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Abstract

Candida dubliniensis and Candida albicans are dimorphic fungal species with a

number of pathogenic capabilities, including biofilm formation, systemic infection

and development of fluconazole resistance. In this study, the ability of farnesol to

disrupt these virulence capabilities was investigated. Biofilm assessment and

susceptibility studies indicated antifungal and antibiofilm properties for farnesol

on both species with a disruptive effect on the cell membrane. Synergy testing of

farnesol and fluconazole in resistant strains resulted in reversal of fluconazole

resistance, indicating a potential application for farnesol as an adjuvant therapeu-

tic agent.

Introduction

Candida dubliniensis has emerged as an opportunistic fungal

species with the ability to invade and cause systemic disease

in patients with a variety of clinical conditions (Sullivan &

Coleman, 1997; Sullivan et al., 1997; Meis et al., 1999; Jabra-

Rizk et al., 1999a, 2000, 2001c, 2005; Brandt et al., 2000;

Sebti et al., 2001; Kim et al., 2003). The azole antifungal

agents have proven effective for the management of candi-

diasis, but the repetition and lengthy duration of therapy has

led to the emergence of azole-resistant strains (Moran et al.,

1997). Stable resistance has been induced in vitro in

C. dubliniensis strains exposed to fluconazole, strongly sug-

gesting that this species possesses a readily inducible flucona-

zole resistance mechanism (Moran et al., 1997, 1998; Jabra-

Rizk et al., 1999a; Sullivan et al., 2004). This property would

explain the development of resistance in patients on pro-

longed fluconazole therapy such as those positive for HIV.

The most common mechanisms of azole resistance are

linked to the overexpression of multidrug efflux pumps or

the overexpression of the ERG11 gene (White, 1997; White

et al., 1998, 2002). ERG11 codes for lanosterol demethylase,

a key enzyme in the synthesis of ergosterol, the main sterol

in the fungal cell membrane and the target for fluconazole

therapy (White et al., 1998, 2002). The inhibition of

ergosterol synthesis by fluconazole compromises cell mem-

brane integrity, leading to arrest of cell growth (White, 1997;

White et al., 1998, 2002).

Most manifestations of candidiasis are associated with the

formation of biofilms on host tissue and indwelling medical

devices, which provide a route through the body’s barrier

defenses as well as a surface for cell growth and development

(White, 1997; White et al., 1998; Baillie & Douglas, 2000;

O’Toole et al., 2000; Ramage et al., 2001; Donlan &

Costerton, 2002). This sessile mode of life provides bio-

film-embedded microbes with ample environmental nutri-

ents and protection from host phagocytic clearance, thus

becoming a source of many recalcitrant infections (O’Toole

et al., 2000; Lewis, 2001; Donlan, 2002; Donlan & Costerton,

2002). A more important consequence of biofilm growth,

however, with profound clinical implications is the mark-

edly enhanced resistance to antimicrobial agents and further

evolution of drug resistance (O’Toole et al., 2000; Chandra

et al., 2001b; Donlan, 2002; Hornby et al., 2003). Biofilm-

associated microorganisms are estimated to be 50–500 times

more resistant than their planktonic counterparts (White,

1997; White et al., 1998; Plochocka et al., 2000; Kruppa

et al., 2004).
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Candida dubliniensis and Candida albicans are able to

switch their growth forms between the yeast and hyphae

forms, a property correlated with biofilm development (Baillie

& Douglas, 2000; Kirkpatrick et al., 2000; Chandra et al.,

2001a; Ramage et al., 2001; Jabra-Rizk et al., 2004; Sato et al.,

2004). In addition, the presence of either the yeast or the

hyphae during infection indicates that the ability to regulate

morphology plays an important role in the development of

disease (Staib et al., 1999; Oh et al., 2001; Saville et al., 2002).

During the initial stages of tissue invasion, filamentous hyphae

show ‘thigmotropism’ or contact guidance; however, cultured

epithelial cells exhibit a phenomenon called ‘cellular interna-

lization’, in which yeast cells have been shown to induce

phagocytosis. This phenomenon together with receptor-

mediated adhesion and hyphal invasion may modulate the

process of invasive candidiasis (Hornby et al., 2001). Although

many signals are known to trigger morphogenesis and pro-

mote filamentous growth, such as nutrient starvation, serum

components and cell density, the mechanisms for responding

to these signals are not yet known (Hornby et al., 2001, 2003;

Chen et al., 2004; Kruppa et al., 2004).

Quorum sensing has been the focus of much research and

quorum-sensing molecules have been demonstrated to be

essential for biofilm formation (Hornby et al., 2001, 2003;

Ramage et al., 2002b; Chen et al., 2004; Hornby & Nick-

erson, 2004; Kruppa et al., 2004; Sato et al., 2004). Quorum

sensing is a strategy of cell–cell communication benefiting

the biofilm community by controlling unnecessary over-

population and competition for nutrients with important

implications for the infectious process, especially for dis-

semination and establishment at distal sites of infection

(Davey & O’Toole, 2000; Ramage et al., 2002b; Douglas,

2003). Recently, farnesol was identified as a quorum-sensing

molecule produced by C. albicans which suppresses filamen-

tation, causing the culture to grow as budding yeasts and

greatly compromising biofilm formation (Hornby et al.,

2001, 2003; Ramage et al., 2002b; Chen et al., 2004; Hornby

& Nickerson, 2004; Kruppa et al., 2004; Sato et al., 2004; Cao

et al., 2005; Enjalbert & Whiteway 2005; Mosel et al., 2005).

Farnesol is endogenously generated by enzymatic dephos-

phorylation of farnesyl diphosphate (FPP), Hornby & Nick-

erson, 2004). FPP is the product of a reaction catalysed by

FPP-synthase encoded by the ERG20 gene and is a precursor

for the synthesis of sterols and dolichols in the sterol

biosynthesis pathway (Szkopińska et al., 1997; Machida

et al., 1998; Edwards & Ericsson, 1999; Plochocka et al.,

2000; Song, 2003; Hornby & Nickerson, 2004). The ERG9

gene, which codes for the enzyme squalene synthase, is

responsible for the degradation of farnesol to squalene, a

sterol precursor (Szkopińska et al., 1997). Studies by Hornby

& Nickerson (2004) have shown that certain drugs targeting

the sterol biosynthetic pathway such as the azoles lead to

increased levels of intracellular farnesol. A potential reverse

relationship, however, in which extracellular farnesol im-

pacts the resistance of resistant strains to these drugs has not

been previously investigated.

Pathogenic Candida species are able to colonize several

tissues such as vagina and oral epithelia as well as inert

surfaces such as urinary and venous catheters, dental pros-

theses and other indwelling devices (Garcı́a-Sánchez et al.,

2004). In addition to the tendency to disseminate and cause

fatal systemic infections, biofilm communities are often

resistant to drug therapy and act as a source of recalcitrant

infections (White, 1997; White et al., 1998; Plochocka et al.,

2000; Garcı́a-Sánchez et al., 2004; Kruppa et al., 2004).

Studies directed towards investigating the potential of novel

compounds for therapeutic or preventive strategies targeting

biofilm-related infections are therefore warranted.

To that end, the focus of this investigation was to explore

the implications of farnesol in biofilm formation and drug

resistance, specifically to fluconazole, the most commonly

used antifungal drug, using resistant strains of C. dublinien-

sis and C. albicans. Synergy tests were designed to test the

hypothesis that exposure to exogenous farnesol modifies the

response of resistant strains of C. dubliniensis and C. albicans

to fluconazole. In addition, the effect of farnesol on biofilm

formation and germination of C. dubliniensis, as well as the

effect of the farnesol produced by C. dubliniensis in culture

supernatant on the germination of C. albicans were investi-

gated. The anticandidal capability of farnesol, the farnesol

minimal inhibitory concentration (MIC) and its effect on

the integrity of the cell membrane of both C. dubliniensis

and C. albicans, which have not been previously determined,

were investigated using killing and susceptibility assays and

ethidium bromide uptake testing.

Materials and methods

Organisms

Candida dubliniensis CD36 and C. albicans SC5314 were

maintained on Sabouraud dextrose agar (BBL, Cockeysville,

MD) and cultured in YNB [0.67% yeast nitrogen base (pH

7.0), 50 mM glucose). Cultures were grown overnight in an

orbital shaker at 30 1C under aerobic conditions. Cells were

harvested, washed twice in sterile phosphate-buffered saline

(PBS) and resuspended in RPMI 1640 supplemented with

L-glutamine and buffered with HEPES (Invitrogen, Grand

Island, NY) and adjusted to a cell density of 1� 106 cells mL�1

for all experiments. All experiments were performed in tripli-

cate on three separate occasions.

Effect of synthetic and Candida -produced
farnesol on planktonically grown cells

Farnesol (Sigma Chemical Co., St Louis, MO) was obtained

as a 3 M stock solution and diluted to a 30 mM solution in
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100% methanol. Working concentrations were prepared in

RPMI 1640. Farnesol-free controls were included in all

experiments. Farnesol concentrations of 10, 30 and 300 mM

were added to C. dubliniensis and C. albicans cultures in

RPMI 1640 and incubated overnight at 37 1C in an orbital

shaker. Alternatively, C. dubliniensis and C. albicans biofilms

were formed on the surfaces of 75 cm2 tissue culture flasks.

Following 1 h incubation at 37 1C, media were replaced with

fresh RPMI 1640 and biofilms were allowed to form for 48

and 96 h. Following incubation, spent culture media were

collected, filter-sterilized through a 0.22 mm pore-size filter,

diluted 1 : 1 with fresh RPMI 1640 and refrigerated until use.

Candida dubliniensis and C. albicans overnight cultures were

washed and resuspended in the filtered spent media. Both

species were grown in their own spent culture media and in

that of the other species. Farnesol-free negative controls and

positive controls grown with 300mM synthetic farnesol were

included. Cultures were incubated overnight at 37 1C in an

orbital shaker. Cell morphology was assessed microscopi-

cally using light microscopy based on counts from 20 fields.

Biofilm assessment by confocal scanning laser
microscopy (CSLM)

Confocal microscopy was performed on C. dubliniensis and

C. albicans biofilms grown in the absence and presence of

300mM farnesol (Chandra et al., 2001a). Biofilms were formed

on plastic cover-slips by dispensing 4 mL of standardized cell

suspensions with farnesol at a final concentration of 300mM

into the wells of six-well microtiter plates, which were then

incubated for 24 h at 37 1C. Cover-slips with cells grown in

farnesol-free media were included. Following incubation, the

cover-slips were washed with PBS and stained with FUN-1

fluorescent cell stain (Molecular Probes, Eugene, OR) for

30 min at 37 1C in the dark and observed with a confocal

scanning laser microscope, using a 488 nm argon ion laser. The

images were processed for display using the Adobe Photoshop

program (Adobe Systems Inc., Mountain View, CA).

Biofilm quantitation by XTT reduction assay,
crystal violet (CV) staining and dry weight (DW)
measurements

Controls without farnesol were included for all experiments.

Candida dubliniensis and C. albicans cell suspensions

(100mL) were added to the wells of flat-bottomed, polystyr-

ene 96-well microtiter plates and incubated for 4 h at 37 1C.

Following incubation, the medium was aspirated and wells

were washed twice with sterile PBS to remove nonadherent

cells. The XTT assay was performed at time zero where

farnesol (10, 30 and 300 mM) was added to the cells in the

wells at time of inoculation and microtiter plates were then

incubated at 37 1C for 24 h. Alternatively, farnesol was added

to 24 h preformed biofilms as described above and plates

were incubated at 37 1C for an additional 24 h. Briefly, XTT

[(2,3-bis(2-methoxy-4-nitro-sulfophenyl)-5-[(phenylami-

ne)carbonyl]-2H-tetrazolium hydroxide] (Sigma Chemical

Co.) was prepared as a saturated solution in Ringer’s lactate

at a concentration of 0.5 mg mL�1 and filter-sterilized

through a 0.22mm pore-size filter. Prior to each assay,

menadione (10 mM prepared in acetone; Sigma Chemical

Co.) was added to a final concentration of 2mM. One

hundred microliters of the XTT-menadione was added to

the prewashed biofilms and control wells. The plates were

then incubated in the dark for 2 h at 37 1C. Following

incubation, 100 mL of each sample was transferred to a fresh

plate and colorimetric change at A490 nm was measured with

a microtiter plate reader (Titertrek, Multiskan MCC1340).

For CV staining, biofilms were formed in microtiter plates as

described above except that 10, 50, 100 or 300mM were

added at the time of incubation. One hundred microliters of

1% CV dye was added to each well and incubated for 20 min

at 37 1C. CV was then removed, wells washed with PBS and

150 mL 95% ethanol added to each well. One hundred

microliters from each well was transferred to a new 96-well

microtiter plate and the absorbance for each well was

determined at A570. Wells with media and no cells were

included as blank wells. For DW measurements, 5 mL cell

suspensions were added to Petri dishes and allowed to

adhere for 2 h, then washed and reincubated for 24 h in

fresh media in the presence of 0, 10, 100 or 300 mM farnesol.

The biofilms were then washed three times with PBS,

scraped and suspended in 5 mL PBS. The material was

filtered through a preweighed Millipore filter (0.45mm pore

size), washed with PBS, dried at 37 1C for 24 h and weighed.

Killing assay using CFU count

Assays were performed on C. dubliniensis and C. albicans

suspensions in the presence of increasing concentrations of

farnesol: 50, 100, 150, 200, 250 and 300mM. For the killing

assay, 20 mL of yeast cell suspensions were mixed with 20 mL

of 1 mM PBS containing farnesol in the wells of a 96-well

microtiter plate and incubated for 24 h at 37 1C with

shaking. Control tubes contained 20 mL of cell suspension

and 20 mL of PBS with no farnesol. The reaction was stopped

by the addition of 360 mL YNB and 40 mL of each suspension

was spread onto Sabouraud dextrose agar plates and in-

cubated for 48 h at 37 1C. The number of single colonies on

each plate was counted and percentage cell killing calculated

as (1�N1/N2)� 100 where N1 is the number of colonies

from wells with farnesol and N2 is the number of colonies

from control wells.

Determination of farnesol MIC

Farnesol susceptibility testing was performed using a micro-

broth dilution method. One hundred microliters of
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C. dubliniensis and C. albicans cell suspensions were added

to the wells of a 96-well microtiter plate with 100 mL of

farnesol (0–300 mM). Plates were incubated at 37 1C for 24 h

and the MIC recorded as the highest concentration of

farnesol demonstrating at least 80% reduction in growth

compared with positive growth controls with no farnesol.

Assessment of cell membrane integrity by
ethidium bromide uptake

Standardized cultures of C. dubliniensis and C. albicans were

resuspended in 1 mL PBS with 0–300 mM final concentra-

tion of farnesol and incubated at 37 1C for 2 h with shaking.

One hundred microliters of ethidium bromide solution

(1 mM; Promega, Madison, WI) was added and cells were

incubated at room temperature for 30 min. Cells with

ethidium bromide and no farnesol served as negative con-

trols. Following washing, cell suspensions were examined

with a microscope for the emission of red fluorescence.

Fluconazole and farnesol synergy testing

The synergy susceptibility testing for farnesol and flucona-

zole were designed and performed based on the microbroth

dilution and disk diffusion methods outlined in the Clinical

and Laboratory Standards (CSLI; formerly National Com-

mittee for Clinical Laboratory Standards, NCCLS) (National

Committee for Clinical Laboratory Standards, 1997) with

the following modifications. Two C. dubliniensis strains CD-

R1 (MIC 32 mg mL�1) and CD-R2 (MIC 64 mg mL�1) (kindly

provided by Dr Derek Sullivan, Dublin Dental School

and Hospital, Dublin, Ireland) and a clinical C. albicans

fluconazole-resistant strain recovered from an HIV1patient

were used. For the microbroth method, 100mL yeast suspen-

sions were added to the wells of 96-well microtiter plates

with 100mL of fluconazole dilutions (0–64 mg mL�1). Farne-

sol was added to the fluconazole in the wells to final

concentrations of 0–300 mM. Plates were incubated at 37 1C

for 24 h and MIC determined as the highest concentration of

fluconazole demonstrating at least 80% reduction in growth

compared with positive growth controls. The disk diffusion

assay was performed on Mueller Hinton agar plates supple-

mented with glucose and methylene blue, with farnesol

added to the agar to final concentrations of 0–300 mM.

Standardized yeast suspensions were swabbed on the agar

plates, and disks impregnated with fluconazole were placed

in the center. Zones of inhibition (mm) were measured

following 48 h incubation at 37 1C.

Statistical analysis

The ANOVA test was used to determine statistical significance.

Results

Effect of farnesol on germination

[Previous experiments had shown that methanol did not

have an effect on yeast viability at the concentration used in

these experiments (Ramage et al., 2002b)]. Microscopic

evaluation of cellular morphology showed that follo-

wing 24 h incubation, C. dubliniensis cultures contained

40% hyphae and pseudohyphae in the absence of farnesol

and less than 10% in the presence of 300 mM farnesol,

whereas more than 90% hyphae was seen in C. albicans

cultures without farnesol and only 10% hyphae with

farnesol. When C. albicans and C. dubliniensis were grown

in their own spent media recovered from 48 and 96 h

biofilms, C. dubliniensis cultures contained o10% (48 h)

and o5% (96 h) hyphae, whereas C. albicans had 40%

(48 h) and 30% (96 h) hyphae. Results were similar when

C. albicans was grown in C. dubliniensis spent culture media

and vice versa (data not shown).

Effect of farnesol on biofilm formation

As assessed by CSLM, homogeneous biofilms were formed

in the absence of farnesol, consisting mainly of yeast cells

and pseudohyphae for C. dubliniensis, and a typical biofilm

architecture for C. albicans composed mainly of intertwin-

ing hyphae. Incubation with 300 mM farnesol, by contrast,

prevented successful germination of the adherent yeast cells,

resulting in scant biofilms (Fig. 1). At a concentration of

30 mM, farnesol resulted in pseudohyphae, whereas 3 mM

had no effect on biofilm formation or germination (data

not shown). These results were reflected in the absorbance

values obtained with the XTT metabolic assay at 490 nm

(Fig. 2a) and CV staining at 570 nm (Fig. 2b) where

the lowest readings were obtained with 300 mM farnesol

and higher readings with decreasing concentrations of

farnesol. Colorimetric readings were also inversely propor-

tional to initial adherence time, where 2–4 h adherence time

prior to addition of farnesol did not result in reduction in

absorbance values in comparison with those obtained

with biofilms with no farnesol (data not shown). Lower

readings, however, were obtained with the XTT assay for the

24 h preformed biofilms of C. albicans and C. dubliniensis

(Fig. 2a). The lowest absorbance values from both XTT and

CV assays were obtained with biofilms incubated with

farnesol at 0 h: 60–80% reduction for C. albicans and

80–100% for C. dubliniensis (Fig. 2). In accordance with

the results from the XTT and CV assays, DW measurements

showed a significant reduction in cell weight for C. albicans

(96%) and C. dubliniensis (99%) at 300 mM farnesol (data

not shown).
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Killing assay and farnesol MIC determination

Results for the killing assays based on colony counts are

shown in Fig. 3. For both species, the percentage killing

increased proportionally to the farnesol concentration, with

more pronounced killing for cells exposed to farnesol for

24 h. Farnesol susceptibility testing in the wells of a micro-

titer plate with increasing concentrations of farnesol de-

monstrated that the farnesol MIC for C. dubliniensis was

200 mM, showing more than 80% reduction in turbidity,

whereas light growth was noted for C. albicans at 300 mM,

indicating that C. albicans has higher tolerance to farnesol.

These values corroborated those from the killing assay.

Farnesol-mediated ethidium bromide uptake

As assessed by the emission of red fluorescence and CSLM,

C. dubliniensis and C. albicans cells grown with no farnesol

and stained with ethidium bromide showed no fluorescence

except for very few isolated cells. However, cells treated with

farnesol exhibited increased uptake of ethidium bromide

CA 0F

CD 0F

CA 300F

CD 300F

Fig. 1. Confocal scanning laser microscopy of

Candida dubliniensis (CD) and Candida albicans

(CA) biofilm in the absence or presence of over-

night treatment with 300 mM farnesol (scale bar,

100mm).
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Fig. 2. Effect of farnesol on Candida dubliniensis

(CD) and Candida albicans (CA) biofilm using (a) XTT

assay measured at OD490 nm where farnesol was

added at the time of incubation (0) or to preformed

biofilms (24 h) and (b) crystal violet staining mea-

sured at OD570 nm where farnesol was added at the

time of incubation. Statistically significant differences

are indicated as follows: �Po 0.05; ��Po 0.01.

Error bars indicate the standard errors of the means.
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proportional to the increase in farnesol concentration, with

300mM resulting in complete and homogeneous staining of

cells (Fig. 4).

Fluconazole-farnesol synergy testing

The microbroth dilution test demonstrated that the fluco-

nazole MIC values obtained for the C. dubliniensis and C.

albicans strains tested were inversely proportional to farne-

sol concentrations (0–300mM) (Fig. 5a), whereas the zones

of inhibition with the disk diffusion assay increased propor-

tionally to subinhibitory levels of farnesol (0–200 mM; no

growth with 300mM) (Fig. 5b). In general, farnesol concen-

trations of 30–50 mM lowered the fluconazole MIC values

from the resistant to susceptible dose-dependent range

(Po 0.01), whereas concentrations of 100–300 mM resulted

in fluconazole MICs in the susceptible range (Po 0.01).

These results corroborated those obtained with the disk

diffusion method. Data for the C. albicans strain are not

shown but the trend in the decrease of the resistance was

similar to that seen for the C. dubliniensis strains.

Discussion

Since its discovery in 1995, C. dubliniensis isolates have been

identified from patients worldwide from a variety of sources

and reports of cases of fungemia are on the increase

(Sullivan et al., 1995, 2004; Meis et al., 1999; Brandt et al.,

2000; Brown et al., 2000; Jabra-Rizk et al., 2001c, 2005; Sebti

et al., 2001; Borg-von Zepelin et al., 2002). Candida dubli-

niensis is able to colonize and cause infections through the

timed expression of its litany of virulence factors such as

those that allow it to switch cell morphogenesis. Candida

dubliniensis has gained considerable attention in recent years
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Fig. 3. Percentage of killing of Candida dubliniensis

(CD) and Candida albicans (CA) following 2h and

24 h exposure to farnesol (0–300 mM) as deter-

mined by colony counts (Po 0.02).

CA 300F
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Fig. 4. Ethidium bromide uptake of Candida du-

bliniensis (CD) and Candida albicans (CA) cells

following 2 h exposure to 0–300 mM farnesol (scale

bar, 50 mm).
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owing to its enhanced ability to develop resistance to

fluconazole in vitro and in patients on fluconazole therapy

(Moran et al., 1998, 2002; Ramage et al., 2002a; Sullivan

et al., 2004). In addition, C. dubliniensis has been shown to

develop a biofilm; however, because of its lower rates of

growth and germination in comparison with C. albicans, at

24 h C. dubliniensis biofilm consists mainly of adherent yeast

cells and pseudohyphae (Kirkpatrick et al., 2000; Ramage

et al., 2001; Jabra-Rizk et al., 2004).

Adherence of organisms to surfaces is a prerequisite for

the formation of biofilms, where attachment of cells is

followed by proliferation and biofilm formation. In Candida,

the dimorphic transition from the yeast to hyphal phase is a

crucial step in the formation of a biofilm, and mutant strains

defective in the ability to germinate are unable to form dense

and homogeneous biofilms (Baillie & Douglas, 1999a, b;

Ramage et al., 2002b; Garcı́a-Sánchez et al., 2004; Kruppa

et al., 2004). Recently, farnesol was described as a quorum-

sensing molecule extracellularly produced by C. albicans that

inhibited yeast-to-hyphal conversion (Hornby et al., 2001;

Kruppa et al., 2004; Ramage et al., 2002b; Cao et al., 2005;

Mosel et al., 2005). Although studies by Oh et al. (2001)

described farnesoic acid as the quorum-sensing molecule in

C. albicans, direct comparison of the quorum-sensing activ-

ity of farnesoic acid and farnesol by Oh et al. (2001),

Shchepin et al. (2003, 2005) showed that farnesoic acid

displayed only 3.3% of farnesol activity.

However, it is expected that during pathogenesis, the

dynamics of the influence of farnesol on cell morphology

differ in the host. This hypothesis is supported by the studies

of Mosel et al. (2005), who showed that the farnesol levels

needed to reduce germination were influenced by the

presence of serum; farnesol concentrations of up to 150 mM

were required at 10% serum. This disparity in farnesol

concentrations was attributed to the farnesol-binding capa-

city of serum albumin (Mosel et al., 2005). In addition, C.

albicans was shown to be unable to excrete farnesol under

anaerobic conditions, further supporting the role of the

influence of host factors in the process (Dumitru et al.,

2004).

In this study, we tested the effect of farnesol on the

fluconazole resistance of C. dubliniensis and C. albicans

resistant strains in order to investigate the presence of a

synergistic relationship between the two compounds. In

addition, the ability of C. dubliniensis to produce farnesol in

culture and the effect of farnesol on biofilm formation were

investigated. The data from this investigation indicated that

the effect on germination observed on cells grown in C.

dubliniensis-spent culture media was similar to that observed

for the synthetic farnesol. Although not chemically analysed

in this study, these results suggest that C. dubliniensis, like C.

albicans, produces farnesol or a compound similar in activ-

ity. However, molecular analyses in our laboratory have

identified homologues to the C. albicans ERG20 and ERG9

genes in the C. dubliniensis genome. Sequence comparison

revealed 4 80% homology between the C. albicans genes

and their homologues in C. dubliniensis.

In addition to the inhibitory effect of farnesol on biofilm

formation, higher concentrations of farnesol exhibited an

anticandidal effect on both species, as was shown with

killing and viability assays not previously performed. The

effect on biofilm formation by the XTT assay, CV staining,

DW measurement as well as fluorescence microscopy was

shown to be dependent on the concentration of farnesol and

adherence time. Concentrations of 30 mM or less had little

effect, whereas concentrations of 100–300 mM resulted in

significant reduction in biofilm formation. In addition, the

adherence time prior to farnesol exposure was important in
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that, as the initial adherence time increased, the effect of

farnesol on subsequent biofilm development diminished

(2–4 h adherence time). With the 24 h preformed biofilms,

a minimal visible effect was noted; however, the colorimetric

readings were reduced, indicating that although farnesol did

not affect the already formed biofilm, it inhibited mycelial

development in newly produced cells.

In order to confirm the anticandidal capability and

mechanism of killing of farnesol, new experiments were

designed such as killing and susceptibility assays and ethi-

dium bromide uptake testing. Because these tests were not

previously applied to C. albicans, they were performed on

both species in this study. The percentage of killing by

farnesol obtained from the killing assays based on colony

counts showed that farnesol is able to kill the fungal cell and

the percentage of killing was proportional to the farnesol

concentrations for both species.

In order to elucidate the mode of killing of farnesol, the

integrity of the fungal cell membrane following exposure to

farnesol was assessed. Ethidium bromide is a membrane-

impermeant drug which enters the cell when membranes are

compromised and intercalates within double-stranded DNA

to become highly fluorescent (Brehm-Stecher & Johnson,

2003). Because of these properties, ethidium bromide was

used as a reporter of membrane integrity. Microscopic

images from these experiments revealed that the uptake of

ethidium bromide by the farnesol-exposed cells was propor-

tional to the farnesol concentration used. The hydrophobic

nature of farnesol favoring its accumulation in the mem-

brane and the observed farnesol-mediated uptake of ethi-

dium bromide by the exposed yeast cells indicate that

farnesol disrupts the fungal cell membrane, rendering the

fungal cell permeable to exogenous compounds such as

ethidium bromide and possibly antimicrobials.

In general, the effect of farnesol on the viability, biofilm

formation and ethidium bromide uptake was more pro-

nounced with C. dubliniensis than with C. albicans. This was

confirmed from the farnesol MIC, which was determined as

200mM for C. dubliniensis and 4 250mM for C. albicans.

This difference in tolerance between the two species may be

due to the thicker outer fibrillar layer of the C. albicans cell

wall or to the lower germination rate of C. dubliniensis

(Jabra-Rizk et al., 1999b, 2001a, b; Ramage et al., 2001).

As farnesol and its derivatives are precursors for the

synthesis of sterols in the sterol biosynthetic pathway,

exposure to exogenous farnesol may alter the balance of its

intracellular levels, impacting ergosterol synthesis and in

turn the response of resistant strains to antifungals targeting

ergosterol such as fluconazole. To that end, synergy testing

was performed for farnesol and fluconazole on two C.

dubliniensis strains and a C. albicans clinical strain with high

fluconazole MICs, using adaptations from standardized

methods for fluconazole susceptibility testing. The results

from both tests indicated a significant enhancement of the

susceptibility of all strains tested to fluconazole in the

presence of farnesol. The values obtained for fluconazole

dropped from the initial resistant range (64mg mL�1) to the

susceptible dose-dependent range (16–32 mg mL�1) and fi-

nally to the susceptible range (o 8 mg mL�1) in a manner

proportional to the farnesol concentration to which the cells

were exposed, demonstrating synergy between the two

antimicrobial agents.

The mode of action of farnesol seems to be complex and

may involve several mechanisms, including compromising

cell membrane integrity and ergosterol synthesis. In addi-

tion, the observed static growth inhibition could be due to

interference with a phosphatidylinositol-type signaling ow-

ing to decreased levels of intracellular diacylglycerol, a

protein kinase C activator. This would be accompanied by

downregulation of cell cycle gene expression resulting in

disassembly of the cell and cell death. Therefore, it is

conceivable that C. albicans and C. dubliniensis may utilize

farnesol to control cell proliferation, a property useful to a

microbial population, particularly in a biofilm environment

where nutrients are limited.

Biofilm formation by C. dubliniensis and C. albicans

represents a key factor in their survival, and has important

clinical repercussions (Baillie & Douglas, 1999a; Baillie &

Douglas, 2000; Chandra et al., 2001a; Ramage et al., 2002c).

The significant rise in antifungal resistance has made it

crucial to identify novel antimicrobial compounds, specifi-

cally for identifying therapeutic strategies directed towards

biofilm-related infections. The development of quorum-

sensing inhibitors that inhibit cell–cell communication

systems involved in the regulation of virulence factor

production, host colonization and biofilm formation is an

appealing option for the control of such persistent infections

that are difficult to treat.

The observed significant suppressive effect of farnesol on

biofilm formation and its synergistic effect with fluconazole

leading to the sensitization of resistant strains indicate a

potential application for farnesol as an adjuvant therapeutic

agent for the treatment or prevention of biofilm-

related infections and for promoting antimicrobial resis-

tance reversal. Investigations into the molecular mechan-

isms of the involvement of farnesol in the pathogenic

process and its implications on fluconazole resistance are

therefore warranted and are currently being pursued in our

laboratory.
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