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Abstract

Bovine whey from the cheese-making industry contains several bioactive factors

that promote health and prevent disease. Although many efforts have been made

over the years to show that immunoglobulins, lactoperoxidase, lactoferrin,

lysosyme and small peptides present in whey have antimicrobial activities against

several pathogenic microorganisms, such activities have not been investigated so

far for the lipid fraction of whey. Here, we have used an in vitro assay-based

fractionation procedure to show that free fatty acids derived from whey cream

specifically inhibit the germination of Candida albicans, a morphologic change

associated with pathogenicity. Further fractionation by HPLC demonstrated that

this activity can be mainly attributed to lauric acid, myristoleic acid, linoleic acid

and arachidonic acid.

Introduction

Whey was traditionally defined as a byproduct of the cheese-

making industry, with little or no commercial value. How-

ever, the challenge of the disposal of this waste and the

development of new bioprocessing technologies have led to

the discovery of several promising applications for whey and

its byproducts. For example, whey proteins are now used for

their functional properties in food production (Kinsella &

Whitehead, 1989; Korhonen et al., 1998). In addition, the

quality and the digestibility of whey proteins make them a

highly nutritious food supplement as compared to other

dietary proteins, and interestingly, more and more studies

are demonstrating that whey also contains several bioactive

factors with beneficial effects on health (Walzem et al.,

2002). Therefore, whey is now recognized as a functional

food ingredient with several interesting properties.

It is generally accepted that whey components such as

immunoglobulins, lactoperoxidase, lactoferrin, lysozyme

and small peptides have antimicrobial activities against a

range of pathogenic microorganisms, including bacteria,

viruses and fungi (Shah, 2000). These activities are all

associated with the protein fraction of whey, and little

attention has been given to the lipid fraction, because lipids

are present in limiting amounts in whey. However, many

lipids, notably fatty acids and monoglycerides, present in

milk display antimicrobial activities against bacteria, viruses

and fungi (Isaacs, 2001). Furthermore, dairy products con-

tain significant amounts of polyunsaturated fatty acids,

which are biologically active, even at low concentrations

(Jensen, 2002). Nevertheless, there are no studies investigat-

ing the effect of whey lipids on the growth of human fungal

pathogens.

Epidemiologic studies have shown that during the last 30

years the incidence of both superficial and systemic fungal

infections has increased considerably (Nola et al., 2003).

Despite this increasing incidence of fungal infections, few

antifungal agents are currently available, and the number of

effective antifungal drugs remains limited, with resistance

and toxicity compromising their effectiveness (Georgopapa-

dakou, 1998; White et al., 1998; Wellington & Gigliotti,

2001). Among the fungal pathogens, Candida albicans, an
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opportunistic polymorphic fungus, is considered to be the

major yeast pathogen in humans, causing both superficial

and systemic infections, particularly in immunocompro-

mised individuals (Odds, 1988; Pfaller et al., 1998). Several

factors have been associated with its virulence. These factors

include adhesion to epithelium, secretion of aspartyl protei-

nase, and morphogenesis (Calderone & Fonzi, 2001). Mor-

phogenesis refers to the reversible transition between

unicellular yeast cells and a filamentous (hyphal) growth

form of C. albicans, also referred to as germination (Calder-

one & Fonzi, 2001). This virulence factor seems to be

particularly important, as cells of C. albicans trapped in the

yeast state are less virulent in animal models (Braun &

Johnson, 1997; Lo et al., 1997; Rocha et al., 2001). Further-

more, recent studies have demonstrated that the ability of C.

albicans to germinate plays a pivotal role in the formation of

biofilms on biomaterial surfaces observed in the majority of

C. albicans infections (Ell, 1996; Cannon & Chaffin, 1999;

Crump & Collignon, 2000; Ramage et al., 2002).

In the present study, we demonstrate, through the use of

an assay-based fractionation procedure, that free fatty acids

derived from whey cream, namely lauric acid, myristoleic

acid, palmitoleic acid, linoleic acid and arachidonic acid,

can specifically inhibit C. albicans germination.

Materials and methods

Materials and reagents

Fresh unpasteurized whey cream was obtained from Saputo

Inc. (Montreal, Canada). All lipid standards were purchased

from Sigma-Aldrich, except for arachidonic acid and con-

jugated linoleic acid (CLA), which were purchased from

Matreya Inc. (Biolynx Inc., Ontario, Canada). All other

materials and solvents were of the highest purity or HPLC

grade (Fisher Scientific, Canada).

Instrumentation

HPLC analysis and purification were performed on a Beck-

man-Coulter HPLC Gold system composed of two pumps, a

module solvent (model 126), a UV spectrophotometric

detector (model 168), a fraction collector (SC100) and a

500-mL sample loop injector (Reodyne 7725i). The recorded

HPLC spectra were analyzed using the 32 karaf software

(Beckman-Coulter). GC-MS analyses were performed by the

Lipid Analysis Unit at the Scottish Crop Research Institute

in Invergowrie, Dundee, UK. The chemical duty pump used

for solid-phase extraction (SPE) was obtained from Milli-

pore (Model WP6111560). Microscopic examination and

photographs were performed with an Axivert 135 TV

inverted microscope (Zeiss).

Extraction and fractionation of total lipids

Total lipids of whey cream were extracted according to the

Bligh–Dyer method (Bligh & Dyer, 1959). The total lipid

fraction was separated into polar and neutral lipids by

countercurrent distribution (Galanos & Kapoulas, 1962).

The yields of each fraction were determined gravimetrically.

Typically, from 300 g of whey cream, about 150 g of total

lipids were obtained, whereas countercurrent distribution

provided about 2 g and 130 g of polar and neutral lipids

respectively. These three lipid fractions were assayed for

activity.

Fractionation of total polar lipids by SPE

Polar lipids were separated into sterol/monoacylglycerol/

diacylglycerol, phospholipid and free fatty acid fractions by

SPE as described previously (Kaluzny et al., 1985; Vaghela &

Kilara, 1995). Essentially, a Mega Bond Elut Flash (25 g)

disposable aminopropyl column (Varian, Canada) was

placed onto an Erlenmeyer flask connected to a chemical

duty pump (Millipore, Canada). A vacuum of 10–12 kPa

was maintained constantly during the procedure. Polar

lipids (500 mg) dissolved in 20 mL of chloroform were

applied under vacuum to the column, which had been

prewashed twice with 100-mL portions of hexane. Sterols/

monoacylglycerols/diacylglycerols, free fatty acids and phos-

pholipids were sequentially eluted with 225 mL of chloro-

form/2-propanol 2 : 1 (v/v), 225 mL of acetic acid/diethyl

ether 1 : 50 (v/v) and 225 mL of methanol, respectively. Each

eluate was dried under nitrogen and assayed for activity. The

yield of each lipid fraction was determined gravimetrically.

About 50 mg of free fatty acids, 120 mg of phospholipids

and 270 mg of cholesterol-enriched, monoacylglycerol-en-

riched and diacylglycerol-enriched fractions were typically

obtained from 500 mg of polar lipids.

Separation of free fatty acids by HPLC

The free fatty acid fraction was further fractionated by

HPLC on a semipreparative silica-based normal-phase col-

umn (Spherisorb S10W, 10 mm, 10� 250 mm, Waters, Mil-

ford, MA) using a binary solvent system: solvent A, hexane/

tetrahydrofuran 97 : 3 (v/v); solvent B, hexane/tetrahydro-

furan 98 : 2 (v/v). Free fatty acids (c. 20 mg in 500 mL of

solvent B) were applied to the column, which had been pre-

equilibrated in solvent A, and eluted by a linear gradient to

100% solvent B from 20 to 240 min at a flow rate

of 1 mL min�1. UV detection was used to monitor the

effluent at 210 nm. Collected fractions (4 mL) were dried

under nitrogen and reconstituted in ethanol. The concen-

tration of free fatty acids was determined enzymatically by

colorimetric assays (Roche Diagnostic, Canada) using stea-

ric acid as reference.
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Analysis of lipid fractions by high-performance
thin layer chromatography (HPTLC)

Lipid fractions derived from total whey cream lipids were

evaluated for their purity by HPTLC (HPTLC-HLF, 150 mm,

10� 20 cm, Analtech, Newark, DE). Typically, between 20

and 80 mg of each lipid fraction were spotted on HPTLC

plates. Plates were developed vertically in a solvent system of

hexane/diethyl ether/acetic acid 70 : 30 : 1 (v/v/v). Visualiza-

tion of lipids was done by spraying plates with 40% H2SO4

(v/v) followed by 15 min of incubation at 110 1C.

Germination inhibition assay

The C. albicans SC5314 strain (Fonzi & Irwin, 1993) was

used to investigate the antihyphal activity of whey cream

lipids. This strain was routinely grown as yeast cells at 30 1C

in YPD medium (1% yeast extract, 2% peptone, 2%

dextrose). Germination was induced by incubating cells in

dextrose-free Sabouraud medium (Difco) (Joshi et al., 1973)

at 37 1C in 96-well microtiter plates (Costar 3595). Briefly,

cells from fresh YPD cultures were harvested and washed

twice with sterile water. Washed cells were suspended in

dextrose-free Sabouraud medium at a density of

5� 103 cells mL�1 and then immediately distributed to mi-

crotiter wells containing an equal volume of dextrose-free

Sabouraud medium supplemented with different concentra-

tions of lipids. After 15 h of incubation at 37 1C in an

atmospheric incubator without agitation, cells were washed

and fixed with a fresh 1% formaldehyde solution. The ability

of lipids to inhibit germination was determined by micro-

scopic observation. The minimal inhibitory concentration

(MIC) was defined as the lowest concentration of lipids that

completely inhibited the germination of C. albicans after

15 h at 37 1C. All lipids were dissolved in ethanol, and no

more than 1% ethanol (final concentration) was used in the

incubating medium.

Candida albicans b -galactosidase and XTTassays

Candida albicans strain ZK3379 (CAI-4 HWP1-lacZ) (Ho-

gan et al., 2004) was used for b-galactosidase and 2,3-Bis(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-

anilide inner salt (XTT) assays. Cells from this strain were

grown in YPDA at 30 1C to a density of about

1� 108 cells mL�1 (hemacytometer). These late exponen-

tially growing cells were then washed twice with water and

kept on ice until used. Germination was induced by incu-

bating cells (final density of 5� 105 cells mL�1) at 37 1C in

2.5 mL of either dextrose-free Sabouraud medium (Joshi

et al., 1973), Lee’s medium (Lee et al., 1975), Spider medium

(Liu et al., 1994) or hypha-forming medium (Biswas et al.,

2001), supplemented with free fatty acids. All lipids were

dissolved in ethanol. Assays were performed in duplicate in

24-well microtiter plates (Costar 3526) without agitation.

After appropriate periods of incubation (i.e. 0, 2, 4 or 6 h),

microtiter plates were centrifuged for 5 min at 500 g and

supernatants were discarded. XTT assays were performed

immediately and essentially as previously described (Hon-

raet et al., 2005). For b-galactosidase assays, microtiter

plates were frozen at � 80 1C and later processed as pre-

viously described (Kippert, 1995; Hogan et al., 2004) but

directly in microtiter plates. Absorbances were measured in

96-well microtiter plates using a microtiter plate reader

(Microplate Reader MR600), equipped with filters of

410 nm (b-galactosidase) and 490 nm (XTT).

Results and discussion

Extraction and fractionation of total lipids from
whey cream

Bovine whey cream extracted by the Bligh–Dyer procedure

(Bligh & Dyer, 1959) gave a total lipid fraction that was

further separated into polar and neutral lipids by counter-

current distribution (Galanos & Kapoulas, 1962). Each of

these three fractions was assayed for its ability to inhibit

germination of C. albicans in vitro. Germination was in-

duced at 37 1C using dextrose-free Sabouraud medium as

described previously (Joshi et al., 1973). Because inhibition

of germination by these molecules could be due to an early

event (i.e. blocking of germ tube formation), a late event (i.e.

blocking of elongation of germ tubes to form hyphae) or

both, we used a long incubation time (i.e. 15 h) in our assays.

Indeed, early-blocking and late-blocking molecules are ex-

pected to cause the same effect after prolonged incubation,

i.e. the absence of hyphae. It is noteworthy to mention that

95% of the C. albicans cells grown for 15 h in dextrose-free

Sabouraud medium Cinoculum size of 2.5� 103 and 0.5%

ethanol) had a hyphal morphology (Fig. 1, Ctrl panel).

Although C. albicans readily germinated and formed

hyphae in dextrose-free Sabouraud medium, the presence

of polar lipids at a concentration of 100mg mL�1 totally

inhibited germination (Fig. 1). This inhibition is specific, as

total lipid and neutral lipid-enriched fractions did not

display such activity when used at the same concentration

(Fig. 1). MICs, which represent the lowest concentration of

lipids that completely inhibited the germination of C.

albicans, are presented in Table 1. These quantitative results

were deduced from visual observations, as presented in Fig.

1. We wish to emphasize that our MIC definition is by no

means the classic one, and that this designation was simply

used as a tool to monitor inhibiting activity during fractio-

nation. With the use of different lipid concentrations for

each of the lipid fractions, the MIC for the polar lipid-

enriched fraction was found to be about 100mg mL�1,

whereas the values were above 500 mg mL�1 for the total

FEMS Yeast Res 7 (2007) 276–285c� 2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

278 M. Clément et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article/7/2/276/616988 by guest on 18 M
ay 2023



lipid and neutral lipid-enriched fractions (Table 1). Such

activity for the polar lipid-enriched fraction is not restricted

to whey cream, as polar lipids derived from milk cream are

also active at inhibiting the germination of C. albicans (data

not shown). In addition, the polar lipid-enriched fraction

derived from whey cream is also active in Lee’s medium (Lee

et al., 1975) and hypha-forming medium (Biswas et al.,

2001), indicating that this inhibitory activity is not re-

stricted to dextrose-free Sabouraud medium (data not

shown). It is important to note that the polar lipid-enriched

fraction does not significantly affect the growth of C.

albicans in its yeast form, showing that the effect is specific

to the germination of this pathogen (data not shown).

HPTLC analysis showed that the polar lipid fraction is

enriched in phospholipids, free fatty acids, sterols, mono-

acylglycerols and diacylglycerols as compared to the neutral

and total lipid fractions, which mainly contain triacylglycer-

ols (data not shown).

Fractionation of polar lipids

It has been reported that farnesol, farnesoic acid, undecy-

lenic acid and 3-oxo-C12 homoserine lactone can inhibit the

morphogenesis of C. albicans in vitro (McLain et al., 2000;

Hornby et al., 2001; Oh et al., 2001; Hogan et al., 2004).

Furthermore, capric acid and lauric acid, two abundant

saturated fatty acids present in cow’s milk, have been

reported to inhibit the growth of C. albicans in vitro

(Bergsson et al., 2001). However, there is no study demon-

strating that these saturated fatty acids can inhibit the

germination of C. albicans. In addition, farnesol, farnesoic

acid, undecylenic acid and 3-oxo-C12 homoserine lactone

have not been reported to be present in bovine milk lipids

(Jensen, 2002). Attempts to detect farnesol in our polar

lipid-enriched fraction by HPLC using (E,E)-farnesol as

reference indicated that the concentration of this quorum-

sensing molecule was below 50 nM (detection limit) using

100 mg mL�1 of polar lipids, which completely inhibit ger-

mination of C. albicans (Fig. 1 and data not shown). As

farnesol has been reported to be active in the micromolar

range (Hornby et al., 2001; Mosel et al., 2005), this indicated

that farnesol is not present in sufficient amounts in whey

cream lipids to explain the antigerminating activity of our

polar lipid fraction. Therefore, polar lipids were further

fractionated on an aminopropyl column by SPE as described

previously (Kaluzny et al., 1985; Vaghela & Kilara, 1995).

With this procedure, polar lipids were separated into three

fractions that were enriched in either (1) phospholipids, (2)

free fatty acids, or (3) sterols, monoacylglycerols and diacyl-

glycerols, as determined by HPTLC analysis (data not

shown). Again, these fractions were tested for their ability

to inhibit germination of C. albicans. As shown in Table 1,

the free fatty acid-enriched fraction exhibited the strongest

activity, with an MIC of about 11 mg mL�1. The phospholi-

pid-enriched fraction also displayed activity, but it was

weak, as small hyphae could still be observed when phos-

pholipids were used at concentrations as high as

500 mg mL�1 (data not shown). This activity could possibly

be due to the presence of lyso-phosphatidylcholine, as

reported previously (Min et al., 2001). The fraction enriched

in sterols, monoacylglycerols and diacylglycerols did not

affect the germination of C. albicans at concentrations below

500 mg mL�1 (Table 1).

Separation of free fatty acids by HPLC

An acidic pH of the inducing medium can prevent germ

tube formation (Odds, 1988). As the most active fraction

Ctrl Total

Neutral Polar

Fig. 1. Antihyphal growth activity of total, polar-enriched and neutral

lipid-enriched fractions derived from whey cream. The concentration

used for each fraction was 100 mg mL�1. The left panel (Ctrl) represents

cells incubated in dextrose-free Sabouraud medium without lipids.

Table 1. Antihyphal growth activity of lipid fractions prepared from

whey cream

Lipid-enriched fraction MIC (mg mL�1)�

Total lipids 4 500

Neutral lipids 4 500

Polar lipids 100

Phospholipids 4 500

Sterols/MAG/DAG 4 500

Free fatty acids� 11

Free fatty acidsw 14

Fraction 16w 4

�Based on the gravimetric quantification method.
wBased on the enzymatic quantification method.

MAG, monoacylglycerol; DAG, diacylglycerol.
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was enriched in free fatty acids, we next investigated the

possibility that reduced germ tube formation could be due

to a lower pH of the inducing medium, resulting from the

addition of acids. The pH of the dextrose-free Sabouraud

medium was about 6.9, and was not found to be significantly

affected by either 10 or 100mg mL�1 of the free fatty acid

fractions (data not shown). This suggested that a change in

the assay pH was not likely to be the factor responsible for

the activity of the free fatty acid-enriched fractions. There-

fore, the free fatty acid-enriched fraction derived from whey

cream was further fractionated by HPLC on a semiprepara-

tive silica-based normal-phase column. Fifty-five fractions

were collected, and the amount of free fatty acids in each

fraction was determined by the more sensitive enzymatic

colorimetric test. Nevertheless, on the basis of this enzy-

matic method, which relies on the acid group, the MIC of

unfractionated free fatty acids was found to be similar

(14mg mL�1, Table 1) to the MIC determined on the basis

of the gravimetric method reported in Table 1 (11mg mL�1).

When HPLC fractions were tested for their activity, fraction

16 was found to be the most active at inhibiting C. albicans

germination. The MIC of this fraction was about 4 mg mL�1

(Table 1).

Fatty acid composition of active fractions

GC-MS analysis revealed that fraction 16 was still a mixture

of free fatty acids, but contained less saturated and mono-

unsaturated free fatty acids than the unfractionated free fatty

acid fraction (Table 2). Indeed, whereas the latter contained

42.8% and 34.7% of saturated and monounsaturated free

fatty acids, respectively, these values for fraction 16 were

only 21.1% (Table 2). However, fraction 16 was enriched in

polyunsaturated fatty acids (PUFA), particularly in arachi-

donic acid (C20 : 4n-6; 4%) and linoleic acid (C18 : 2; 8.5%),

which represented 12.5% of the fraction (Table 2). The

unfractionated free fatty acids contained only 1.5% of PUFA

(i.e. 0.2% of arachidonic acid and 1.3% of linoleic acid;

Table 2). It was impossible to quantify linoleic acid isomers

by GC-MS analysis, although linoleic acid (C18 : 2n-6) and a

small amount of conjugatged linoleic acid (CLA) was

detected in fraction 16 as well as in the unfractionated free

fatty acid fraction (data not shown). When the free fatty

acids were compared, more myristoleic acid (C14 : 1n-5),

pentadecanoic acid (C15 : 0), linoleic acid (C18 : 2) and

arachidonic acid (C20 : 4n-6) were found in fraction 16 than

in the unfractionated free fatty acids (Table 2). Thus, as

fraction 16 was about 3–4-fold more active than the

unfractionated free fatty acid fraction, this suggests that

myristoleic acid, pentadecanoic acid, linoleic acid and

arachidonic acid could be responsible for its greater activity.

Biological activity of individual free fatty acids

In order to determine whether the free fatty acids present in

fraction 16 are individually active at inhibiting the induced

hyphal growth of C. albicans, commercial preparations of

each free fatty acid present in fraction 16 were assayed. As it

was impossible to quantify precisely linoleic acid isomers by

GC-MS analysis, the most abundant isomers [i.e. CLA

(C18 : 2 9c-11t) and C18 : 2n-6] present in bovine milk lipids

were used. As expected, stearic acid (C18 : 0), heptadecanoic

acid (C17 : 0), palmitic acid (C16 : 0), pentadecanoic acid

(C15 : 0) and myristic acid (C14 : 0), which were less abun-

dant in fraction 16, were inactive at inhibiting C. albicans

germination, even at the highest concentration used (i.e.

81 mM; Table 3). Thus, even though pentadecanoic acid was

more abundant in fraction 16, this indicates that this free

fatty acid, as well as the other saturated free fatty acids, is not

Table 2. Composition (%) of free fatty acid fractions derived from whey

cream

Fatty acids Unfractionated Fraction 16�

Saturates 42.8 21.1

12 : 0 3.1 3.3

14 : 0 9.0 6.0

15 : 0 1.0 4.0

16 : 0 21.5 7.2

17 : 0 0.5 –

18 : 0 7.7 0.6

Monounsaturates 34.7 21.1

14 : 1(n-5) 1.3 3.1

18 : 1(n-9) 24.2 11.4

18 : 1(n-7) 7.6 6.6

Polyunsaturates 1.5 12.5

18 : 2 1.3 8.5

20 : 4(n-6) 0.2 4.0

�From HPLC separation.

Table 3. Antihyphal growth activity of individual free fatty acids

Fatty acids MIC [mM (mg mL�1)]�

Saturates

10 : 0 9 (1.55)

12 : 0 9 (1.80)

15 : 0 4 81 (19.6)

16 : 0 4 81 (20.8)

17 : 0 4 81 (21.9)

18 : 0 4 81 (23)

Monounsaturates

14 : 1(n-5) 9 (2.04)

16 : 1(n-7) 9 (2.29)

18 : 1(n-9) 4 81 (18.5)

18 : 1(n-7) 4 81 (18.5)

Polyunsaturates

18 : 2(n-6) 81 (22.7)

18 : 2(CLA 9c-11t) 9 (2.52)

20 : 4(n-6) 27 (8.22)

�Based on the gravimetric quantification method.
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responsible for the activity of free fatty acids derived from

whey cream. However, we found that lauric acid (C12 : 0),

present at similar levels in both fractions, displayed activity

with an MIC of 9 mM (Table 3). Even though it was not

present in our fractions, capric acid (C10 : 0) was found to

have similar activity to lauric acid (Table 3). This is par-

ticularly interesting, because, in comparison to other satu-

rated fatty acids, lauric acid and capric acid were previously

found to be highly active at killing C. albicans yeast cells,

although at a quite elevated concentration of 10 mM (Bergs-

son et al., 2001). As a 1000-fold less concentrated solution of

lauric acid or capric acid is not toxic for mammalian cells in

vitro, this raises the possibility that these two saturated fatty

acids could be used in vivo for the treatment of invasive

fungal infections (Bergsson et al., 2001; data not shown).

On the other hand, the majority of unsaturated free fatty

acids used in this study displayed inhibitory activity, regard-

less of their length or their degree of unsaturation (Table 3).

Indeed, they completely inhibited the hyphal development

of C. albicans when used at concentrations varying between

9 and 81mM, depending on the free fatty acid. Myristoleic

acid, palmitoleic acid and conjugated linoleic acid were

found to be the most active fatty acids at inhibiting C.

albicans germination, with MICs of 9 mM (Table 3). Inter-

estingly, CLA, which is believed to be beneficial for health

(Martin & Valeille, 2002), seemed to be among the most

active free fatty acids (Table 3). Arachidonic acid and

linoleic acid were also active at inhibiting the germination

of C. albicans in vitro, with MICs of 27 and 81 mM

respectively (Table 3). Finally, no or weak activity was found

for oleic acid (C18 : 1n-9) and vaccenic acid (C18 : 1n-7)

(Table 3). The latter could be expected, because fraction 16

was more active than the unfractionated free fatty acids, and

these two monounsaturated fatty acids were less abundant

in fraction 16 (Table 2). It is noteworthy that none of the

active free fatty acids altered the pH of the culture medium

(data not shown). Therefore, the above observation suggests

that the germination inhibition activity of free fatty acids

derived from whey cream could be mainly attributed to

lauric acid (C12 : 0), myristoleic acid (C14 : 1n-5), palmito-

leic acid (C16 : 1n-7), linoleic acid (C18 : 2n-6) and arachi-

donic acid (C20 : 4n-6). Indeed, fraction 16, which was 3–4-

fold more active than the unfractionated free fatty acids,

contained about three times more active free fatty acids

(Table 1 and 2).

Kinetics of germination and inhibition of
different hypha-inducing media

As inhibition of germination of C. albicans by molecules

could be the result of early and/or late blocking events, a

more comprehensive analysis of the activity of free fatty

acids was performed using multiple time points and other

germ tube-inducing media. Germination was monitored at

0, 2, 4 and 6 h in dextrose-free Sabouraud medium, Lee’s

medium, Spider medium and HFM7 (i.e. serum) using the

C. albicans HWP1-lacZ assay: b-galactosidase measurements

should reflect the morphological change from yeast cells to

hyphal growth (Hogan et al., 2004). b-galactosidase results

were normalized using the XTT assay (Honraet et al., 2005)

to correct for biomass increase. Microscopic observations of

cells after 6 h of incubation are also presented for each

inducing condition and correlated with b-galactosidase data

(Fig. 2).

Regardless of the inducing media used, cells incubated in

the absence of free fatty acids germinated well and formed

hyphae, but progressively reverted to the yeast mode of

growth after 4–6 h (Fig. 2, No FFA). This was probably due

to an inoculum size effect, because we used an inoculum of

5� 105 cells mL�1, and the yeast-to-mycelium transition is

blocked by quorum-sensing molecules (i.e. farnesol) when

the cell density becomes higher than 106 cells mL�1 (Hornby

et al., 2001). Analysis of the activity of free fatty acids

revealed that some exhibited inducing medium-dependent

effects, but general trends could be observed. Indeed, capric

acid (C10 : 0) and lauric acid (C12 : 0) were found to be the

most active fatty acids, and completely inhibited the emer-

gence of germ tubes in all inducing conditions tested

(Fig. 2). On the other hand, blastospores incubated in the

presence of conjugated linoleic acid or linoleic acid pro-

duced germ tubes (2–4 h), but their further elongation was

blocked (Fig. 2, 4–6 h). This was particularly evident when

Lee’s medium, Spider medium and HFM7 were used

(Fig. 2b–d). Finally, the activity of myristoleic acid

(C14 : 1n-5), palmitoleic acid (C16 : 1n-9), oleic acid

(C18 : 1n-9) and arachidonic acid (C20 : 4n-6) seemed to be

inducing medium dependent. Indeed, oleic acid showed

weak or no activity against the germination of C. albicans in

all inducing media but HFM7 (Fig. 2). In Spider medium

and HFM7, myristoleic acid, palmitoleic acid and arachido-

nic acid partially inhibited the appearance of germ tubes and

also blocked their elongation to form hyphae (Fig. 2c and d).

In contrast, myristoleic acid (C14 : 1n-5) and arachidonic

acid (C20 : 4n-6) strongly inhibited the appearance of germ

tubes in dextrose-free Sabouraud medium and Lee’s med-

ium (Fig. 2b). It was impossible to evaluate the effect of

palmitoleic acid (C16 : 1n-7) in Lee’s medium, as this

unsaturated free fatty acid was toxic to C. albicans blastos-

pores in this condition (data not shown). Microscopic

observations of cells after 6 h of incubation indicated that

all of our b-galactosidase data correlated with cellular

morphology (Fig. 3). However, this correlation was less

obvious for some free fatty acids in HFM7, suggesting that

changes in cellular morphology due to reduced activity of

the HWP1 promoter could be delayed in this condition

(Fig. 3d).
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Dextrose-free Sabouraud medium is less commonly used

to induce germination of C. albicans in vitro. However, C.

albicans readily germinated and formed hyphae in this

medium. Interestingly, smaller amounts of our active lipid

fractions were required to inhibit germination of C. albicans

in this inducing medium as compared to Lee’s medium and

HFM7 (data not shown). In addition, free fatty acids that

blocked the elongation of germ tubes in Lee’s medium,

Spider medium and HFM7 (i.e. linoleic acids) strongly

inhibited the emergence of germ tubes in dextrose-free

Sabouraud medium (Fig. 2). This suggests that dextrose-

free Sabouraud medium could be a weak germ tube inducer.

Serum has consistently been shown to be a strong germ tube

inducer, and we found that about fourfold more of free fatty

acids (i.e. 200mM) were required to inhibit germination of

C. albicans in HFM7 as compared to Lee’s medium and

Spider medium (Fig. 2b–d). On the other hand, oleic acid,

which showed weak activity in Lee’s medium and Spider
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Fig. 2. Kinetics of germination inhibition of Candida albicans in different hypha-inducing conditions by free fatty acids. Blastospores of Candida

albicans strain HWP1-lacZ were induced to germinate and form hyphae in either (a) dextrose-free Sabouraud medium, (b) Lee’s medium, (c) Spider

medium or (d) hypha-forming medium (HFM7). The concentration used for each free fatty acid was 50 mM, except for HFM7, where free fatty acids

were used at a concentration of 200 mM. Quantification of germination at different time points was monitored by the expression of b-galactosidase,

which is under the control of the HWP1 promoter expressed in hyphae (Hogan et al., 2004). Results were normalized using XTT to correct for biomass

increase.

FEMS Yeast Res 7 (2007) 276–285c� 2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

282 M. Clément et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article/7/2/276/616988 by guest on 18 M
ay 2023



medium, was not more active in dextrose-free medium,

suggesting that differences in the strength of the inducing

media were probably not responsible for the increased

sensitivity in dextrose-free Sabouraud medium (Fig. 2a–c).

Alternatively, this could indicate that exogenous lipids could

be used preferentially by C. albicans in dextrose-free Sabour-

aud medium. Indeed, whereas Lee’s medium, Spider med-

ium and serum medium all contain carbohydrates that can

be used as an energy source, dextrose-free Sabouraud

medium does not. Additionally, media containing serum,

such as HFM7, may contain small amounts of free fatty acids

and/or other lipids that might interfere with the activity of

our free fatty acids. Thus, if free fatty acids are indeed more

rapidly used by C. albicans in dextrose-free medium, this

could suggest that their effects in carbohydrate-based media

such as Lee’s medium, Spider medium and HFM7 could be

slower. This could explain why some free fatty acids (i.e.

linoleic acids) did not inhibit the formation of germ tubes,

but rather inhibited their elongation, which occurs after

longer incubation times. Understanding the mechanisms by

which these free fatty acids inhibit germination may result in

a better comprehension of the intracellular signaling path-

ways and of the involvement of free fatty acids in C. albicans

morphogenesis (Krishnamurthy et al., 2004).

We can conclude from our study that semipurified lipid

fractions derived from whey cream are active in vitro at

inhibiting the development of the pathogenic filamentous

form of C. albicans. More precisely, this activity seems to be

mainly due to the presence of lauric acid, myristoleic acid,

palmitoleic acid, linoleic acid and arachidonic acid. Whereas

these fatty acids represent only a small fraction of the total

fatty acids present in dairy products, many of them are

biologically active at low concentrations. Furthermore, con-

sidering the large quantity of milk processed each year by

cheese-makers, whey could become a nonlimiting source of

these molecules. It will be interesting to evaluate the ability

of free fatty acids derived from whey cream to inhibit

biofilm formation, as filamentation has been shown to play

a pivotal role in the development of mature C. albicans

biofilms, which are refractory to the most commonly used

antifungal agents (Ramage et al., 2001). Further studies on

the potential application of our findings may result in the

development of new antifungal strategies/therapies to con-

trol superficial and/or systemic candidiasis.
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