCR conditions were applied for 

detection of CaADH1 and CaADH2 mRNAs. Both CaADH1 and CaADH2 mRNAs 

were detected in the rat FFPE samples but it was observed that there was less 

CaADH2 mRNA than CaADH1 mRNA. 
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Table 6-1. Oligonucleotide primers for RT-PCR.  

 

Primer name Sequence (5‘ – 3‘) 

Ca18S rRNARTPCR For GGATTTACTGAAGACTAACTACTG 

Ca18S rRNA RT primer and PCR reverse GAACAACAACCGATCCCTAGT 

CaADH1RTPCR For
 
 CACTCACGATGGTTCATTCG  

CaADH1RT primer and PCR reverse  AAGATGGTGCGACATTGG  

CaADH2RTPCR For
 
 CACCCACGATGGTTCTTTCC  

CaADH2RT primer and PCR reverse  AAGATTGGTGCAACATGGG  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 6-3. Detection of C. albicans 18S rRNA (A), ADH1 (B) and ADH2 (C) mRNAs by 

RT-PCR of rat FFPE samples. RNA was extracted from FFPE samples (section 2.2.1.8.2) and 

RT-PCR was carried out as described in section 2.2.1.10.  

 
Lane 1: PCR negative control (PCR reaction mix without cDNA template). 

Lane 2: PCR positive control (PCR using C. albicans genomic DNA as template). 

Lane 3: RT-PCR positive controls using RNA from cultured C. albicans cells. 

Lane 4: RT-PCR negative controls using RNA from cultured C. albicans cells (without 

 reverse transcriptase). 

Lane 5: RT-PCR of rat FFPE sample with reverse transcriptase. 

Lane 6: RT-PCR of rat FFPE sample without reverse transcriptase. 
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6.3 Detection of Candida in human FFPE samples 

Having established that it was possible to detect Ca18S rRNA, CaADH1 and CaADH2 

mRNA in rat FFPE samples that had been formalin-fixed for up to 7 days, the method 

was then applied to archival human FFPE samples. The human FFPE samples were 

divided into four groups as shown in Table 6-2 and the criteria for inclusion in each 

group is explained in section 6.1.2.1. 

6.3.1 Grouping of human FFPE samples 

FFPE blocks of relevant biopsies collected between 2004 and 2007 were obtained 

from the University of Otago Oral Pathology Diagnostic Service (Medlab Dental). 

Blocks were selected from patients in each of the groups summarised in Table 6-2 

according to the associated histology record. The histological diagnoses were made by 

specialist oral pathologists, based on clinical and histopathological criteria of cancer 

and precancer of the oral mucosa (WHO 1997) where leukoplakia was defined as a 

predominantly white lesion of the oral mucosa that cannot be characterized as any 

other definable lesion. Some researchers have used the term ‗potentially malignant 

disorders‘ to refer to precancer as it conveys that not all disorders described under this 

term may transform into cancer. Leukoplakia is among the common potentially 

malignant disorders and is defined as white plaques of questionable risk having 

excluded (other) known diseases or disorders that carry no increased risk for cancer 

(Warnakulasuriya et al. 2007b, van der Waal 2009). 

 

Group A consisted of three patients with no evidence of oral lesions that were 

considered highly unlikely to have Candida in their tissue blocks. This group was used 

as negative controls for RT-PCR. Group B comprised eight biopsy specimens from 

eight patients clinically diagnosed with leukoplakia where the biopsy showed 

epithelial hyperplasia without dysplasia and with no obvious Candida infection. Group 

C comprised ten biopsy specimens from seven patients clinically diagnosed with 

leukoplakia where the biopsy showed epithelial hyperplasia with moderate or severe 

dysplasia and with no obvious clinical or histological Candida infection. Group D 

consisted of ten biopsies samples from ten patients diagnosed histologically with 

Chronic Hyperplastic Candidosis (CHC) where the biopsy of most of the cases had no 

notable dysplasia (6/10) and the remainder showed mild dysplasia (4/10).   
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Table 6-2. Patient groups used in this study.  

 

Patient 

Group 

No. of 

Samples 

Clinical 

Presentation  
Histological Diagnosis Prognosis 

A 3 Normal oral 

mucosa 

 

  

B 8 White or white and 

red patches 

―leukoplakia‖ 

Epithelial keratosis 

without dysplasia without 

candidal infection 

 

No significant 

malignant 

potential 

C 10 White or white and 

red patches 

―leukoplakia‖ 

Epithelial keratosis with 

moderate/severe dysplasia 

without candidal infection 

 

Potentially 

malignant 

(high) 

D 10 White or white and 

red patches 

―leukoplakia‖ 

Chronic hyperplastic 

candidosis (6 had no 

dysplasia and 4 mild 

dysplasia) 
 

Potentially 

malignant 

(high) 

 

 

6.3.2 Comparison of histological and immunocytochemistry methods for 

detection of Candida in FFPE samples  

In order to validate the biopsy groups as described in section 6.3.1, all samples were 

examined by both standard histology and immunocytochemistry methods (Figure 6-4 

and Figure 6-5). In addition, this provided information on the relative value of these two 

techniques. The results obtained for all samples are shown in Table 6-3. As expected, 

none of the group A or B samples tested positive for Candida. 

In group C, two out of 10 FFPE biopsy samples (C1 and C2) stained positively for 

Candida, both by PAS staining and immunocytochemistry (the PAS stained slides used 

for these assessments were of deeper levels, and stained by the candidate, not the original 

levels assessed by the oral pathologists). Out of ten samples in group D, Candida was 

detected in nine samples by PAS staining and in six samples by 

immunocytochemistry. If both the PAS staining and immunocytochemistry results 

were taken into consideration, then all samples were considered positive for Candida 

by either PAS staining or immunocytochemistry and none of the samples were 

negative by both the methods. A summary of the results from all patients is shown in 

Table 6-4.  
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Figure 6-4. Detection of Candida in human FFPE section (Group D) stained with PAS 

(x 40). Sections (3µm) from FFPE samples were stained with PAS as described in 

section 2.2.2.8.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-5. Detection of C. albicans in human FFPE section (Group D) by 

immunocytochemistry (x 40). Sections (3µm) from human FFPE samples were 

incubated with anti-Candida primary antibody and detected as described in section 

2.2.2.8.5. 
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Table 6-3. Detection of Candida by PAS staining, immunocytochemistry and RT-PCR in four 

groups of human archival FFPE samples.  

 

Group Specimen PAS
a
 PAS

b
 IMMUNO 

 
RT-PCR 

CaADH1 CaADH2 

A1 06/1571 - - - - - 

A2 06/1310 - - - - - 

A3 06/113 - - - - - 

B1 05 / 334 - - - - - 

B2 05 / 652 - - - - - 

B3 06 / 55 - - - - - 

B4 06 / 323 - - - - - 

B5 06 / 556 - - - - - 

B6 06 / 1187 - - - - - 

B7 06 / 1556 - - - - - 

B8 07 / 62 - - - - - 

C1 05 / 367 - + + + - 

C2 06 / 257 - + + + + 

C3 05 / 728 - - - - - 

C4 06 / 23 - - - - - 

C5 05 / 640 - - - - - 

C6 06 / 290 - - - - - 

C7 06 / 749 - - - - - 

C8 06 / 751 - - - - - 

C9 06 / 1147 - - - - - 

C10 07 / 297 - - - - - 

D1 04 / 934 + + + + - 

D2 05 /  437 + - + + + 

D3 05 / 746 + + - + - 

D4 05 / 985 + + + + - 

D5 05 / 873 + + - + + 

D6 06 / 379 + + - + - 

D7 05 / 1292 + + + + + 

D8 05 / 1287 + + - - - 

D9 06 / 501 + + + + - 

D10 06 / 602 + + + + - 

       

Group A - Normal tissues 

Group B - Leukoplakia without histological dysplasia 

Group C - Leukoplakia with histological dysplasia, without Candida at time of diagnosis 

Group D - Chronic hyperplastic candidosis 

IMMUNO - Immunocytochemistry, +  Candida present, - Candida absent. PAS
a 

- Original 

PAS staining performed as part of obtaining clinical diagnosis. PAS
b
 - PAS staining 

performed for current study. 
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Table 6-4. Summary of Candida detection by PAS staining and immunocytochemistry in 

archival human FFPE samples. 

 

Group 
Clinical 

diagnosis 
Histological 
Dysplasia 

Presence of Candida  Candida 

detection by 

either method 
PAS

a
 PAS

b
 IMMUNO 

A (3)* Normal -  0 /3 0 / 3 0/3 

B (8) Leukoplakia -  0 /10 0 / 10 0/10 

C (10) 
Non-

candidal 

leukoplakia 

+ 0 /10 2 / 10` 2 / 10 2/10 

D (10) 

 

Candidal 

leukoplakia 

(CHC) 

 

- 10/10 9 / 10 6 / 10 10/10 

 

*number of samples examined in parentheses. PAS
a
 - Original PAS staining performed as part 

of obtaining clinical diagnosis. PAS
b 

- PAS staining performed for current study. IMMUNO – 

Immunocytochemistry. 

 

 

 

6.3.3 Detection of C. albicans ADH gene expression by RT-PCR 

The method developed for detecting C. albicans mRNA from the rat tissues (section 

6.2.3) was applied to the human FFPE samples. As well as the positive and negative 

PCR controls, additional negative controls were carried out which included RT-PCR 

of human FFPE samples from group A which were highly unlikely to have Candida 

cells present.  

 

The amount of RNA extracted from the FFPE samples varied greatly for all of the 

samples (Table 6-5). Initially I attempted to detect Ca18S rRNA due to its relatively 

high cellular abundance in comparison to mRNA for single-copy genes. Then FFPE 

samples were investigated further for CaADH1 and CaADH2 gene expression.  
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Table 6-5. Amount of RNA (µg) extracted from the human archival FFPE samples.  

 

Group Specimen RNA (µg) 

   

Normal tissues 
A1 06/1571 51 

A2 06/1310 61 

A3 06/113 65 

   

Leukoplakia without dysplasia 
B1 05 / 334 80 

B2 05 / 652 51 

B3 06 / 55 10 

B4 06 / 323 61 

B5 06 / 556 144 

B6 06 / 1187 25 

B7 06 / 1556 47 

B8 07 / 62 130 

   

Leukoplakia with dysplasia, without Candida at time of diagnosis 
C1 05 / 367 61 

C2 06 / 257 40 

C3 05 / 728 40 

C4 06 / 23 65 

C5 05 / 640 47 

C6 06 / 290 61 

C7 06 / 749 54 

C8 06 / 751 43 

C9 06 / 1147 43 

C10 07 / 297 54 

   

Chronic hyperplastic candidosis 
D1 04 / 934 52 

D2 05 /  437 32 

D3 05 / 746 78 

D4 05 / 985 38 

D5 05 / 873 40 

D6 06 / 379 36 

D7 05 / 1292 14 

D8 05 / 1287 10 

D9 06 / 501 130 

D10 06 / 602 49 

   

        Group A - Normal tissues 

        Group B - Leukoplakia without histological dysplasia 

        Group C - Leukoplakia with histological dysplasia, without Candida at time of diagnosis 

        Group D - Chronic hyperplastic candidosis 
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Detection of Ca18S rRNA, CaADH1 and CaADH2 mRNAs was initially carried out 

using FFPE samples from group D (chronic hyperplastic candidosis) patients as the 

presence of Candida in these samples had been confirmed either by PAS staining or 

immunocytochemistry. RT-PCR indicated that Ca18S rRNA and CaADH1 mRNAs 

were present in nine out of ten samples (Figure 6-6). It was observed that the sample 

that tested negative for Ca18s rRNA and CaADH1 by RT-PCR (D8), tested positive 

for PAS staining but negative with immunocytochemistry. Initially CaADH2 mRNA 

was not detected in any of the samples from group D. In order to increase the 

sensitivity of mRNA detection when performing reverse transcription, the amount of 

template (CaADH2 cDNA) used for PCR amplification was doubled (to twice that 

used for detection of Ca18S rRNA and CaADH1 mRNA). In addition, the number of 

PCR cycles was also increased from 30 to 45 cycles. Under these conditions, CaADH2 

mRNA was detected in three out of ten samples (Figure 6-6; D2, D5 and D7). D5 and 

D7 were both positive by PAS staining and immunocytochemistry but D2 tested 

positive only by PAS staining. 

 

Following this RT-PCR optimization, detection of Ca18S rRNA, CaADH1 and 

CaADH2 mRNAs was undertaken using the remaining FFPE samples. As expected, C. 

albicans mRNAs were not detected in group A samples (which were unlikely to have 

Candida) or group B samples (leukoplakia without dysplasia). Two out of ten samples 

of group C (leukoplakia with dysplasia but without obvious Candida infection) 

showed expression of Ca18S rRNA and CaADH1 (Figure 6-7) and out of these two 

samples (C1 and C2), only one (C2) showed expression of CaADH2 (Figure 6-7). 

When the RT-PCR results for group C were compared to the histology and 

immunocytochemistry results, both the samples (C1 and C2) that tested positive for 

Ca18S rRNA and CaADH1 by RT-PCR were also positive for C. albicans by both 

histology and immunocytochemistry methods (Table 6-3).  
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Figure 6-6. Detection of C. albicans 18S rRNA (A), ADH1 (B) and ADH2 (C) mRNA in 

FFPE samples from group D (chronic hyperplastic candidosis) patients. RNA was extracted 

from FFPE samples (section 2.2.1.8.3) and RT-PCR was carried out as described in section 

2.2.1.10. 

 
Lane 1: PCR negative control (PCR reaction mix without cDNA template). 

Lane 2: PCR positive control (PCR using C. albicans genomic DNA as template). 

Lane 3: RT-PCR negative control of group A FFPE sample (without reverse transcriptase). 

 
Lane D1 – D10: RT-PCR of group D FFPE samples. 
RT+ve - with reverse transcriptase 
RT-ve – without reverse transcriptase (negative control) 
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Figure 6-7. Detection of C. albicans 18S rRNA (A), ADH1 (B) and ADH2 (C) mRNA in FFPE 

samples from group C (leukoplakia with histological dysplasia without obvious Candida 

infection) patients. RNA was extracted from FFPE samples (section 2.2.1.8.3) and RT-PCR was 

carried out as described in section 2.2.1.10.  

 
Lane 1: PCR negative control (PCR reaction mix without cDNA template) 

Lane 2: PCR positive control (PCR using C. albicans genomic DNA as template) 

Lane 3: RT-PCR negative control of group A FFPE sample (without reverse transcriptase). 

  
Lane C1 – C10: RT-PCR of group C FFPE samples. 

RT+ve - with reverse transcriptase 

RT-ve – without reverse transcriptase (negative control) 
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6.4 Clinical outcomes 

Clinicians managing the patients in groups A-D were contacted and asked to provide 

information obtained from follow-up visits. This information is presented in Table 6-6. 

 

The lesions in all patients with leukoplakia with no histological evidence of dysplasia 

(group B), about whom follow-up information was available, resolved and did not 

recur. There were 10 lesions from seven patients included in the leukoplakia with 

dysplasia without Candida category (group C).  Follow-up information was obtained 

for six of the seven patients.  Three of the six had no recurrence with a minimum 

follow-up period of three years.  In this group was a patient (C2) who had an 

incisional biopsy diagnosed as epithelial hyperplasia with moderate dysplasia. PAS 

stained slides at that time, and in a retrospective review, did not show Candida cells 

present. The patient was referred by the treating clinician for laser removal of the 

dysplastic lesion. The surgical specimen was diagnosed at another laboratory as 

chronic hyperplastic candidosis.  In light of this, and the detection of Candida in the 

investigation of this case for the current study, the likely correct diagnosis was chronic 

hyperplastic candidosis.  One patient had two areas biopsied (C7 and C8) due to 

recurrence with increased dysplasia six months after the initial biopsies.  There was a 

further recurrence three years later which showed mild dysplasia. The patient is under 

regular review. One patient (C5) had lesions which progressed to squamous cell 

carcinoma. 

 

For the patients with chronic hyperplastic candidosis (group D), follow-up information 

was obtained for eight. One had died of unrelated causes.  In four patients the lesion 

resolved with no recurrence.  Three had recurrent lesions, which were biopsied.  All 

subsequent biopsies showed chronic hyperplastic candidosis with no dysplasia.  No 

patients in this group progressed to dysplasia or OSCC. 
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Table 6-6. Clinical outcomes of patients whose FFPE samples were investigated for the presence of Candida by PAS staining, immunocytochemistry 

and RT-PCR.  

 

Group 
PAS

a 
PAS

b
 IMMUNO 

RT-PCR 
Clinical outcome 

Sample Patient Specimen 
 

  CaADH1 CaADH2 
 

  

Normal tissues  
A1 #1 06/1571 - - - - - Normal tissues  

A2 #2 06/1310 - - - - - Normal tissues 

A3 #3 06/113 - - - - - Normal tissues 

  

Leukoplakia without dysplasia  

B1 #4 05 / 334 - - - - - Resolved 

B2 #5 05 / 652 - - - - - Resolved 

B3 #6 06 / 55 - - - - - No response from clinician 

B4 #7 06 / 323 - - - - - Resolved 

B5 #8 06 / 556 - - - - - No response from clinician  

B6 #9 06 / 1187 - - - - - No response from clinician 

B7 #10 06 / 1556 - - - - - Resolved after biopsy and no recurrence 

B8 #11 07 / 62 - - - - - No response from clinician 

  

Leukoplakia with dysplasia, without Candida at time of diagnosis  

C1 #12 05 / 367 - + + + - No known recurrence 

C2 #13 06 / 257 - + + + + No known recurrence 

C3 #14 05 / 728 - - - - - No response from clinician 

C4 #15 06 / 23 - - - - - Resolved 

C5 #16 05 / 640 - - - - - OSCC developed 

C6 #15 06 / 290 - - - - - Resolved 

C7 #17 06 / 749 - - - - - Recurred and excised  

C8 #17 06 / 751 - - - - - Recurred and excised  

C9 #18 06 / 1147 - - - - - Regular reviews, no recurrence 

C10 #15 07 / 297 - - - - - Resolved 
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Table 6-6. Clinical outcomes of patients whose FFPE samples were investigated for the presence of Candida by PAS staining, immunocytochemistry 

 and RT-PCR.  

 

Group 
PAS

a 
PAS

b
 IMMUNO 

RT-PCR 
Clinical outcome 

Sample Patient Specimen 
 

  CaADH1 CaADH2 
 

Chronic hyperplastic candidosis  
D1 #19 04 / 934 + + + + - Resolved and no recurrence 

D2 #20 05 /  437 + - + + + No response from clinician 

D3 #21 05 / 746 + + - + - Multiple recurrences.  

D4 #22 05 / 985 + + + + - Not resolved 

D5 #23 05 / 873 + + - + + Pt died of unrelated causes 2007 

D6 #24 06 / 379 + + - + - No response from clinician 

D7 #25 05 / 1292 + + + + + Resolved 

D8 #26 05 / 1287 + + - - - Resolved and no recurrence 

D9 #27 06 / 501 + + + + - Resolved and no recurrence 

D10 #28 06 / 602 + + + + - Recurrence in 2008 and biopsied (epithelial hyperplasia 

without dysplasia) 

Group A - Normal tissues 

Group B - Leukoplakia without histological dysplasia 

Group C - Leukoplakia with histological dysplasia, without Candida at time of diagnosis 

Group D - Chronic hyperplastic candidosis 

PAS
b
 - PAS staining performed for current study. OSCC – oral squamous cell carcinoma 

IMMUNO - Immunocytochemistry, + Candida present, - Candida absent. PAS
a 

- Original PAS staining performed as part of obtaining 

clinical diagnosis. 
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6.5 Discussion 

The successful recovery of RNA from archival FFPE samples has enabled the analysis 

of gene expression for retrospective examination. However, it has been reported that 

extracting human mRNAs from FFPE samples can be challenging as there is 

enormous variation in the quality and quantity of the extracted RNA (Lewis et al. 

2001, Cronin et al. 2004, Farragher et al. 2008). Recovery of microbial RNA could be 

expected to add another layer of difficulty as the microorganism contributes only a 

small portion of the FFPE sample. A study conducted by Beggs et al. (2004) and this 

thesis are the first to detect fungal mRNA in human FFPE samples. 

 

Initially, RT-PCR conditions were optimized using FFPE samples from rats colonised 

orally with C. albicans, and the presence of C. albicans in the rat sections was 

confirmed by PAS staining and immunocytochemistry. RNA extraction from the rat 

FFPE samples was carried out using a commercially available column-based method. 

It was observed that the quality and quantity of the extracted RNA varied 

tremendously between samples. The recommended time for specimen fixation using 

formalin is usually approximately 24 hours and as the rat samples had been fixed in 

formalin for 5 -7 days, this may have lead to increased degradation of the nucleic 

acids. The extracted RNA was then reverse-transcribed to create cDNA using either 

sequence-specific primers, random primers or oligo-dT primer. It has been reported 

that the use of specific primers gave between a 10-fold and 100-fold increase in 

sensitivity compared to the use of random hexamers (Beggs et al. 2004). The specific 

primers were designed to amplify fragments less than 150 bp in length as RNA 

extracted from FFPE samples are likely to be degraded or fragmented and it is easier 

to amplify small pieces of DNA from fragmented template. The primers designed by 

Beggs et al. (2004) for detection of Ca18S rRNA, CaADH1 and CaADH2 mRNAs 

were used in this study for detecting the C. albicans mRNAs from the rat FFPE 

samples.  

 

One of the problems encountered during RT-PCR was the presence of contaminating 

DNA in the purified RNA sample giving false positive results. Although DNA 

removal from all purified RNA samples was carried out using DNAse, DNA was still 

present in some samples (ie the PCR was positive in the negative control). To 
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overcome this problem, these samples were subjected to double treatment with 

DNAse.   

 

Following confirmation that Ca18S rRNA, CaADH1 and CaADH2 mRNA could be 

detected by RT-PCR when using the rat FFPE samples, the RT-PCR method was then 

applied to the human archival FFPE samples. FFPE group D samples which were 

diagnosed as CHC were examined first as these samples were known to contain C. 

albicans cells. During the histological and immunocytochemistry examination, it was 

observed that there were not many Candida cells in the sections and therefore the 

screening of the histology slides for the presence of Candida was carried out very 

carefully. This was in contrast to the rat samples which had an abundance of Candida 

cells. Detection of the Candida cells in the human samples relied on the sensitivity of 

the methods used. The results obtained in this study showed that for group D, all ten 

samples tested positive for Candida with either the PAS or the immunocytochemistry 

technique. However, more samples tested positive for Candida with the PAS stain 

than with the immunocytochemistry technique. When using PAS, Candida is stained 

magenta and is clearly visible against the background, whereas in the 

immunocytochemistry method C. albicans cells are stained brown and are more 

difficult to detect. Although the PAS stain seemed to be more sensitive, it could not 

differentiate C. albicans from other Candida species such as C. tropicalis, C.  

pintolopesii and C. glabrata -species that have also been associated with CHC (Krogh 

et al. 1987a). On the other hand, the immunocytochemistry technique would be able to 

provide information on the Candida species present in the FFPE samples as the 

method utilizes an antibody which was raised specifically against C. albicans and the 

technique would not detect other yeast species. Thus the results suggest that C. 

albicans is the major species present in CHC, in line with other published studies (Liu 

et al., 2007; Sitheeque and  Samaranayake. 2003), although only culture of un-fixed 

specimens, or PCR with species-specific primers would completely confirm this. 

 

When C. albicans ADH gene expression in human group D FFPE samples was 

investigated using RT-PCR, it was observed that, similar to the rat FFPE samples, 

there was enormous variation in the quantity and quality of the RNA that was 

extracted from the FFPE samples. The variation is even more obvious in the human 

samples and therefore standardization of the amount of RNA template to be used for 
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synthesizing cDNA from each sample was not possible. Each sample was treated 

individually and, when required, a higher template concentration was used for 

synthesizing cDNA. Schofield (2003) carried out RT-PCR on FFPE samples using 

nested RT-PCR and reported that a higher level of sensitivity may be achieved by 

increasing the amount of cDNA in PCRs or the number of PCR cycles. As with the rat 

samples, the problem of contaminating DNA being present in the purified human 

RNA samples was also encountered and the samples which tested positive in the 

negative control tests were also subjected to repetition of the DNAse treatment. 

However, following elimination of the false positive problems, both Ca18S rRNA and 

CaADH1 mRNAs were detectable in nine out of ten FFPE samples from group D. It is 

interesting to note that the sample (D8) that did not test positive for Ca18S rRNA or 

CaADH1 by RT-PCR also tested negative for C. albicans by immunocytochemistry, 

but positive with PAS staining. The explanation for this could be that C. albicans was 

not present in that sample but some other Candida species was present instead such as 

C. tropicalis, C.  pintolopesii or C. glabrata which can be associated with CHC 

(Schofield et al. 2003).  

 

While the presence of CaADH1 mRNA and Ca18S rRNA was confirmed in nine out 

ten group D samples, CaADH2 mRNA was detected in only 3 out of the 10 samples, 

suggesting differential expression for CaADH2. Similar results were also reported by 

Beggs et al. (2004) where out of seven human FFPE samples diagnosed as having C. 

albicans infection, CaACT1 (housekeeping gene) and CaADH1 mRNAs were detected 

in all samples but CaADH2 mRNA was detected in only 5 out of 7 samples.  

 

Having validated that RT-PCR could be used to detect C. albicans gene expression 

using group D samples, the presence of C. albicans in group C was investigated. The 

group C samples had been diagnosed at the time of biopsy as dysplastic but without 

obvious Candida infection. The absence of C. albicans had been confirmed by 

histological examination of PAS stained slides. However, when the FFPE samples of 

group C were re-examined in this study, the results obtained were different to those 

obtained previously. Two of the ten samples tested positive with both PAS staining 

and immunocytochemistry. This discrepancy may have been because the second 

section, which would have been deeper in the block, revealed Candida not previously 

present in the plane of section, or it may have been due to more carefully focused 
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observation on the part of the second section examiner, although sections were 

examined without knowledge of the diagnosis group of the specimen. RT-PCR 

examination of group C samples revealed that of the ten samples, the two that tested 

positive for PAS and immunocytochemistry were also positive for Ca18S rRNA and 

CaADH1 mRNA. This would suggest that the Candida species present in the samples 

were C. albicans. As for CaADH2, it was only detected in one of the two samples that 

tested positive for Ca18S rRNA and CaADH1 mRNA, again suggesting possible 

differential expression of CaADH2. 

 

The differential expression of CaADH2 gene during C. albicans growth was evident in 

the initial part of this study using three methods; Northern analysis, RT-PCR and qRT-

PCR. These results were consistent with those of Kusch et al. (2008) where CaADH2 

expression was only detected during the stationary phase of growth in YPD media. As 

there was no ethanol or acetaldehyde utilizing activity from the recombinant S. 

cerevisiae strain expressing CaADH2, this would indicate that CaADH1 is the main 

contributor to acetaldehyde production in C. albicans. 

 

An attempt to correlate the presence of C. albicans in CHC lesions with progression to 

OSCC was made after obtaining information from clinicians‘ reports on follow-up 

visits. For group D patients diagnosed with CHC, it was reported that some of the 

lesions resolved and there were no reports of any cancerous progression. Although 

none of these patients developed cancer, this could be due to the small sample size; a 

much larger group would be needed to accurately determine the true transformation 

rate. In addition, most of the patients received antifungal treatment and therefore any 

possible role of C. albicans in potential progression could have been masked in the 

samples included in this study. Thus in any subsequent prospective study, a larger 

number of patients should be included and patients receiving anti-fungal treatment 

should be excluded from the study. It has been estimated that neoplastic progression of 

CHC occurs in up to 10% of cases (Bartie et al. 2004) and a causative role for 

Candida in CHC has been suggested. Other examples where Candida has been 

implicated in the etiology of oral cancer is where it is associated with 

immunodeficiency such as in chronic mucocutaneous candidosis (CMC) and 

autoimmune polyendocrinopathy-candidosis-ectodermal dystrophy (APECED). CMC 

is a rare disease associated with immunodeficiency and is characterized by persistent 
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and refractory infections of the skin, appendages and mucous membranes caused by 

members of the genus Candida (Eyerich et al. 2010).  CMC can be associated with 

APECED, a rare autosomal recessive disease caused by mutations of the AIRE 

(autoimmune regulator) gene (Lankisch et al. 2009, Siikala et al. 2010). Most patients 

with the disorder present with chronic oral candidosis in early childhood and also 

exhibit a highly increased risk for developing oral carcinoma at a young age 

(Rautemaa et al. 2007). OSCC has been reported in APECED-related CMC cases 

(Stillman and Baer 1873, McGurk and Holmes 1988, Firth et al. 1997, Rautemaa et al. 

2007b) and non-APECED-CMC cases (Rosa et al. 2009). In either case, most of the 

patients had long-lasting oral candidosis and therefore the role of C. albicans in the 

development of cancer was again postulated. Most of the patients received antifungal 

treatment and therefore if Candida is involved in the cancerous progression, this 

treatment may mask the association between Candida and oral cancer. 

 

The observation that there no was no correlation between CHC and subsequent 

progession to OSCC could indicate that there is no relationship. However, the lack of a 

correlation could also have reflected the variable and extended time between initial 

biopsy and follow-up. This period varied from 4-6 years and during this period 

Candida carriage / gene expression may have changed and therefore may not reflect 

the true correlation between the presence of Candida in CHC lesions and the 

possibility of progression to OSCC. 

 

One patient from group C that was diagnosed with leukolakia with histological 

dysplasia without Canndida had progressed to OSCC at follow-up. This patient did 

not show any evidence of Candida infection and did not receive antifungal treatment. 

The observation that one of ten lesions with epithelial dysplasia had progressed to 

OSCC is in line with other findings where the presence of epithelial dysplasia in 

leukoplakia is an important factor in determining the relative risk of malignant 

potential (Vucković et al. 2004, Bouquot et al. 2006, Smith et al. 2009). 

 

In conclusion, C. albicans is the major Candida species found in CHC lesions. I found 

that it is possible to detect the expression of C. albicans genes involved in 

acetaldehyde metabolism in archival tissue samples. The presence of C. albicans in 
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CHC lesions is associated with expression of the C. albicans alcohol dehydrogenase 

gene, CaADH1 but there is differential expression of CaADH2. 
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Chapter 7 

Discussion 

7.1 Introduction 

OSCC is the sixth most common malignancy worldwide and is a major cause of 

cancer morbidity and mortality (Nagpal and Das 2003, Warnakulasuriya 2009a). Oral 

cancer has a major effect on quality of life for patients particularly as the prognosis is 

uncertain (Rogers 2009). 

 

OSCCs are often preceded by a mucosal white patch (leukoplakia) which is typically 

biopsied for histological examination to assess the degree of tissue dysplasia, as the 

presence of significant dysplasia indicates that there is a high potential for the tissue to 

undergo malignant transformation. However, the assessment of dysplasia is subjective, 

particularly if it is mild or if the tissue is inflamed as this can mask, or exaggerate 

dysplastic features (Fischer et al. 2004). Furthermore, not all lesions showing mild 

dysplasia will progress to carcinoma.  If the management of patients with OSCC is to 

be improved we need to have a better understanding of the mechanisms that cause 

leukoplakias to progress to OSCC and a more reliable method of predicting which 

white lesion will progress and which will not.  

 

The etiology of oral cancer is multifactorial (Haddad and Shin 2008, Pérez-Sayáns et 

al. 2009, Scully and Bagan 2009) and the lifestyle of the patient, such as consumption 

of alcohol, is considered to be contributory because epidemiological studies have 

shown that habitual alcohol consumption is a risk factor in oral carcinogenesis 

(Pelucchi et al. 2008, Warnakulasuriya 2009b, Stucken et al. 2010). Alcohol itself is 

not carcinogenic but its breakdown product, acetaldehyde, has been shown to induce 

carcinogenesis (Jelski and Szmitkowski 2008, Salaspuro 2009, Seitz and Cho 2009). 

One of the enzymes that is responsible for the reversible conversion of ethanol to 

acetaldehyde is alcohol dehydrogenase (ADH). In humans, an increased prevalence of 

oropharyngolaryngeal cancer (Yokoyama et al. 2001) or OSCC (Schwartz et al. 2001)  

is seen in individuals with polymorphisms of the ADH gene, and is thought to result 

from accumulation of acetaldehyde in oral tissues following ingestion of alcohol. A 
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recent review has reported that in cancer tissues, acetaldehyde accumulates and the 

accumulation is due to an increase in the activity of the ADH gene (Jelski and 

Szmitkowski 2008).   

7.2 How could C. albicans play a role in causing oral cancer? 

A link between C. albicans and OSCC has been suggested since the 1960s when it was 

noted that leukoplakia infected by Candida could progress to oral cancer, (Cawson 

1966, Williamson 1969). C. albicans is the etiological agent to a variety of oral 

mucosal lesions. Chronic hyperplastic candidiosis (CHC) is a form of chronic oral 

candidal infection which presents clinically as an asymptomatic firmly-adherent white 

patch. CHC may or may not feature tissue dysplasia but if dysplasia is present, the 

lesion has the potential to progress to OSCC. It has been postulated that C. albicans 

can promote tissue dysplasia (Zhang et al. 1994, Barrett et al. 1998, McCullough et al. 

2002) and the level of oral carriage of C. albicans has been shown to be higher in 

patients presenting with epithelial dysplasia or OSCC (McCullough et al. 2002). The 

association of C. albicans with potentially malignant oral disorders has also been 

reported (Nagy et al. 1998). On the other hand, there is no evidence that there is an 

increased prevalence of OSCC in patients diagnosed with CHC. Whether C. albicans 

can be directly responsible for the malignant transformation of precancerous lesions 

remains questionable. Sceptics have pointed out that the presence of C. albicans does 

not necessarily prove a causal relationship, but merely an association between chronic 

candidosis and carcinoma. On the other hand, it is also possible that host cell 

proliferation, secondary to candidal invasion, could lead to uncontrolled epithelial 

growth or that these events, together with other unidentified factors, induce neoplastic 

change (Pindborg 1980). Tumor growth and invasion involves multiple interactions 

between tumor cells and stromal cells, and hence many studies focusing on the role of 

microenvironments in tumor progression have been carried out and one of the many 

stromal events that have been postulated as contributing to carcinogenesis is the 

presence of proteolytic enzymes released by oral microbes. The secretion of 

proteolytic enzymes by C. albicans (Ghannoum 2000, Niewerth and Korting 2001, 

Oksuz et al. 2007, Hruskova-Heidingsfeldova 2008) is well documented and taken 

together with the ability of C. albicans to adhere to mucosal surfaces in the mouth 

(Cannon et al. 1995, Samaranayake and Ellepola 2000, Haynes 2001, Sundstrom 

2002), it is possible to speculate that secreted Candida proteases may have a role in 



 176 

carcinogenesis. However, it could be argued that a more likely mechanism is the direct 

production of the carcinogen acetaldehyde by oral yeast. It has been previously shown 

that, when cultured in vitro, oral yeasts produce significant amounts of acetaldehyde, 

and C. albicans produces it in the greatest concentrations (Collings et al. 1991). 

Indeed, the authors of a recent review (Hooper et al. 2009) comment that the 

conversion of ethanol to acetaldehyde by members of the oral microflora (such as C. 

albicans) may be an important etiological factor for OSCC. In C. albicans, there are 

five CaADH genes and it is possible that the presence of C. albicans in the mouth 

could promote oral cancer through the activity of an ADH gene by converting alcohol 

to acetaldehyde following alcohol consumption. Although acetaldehyde producing 

pathways in the important model yeast S. cerevisiae have been extensively studied, no 

previous study has determined the enzymes critical for its production in C. albicans. 

Furthermore, a preliminary study has confirmed that messenger RNAs for genes 

involved in the C. albicans acetaldehyde were detectable in FFPE samples from 

human oral biopsies (Beggs et al. 2004).  

 

The above studies and the desire to clarify the putative role of C. albicans in oral 

cancer provided the basis and inspiration for this study. 

7.3 C. albicans Alcohol Dehydrogenases  

The family of Adh enzymes has been widely studied in the yeast S. cerevisiae because 

of the commercial value of ethanol production. In S. cerevisiae, Adh1p is responsible 

for catalysing the formation of ethanol from acetaldehyde while Adh2p is responsible 

for the reverse reaction. In C. albicans, five ADH genes have been annotated in the C. 

albicans genome database by homology to S. cerevisiae genes, of which three (ADH1, 

ADH2 and ADH3) were selected for study for the reasons noted previously (section 

3.1). Prior to this study, it was not known which of the C. albicans Adh proteins is 

responsible for acetaldehyde formation.  

 

In order to investigate the role(s) of the three C. albicans ADH genes in acetaldehyde 

formation, mRNA expression was initially investigated, using three methods: Northern 

analysis, RT-PCR and qRT-PCR. By all of these methods, CaADH1 and CaADH2, but 

not CaADH3, gene expression was detected. Using each of the three methods, the 
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pattern of gene expression at different growth phases and with three types of media 

was investigated; CaADH1 mRNA was present in cells cultured in all three media and 

at each growth phase. This finding is consistent with previous observations that C. 

albicans Adh1p is a major component of the cell proteome (Chaffin 2008, Kusch et al. 

2008, Martínez-Gomariz et al. 2009) as well as being an immunodominant protein 

(Franklyn et al. 1990, Shen et al. 1991, Ishiguro et al. 1992, Swoboda et al. 1993, 

Pitarch et al. 2004, Thomas et al. 2006).  

 

In another approach to determining which of three C. albicans ADH genes is 

responsible for acetaldehyde production by this yeast, each was separately cloned and 

expressed in an S. cerevisiae expression system. The enzymic activities of the 

heterologously expressed Adh proteins, either in producing or utilising acetaldehyde, 

were measured in cell extracts from the recombinants.  Only the strain expressing 

CaAdh1p showed activities greater than the background activities of the host S. 

cerevisiae strain. The enzyme activities of the recombinant S. cerevisiae 

AD/CaADH1-his strain in each direction were compared. The results indicated that 

acetaldehyde production is the more favoured reaction of CaAdh1p rather than ethanol 

production. Expression in a heterologous system allows the purification of a cloned 

protein such as C. albicans Adh, so that any enzymic function can be verified in the 

absence of background activities that may be present in whole cells or in cell extracts. 

As described in Chapter 4, various attempts were made to purify his-tagged Adh1p 

and Adh2p from cell extracts of the recombinant S. cerevisiae strains using nickel 

chromatography, yet some contaminants were consistently co-purified with the 

recombinant his-tagged C. albicans Adh proteins. These contaminants, presumably 

rich in histidine, unfortunately included an endogenous S. cerevisiae Adh protein. It 

has been reported that proteins that contain neighbouring histidines or cysteines that 

bind to nickel are abundant in eukaryotic cells and this includes the alcohol 

dehydrogenase of yeast (Dibrov et al. 2000, Kozlov et al. 2007). Indeed the alcohol 

dehydrogenase enzyme from S. cerevisiae has been purified using a HiTrap chelating 

column charged with zinc ions (Willoughby et al. 1999).  

 

Thus a major problem faced when analyzing the functions of the cloned C. albicans 

Adh proteins in acetaldehyde metabolism was the background activity of the 

endogenous Adh proteins from the host S. cerevisiae strain, both in cell extracts and in 
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the partially purified recombinant protein preparation. In order to counter this 

problem, the gene reported to be responsible for acetaldehyde production from ethanol 

in S. cerevisiae, ScADH2, (Wills 1976, Thomson et al. 2005) was disrupted in the 

strain used to clone the C. albicans ADH1 gene. The results obtained confirmed that 

the ScADH2 gene was responsible for acetaldehyde production as the disruptant 

showed no ethanol utilizing activity (Figure 5-12A). When ScADH2 was disrupted in 

a recombinant strain expressing CaAdh1p, ethanol utilising activity was present 

confirming that CaAdh1p catalyses the conversion of ethanol to acetaldehyde (Figure 

5-12A). Further analysis of CaAdh1p could be undertaken to determine the Km values 

for ethanol and acetaldehyde. It would also be important to investigate the relative 

activities of the Adhp isozymes governing the interconversion of ethanol and 

acetaldehyde in C. albicans when ethanol is supplied as a carbon source, as 

accumulation of acetaldehyde may be even greater than in media containing glucose as 

the carbon source. 

 

This study is the first to report that CaAdh1p is the major C. albicans Adh isoenzyme 

responsible for acetaldehyde formation and therefore is similar in function to 

ScAdh2p. The reasons for the confusing difference in annotation between the S. 

cerevisiae and C. albicans genome databases are two-fold: firstly, the C. albicans 

ADH1 gene was sequenced and named (Shen et al. 1991) many years prior to the full 

sequencing of the C. albicans genome; secondly, both CaAdh1p and CaAdh2p have 

almost identical similarities to ScAdh1p and ScAdh2p and therefore, sequence 

comparisons alone cannot predict which is the functional homologue of either 

ScAdh1p or of ScAdh2p.  

7.4 Detection of C. albicans ADH mRNAs in FFPE samples  

The role of C. albicans-mediated acetaldehyde metabolism in oral cancer is now 

amenable to analysis because of the development of techniques to recover, amplify 

and analyse nucleic acids from tissues, and in particular, specific mRNAs from 

archives of FFPE biopsies. Following diagnostic histopathologic examination, biopsy 

specimens are most often stored as FFPE samples. RNA can be extracted from FFPE 

samples and with the development of molecular biology techniques, there has been a 

paradigm shift in the use of archival material for retrospective genetic analyses of 

disease processes.  
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RNA was first extracted from FFPE tissue for Northern analysis (Rupp and Locker, 

1988) and subsequently, the extracted RNA from FFPE tissue samples was 

successfully used for quantitative analyses of gene expression (Lehmann and Kreipe 

2001, Specht et al. 2001, Cohen et al. 2002, Kim et al. 2003, Cronin et al. 2004, 

Farragher et al. 2008, Nuovo 2008). Acquisition of RNA from biological samples is 

the first step in RT-PCR and qPCR reactions and the quality of the cDNA template is 

the most important determinant of the reproducibilty and biological relevance of the 

results obtained (Bustin and Nolan 2004). By far the most successful method for the 

recovery of total RNA from FFPE samples involves the use of proteinase K digestion 

prior to an acid-phenol chloroform extraction method (Jackson et al. 1990, Krafft et al. 

1997, Masuda et al. 1999).  The proteinase K enzyme completely solubilizes dewaxed 

sections from FFPE samples (Masuda et al. 1999) and releases the RNA from the 

cross-linked matrix, caused as a side effect of using formalin as a fixative. In this 

study, a commercially available column-based method for extracting RNA from FFPE 

samples was used where the proteinase K digestion step was incorporated in the 

extraction method. However, it was observed that the quality and quantity of the RNA 

obtained from the FFPE samples varied tremendously from sample to sample, a 

problem that is frequently reported when extracting RNA from FFPE specimens 

(Bresters et al. 1994, Lewis et al. 2001, Beggs et al. 2004, Cronin et al. 2004). 

The tissues used in the current study had been couriered to the Medlab Dental Oral 

Pathology Diagnostic Service from clinicians all around New Zealand and would have 

been in formalin for between 24 hr to 5 days prior to processing. Perhaps the most 

important factors contributing to the failure to detect mRNAs are: the chemical nature 

of formalin causing degradation; chemical modification of the nucleotides; protein 

cross-linking of the nucleic acids (Feldman 1973, Auerbach et al. 1977, Finke et al. 

1993, Park et al. 1996, Masuda et al. 1999); and variable fixation periods (Bresters et 

al. 1994, O'Leary et al. 1994, Lewis et al. 2001, Schofield et al. 2003, Cronin et al. 

2004). Persistent demands have been made for further improvement in RNA extraction 

from preserved archival tissue samples. A number of alternative fixatives have been 

developed such as a zinc-based fixative (Lykidis et al. 2007), an acid-based fixative 

(Bouin solution) (Bonin et al. 2005), non alcohol-based fixatives (Gillespie et al. 

2002) or amino acid and organic buffer-based fixative (Vollmer et al. 2006) but 
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formalin has remained the preferred fixative (Titford and Horenstein 2005, Hewitt et 

al. 2008). The results of this study confirm that any future prospective studies of C. 

albicans mRNA expression in fixed biopsies must ensure that such ―mRNA-friendly‖ 

fixatives are used. Nevertheless this has to be weighed up against using archival 

material which may have valuable long-term follow-up information. The use of tissue 

banks to deposit fresh-frozen tissue is another means of archiving potentially valuable 

specimens, although this is expensive to develop and maintain. 

As well as the problems encountered from the use of formalin-fixed material as a 

source of the mRNA, several other factors need to be considered when the extracted 

RNA is to be used for RT-PCR detection and quantification. The extracted RNA has 

first to be reverse-transcribed to create cDNA. This can be carried out using either 

sequence-specific, random, or oligo-dT primers. The choice of primer can cause 

marked variation in calculated mRNA copy numbers (Zhang and Byrne 1999, 

Lekanne Deprez et al. 2002), and therefore the implications of using any particular 

method should be considered carefully. The use of sequence-specific primers in the 

RT-PCR step has been shown to be more sensitive than the use of random or oligo-dT 

primers (Lekanne Deprez et al. 2002, Beggs et al. 2004). In the present study the use 

of specific primers for the detection of CaADH mRNA by qRT-PCR from cultured C. 

albicans cells has also been shown to be more effective than using oligo-dT combined 

with random primers. Sequence-specific primers bind to, and allow amplification of, 

cDNAs of interest, generating more product. For the FFPE mRNA preparations, this 

method was initially used to detect CaADH mRNA by RT-PCR or qRT-PCR due to 

the problems associated with the quality and quantity of RNA extracted from FFPE 

samples. The sequence-specific primer method was successful, but had the 

disadvantage of requiring separate priming reactions for each target and therefore it 

was not possible to amplify multiply targets using the same cDNA template. In 

addition, the method used more of the sample material than other protocols, which can 

be problematic if sample material is limited, such as when using tissues obtained from 

incisional biopsies. Random primers bind at multiple points along all RNA molecules, 

hence producing multiple cDNA transcripts and thus, by definition this method is non-

specific and the majority of cDNA synthesized from total RNA will be ribosomal 

RNA-derived. Although it has been demonstrated that random hexamers can 

overestimate mRNA copy numbers by up to 19-fold compared with sequence-specific 
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primers (Zhang and Byrne 1999, Beggs et al. 2004, Bustin and Nolan 2004), the 

random priming of cDNA could still produce reliable and reproducible results if it is 

carried out in a careful manner (Ginzinger 2002). On the other hand, cDNA synthesis 

using oligo dT is specific to mRNA, as it will not transcribe rRNA and will not prime 

any RNA that lacks a poly(A) tail. However, oligo dT priming requires high quality 

RNA that is full-length and therefore may not be a good choice for transcribing RNA 

that is likely to be fragmented or degraded such as that obtained from archival 

histopathology samples fixed using formalin. In addition, the cDNA yield from 

sequences near the 5‘ end is known to be significantly less than that from sequences 

near the poly(A) tail with the use of oligo dT primers (Bustin 2002). The use of oligo 

dT combined with random primers (Nam et al. 2002, Skrypina et al. 2003, Jacquet et 

al. 2005), allows the advantages of both primer types to be exploited. Therefore this 

approach was used in this study for the detection of CaADH mRNAs in FFPE 

samples; oligo dT and random primers were used together to amplify sequences 

representative of the RNA population. 

7.5 Retrospective study of a diagnostically defined set of archival 

biospsy FFPE samples from oral tissues for the presence of C. 

albicans and ADH mRNAs 

The presence of C. albicans in a defined set of oral biopsies was reviewed 

retrospectively both by using traditional histology (H&E and PAS) and 

immunocytochemistry methods (specific anti-C. albicans antibodies) and by applying 

molecular biology techniques. The set comprised samples from 4 groups of patients 

with different diagnoses: three samples of normal mucosa; eight from leukoplakias 

without dysplasia, ten from non-CHC dysplastic leukoplakia and ten samples of CHC. 

These cases were retrieved from the Medlab Dental Oral Pathology Diagnostic Service 

(see Chapter 6 section 6.1.2.1).  To make the CHC diagnosis the oral pathologist had 

detected Candida hyphae in the superficial keratin layer of the epithelium with PAS 

staining.  Sections were re-stained as part of the current study (see Table 6-5). Two out 

of ten biopsy samples from the non-CHC dysplastic leukoplakia and all sections from 

biopsies for which CHC had been previously diagnosed were positive for the presence 

of Candida by either histology or molecular biology. Out of the ten samples tested, the 

presence of C. albicans was confirmed in nine by PAS, six by immunocytochemistry 
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and nine by molecular biology techniques.  It is possible that lack of positivity in the 

PAS and immunocytochemsitry stained slides was due to examining slides cut at a 

deeper level through the block compared to the original sections. Alternatively, the 

original positive PAS stain had identified Candida species other than albicans, which 

would not be identified by the specific antibody used.  Other Candida species that 

have been identified from leukoplakia lesions are Candida dubliniensis, Candida 

tropicalis, Candida pintolopesii, Candida glabrata and Saccharomyces cerevisiae 

(Bartie et al. 2001, Krogh et al., 1987a). However the sections examined using RT-

PCR for CaADH1 confirmed the initial diagnosis of the presence of C. albicans in all 

but one of the 10 CHC biopsies included in the study. The CHC sample negative for 

CaADH1 RT-PCR (D8) probably contained a non-albicans Candida species as it was 

also negative on immunocytochemistry. The RT-PCR was specific for C. albicans and 

thus apparent disagreement of the repeat histology with the original diagnosis did not 

reflect the presence of non-albicans species in 9 of 10 samples. Therefore, these 

findings are in line with the findings of previous studies (Jepsen and Winther 1965, 

Roed-Petersen et al. 1970, Krogh et al. 1987a, Lipperheide et al. 1996) reporting that 

that C. albicans is the predominant species associated with CHC. This study has 

shown that RT-PCR of CaADH1 is a very sensitive and specific method for detecting 

C. albicans in FFPE samples as all samples shown by other methods to contain C. 

albicans were positive with CaADH1 RT-PCR and there were no false positive 

whereas both PAS staining and immunocytochemistry gave false negatives. 

7.6 Clinical outcomes 

Having confirmed in this study that C. albicans is the predominant species associated 

with CHC, the correlation between the presence of C. albicans in biopsies and the 

possibility of the lesions progressing to OSCC was attempted. The clinical outcomes 

were available for eight out of the ten patients diagnosed with CHC, six of the seven 

patients with leukoplakia and dysplasia, but without Candida and for four of the eight 

patients diagnosed with leukoplakia without dysplasia group. Of the eight CHC 

patients in follow-up, one had died of unrelated causes, four had resolved lesions and 

three had recurrences which were biopsied and all showed CHC without epithelial 

dysplasia, similar to the original biopsy. None of the seven patients developed cancer, 

nor did any of the patients in the leukoplakia without dysplasia group that had follow-

up biopsies. In contrast, of the six patients with leukoplakia with dysplasia, but 
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without Candida, with follow-up, one had recurrent lesions showing dysplasia and one 

(17%) developed OSCC. The malignant transformation rate in dysplastic lesions 

varies according to reports, but the finding of this study is consistent with that of other 

studies where the the transformation rate could be as high as 36% (Warnakulasuriya et 

al. 2008a). It is currently impossible to predict accurately which lesions will become 

cancerous and therefore the presence of epithelial dysplasia in leukoplakia is still 

viewed as the best predictor of progression to cancer and provides the basis on which 

clinical decisions are made (Vucković et al. 2004, Bouquot et al. 2006, Smith et al. 

2009). 

 

The lack of correlation between progression to OSCC and detection of C. albicans in 

the original biopsies, either by classic histopathology or by the potentially much more 

sensitive RT-PCR technique, may reflect the small patient group size, the possibility 

that FFPE samples had not been stored in conditions suitable for the isolation of RNA 

or the variable time between biopsy and clinical follow-up.  This study investigated a 

potential mechanism whereby C. albicans could contribute to the process of 

carcinogenesis. However, progression of oral lesions to OSCC is likely to be 

dependent on a range of factors relating to other putative aetiological factors, the host 

response and the microenvironment in the affected tissues.   

 

. 
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7.7 Conclusions 

A putative link between acetaldehyde production by oral infection/colonisation with 

C. albicans (Collings et al. 1991, Tillonen et al. 1999, Scotter et al. 2005) and oral 

cancer has been gaining recent interest (Meurman and Uittamo 2008, Hooper et al. 

2009, Marichalar-Mendia et al. 2009, Uittamo et al. 2009). The results of this study 

provide experimental support for this hypothesis. The study has confirmed that C. 

albicans is the predominant fungal species in cases diagnosed as CHC and 

demonstrated the constitutive expression of CaADH1 mRNA by RT-PCR in samples 

from CHC biopsies. Furthermore, the C. albicans Adh1p enzyme was demonstrated to 

confer predominantly ethanol utilizing, and hence acetaldehyde producing, activity 

when expressed heterologously in an S. cerevisiae strain in which the endogenous Adh 

isoenzyme responsible for acetaldehyde production had been deleted.  

 

In this study, I have developed an RT-PCR assay that is sensitive and specific for C. 

albicans using FFPE samples but this method could be improved further by employing 

rapid fixation with chemicals less damaging to RNA. It is anticipated that if a 

retrospective or prospective study of leukoplakia and CHC biopsies were to be carried 

out on a larger scale, sampling of the CHC lesions could be carried out on a regular 

basis to monitor the presence of C. albicans, or specific C. albicans gene expression to 

determine the true correlation between the presence of C. albicans, or levels of 

specific C. albicans gene expression, to the degree of dysplasia, patient history, 

lifestyle habits and the eventual clinical outcome. The results obtained in this study 

justify further research into the potential molecular mechanisms that may underpin the 

link between C. albicans and OSCC and provide a rationale for undertaking of a 

prospective study of the putative link between CHC and development of OSCC. If 

successful, such research would not only have implications for the characterization 

and diagnosis of leukoplakia by pathology laboratories, but may also open up new 

opportunities for more effective prevention and treatment of OSCC. 
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