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Abstract In Candida albicans, alcohol metabolism is

implicated in biofilm formation. The alcohol dehydroge-

nase gene (ADH1) is involved in the conversion of acet-

aldehyde to ethanol and reported to be downregulated

during biofilm formation. C. albicans produces acetalde-

hyde under both in vivo and in vitro conditions. Mutations

in ADH genes result in increased acetaldehyde production

in vitro, but studies are lacking on the morphogenetic

role(s) of acetaldehyde in C. albicans. We report here that

acetaldehyde at a concentration of 7 mM was able to

inhibit the conversion from yeast to hyphal forms induced

by four standard inducers at 37�C. The hyphal inhibitory

concentrations did not adversely affect the growth and

viability of C. albicans cells. The same concentration of

acetaldehyde also significantly inhibited biofilm develop-

ment, and only adhered yeast cells were found. We

hypothesize that acetaldehyde produced by C. albicans

may exert a morphogenetic regulatory role influencing

yeast-to-hypha conversion, biofilm formation, dissemina-

tion and establishment of infection.
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Yeast–hypha morphogenesis is considered to be a virulence

factor in the human fungal pathogen Candida albicans

(Cutler 1991; Odds 1994; Gow 1997). Hyphal mutants of

C. albicans are reported to be avirulent in animal models

(Lo et al. 1997). Various metabolites produced by yeasts,

such as Saccharomyces cerevisiae and C. albicans, in

planktonic as well as biofilm cells are known to influence

morphogenesis (Hogan 2006; Nickerson et al. 2006;

Martins et al. 2007; Dickinson 2008). Interestingly, the

effect of such molecules, including farnesol, tryptophol,

phenyl ethyl alcohol, tyrosol, isoamyl alcohol, among

others, on morphogenesis are not the same in these yeasts,

making comparisons hard (Chen and Fink 2006). The

mechanisms of action of these molecules in C. albicans are

of interest because of its clinical relevance.

The alcohol dehydrogenase gene (ADH1), which is

involved in the conversion of acetaldehyde to ethanol in

C. albicans, is downregulated during biofilm formation.

Mukherjee et al. (2006) reported that deletion of ADH1

results in enhanced biofilm formation, indicating the

involvement of an ethanol-dependent mechanism during

biofilm development. Preliminary studies carried out by

our group revealed that ethyl alcohol could be a

potential morphogenetic regulatory molecule in C. albicans

(Chauhan N., unpublished). However, the roles of the

various metabolites involved in ethanol metabolism in

C. albicans have not yet been clearly defined. Acetaldehyde,

the first metabolite of ethanol oxidation, is reported to be

produced in the human body through the action of liver ADH

(Jokelainen et al. 1994). The ADH of both bacteria and

C. albicans also contributes to the production of acetal-

dehyde in the body (Tillonen et al. 1999; Poschl and Seitz

2004). Previous studies have shown that sulphur amino

acid metabolism and the polyamine transporter gene are

induced in S. cerevisiae cells exposed to acetaldehyde
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(Aranda and del Olmo 2004). Walker-Caprioglio and Parks

(1987) reported that treatment of S. cerevisiae with 0.01%

of acetaldehyde mitigated growth inhibition by ethanol,

and Tillonen et al. (1999) found a significantly higher rate

of yeast colonization, mainly by C. albicans, in individuals

with high acetaldehyde-containing saliva than those with

saliva containing low levels of acetaldehyde. However,

studies are lacking on the morphological roles of acetal-

dehyde in C. albicans. Here, we report on the effects of

acetaldehyde on yeast-to-hypha morphogenesis and biofilm

formation in two standard strains of C. albicans.

The two standard strains of C. albicans used in this

study were ATCC 90028 (MTCC 3017) and ATCC 10231

(MTCC 227). Methodology for the growth and storage of

C. albicans were as described by Devkatte et al. (2005).

Prior to use, cells were washed three times in phosphate

buffer saline (PBS) (10 mM phosphate buffer, 2.7 mM

potassium chloride, and 137 mM sodium chloride, pH 7.4).

The various inducers used for germ-tube formation were

(1) 20% horse serum in deionized distilled water, (2) yeast

nitrogen broth without amino acid but supplemented with

2.5 mM N-acetylglucosamine, (3) 10 mM proline prepared

in PBS, (d) RPMI-1640 medium (Mosel et al. 2005).

Filamentation assays were performed using a micro-

plate-based assay in 96-well microtiter plates (Hudson

et al. 2004). Briefly, cell samples at a density of 1 9 106

cells/ml were inoculated into medium supplemented with

an inducer. Various concentrations of acetaldehyde

(Ranbaxy Fine Chemicals Limited, New Delhi, India),

ranging from 0.875 to 14 mM, were added to the wells.

The final volume of assay solution in each well was 200 ll.

The plates were incubated at 37�C on an orbital shaker

(200 rpm) for 2–3 h (2 h for serum and 3 h for N-acetyl-

glucosamine, proline and RPMI-1640 medium). Following

the incubation, the cells were observed microscopically and

the percentage of germ-tube formation in each well cal-

culated relative to that of control using the following for-

mula: percentage of germ-tube formation = (number of

germ tubes in treatment/number of germ tubes in con-

trol) 9 100. All experiments were performed in triplicate,

and differences were considered to be statistically signifi-

cant at P \ 0.05. Figures 1 and 2 show that acetaldehyde

effectively prevented germ-tube formation induced by the

four standard inducers in both strains of C. albicans. This

inhibition of hyphal formation was concentration-depen-

dent. At 7 mM acetaldehyde, there was complete inhibition

of germ-tube formation in both strains in serum, RPMI-

1640 medium, and proline, and an 85–90% inhibition of

hyphal formation in N-acetylglucosamine treatment. At

3.5 mM of acetylglucosamine, a significant (around 50%)

reduction of hyphal forms was observed (Figs. 1, 2).

Minimum inhibitory concentrations of acetaldehyde

were determined using CLSI M27––a microbroth dilution

method (Hazma et al. 2008). Briefly, various concentra-

tions (range 0.875–14 mM) were added to RPMI 1640

medium in 96-well microtiter plates. Each well was inoc-

ulated with a cell density of 1 9 103 cells/ml, and the

plates were incubated at 35�C on a shaker for various time

intervals (2, 4, 6, 8, 12 and 24 h), following which absor-

bance was measured using a 96-well microplate reader

(Multiscan-Ex; Thermo Fisher Scientific, Waltham, MA) at

a wavelength of 620 nm. The viability assay consisted of a

viability plate count (Westwater et al. 2005). Cells from the

respective wells were diluted to obtain countable colonies,

and an aliquot of each sample was spread on YPD agar

plates. The plates were incubated at 30�C for 48 h and the

colonies counted. The effect of acetaldehyde on the growth

and viability of C. albicans was studied up to 14 mM of

acetaldehyde. Growth, as determined by absorbance at

620 nm, was unaffected at 7 mM of acetaldehyde, which is

a germ-tube inhibitory concentration. At 14 mM of acet-

aldehyde, 80–100% of growth was observed relative to that

of the control. Table 1 shows the viability of C. albicans

cells in the presence of acetaldehyde. The viability plate

count revealed that both standard strains had a viability of

around 70–80% at 7 mM of acetaldehyde; however, at

14 mM of acetaldehyde, viability fell to 50–60% of that of

the control (i.e. without acetaldehyde) (Table 1).

To study the effect of acetaldehyde on biofilm devel-

opment, we developed Candida biofilms using standard
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Fig. 1 Inhibition of hyphae formation by acetaldehyde in two strains

of Candida albicans. Cells were incubated at 37�C for 2–3 h in the

respective medium together with various concentrations of acetalde-

hyde, following which the morphology of the cell cultures was assessed.

Cont Control (wells without acetaldehyde), NAG N-acetylglucosamine.

a C. albicans ATCC 90028, b C. albicans 10231
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protocols with minor modifications, i.e., a polystyrene

surface was used in place of a silicone disc (Chandra et al.

2001). A cell suspension of 1 9 107 cells/ml was prepared

in PBS, and 100-ll aliquots were inoculated into each well

of a microtiter plate. The plate was incubated at 37�C at

50 rpm for 90 min for adhesion of the Candida cells to the

polystyrene surface. After 90 min of incubation, non-

adhered cells were removed by washing the wells with

PBS. RPMI-1640 medium containing various concentra-

tions of acetaldehyde (range 0.875–14 mM and one control

(RPMI-1640 medium without acetaldehyde) were added to

the microplate well. The plates were incubated at 37�C for

24 and 48 h, respectively, to allow biofilm formation. After

biofilm formation, the wells were washed to remove any

planktonic cells and the biofilms were observed under an

inverted light microscope (Metzer, India). Biofilm quanti-

fication was performed using the crystal violet assay (Pe-

eters et al. 2008). As shown in Fig. 3, acetaldehyde at 7 and

14 mM concentration, inhibited hyphal forms in biofilms

formed by both strains of C. albicans included in this study

and only adhered yeast cells were observed. In contrast,

biofilms in the control consisted of both yeast and hyphal

forms (Fig. 3). Analysis of cell biomass by the crystal

violet assay showed that biofilm formation decreased

with increasing concentrations of acetaldehyde in both

C. albicans ATCC 90028 (P = 0.005) and ATCC 10231

Fig. 2 Effect of acetaldehyde

on RPMI-1640-induced germ-

tube formation in C. albicans
ATCC 90028. a Control (no

acetaldehyde). b–d Germ-tube

germination in acetaldelyde-

supplemented RPMI-1640

medium: b 1.75 mM, c 3.5 mM,

d 7 mM. Cells were incubated

for 2 h at 37�C, and morphology

was assessed by Labomed

(Korntal, Germany)

microphotography system.

Bar: 50 lm (9400)

Table 1 Viability of Candida albicans cells in the presence of acetaldehyde

Concentrations

of acetaldehyde

(mM)

Percentage viability Percentage viability

ATCC 90028 ATCC 10231

2 h 4 h 6 h 8 h 12 h 24 h 2 h 4 h 6 h 8 h 12 h 24 h

0.00 100 ± 5 100 ± 6 100 ± 2 100 ± 6 100 ± 12 100 ± 8 100 ± 1 100 ± 8 100 ± 4 100 ± 7 100 ± 8 100 ± 6

0.87 101 ± 8 91 ± 5 99 ± 2 94 ± 6 98 ± 5 95 ± 15 96 ± 2 95 ± 2 98 ± 7 100 ± 7 94 ± 12 92 ± 6

1.75 84 ± 1 81 ± 6 92 ± 2 98 ± 7 91 ± 6 86 ± 5 91 ± 5 84 ± 9 85 ± 5 92 ± 3 95 ± 12 87 ± 10

3.50 85 ± 5 80 ± 7 77 ± 8 86 ± 4 86 ± 15 85 ± 3 87 ± 1 83 ± 3 80 ± 5 82 ± 1 78 ± 11 77 ± 7

7.00 77 ± 2 80 ± 5 72 ± 2 76 ± 3 80 ± 6 74 ± 2 80 ± 5 80 ± 6 77 ± 9 71 ± 6 79 ± 6 78 ± 6

14.0 65 ± 3 51 ± 9 64 ± 5 50 ± 6 58 ± 8 62 ± 7 64 ± 8 62 ± 1 52 ± 7 53 ± 9 54 ± 6 53 ± 6

Values are given as the mean of triplicate viable counts ± standard deviation

Cells were incubated at 35�C at various time intervals on an orbital shaking incubator in RPMI-1640 medium containing various concentrations

of acetaldehyde. Viability count was done after a 48-h incubation
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(P = 0.002), with the reduction (less than 50%) being

significant (P \ 0.05) at 7 and 14 mM acetaldehyde com-

pared to the control. At concentrations \7 mM of acetal-

dehyde, biofilm formation was 80–100% of that of the

control (Fig. 4).

Acetaldehyde is known to be formed in the human body

by ADH in the liver. To a lesser extent, ethanol is oxidized

to acetaldehyde by other tissues, such as kidneys, respira-

tory tract, intestine, and bone marrow (Jokelainen et al.

1994). In vivo colonic bacteria can significantly contribute

to the production of acetaldehyde from alcohol (Jokelainen

et al. 1994). Acetaldehyde is also reported to be produced

in saliva through the metabolic activity of oral microor-

ganisms (Tillonen et al. 1999). In alcoholics, acetaldehyde

is believed to be produced from ethanol, predisposing them

to cancer (Poschl and Seitz 2004). However, the potential

effect of acetaldehyde on resident flora of the human body

(like C. albicans) has not been investigated. C. albicans is

also known to produce acetaldehyde in culture supernatants

(Mukherjee et al. 2006). Mukherjee et al. (2006) reported

the production of 0.01 mg/ml acetaldehyde in wild-type

C. albicans, whereas the ADH1 mutant produced up to

0.14 mg/ml of acetaldehyde. Interestingly, C. albicans

isolated from high-acetaldehyde-producing saliva produced

more acetaldehyde from ethanol (Tillonen et al. 1999).

Acetaldehyde was found to act as a substitute for the

xanthine oxidase–myeloperoxidase halide system that

caused damage to C. albicans hyphae (Diamond et al.

1980). The effects of acetaldehyde on the physiology and,

in particular, morphogenesis of C. albicans are unclear.

Our results are the first to show that acetaldehyde has

morphogenetic regulatory properties in C. albicans. It

inhibited yeast-to-hyphal dimorphism induced by four

standard inducers at 37�C—in a concentration-dependent

manner—in two strains of C. albicans (Figs. 1, 2).

Fig. 3 Effect of acetaldehyde

on biofilm development in

C. albicans ATCC 90028.

Candida biofilms were

developed on a polystyrene

surface. a Control, 24 h;

b 7 mM acetaldehyde, 24 h;

c control, 48 h; d 7 mM

acetaldehyde, 48 h. The various

concentrations of acetaldehyde

were added after the adhesion

phase. The plate was incubated

at 37�C for 24 and 48 h,

respectively. Bar: 60 lm

(9200)

Fig. 4 Effect of acetaldehyde on biofilm formation in two strains of

C. albicans. In vitro biofilm formation in the presence of acetaldehyde

was quantified using the crystal violet assay. RPMI-1640 medium

containing various concentrations of acetaldehyde and one control

solution (RPMI-1640 medium without acetaldehyde) were incubated

at 37�C for 24 and 48 h, respectively
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Acetaldehyde at a concentration of 7 mM caused an

80–100% of inhibition of morphogenesis (Fig. 1) but did

not have much effect on the growth and viability of the

C. albicans cells (Table 1). However, above this effective

concentration, viability did decrease. Interestingly, 7 and

14 mM of acetaldehyde prevented the formation of hypha

in biofilms of C. albicans (Fig. 4) and also significantly

inhibited (\50%) biofilm development, with only adherent

yeast cells present (Fig. 3). The mechanisms behind these

effects are unclear. Aranda and del Olmo (2004) reported

that the exposure of S. cerevisiae cells to 1 mg/ml con-

centration of acetaldehyde had an adverse effect on cell

cycle progression, DNA replication and protein biosyn-

thesis, without any significant effects on viability. They

also found that exposure of S. cerevisiae cells to acetal-

dehye caused an induction of the MET genes involved in

sulfur metabolism and the repression of genes involved in

growth and maintenance of cell polarity (Aranda and del

Olmo 2004). Similar responses may occur in C. albicans.

In vivo, at locations where C. albicans predominates,

the accumulation of acetaldehyde may inhibit hyphal

forms to favor the formation of yeast-type cells. This may

facilitate the dissemination of C. albicans inside the host.

Acetaldehyde-mediated prevention of hyphal forms may

inhibit typical biofilms but favor easily detachable

‘yeast-only’ biofilms. We propose that acetaldehyde has

morphogenesis inhibitory properties in planktonic as well

as biofilm forms of C. albicans. How acetaldehyde influ-

ences C. albicans morphogenesis and which mechanisms

are involved are currently under investigation in our

laboratory.
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