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SUMMARY

Acetaldehyde is a carcinogenic product of alcohol
fermentation and metabolism in microbes associ-
ated with cancers of the upper digestive tract. In
yeast acetaldehyde is a by-product of the pyru-
vate bypass that converts pyruvate into acetyl-
Coenzyme A (CoA) during fermentation. The aims
of our study were: (i) to determine the levels of
acetaldehyde produced by Candida albicans in
the presence of glucose in low oxygen tension
in vitro; (ii) to analyse the expression levels of
genes involved in the pyruvate-bypass and acetal-
dehyde production; and (iii) to analyse whether
any correlations exist between acetaldehyde lev-
els, alcohol dehydrogenase enzyme activity or
expression of the genes involved in the pyruvate-
bypass. Candida albicans strains were isolated
from patients with oral squamous cell carcinoma
(n = 5), autoimmune polyendocrinopathy–candi-
diasis–ectodermal dystrophy (APECED) patients
with chronic oral candidosis (n = 5), and control
patients (n = 5). The acetaldehyde and ethanol
production by these isolates grown under low

oxygen tension in the presence of glucose was
determined, and the expression of alcohol dehy-
drogenase (ADH1 and ADH2), pyruvate decarbox-
ylase (PDC11), aldehyde dehydrogenase (ALD6)
and acetyl-CoA synthetase (ACS1 and ACS2) and
Adh enzyme activity were analysed. The C. albi-
cans isolates produced high levels of acetalde-
hyde from glucose under low oxygen tension. The
acetaldehyde levels did not correlate with the
expression of ADH1, ADH2 or PDC11 but corre-
lated with the expression of down-stream genes
ALD6 and ACS1. Significant differences in the
gene expressions were measured between strains
isolated from different patient groups. Under low
oxygen tension ALD6 and ACS1, instead of ADH1
or ADH2, appear the most reliable indicators of
candidal acetaldehyde production from glucose.

INTRODUCTION

Acetaldehyde is a highly toxic and carcinogenic prod-
uct of alcohol fermentation and metabolism in

molecular oral microbiology

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 281
Molecular Oral Microbiology 28 (2013) 281–291



microbes (Seitz & Stickel, 2010). Several studies
have linked this compound to cancers of the upper
digestive tract (Homann et al., 1997, 2001;
Muto et al., 2000; Timmons et al., 2002; Salaspuro,
2003; Secretan et al., 2009). The latest consensus
meeting of the International Agency for Research on
Cancer of the World Health Orgnaization re-classified
acetaldehyde as a group 1 carcinogen in association
with alcohol consumption (Secretan et al., 2009).
Acetaldehyde has been found to cause point muta-
tions in DNA, to form DNA adducts and to induce sis-
ter chromatid exchanges and gross chromosomal
aberrations. It may also interfere with the synthesis
and repair of DNA in humans and is mutagenic in
concentrations as low as 100 lM (Brooks & Theruva-
thu, 2005; Seitz & Stickel, 2010; Balbo et al., 2012).
In yeast, acetaldehyde is a by-product of the pyru-

vate bypass that converts pyruvate into acetyl-Coen-
zyme A (CoA) in the cytosol during fermentation
under hypoxic or anaerobic conditions (Pronk et al.,
1996; Flores et al., 2000). Pyruvate is produced in gly-
colysis and is either oxidized to CO2 or is transformed
to ethanol. Under aerobic conditions oxidation is
predominant, whereas transformation to ethanol
takes place under hypoxic and anaerobic conditions
(Flores et al., 2000). Oxidation to CO2 occurs via the
tricarboxylic acid cycle. To enter the cycle, pyruvate is
decarboxylated to CoA by the mitochondrial pyruvate–
dehydrogenase complex or alternatively in hypoxic
conditions in the cytosol by the pyruvate bypass
(Flores et al., 2000). In the bypass, pyruvate decar-
boxylase (Pdc) converts pyruvate into acetaldehyde
(Pronk et al., 1996), which is further metabolized to
acetate by aldehyde dehydrogenase (Ald) (Fig. 1).
Acetyl-CoA synthetase further converts acetate to

acetyl-CoA, which is then transferred to the mitochon-
dria.
Unlike Saccharomyces cerevisiae, in which glucose

and related sugars cause an impairment in respiratory
capacity, Candida albicans preferentially oxidizes car-
bohydrates through the respiration pathway in aerobic
conditions, relying on the fermentation pathway in
hypoxia (De Deken, 1966; Askew et al., 2009). In
C. albicans, hypoxia results in an increase of expres-
sion of genes involved in ergosterol synthesis as well
as genes involved in glycolysis and fermentation
(Setiadi et al., 2006; Askew et al., 2009; Synnott et al.,
2010).
Acetaldehyde can also be produced in Candida spp.

from ethanol by the bi-directional enzyme alcohol
dehydrogenase (Adh), so Candida spp. is able to use
ethanol as a carbon and energy source (Bertram et al.,
1996; Flores et al., 2000). Alcohol dehydrogenase
has been linked to the microbial acetaldehyde produc-
tion in the presence of ethanol in various studies
(Jokelainen et al., 1996; Homann et al., 1997, 2001;
Salaspuro et al., 1999) but no research has been
carried out on the correlation between acetaldehyde
levels and the expression of ADH or the other genes in
the fermentative bypass route in Candida spp.
Chronic mucocutaneous candidosis (CMC) of the

oral cavity has been associated with oral squamous
cell carcinoma in several studies (McGurk & Holmes,
1988; Firth et al., 1997; Rautemaa et al., 2007a;
Rosa et al., 2008; B€ockle et al., 2010). Autoimmune
polyendocrinopathy–candidosis–ectodermal dystrophy
(APECED), also called autoimmune polyendocrine
syndrome type I (APS-I), is a rare autosomal reces-
sive disease causing T-cell-mediated dysfunction of
the immune system (Husebye et al., 2009). Most
patients suffer from CMC of the oral and oesophageal
mucosa from childhood (Rautemaa et al., 2007b;
Siikala et al., 2009). A high oral and oesophageal
carcinoma prevalence of 10.3% has been reported
among APECED patients over the age of 25 years
suffering from CMC (Rautemaa et al., 2007a). Our
previous results show that C. albicans strains isolated
from oral squamous cell carcinoma (OSCC) and
APECED patients can produce carcinogenic levels of
acetaldehyde in vitro during growth in media contain-
ing either ethanol or glucose as a carbon source (Uitt-
amo et al., 2009). In the oral cavity Candida spp. are
mainly found in mixed yeast–bacterial biofilms on
tooth surfaces and in gingival pockets where cells are
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Figure 1 Schematic view of the pyruvate bypass route. The mean
(range) level of acetaldehyde and ethanol produced by all the 15
Candida albicans strains included in this study during 30 min of

incubation in glucose are given.
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exposed to limited levels of oxygen and hypoxic
conditions are common.
The primary aim of the present study was to deter-

mine the ability of C. albicans isolated from APECED
patients, OSCC patients and healthy controls to pro-
duce acetaldehyde in low oxygen tension by glucose
fermentation in vitro. Second, we wanted to analyse
the expression levels of genes involved in the pyru-
vate-bypass leading to acetaldehyde production and
to analyse Adh enzyme activity in these strains. We
also wanted to look for any correlations between
acetaldehyde production and Adh enzyme activity or
expression of genes linked to the fermentative
pyruvate-bypass in these strains.

METHODS

Strains

The study included five C. albicans strains isolated
from the oral cavities of APECED patients suffering
from CMC; five strains from the oral cavities of patients
with OSCC; and five isolates from generally healthy
patients with oral candidosis but with no other mucosal
diseases or CMC. One isolate per patient was included
except for two APECED strains that had been isolated
from the same patient 3 years apart and were not iden-
tical but were related when assessed by multilocus
sequence typing. None of the other APECED and
OSCC isolates belonged to same clonal clusters. All
patients had been followed and treated at the Helsinki
University Central Hospital. The C. albicans isolates
were identified from patient samples using conven-
tional culture and identification methods at the Clinical
Microbiology Laboratory of the Helsinki University Cen-
tral Hospital. The identification of C. albicans was
based on colony morphology on CHROMagar� Can-
dida medium (CHROMagar, Paris, France) and the
negative Bichro-Dubli� latex co-agglutination test
result (Fumouze Diagnostics, Levallois Perret, France).
The strains were stored in milk–glycerine at �70°C.

Growth media and conditions

The C. albicans strains were first tested for purity and
viability by sub-culturing on yeast extract peptone
dextrose (YEPD) agar [1% Bacto peptone (Difco
Laboratories, Basel, Switzerland), 0.5% yeast extract
(Difco), 2% glucose (Fluka, Buchs, Switzerland) and

2% agar (Difco)]. For all the experiments, the strains
were grown for 24 h in 5 ml of YEPD broth [1%
Bacto peptone (Difco), 0.5% yeast extract (Difco), 2%
glucose (Fluka)] in loosely capped tubes at 30°C with
agitation (200 rpm) allowing sedimentation of cells
and exposure only to dissolved oxygen. The maximal
solubility of O2 in yeast extract broth at 25°C and 1
ATM is 0.00007 g l�1 (Popovic et al., 1979). Here we
use low oxygen tension to refer to this level
(� 0.001%) of oxygen exposure.

Northern blotting

Small-scale isolation of total RNA was performed as
described by Sanglard et al. (1999). Northern blotting
was performed to determine the mRNA expression for
ADH1, ADH2, PDC11, ALD6, ACS1 and ACS2 as
described previously (Sanglard et al., 1999). RNA
samples were separated by agarose gel electrophore-
sis and transferred to a nitrocellulose membrane using
the Vacuum Blotting System (Hoefer Scientific Instru-
ments, San Fransisco, CA). The membranes were
washed twice with 2 9 SCC solution and baked under
vacuum at 80°C for 1 h. Membranes were prehybrid-
ized at 42°C with a buffer consisting of 50% formam-
ide, 1% sodium dodecyl sulphate, 4 9 SSC (1 9 SCC
contains 0.15 M sodium chloride and 0.015 M sodium
citrate), 10% dextran sulphate and 100 ll salmon
sperm DNA ml�1. Probes were labelled with [a-32P]
dATP with random priming using the MegaPrime DNA
Labelling System dNTP Kit (GE Healthcare, Wauke-
sha, WI) according to the manufacturer’s instructions.
A solution containing the labelled probe, 500 ll TNE
(50 mM NaCl in TE) and 0.6 mg salmon sperm DNA
was added to the hybridization solution and incubated
overnight at 42°C. Washing steps were performed at
high stringency in 0.1% SSC at 65°C. Radioactive sig-
nals were revealed by exposure to Kodak BioMax MR
film (GE Healthcare). Signals obtained in blotted mem-
branes were quantified by counting radioactivity
(Typhoon Trio; GE Healthcare). After stripping of
probes, the Northern blots were re-exposed to the
phosphor screen to verify the absence of signals. Prim-
ers used in this study are listed in Table 1. Transcript
sizes were estimated by comparison to 18S (2 kb) and
26S (3.8 kb) on gel and shown to be consistent with
database open reading frame sizes: ADH1 1050 bp,
ADH2 1047 bp, ACT1 1131 bp, PDC11 1704 bp,
ALD6 1626 bp, ACS1 2028 bp and ACS2 2031 bp. As
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a control for the evaluation of gene expression levels
the membranes were hybridized with ACT1 and the
amount of RNA was normalized according to the
expression of ACT1. A C. albicans strain reported to
have low ADH1 expression isolated from an APECED
patient (Siikala et al., 2011) was used as a baseline
control strain (fold expression = 1) and the expression
levels of the other isolates were quantified as fold
expression relative to the baseline strain. The results
of the baseline strain were not included in the final
analyses.

Measurement of acetaldehyde and ethanol levels

Cultures were grown in low oxygen tension as
described above and then used for the measurement
of acetaldehyde levels. The suspension was adjusted
to an optical density of 0.4 at 492 nm (Multiscan RC
spectrophotometer; Labsystems, Helsinki, Finland)
corresponding to 1 9 107 colony-forming units (CFU)
ml�1 and controlled by dilution plating. Aliquots of
400 ll of the yeast suspension were transferred into
parallel gas chromatograph vials. Then 50 ll phos-
phate-buffered saline (buffer containing 110 mM glu-
cose (2%) was added, and the vials were immediately
sealed. Samples were incubated for 30 min at 37°C
and the reactions were stopped by injecting 50 ll of
6 M perchloric acid through the rubber septa of the
vials. Control vials where perchloric acid was added
before ethanol were used to measure background
acetaldehyde and ethanol levels. Three parallel sam-
ples were processed and the mean values were used
for statistical analysis. The acetaldehyde and ethanol
levels reached during the 30-min incubation were
measured by gas chromatography (Perkin Elmer

Headspace sampler HS 40XL, Perkin Elmer Autosys-
tem Gas Chromatograph equipped with Ionization
Detector FID, USA) (Homann et al., 1997).

Extraction of whole cell proteins

Cultures were harvested and used for the extraction of
whole cell protein as described by Wong et al. (2007).
The optical density was adjusted to 0.2 at 492 nm (Mul-
tiscan RC spectrophotometer; Labsystems). Five millili-
tres of the cell suspension was centrifuged for 10 min at
2900 g and washed with 4 ml sterile phosphate-buf-
fered saline three times by sedimenting at 2900 g (Het-
tich EBA 20, Tuttlingen, Germany) for 5 min. The cell
pellets were resuspended in 1 ml glycine (0.1 M, pH
9.6). A total of 20 ll protease inhibitor cocktail (P8340,
Sigma; St Louis, MO) and 0.3 g of 0.5-mm diameter
glass beads were added into each tube. The samples
were cooled in ice for 3 min before being subjected to
disruption. The tubes were vortexed at maximal speed
for 1 min and the samples were then cooled in ice for
1 min. The disruption cycle was repeated five times.
The tubes were centrifuged for 5 min at 2900 g (Hettich
EBA 20, Germany) and the supernatants were collected.

Adh1 enzyme activity

Adh activity was measured using fluorescence analy-
sis with cofactor nicotamide adenine dinucleotide
(NAD) as described earlier (Kurkivuori et al., 2007).
Equivalent amounts of whole cell extracts were centri-
fuged at 139,700 g for 65 min at 4°C (Beckman
Optima LE-80k Ultracentrifuge, Brea, CA, USA) The
supernatants were collected and used for analyses.
Cytosolic Adh activity was determined by measuring
the fluorescence (ex 340 nm, em 440 nm) after addi-
tion of ethanol and NAD (final concentration 2.5 mM)
at 37°C in 0.1 M glycine buffer (pH 9.6). Ethanol con-
centrations of 0.68–2174 mM were used. Adh-activity
was measured using a Tecan SAFIRE monochroma-
tor-based microplate detection system and MAGELLAN

SOFTWARE V6.05 (Tecan Trading AG, M€annedorf,
Switzerland).

Statistical analysis

Data were analysed using GRAPH PAD PRISM version
5.00 (GraphPad Inc., San Diego, CA). Results are
presented as means and range. All of the relative

Table 1 Primers used in the study

Primer Sequence

ADH1-3 CCC ATA CCG ACA ACG ACA C
ADH1-5 TTA CAG CAA CAG CAA CAG CA
ADH2-3 TGA CAG CTT CGA CAA CGT CT
ADH2-5 AAA GGC TGG AAA GTT GGT GA

PDC11-3 GTG TCT GAT GGC ACA AGC AT
PDC11-5 GGC TGG TAA TGC CAA TGA AT
ACS1-3 ATG GCT TCA GGA ATC ATT GG

ACS1-5 TGC CGG AAT CTA CTC AAC AA
ACS2-3 ATA GCT TGG GCA TTC ATT GG
ACS2-5 TCA AGG ATT TTT CGG TCC AT

ALD6-3 CGG GGA AAT TAA ATG GAC AA
ALD6-5 TAT TCA TGA TCC TGC CAC CA
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expression levels are given as compared with the
baseline isolate. The two-tailed Mann–Whitney U-test
was used for the comparisons between groups and
Spearman’s rho (rS) was used for the analyses of
correlations. Correlations are presented with a 95%
confidence interval and P-value. The second-order
polynomial equation was used for the calculation of
non-linear regression curves. P-values <0.05 were
considered statistically significant. The Michaelis–Men-
ten equation was used to determine enzyme activities.

RESULTS

Analyses of all isolates

The 15 isolates in this study produced a mean of
663 lM (range 367–971) of acetaldehyde and a mean
of 8 lM (range 1–20) of ethanol during 30 min of
incubation (Fig. 1).
Statistically significant correlations between the rel-

ative expression of ADH1, ADH2, PDC11, ACS1,
ACS2 and ALD6 for all 15 C. albicans isolates are
summarized in Fig. 2. The relative expression of
ADH1 had a significant positive correlation with the

expression of ADH2. The relative expressions of
ADH1 and ADH2 did not correlate with any of the
other tested genes. The relative expression of
PDC11 had a significant positive correlation with the
relative expression levels of ALD6 and ACS2 but not
with the expression of ACS1. The relative expression
levels of ALD6 and ACS2 also had a strong positive
correlation but no correlation was seen between
ALD6 and ACS1. The acetaldehyde production corre-
lated positively with the expression of ALD6 and
ACS1 but not with PDC11, ADH1, AHD2 or ACS2
(Fig. 3). The acetaldehyde levels did not correlate
with the ethanol levels [rS = 0.4143 (�0.1409 to
0.7713), P = 0.1247]. The Northern blot signals are
shown in Fig. 4.

Subgroup analyses

Acetaldehyde levels in C. albicans cultures
Strains isolated from OSCC patients produced the
highest amounts (mean 716.6 lM, range 623.6–
821.0) of acetaldehyde during 30 min of incubation
whereas control strains produced a mean of 654.0 lM
(range 542.6–793.9) and strains from APECED

RS = 0.9570 (0.8684 to 0.9864), P < 0.0001
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patients had a mean of 619.4 lM (range 367.4–971.4)
(Fig. 5). However, the differences between these
values were not statistically significant.

Ethanol levels in C. albicans cultures
Strains isolated from OSCC patients had the highest
levels of ethanol in cultures with a mean of 8.4 lM
(range 1.4–19.7) during 30 min of incubation.
Cultures from APECED patients and controls had
mean ethanol levels of 7.1 lM (range 5.0–10.8) and
mean 8.3 lM (range 6.2–10.3) of ethanol, respectively
(Fig. 5). However, none of the differences were
statistically significant.

mRNA expression
The relative expressions of both ADH1 and ADH2
were significantly higher in the C. albicans strains iso-
lated from OSCC patients (mean 7.0- and 3.5-fold,

respectively) compared with the expression levels
that the strains isolated from control patients (mean
4.1- and 1.8-fold, respectively) (P = 0.0119 and
0.0119). The differences were not significant between
the C. albicans strains isolated from OSCC and APE-
CED patients (mean 5.2- and 2.5-fold, respectively)
(Fig. 6).
The relative expression levels of PDC11 were

significantly higher in the strains isolated from control
patients (mean 2.6-fold) compared with the APECED
patients (mean 2.2-fold) (P = 0.0278) but not
compared with strains isolated from OSCC patients
(mean 1.4-fold) (Fig. 6).
The relative expression levels of ALD6 were signifi-

cantly higher in the strains isolated from OSCC
patients, with mean relative expression level of 2.5-
fold, than in the strains isolated from APECED
patients, with a mean relative expression of 1.6-fold
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0 500 1000 1500
0

1

2

3

4

5
R

el
at

iv
e 

ex
pr

es
si

on
 o

f A
LD

6 RS = 0.6464 (0.1843 to 0.8745), P = 0.0092

0 500 1000 1500
0

1

2

3

4

5

ACH production in glucose incubationACH production in glucose incubation

R
el

at
iv

e 
ex

pr
es

si
on

 o
f A

C
S

1

RS = 0.4664 (–0.07709 to 0.7962), P = 0.0797 = ns

0 500 1000 1500
0

1

2

3

4

5

ACH production in glucose incubationR
el

at
iv

e 
ex

pr
es

si
on

 o
f P

D
C

11 RS = 0.2397 (–0.3259 to 0.6789), P = 0.3895 = ns

0 500 1000 1500
0

5

10

15

ACH production in glucose incubationR
el

at
iv

e 
ex

pr
es

si
on

 o
f A

D
H

1

RS = 0.3146 (–0.2515 to 0.7203), P = 0.2535 = ns

0 500 1000 1500
0

1

2

3

4

5

ACH production in glucose incubation

R
el

at
iv

e 
ex

pr
es

si
on

 o
f A

D
H

2 RS = 0.3047 (–0.2618 to 0.7150), P = 0.2696 = ns

0 500 1000 1500
0

1

2

3

4

5

ACH production in glucose incubation

R
el

at
iv

e 
ex

pr
es

si
on

 o
f A

C
S

2

= Isolate from control patient 
= Isolate from OSCC patient 
= Isolate from APECED patient 

BA

C D

E F

Figure 3 Correlations between acetaldehyde levels and the relative expression of genes of the pyruvate bypass route in Candida albicans.

(A) ALD6, (B) ACS1, (C) PDC11, (D) ADH1, (E) ADH2 and (F) ACS2. The acetaldehyde levels had a significant positive correlation with the
relative expression of ALD6 and ACS1.

286 © 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Molecular Oral Microbiology 28 (2013) 281–291

Acetaldehyde production of C. albicans in low oxygen tension E. Marttila et al.



(P = 0.0465). The mean relative expression level of
strains isolated from controls was 2.5-fold (Fig. 6).
The relative expression of ACS1 was low in all

strains regardless of the group of patients from which
they had been isolated. The mean relative expres-
sions were 1.4-fold in strains isolated from controls
and OSCC patients, and 1.3-fold in strains isolated
from APECED patients. The mean relative expres-
sions of ACS2 were significantly higher in control and

OSCC patients with mean relative expression levels
of 1.6- and 1.4-fold, respectively, than in strains iso-
lated from APECED patients with a mean relative
expression of 0.9-fold (P = 0.0109) (Fig. 6).

Adh-enzyme activity
There was no significant difference in the Adh activi-
ties of C. albicans isolates from OSCC patients
[mean Vmax 0.60 mM s�1 (range 0.29–1.38), mean
Km 31.65 mM (range 4.27–124.00)], APECED
patients [mean Vmax 0.87 mM s�1 (range 0.24–1.79),
mean Km 64.33 mM (range 12.62–212.00)] and con-
trol patients [mean Vmax 0.60 mM s�1 (range 0.20–
1.74), mean Km 31.73 mM (range 9.44–64.64)].

DISCUSSION

All C. albicans isolates tested produced high amounts
of acetaldehyde in the presence of 2% glucose when
grown under low oxygen tension (� 0.001% O2) in
vitro. This is in line with previous studies on acetalde-
hyde production by Candida spp. (Tillonen et al.,
1999; Uittamo et al., 2009). However, the levels
detected in the present study were markedly higher
than those produced by the same isolates when
grown aerobically and using the same method of
acetaldehyde measurement (Uittamo et al., 2009).
The difference between the two conditions is likely to
result from changes in the expression of genes
involved in fermentation. In a study published by Seti-
adi et al. (2006), ADH1 and ADH2 were reported to
be upregulated and PDC11 downregulated in low
oxygen tension. Although their study was performed
in nearly anaerobic conditions by percolating the
growth media by a stream of 99.9% nitrogen, similar
changes in ADH1, ADH2 and PDC11 regulation could
explain the difference in acetaldehyde production
between cells grown under low oxygen tension and
aerobic conditions seen in our study. In addition, our
results are in accordance with the recent findings by
Rozpezdowska et al. (2011) showing that C. albicans
is a poor ethanol producer.
The results of the present study showed that the

level of acetaldehyde produced significantly corre-
lated with the expression levels of the downstream
genes ALD6 and ACS1 of the pyruvate fermentation
route. Hence, decreased gene expression of these
two genes could decrease the metabolism of acetal-
dehyde and contribute to the accumulation of this
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Figure 4 Northern blot of RNA expression levels of ADH1, ADH2,
ACS1, PDC11, ACS2, ALD6 and ACT1.
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toxic metabolite. It is also possible that acetaldehyde
participates in the regulation of their expression. It
has previously been shown that PDC11 and ADH1
are bound to and activated by the same enzymes,
Gal4p and Tye7p, whereas ACS and ALD6 have dif-
ferent activators (Askew et al., 2009). According to
our results the metabolic flux via the pyruvate fermen-
tative pathway appears coordinately regulated as the
expression levels of PDC11 correlated positively with
the expression of both ALD6 and ACS2. It is, how-
ever, interesting that while the expression of PDC11
correlated positively with the expression of ACS2, the
acetaldehyde levels correlated positively with the
expression of ACS1 and ALD6 but not with PDC11 or
ACS2.
The expression levels of ADH1 and ADH2 did not

correlate with the expression levels of any of the
other genes analysed. More importantly, the expres-

sion levels of ADH1 and ADH2 did not correlate with
the levels of acetaldehyde or ethanol. However, the
highest acetaldehyde levels measured, the highest
Adh enzyme activity and highest ADH1 and ADH2
expression levels were observed in the same patient
group, OSCC patients. It is known that Adh levels do
not correlate closely with ADH1 mRNA levels
(Bertram et al., 1996). This is possibly due to post-
translational control or post-transcriptional control. In
addition, Adh1 is a bi-directional enzyme (Bertram
et al., 1996). However, high microbial ADH1 expres-
sion is a major factor in the generation of acetalde-
hyde from ethanol in the oral cavity during alcohol
exposure (Tillonen et al., 1999; Homann et al., 2001).
The role of Adh in ethanol metabolism has been

investigated extensively in Saccharomyces cerevisiae
where five isoenzymes have been identified for
alcohol dehydrogenase (Maestre et al., 2008). In
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Figure 6 Mean relative RNA expression levels of (A) ADH1, (B) ADH2, (C) PDC11, (D) ALD, (E) ACS1 and (F) ACS2 in Candida albicans

strains isolated from control patients (n =5), oral squamous cell cancer patients (OSCC) (n = 5) and APECED patients with chronic mucocuta-
neous candidosis (CMC) (n = 5) are presented. The expression levels were normalized according to the expression of ACT1 and expression
levels of isolates were quantified as relative expression to the isolate with the lowest expression of ADH1/2 and PDC11. P-values of

significant differences in the expression levels between groups are shown.
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S. cerevisiae, the initial step of ethanol utilization
during fermentation is catalysed by Adh2p and the
enzyme is repressed by glucose (Maestre et al.,
2008). Adh1p in turn oxidizes acetaldehyde to ethanol
and is induced by glucose (Donoviel & Young, 1996).
This is in contrast with the findings in C. albicans,
where only one Adh isoenzyme has been reported to
take part in ethanol metabolism suggesting that the
same enzyme, Adh1, is used for both ethanol synthe-
sis and oxidation (Bertram et al., 1996). According to
our results, however, it appears that ADH2 may also
have a significant role in ethanol metabolism, as
ADH2 was expressed in all isolates and the level of
expression correlated strongly with that of ADH1.
There were significant differences in expression

levels of ADH1, ADH2, PDC11, ALD6 and ACS2
between the strains of C. albicans isolated from dif-
ferent patient groups. The long-term oral environment
may have led to adaptive changes in fermentative
metabolic pathways such as those observed here.
For example, high alcohol consumption and poor
oral hygiene are the primary risk factors for OSCC
and are present in most OSCC patients. In the pres-
ence of poor oral hygiene C. albicans must adapt
into growth under hypoxic conditions within a mixed
oral biofilm. Patients with APECED are also persis-
tently colonized with Candida but their level of oral
hygiene is often very good (Siikala et al., 2010).
C. albicans isolates from APECED patients had the
lowest ALD6 expression likely to lead to acetalde-
hyde accumulation in normoxic conditions as ALD6
has been shown not to be regulated by hypoxia
(Synnott et al., 2010).
Our study was performed under low oxygen tension

with planktonic C. albicans cells in vitro. However, in
the oral cavity microbes are found in biofilms – and
most often mixed biofilms of yeasts and bacteria. The
gene expression and metabolic conditions in vivo and
in mixed microbial biofilms may markedly differ from
those in this study whereby acetaldehyde levels in
biofilms in the oral mucosa of OSCC and APECED
patients require further study. However, the cell den-
sities used in the present study reflect those seen in
patients (Rautemaa et al., 2006). The formation of
C. albicans biofilms has been reported to be reduced
by high ADH1 expression (Mukherjee et al., 2006)
and Adh1p to be more abundant in biofilms than
planktonic cells (Martinez-Gomariz et al., 2009). Pdc11
in turn has been reported to be more abundant in

planktonic cells (Martinez-Gomariz et al., 2009). The
mechanisms whereby long-term ethanol or acetalde-
hyde exposure causes changes in the regulation of
fermentative metabolism remain to be elucidated. The
main limitation of our study was the small number of
isolates per patient group. In the absence of any pre-
vious publications on this topic we were unable to
perform power analyses before the study. Based on
the results of the present study it appears that five
isolates per group provides statistical significance for
a number of comparisons. Future studies should
focus on our secondary aim of comparing the isolates
from different patient groups with a higher number of
isolates per group.
In conclusion, our results show that C. albicans

produces high levels of acetaldehyde under low
oxygen tension. This may provide a possible expla-
nation for the link between poor oral hygiene and
oral cancer. Significant differences were measured
in the expression levels of genes linked to acetal-
dehyde production between strains isolated from dif-
ferent patient groups. According to our results,
instead of ADH1 and ADH2, ALD6 and ACS, which
belong to the down-stream metabolism of acetalde-
hyde are the most reliable indicators of candidal
acetaldehyde production from glucose under low
oxygen tension.
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