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Fluconazole (FLC) remains the antifungal drug of choice for non-life-threatening Candida infections, but
drug-resistant strains have been isolated during long-term therapy with azoles. Drug efflux, mediated by
plasma membrane transporters, is a major resistance mechanism, and clinically significant resistance in
Candida albicans is accompanied by increased transcription of the genes CDR1 and CDR2, encoding plasma
membrane ABC-type transporters Cdr1p and Cdr2p. The relative importance of each transporter protein for
efflux-mediated resistance in C. albicans, however, is unknown; neither the relative amounts of each polypeptide
in resistant isolates nor their contributions to efflux function have been determined. We have exploited the
pump-specific properties of two antibody preparations, and specific pump inhibitors, to determine the relative
expression and functions of Cdr1p and Cdr2p in 18 clinical C. albicans isolates. The antibodies and inhibitors
were standardized using recombinant Saccharomyces cerevisiae strains that hyper-express either protein in a
host strain with a reduced endogenous pump background. In all 18 C. albicans strains, including 13 strains with
reduced FLC susceptibilities, Cdr1p was present in greater amounts (2- to 20-fold) than Cdr2p. Compounds
that inhibited Cdr1p-mediated function, but had no effect on Cdr2p efflux activity, significantly decreased the
resistance to FLC of seven representative C. albicans isolates, whereas three other compounds that inhibited
both pumps did not cause increased chemosensitization of these strains to FLC. We conclude that Cdr1p
expression makes a greater functional contribution than does Cdr2p to FLC resistance in C. albicans.

Factors identified as affecting the susceptibility of Candida
albicans to azole antifungal drugs such as fluconazole (FLC)
include overexpression or mutation of the drug target 14�
lanosterol demethylase, mutations in other enzymes of the
ergosterol pathway and increased expression of drug efflux
pumps (reviewed in references 4, 40, and 53). Mediators of
azole efflux from C. albicans include the major facilitator su-
perfamily pumps Mdr1p (28) and Flu1p (1) and the ATP-
binding cassette (ABC) transporters Cdr1p and Cdr2p (4, 52).
Although FLC resistance clearly can be multifactorial, high-
level, clinically relevant resistance (MIC � 64 �g ml�1) is most
often associated with increased expression of mRNAs from the
ABC genes CDR1 and CDR2 (3, 34, 37, 38). Analysis of resis-
tance in clinical isolates has, to date, focused almost exclusively
on measuring gene transcription, initially by Northern analysis
(22, 41, 53), and more recently by transcript profiling and
quantitative reverse transcription-PCR (16, 34, 38, 55) and the
use of reporter genes (24). However, the ability to compare the
amounts of expressed Cdr polypeptides and, more importantly,
the efflux activities of Cdr1p and Cdr2p, is crucial if the con-
tribution of each pump protein to drug efflux function in clin-
ical resistance is to be determined. Unfortunately, proteomic
approaches using techniques such as two-dimensional poly-

acrylamide gel electrophoresis (15, 17, 57) have been limited
because Cdr1p and Cdr2p are high-molecular-weight mem-
brane proteins, with very similar physiochemical properties,
and are not readily resolved on two-dimensional gels.

A recently developed heterologous expression system (19)
achieves consistent and equivalent hyperexpression of individ-
ual alleles of both C. albicans Cdr1p and Cdr2p in Saccharo-
myces cerevisiae (14, 19). The system is based on the integration
of a cloning cassette, derived from plasmid pABC3 and con-
taining the heterologous gene, into the S. cerevisiae genome at
the PDR5 locus, under the control of the constitutively active
PDR5 promoter (19). The heterologous gene is thus not sub-
ject to the variable expression that can occur in plasmid-based
systems. The development of recombinant strains, in which the
amount of pump protein produced is consistent and equiva-
lent, allows the standardization of preparations of specific an-
tibodies raised against each of the pumps. In addition, com-
paring the pump activities of the recombinant strains allows
the identification of compounds that specifically inhibit Cdr1p
or Cdr2p efflux activity. In the S. cerevisiae host strain seven
endogenous efflux pump genes have been disrupted, and there-
fore the chemosensitizing effect of inhibitors on the phenotype
of a recombinant strain reflects activity on the heterologous
efflux pump.

A number of studies have described efflux pump inhibitors,
often substrate-like molecules, which chemosensitize cells to
toxic pump substrates. For example, the human ABC trans-
porters ABCB1 (P-glycoprotein) and ABCG2 (BCRP) are in-
hibited by propafenone analogues (6). To reverse fungal FLC
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resistance, a putative chemosensitizer should be nontoxic in
the absence of FLC but render a normally FLC-resistant strain
more sensitive to FLC. Inhibitors of fungal ABC transporters
include FK506 (30, 42), enniatin (13), milbemycins (20), un-
narmicins (48), isonitrile (56), disulfiram (44), ibuprofen (36),
and quinazolinone derivatives (51). Such inhibitors, or chemo-
sensitizers, may act indirectly on aspects of metabolism that
affect efflux. However, they also may act directly on the pump
protein, for example, by acting as an inhibitory pseudosub-
strate, as a competitive inhibitor of ATP binding, or as a
noncompetitive inhibitor at sites remote from the substrate
and ATP binding sites, thus affecting true substrate binding
and transport. Known chemosensitizers include drugs already
in therapeutic use for other conditions. FK506, for example,
used in cancer chemotherapy as an immunosuppressant, may
act both directly (since overexpression of Cdr1p significantly
reduces susceptibility to FK506) (30, 42) and indirectly (by
effects on the calcineurin pathway) (2, 12, 46, 47, 49) to reverse
resistance to FLC in fungi. Ibuprofen is a potent anti-inflam-
matory and analgesic drug, which at low concentrations inhib-
its azole efflux from C. albicans, and has been proposed for
combination treatment of fungal infections with FLC (36).

Thus, fungal efflux pump inhibitors may represent lead com-
pounds for the development of drugs to abrogate resistance
(42). In the present study, we have exploited the specificities of
efflux pump inhibitors and antibodies to compare the relative
activities and expression of Cdr1p and Cdr2p in FLC-resistant
clinical isolates. Such knowledge will contribute to the devel-
opment of targeted efflux inhibitors that may prevent or re-
verse antifungal resistance.

(This research was presented in part at the Second FEBS
Advanced Lecture Course, Human Fungal Pathogens: Molec-
ular Mechanisms of Host-Pathogen Interactions and Viru-
lence, Nice, France, in May 2007.)

MATERIALS AND METHODS

Yeast strains and culture conditions. Yeast were grown on either yeast ex-
tract-peptone-dextrose medium containing 1% (wt/vol) yeast extract (Difco/Bec-
ton Dickinson, Sparks, MD), 2% (wt/vol) Bacto peptone (Difco), 2% (wt/vol)
D-glucose, and 2% (wt/vol) agar or complete supplement mixture (CSM) ad-

justed to pH 7.0, containing 0.67% (wt/vol) yeast nitrogen base (Difco), 0.077%
(wt/vol) CSM supplement (Bio 101, Vista, CA), 2% (wt/vol) glucose, and 2%
(wt/vol) agar or 0.6% (wt/vol) agarose (Gibco/Invitrogen Corp., Auckland, New
Zealand). S. cerevisiae and C. albicans strains are described in Tables 1 and 2,
respectively. C. albicans clinical isolates included azole-resistant strains and their
sensitive parental strains and are identified in the text and figures by their
Molecular Microbiology Laboratory (MML) strain collection number; the orig-
inal strain names are given in Table 2. The collection included three pairs of
isogenic strains isolated sequentially from three patients (strain MML605 and
parent MML604; MML611 and parent MML610; and MML609 and parent
MML607). Previous transcriptional analysis of the strains (T. C. White, unpub-
lished data) had shown that the strains with decreased FLC susceptibilities
possessed greater CDR1 and CDR2 mRNA than FLC-susceptible strains and
that MDR1 mRNA was only detected in one strain (MML605). Five strains were
classed as FLC sensitive according to Clinical and Laboratory Standards Institute
(CLSI) interpretive breakpoint criteria (FLC MIC � 8 �g ml�1), and all other
strains had FLC MICs between 16 and 128 �g ml�1.

Chemicals and antifungal agents. The chemicals and antifungal agents used in
the present study were obtained from the following sources: FLC (Diflucan;

TABLE 1. S. cerevisiae strains

Strain Description Genotype Reference

AD1-8u� MAT� PDR1-3 ura3 his1� yor1::hisG �snq2::hisG
�pdr10::hisG �pdr11::hisG �ycf1::hisG
�pdr3::hisG �pdr15::hisG �pdr5::hisG

7

AD/pABC3 AD1-8u� plus pABC3 empty cloning
cassette (control)

MAT� PDR1-3 ura3 his1� yor1::hisG �snq2::hisG
�pdr10::hisG �pdr11::hisG �ycf1::hisG
�pdr3::hisG �pdr15::hisG �pdr5::URA3

19

AD/CDR1 AD1-8u� plus pABC3 cassette containing
the C. albicans ATCC 10261 CDR1
ORF (A allele)

MAT� PDR1-3 ura3 his1� yor1::hisG �snq2::hisG
�pdr10::hisG �pdr11::hisG �ycf1::hisG
�pdr3::hisG �pdr15::hisG
�pdr5::CaCDR1A-URA3

19

AD/CDR2 AD1-8u� plus pABC3 cassette containing
the C. albicans ATCC 10261 CDR2
ORF (A allele)

MAT� PDR1-3 ura3 his1� yor1::hisG �snq2::hisG
�pdr10::hisG �pdr11::hisG �ycf1::hisG
�pdr3::hisG �pdr15::hisG
�pdr5::CaCDR2A-URA3

19

AD/MDR1 AD1-8u� plus pABC3 cassette containing
the C. albicans ATCC 10261 MDR1
ORF (A allele)

MAT� PDR1-3 ura3 his1� yor1::hisG �snq2::hisG
�pdr10::hisG �pdr11::hisG �ycf1::hisG
�pdr3::hisG �pdr15::hisG
�pdr5::CaMDR1A-URA3

19

TABLE 2. C. albicans clinical isolatesa

Strain no. Strain nameb Reference

MML019 TIMM3163 23
MML610 TL1 (parent of TL3) 26
MML611 TL3 26
MML604 2-76* (parent of 12-99) 52
MML605 12-99* 52
MML607 FH1 (parent of FH8) 26
MML609 FH8 26
MML596 TW 00302 53
MML597 TW 00305 53
MML599 TW 00307 53
MML600 TW 00313 53
MML601 TW 00314 53
MML602 TW 00315 53
MML603 TW 00318 53
MML606 TW 01801 39
MML612 TW 08008 39
MML613 TW 08047 39
MML614 TW 08048 39
MML615 TW 08053 39

a All strains except TIMM3163 (Teikyo University, Tokyo, Japan) were kindly
provided by T. C. White (Seattle Biomedical Research Institute, WA).

b *, originally isolated by S. W. Redding, University of Texas Health Science
Center at San Antonio.
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Pfizer Laboratories, Ltd., Auckland, New Zealand); phenylmethylsulfonyl fluo-
ride (Roche Diagnostics NZ, Ltd., Auckland, New Zealand); dimethyl sulfoxide
(BDH, Poole, United Kingdom); HEPES, FK506, disulfiram, rhodamine 6G
(R6G) itraconazole, miconazole, and enniatin (Sigma/Penrose, Auckland, New
Zealand); and ketoconazole (Janssen-Kyowa, Tokyo, Japan). The milbemycins
were a gift from Sankyo Pharmaceuticals, Tokyo, Japan. Peptide RC21 was
obtained by screening a library of synthetic D-octapeptides for efflux pump
inhibitors (K. Niimi et al., unpublished results). R6G was prepared as a stock
solution dissolved in ethanol or water; inhibitors were prepared as stock solutions
dissolved in dimethyl sulfoxide.

Plasma membrane and whole-cell extract preparation. Partially purified yeast
plasma membranes were prepared as described previously (29). Cell extracts
from C. albicans strains were prepared by alkaline lysis and trichloroacetic acid
precipitation (5). Briefly, yeast cells, equivalent to an optical density at 600 nm
(OD600) of 5.0 in 1.0 ml from a mid-exponential-phase culture, were pelleted and
then lysed by treatment for 10 min on ice with 1.85 M NaOH and 7.5% 2-mer-
captoethanol (250 �l), followed by precipitation with 250 �l of 50% (wt/vol)
trichloroacetic acid for 10 min on ice. For sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) separation and immunoblot analysis, the pre-
cipitate was resuspended in sample buffer (40 mM Tris-HCl [pH 6.8], 8 M urea,
5% SDS, 0.1 mM EDTA, bromophenol blue [0.1 g liter�1], 1% 2-mercaptoeth-
anol, and 10% 1 M Tris base). Protein concentrations were determined by a
micro-Bradford assay (Bio-Rad Laboratories, Hercules, CA) with bovine gamma
globulin as the standard.

SDS-PAGE, Western blotting, and immunodetection. SDS-PAGE was per-
formed according to the Laemmli method (18) with 8% (wt/vol) acrylamide
separating gels. Separated polypeptides were visualized by using Coomassie blue
R250 or electroblotted (100 V, 1.5 h, 4°C) onto nitrocellulose membranes (Hy-
bond-ECL; GE Healthcare UK, Ltd., Little Chalfont, United Kingdom). Immu-
nodetection of Cdr1p or Cdr2p was performed as described previously (14).
Anti-Cdr1p antibodies were kindly provided by D. Sanglard, University Hospital
Lausanne, Institute of Microbiology, Lausanne, Switzerland, and anti-Cdr2p
antibodies were kindly provided by M. Raymond, Institute for Research in
Immunology and Cancer, University of Montreal, Montreal, Quebec, Canada.
Immunoreactivity was detected by enhanced chemiluminescence (58); images
were developed on ECL Hyperfilm (GE Healthcare). In some cases, in order to
confirm equivalent protein loading on Western blot membranes, after immuno-
blotting and chemiluminescence analysis, blots were treated with “stripping”
buffer (62.5 mM Tris [pH 6.7], 2% SDS, 100 mM 2-mercaptothanol) and, after
extensive washing in phosphate-buffered saline, stained with Ponceau S (0.1%
[wt/vol] in 1% [vol/vol] acetic acid for 10 min; destained with water). In order to
control for interblot variation, each gel and blot included control preparations of
S. cerevisiae AD/CDR1 and S. cerevisiae AD/CDR2 plasma membranes so that
the antibody reactivities could be monitored by image analysis and confirmed as
giving equivalent signal strengths for equivalent amounts of Cdr1p and Cdr2p
polypeptides.

Drug susceptibility assays. (i) Liquid microdilution MIC and checkerboard
chemosensitization assays. The MICs of compounds for C. albicans strains were
determined in accordance with the CLSI microdilution reference method (CLSI
guidelines document M27-A2). For S. cerevisiae strains, the method was modified
by using a CSM-based medium (29), because S. cerevisiae AD1-8u�, and its
derivative strains, do not grow in the RPMI medium used in the CLSI method.
The MICs for azoles were the minimum concentrations giving �80% growth
inhibition compared to the no-drug control. The microtiter plate assay was
adapted in checkerboard assays of the chemosensitization of yeast strains to FLC
by various inhibitor compounds as described previously (30).

(ii) Agarose disk diffusion assays and chemosensitization disk diffusion as-
says. The susceptibilities of yeast strains to different compounds were compared
by using disk diffusion assays. CSM agarose (0.6% [wt/vol]; 20 ml; pH 7.0) was
solidified in petri dishes, which were then overlaid with CSM agarose (0.6%
[wt/vol]; 5 ml; pH 7.0) seeded with 5 �105 yeast cells. Drugs (5 to 20 �l) at the
concentrations indicated in the text were applied to sterile BBL paper disks
(Becton Dickinson Co., Sparks, MD), which were then placed on the overlays
(four disks per plate). Cell growth was assessed after incubation at 30°C for 48 h.
For chemosensitization disk diffusion assays, FLC (at a concentration of one-
quarter of the MIC of the yeast strain to be assayed) was added to both the base
and the overlay agarose. Disks, to which inhibitors at the amounts indicated had
been applied, were placed on the overlay plates and incubated as described
above. Control plates with FLC-free agarose were also prepared to confirm that
the inhibitors did not affect cell growth in the absence of FLC.

Efflux of R6G. The effect of inhibitors on the efflux of R6G from yeast cells was
determined as described previously (30, 48). Log-phase cell cultures (100 ml,
OD600 � 1.3 to 1.7) grown in CSM medium were rapidly cooled on ice and stored

on ice for 16 h. Cells were preloaded with R6G under energy-depleted conditions
as follows. The cells were washed twice with distilled water, resuspended in
HEPES buffer (100 ml, OD600 � 1.0, 50 mM HEPES-NaOH [pH 7.0]), and
incubated with shaking (200 rpm, 30°C) in the presence of 5 mM 2-deoxyglucose
for 30 min before the addition of R6G to 15 �M, followed by incubation for a
further 30 min. Cells were washed twice and resuspended in HEPES buffer at an
OD600 of 10 to 15. Cell samples (50 �l) were added to the wells of a microtiter
plate that was preincubated at 30°C with inhibitors (or a buffer only control) for
5 min before the addition of the glucose (final concentration, 0.4%) to replicate
wells. After incubation at 30°C for 6 min, cell suspensions were transferred to the
wells of a glass-fiber filter microtiter plate (Pall Corp., East Hills, NY), and the
supernatants containing effluxed R6G were collected by vacuum (�50 kPa) into
the wells of 96-well black flat-bottom microtiter plates (BMG Labtechnologies
GmbH, Offenburg, Germany). The fluorescence of R6G in the samples was
measured by comparison to R6G standards prepared in assay buffer using a
POLARstar Optima plate reader (BMG Labtechnologies) with excitation and
emission wavelengths of 485 and 520 nm, respectively.

Image analysis. All images were taken with a digital camera and processed by
using Adobe Photoshop 4.0. If necessary, the contrast and brightness were
adjusted by using Photoshop tools applied equally to all parts of the image,
including internal blot controls. Immunoreactivities on Western blots were eval-
uated by using NIH Image J (http://rsb.info.nih.gov/ij/), a publicly available
computer program. In order to compare Cdr protein band intensities on
different blots, the intensity values were standardized by adjusting them
relative to the band intensity of the recombinant plasma membrane control
on the same blot.

RESULTS

Standardization of anti-Cdr1p and anti-Cdr2p antibody
preparations using recombinant S. cerevisiae strains hyperex-
pressing either Cdr1p or Cdr2p. Antibody preparations were
highly specific to either Cdr1p or Cdr2p (14). Recombinant S.
cerevisiae strains that hyperexpressed consistent amounts of
either Cdr1p or Cdr2p (19) were used as antigen sources to
standardize the immunoreactivities of both antibody prepara-
tions in Western blots. We have previously shown that C.
albicans CDR1 and CDR2 genes contain polymorphisms (14).
The recombinant Cdr proteins used to calibrate the antibodies
and Cdr proteins from clinical isolates examined, however, had
conserved protein sequences in the N-terminal peptide regions
to which the antibodies were raised (Holmes et al., unpub-
lished data). Therefore, antibody reactivities were unlikely to
be affected by gene polymorphisms. Plasma membranes were
partially purified, as described in Materials and Methods, from
a Cdr1p-expressing strain (AD/CDR1) or a Cdr2p-expressing
strain (AD/CDR2), PAGE separated, and Western blotted.
No significant cross-reactivity of anti-Cdr1p antibodies with
the Cdr2p-expressing strain, or vice versa, was observed (Fig.
1). In initial antibody titration experiments we determined
optimal dilutions of each antibody preparation (1:8,000 for
anti-Cdr1p and 1:32,000 for anti-Cdr2p) giving equivalent sig-
nals with Western blots of equivalent amounts of recombinant
Cdr polypeptide. These antibody dilutions were used with blots
of doubling dilutions of plasma membrane preparations from
either AD/CDR1 or AD/CDR2 (Fig. 1A). Equivalent protein
loadings were confirmed by Coomassie blue staining of the
PAGE-separated preparations and also by staining the blots
with Ponceau S following the Western analysis as described in
Materials and Methods. A consistent observation for plasma
membrane preparations from the AD/CDR2 strain was that
the amount of the polypeptide considered to be Pma1p was
reduced relative to the amount detected in the AD/CDR1
strain (Fig. 1). This was an intriguing result that has been
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observed previously (14) but did not affect the use of the blots
to calibrate the anti-Cdr1p and anti-Cdr2p antibodies. Gels
were loaded such that equivalent amounts of each Cdr protein
were present in the replicate gels to be blotted and incubated
with each antibody. Signal strengths for the blots incubated
with either of the anti-Cdr antibodies, measured using NIH
Image J, were proportional to the amount of Cdr1p or Cdr2p
present and gave equivalent signals for equivalent amounts of
the relevant Cdr protein in the titrations (Fig. 1A). Blots shown
are of representative antigen titrations. The mean Cdr1p/
Cdr2p band intensity ratio, across a range of antigen dilutions
on replicate blots probed with each antibody, was close to unity
(1.07 	 0.13) as determined by Image J analysis. For all sub-
sequent experiments to determine relative Cdr protein expres-

sion in individual C. albicans strains, each gel and blot included
control preparations of AD/CDR1 and AD/CDR2 plasma
membranes. We used the standardized diluted antibody prep-
arations to analyze replicate blots of a titrated plasma mem-
brane preparation from MML611, an FLC-resistant C. albi-
cans strain (Fig. 1B). Cdr1p was present in significantly greater
amounts than Cdr2p. Control lanes containing plasma mem-
brane preparations from the recombinant AD/CDR1 or AD/
CDR2 strains confirmed equivalent signal strengths from the
two antibody preparations. Similar results (Cdr1p expression
greater than Cdr2p expression) were obtained for titrations of
membrane preparations from two other FLC-resistant clinical
isolates of C. albicans (MML609 and MML019; data not
shown).

FIG. 1. Expression of C. albicans ATCC 10261 Cdr1p or Cdr2p in recombinant S. cerevisiae strains AD/CDR1 and AD/CDR2 and in C. albicans
MML611. (A) SDS-PAGE and Western blot analysis of plasma membrane preparations from S. cerevisiae strains serially diluted twofold. PAGE
gels were stained with Coomassie blue; replicate blots were incubated with either anti-Cdr1p antibodies or anti-Cdr2p antibodies or stained with
Ponceau S. Immunoreactive protein bands were detected by using chemiluminescence as described in Materials and Methods. The position of the
major S. cerevisiae plasma membrane protein Pma1p is indicated on the Coomassie blue-stained gel. (B) SDS-PAGE and Western blot analysis
of plasma membrane preparations from C. albicans MML611 serially diluted twofold. S. cerevisiae AD/CDR1 and AD/CDR2 control preparations
are also shown. Replicate blots were incubated with either anti-Cdr1p antibodies or anti-Cdr2p antibodies. Immunoreactive protein bands were
detected by using chemiluminescence as described in Materials and Methods. The positions of the major S. cerevisiae and C. albicans plasma
membrane proteins ScPma1p and CaPma1p are indicated on the Coomassie blue-stained gel.
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Determination of efflux pump inhibitor specificities using S.
cerevisiae strains hyperexpressing either Cdr1p or Cdr2p. The
specificities of six putative ABC-pump inhibitors for Cdr1p or
Cdr2p, were investigated by determining their abilities to che-
mosensitize S. cerevisiae AD/CDR1 and AD/CDR2 to FLC in
assays of yeast growth. For selected inhibitors, confirmation of
a direct effect on pump activity was obtained by measuring
inhibition of R6G efflux from the recombinant strains. The
putative inhibitors enniatin and the milbemycins �11, �20, and

11 were shown previously to have different pump specificities
(19). A peptide from a synthetic D-octapeptide compound li-
brary (27, 30) denoted RC21 has recently been identified as a
specific Cdr1p inhibitor (K. Niimi and B. C. Monk, unpub-
lished results), and disulfiram has reported activity against
Cdr1p (44). The frequently studied inhibitor FK506 was not
included because analysis would be complicated by its known
interaction with the calcineurin stress response pathway in
yeast (2, 12, 46). At the concentrations used, no compounds,
except disulfiram, inhibited growth in the absence of FLC (Fig.
2A). Enniatin and peptide RC21 enhanced the growth-inhibi-
tory effect of FLC against AD/CDR1 but not against AD/
CDR2 (Fig. 2A). In contrast, the milbemycins �20, �11, and

11 were equivalently effective in chemosensitizing AD/CDR1
and AD/CDR2 to FLC. Disulfiram showed antifungal activity
but also a slight chemosensitization of only the AD/CDR2
strain (Fig. 2A). The specificity of enniatin in inhibiting Cdr1p-
mediated FLC resistance, and its failure to affect the FLC
resistance of the Cdr2p-expressing S. cerevisiae AD/CDR2, was
confirmed by checkerboard chemosensitization assays in liquid
media (Fig. 2B). In the presence of enniatin, the FLC MIC for
AD/CDR1 was significantly decreased (from 200 to �5 �g
ml�1 with enniatin concentrations of �0.25 �g ml�1), whereas
the MIC for AD/CDR2 remained unchanged at 80 �g ml�1 in
the presence of up to 2 �g of enniatin ml�1. Enniatin also
chemosensitized AD/CDR1, but not AD/CDR2, to R6G, a
fluorescent compound that is also a substrate for a number of
efflux pumps including Cdr1p and Cdr2p, and checkerboard
analysis confirmed that milbemycin �11 chemosensitized both
AD/CDR1 and AD/CDR2 to both FLC and R6G (data not
shown).

Assays of growth inhibition, such as the agarose diffusion
and liquid MIC assays described above, cannot reveal whether
an inhibitor has a direct or indirect effect on the efflux function
of a pump protein. We therefore measured the effect of the
two Cdr1p-specific inhibitors on efflux of the fluorescent sub-
strate R6G from glucose-starved yeast cells preloaded with
R6G. Glucose-dependent efflux of R6G directly reflects pump
function because under these conditions negligible efflux was
detected from the control parental S. cerevisiae strain AD1-
8u� or from a derivative strain containing an empty pABC3
cassette (14) (data not shown). Inhibitors used at concentra-
tions (2 �g of enniatin ml�1; 1.25 �M RC21) previously shown
to chemosensitize AD/CDR1 to FLC completely inhibited the
glucose-dependent efflux of R6G from AD/CDR1 cells pre-
loaded with R6G, but not from AD/CDR2 cells (Fig. 3). In
contrast, a slight stimulation of efflux was observed for AD/
CDR2 in the presence of either inhibitor.

Cdr1p and Cdr2p expression in a collection of 18 C. albicans
clinical isolates. Having demonstrated that antibodies could be
used to determine relative amounts of Cdr1p and Cdr2p, a

simple alkaline lysis method (5) was used to prepare whole-cell
extracts of C. albicans yeast cells for PAGE separation and
electroblotting. This enabled the analysis of Cdrp expression in
a collection of 18 clinical isolates (Table 2) kindly provided by
T. C. White (Seattle, WA). Replicate PAGE gels were loaded
with equivalent amounts of the whole-cell extracts from the C.
albicans strains, together with AD/CDR1 and AD/CDR2
plasma membrane antigen controls on each set of gels. Repli-
cate blots were incubated with either of the Cdr-specific anti-
body preparations at the optimal dilutions determined as de-
scribed above. Cdr1p was expressed in all strains (Fig. 4A),
whereas Cdr2p could not be detected in the FLC-sensitive
strains MML596 (results not shown), MML599, MML604, and
MML610 nor in two strains (MML601 and MML612) which
had MICs of 32 and 64 �g ml�1, respectively. Replicate blots
were also incubated with antibodies specific to C. albicans
Mdr1p, and a signal could only be detected for strain MML605
(Fig. 4A). For all strains, the Cdr1p signal was greater than the
signal obtained on the replicate blot incubated with anti-Cdr2p
antibodies. Band intensities on the replicate blots were mea-
sured by using image analysis as described in Materials and
Methods, where each band density value was calculated rela-
tive to an AD/CDR1 or AD/CDR2 membrane preparation
control, as applicable, on the same blot. For blots incubated
with anti-Cdr1p antibodies a positive relationship (r � 0.86;
r2 � 0.74) with FLC MIC was obtained (Fig. 4B). In contrast,
for blots reacted with anti-Cdr2p, no relationship was observed
(r � 0.31; r2 � 0.10). This nonsignificant, slightly positive
relationship was also present when strains without detectable
Cdr2p were omitted from the calculations (r � 0.31; r2 � 0.10;
data not shown). Power relationship analyses were performed
by using CA-Cricket Graph III software (Computer Associates
International, Inc., New York).

FLC resistance in seven C. albicans clinical isolates was
decreased by inhibitors of Cdr1p-mediated FLC resistance. Six
inhibitors which had been analyzed for C. albicans Cdr pump
specificity using the recombinant S. cerevisiae strains AD/
CDR1 and AD/CDR2 (Fig. 2) were examined for chemosen-
sitization of a representative FLC-resistant C. albicans strain
(MML606; FLC MIC of 128 �g ml�1) to FLC (Fig. 5A). The
chemosensitizers were used at the same concentrations used
with the S. cerevisiae recombinants (Fig. 2). None of the com-
pounds, apart from disulfiram, inhibited the growth of C.
albicans in the absence of FLC (Fig. 5A, left column). The
Cdr1p-specific inhibitors enniatin and RC21 strongly chemo-
sensitized MML606 to FLC. MML606 was also chemosensi-
tized to FLC by milbemycins �11, �20, and 
11, but zones of
inhibition were smaller than for enniatin or RC21 (Fig. 5A,
right column). Similar results for the panel of inhibitors were
obtained with strain MML611 (data not shown), which showed
higher expression of Cdr2p than did strain MML606 (Fig. 4A).
C. albicans strains MML606 and MML611 were also chemo-
sensitized to itraconazole by the Cdr1p-specific inhibitor en-
niatin (data not shown). Disulfiram showed an antifungal effect
against C. albicans MML606 but no evidence of chemosensi-
tization to FLC (Fig. 5A, right column); similar results were
observed for two other C. albicans strains, MML597 and
MML611 (data not shown). Six other C. albicans strains
(MML597, MML605, MML609, MML611, MML612, and
MML614) for which the FLC MICs were 128, 128, 32, 64, 64,
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and 16 �g ml�1, respectively, selected to be representative of
the full range of FLC MICs in the nonsensitive strains in the
collection, were also examined in disk chemosensitization as-
says (Fig. 5B). The patterns of inhibition were similar to those
for strain MML606; enniatin was more effective as a chemo-
sensitizer than milbemycin �20, as demonstrated by inhibitory
zone diameters. In general, the inhibitory zones for C. albicans

chemosensitization (Fig. 5) were smaller than those observed
for S. cerevisiae strains for the same inhibitor (Fig. 2). Since the
MICs for the recombinant S. cerevisiae strains were greater
than the MICs for even the most resistant C. albicans strain
(Table 3), the effects of inhibitors may have been more pro-
nounced in the S. cerevisiae strains. The Cdr1p-specific inhib-
itor RC21 also strongly sensitized all strains to FLC, whereas

FIG. 2. Effect of putative pump inhibitors on the growth of recombinant S. cerevisiae strains in the absence or presence of FLC. (A) The growth
of S. cerevisiae AD/CDR1 and AD/CDR2 was analyzed by agarose diffusion chemosensitization assays using CSM medium (pH 7.0) containing
either no added FLC (left-hand columns) or FLC (right-hand columns) at 0.25� MIC (40 �g ml�1 for AD/CDR1; 20 �g ml�1 for AD/CDR2) as
described in Materials and Methods. Paper disks containing inhibitors (2 �g of enniatin; 6 nmol of peptide RC21; 5 �g of milbemycin �11, �20,
or 
11; or 1.2 �g of disulfiram) were placed on the surface of agarose plates seeded with yeast. Plates were incubated at 30°C for 24 h.
(B) Checkerboard chemosensitization of S. cerevisiae AD/CDR1 and AD/CDR2 to FLC by enniatin. Yeast cells were grown in CSM medium (pH
7.0) containing the indicated concentrations of FLC and enniatin for 24 h. Growth was measured spectophotometrically as described in Materials
and Methods.
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disulfiram was ineffective as a chemosensitizer, showing only
antifungal activity against several C. albicans strains (data not
shown), as demonstrated for MML606 (Fig. 5A).

The decrease in resistance to FLC of strain MML606 (FLC
MIC of 128 �g ml�1) caused by enniatin and milbemycins �11,
�20, and 
11 was confirmed by checkerboard chemosensitiza-
tion assays, and the results of a representative assay for ennia-
tin are shown in Fig. 5C. Similar results were obtained for
strains MML611 and MML597, for which FLC MICs in the
presence of enniatin (2 �g ml�1) were �4 and 16 �g ml�1

respectively, decreased from 64 and 128 �g ml�1, respectively,
for FLC alone. All checkerboard results for C. albicans
MML606 and for AD/CDR1 and AD/CDR2 are summarized
in Table 3 in terms of the fractional inhibitory concentration
(FIC) and FIC index (FICI). FICs were calculated by the
following formula: (MIC of drug A, tested in combination with
another drug B)/(MIC of drug A alone) (25). The FICI was
defined as the FIC of drug A plus the FIC of drug B. In
accordance with published guidelines (33), an FICI of �0.5
was considered to indicate synergism. The lowest FICIs were
observed with the inhibition of the growth of AD/CDR1 by a
combination of enniatin or milbemycin 
11 with FLC (�0.05
or �0.04, respectively). Enniatin was the only chemosensitizer
tested that showed synergy with FLC for the FLC-resistant
clinical isolate C. albicans MML606 (FICI � 0.26). Enniatin
was nonsynergistic with FLC for AD/CDR2 (FICI � 2.0).

A direct role for Cdr1p in drug efflux from FLC-resistant C.
albicans cells was shown by measuring the effect of Cdr1p-
specific inhibitor RC21 on glucose-dependent efflux of the
efflux pump substrate R6G from the FLC-resistant C. albicans

strain MML611 and its FLC-sensitive parental strain
MML610, which showed a much lower rate of R6G efflux than
MML611, as described previously (14). RC21 inhibited R6G
efflux from MML611 over a range of concentrations (0.15 to 10
�M) (Fig. 5D). RC21 at concentrations �0.31 �M inhibited
R6G efflux by �80%. Negligible efflux, at the 6-min time point
of the assay, was detected from the FLC-sensitive parental
strain MML610, with or without added glucose, or from
MML611 in the absence of glucose. Similar degrees of RC21-
mediated inhibition of glucose-dependent R6G efflux from two
other C. albicans FLC-resistant strains (MML 606 and
MML609) were observed (data not shown).

DISCUSSION

Multiple mechanisms may contribute to both experimental
and clinical resistance to FLC in C. albicans (3, 4, 53). Elevated
expression of CDR1 and CDR2 mRNAs, however, is observed
in most strains with FLC MICs of �64 �g ml�1 (3, 34, 37, 38),
and there are several lines of clinical and experimental evi-
dence indicating a major role for the ABC transporters Cdr1p
and/or Cdr2p in reduced susceptibility to FLC. For example,
compounds that inhibit ABC transporters can markedly re-
verse FLC resistance; in 24 FLC-resistant C. albicans clinical
isolates, significant reversion to FLC susceptibility in the pres-
ence of known inhibitors of efflux pumps was observed for 22
of the strains (36). In another study of FLC-resistant isolates
from 12 human immunodeficiency virus-infected patients with
oropharyngeal candidiasis (35), the most frequent molecular
mechanism of azole resistance was the upregulation of the
ABC efflux pumps. Further experimental evidence for the im-
portance of Cdr1p and Cdr2p in FLC resistance was provided
by controlled overexpression of Cdr1p in a C. albicans CDR1-
null mutant, which conferred resistance to FLC and other
xenobiotics (32). In addition, disruption of the CDR1 gene of
C. albicans resulted in hypersensitivity to azoles, and subse-
quent disruption of CDR2 in a CDR1 disruptant further in-
creased susceptibility to azoles (41). When heterologously
cloned in S. cerevisiae, CDR1 or CDR2 expression conferred
resistance to a number of azole antifungals and to a variety of
other chemicals (10, 14, 29, 41). Although at least 28 putative
ABC transporter genes have been identified in the C. albicans
genome (9), there is strong collective clinical and experimental
evidence for the importance of CDR1 and CDR2 as major
mediators of C. albicans FLC resistance (reviewed by Sipos
and Kuchler [45]).

There is also an indication that of these two major ABC
transporters, Cdr1p may be the most important contributor to
FLC efflux and resistance. In a recent study, a library of �2,000
heterozygous mutants of C. albicans was screened for chemi-
cally induced haploinsufficiency using antifungal compounds,
including FLC; CDR1 was identified as one of only five genes
that were significantly responsive to FLC (54). CDR2 and
MDR1 were characterized as unresponsive in that study. How-
ever, since the strain used was FLC sensitive, this may not
reflect the situation in FLC-insensitive strains. In 32 clinical
isolates of C. albicans with MICs of �64 �g ml�1, CDR1
expression, as determined by quantitative reverse transcrip-
tion-PCR, was closely correlated with resistance (P � 0.005)
(34). Although transcriptional regulators that control expres-

FIG. 3. Effects of Cdr1p-specific inhibitors enniatin and peptide
RC21 on R6G efflux from S. cerevisiae AD/CDR1 and AD/CDR2 yeast
cells. The efflux of R6G from preloaded cells in the presence or
absence of 0.4% glucose was measured at 6 min after glucose addition
in the presence of either enniatin (2 �g ml�1) or RC21 (1.25 �M) as
described in Materials and Methods. Glucose-dependent efflux is ex-
pressed relative to the amount of R6G effluxed from controls with no
added inhibitor (100% values). These values were 0.40 nmol 107

cells�1 (AD/CDR1) and 0.36 nmol 107 cells�1 (AD/CDR2). Each data
point represents the mean of triplicate determinations in a represen-
tative experiment repeated once. Variation from the mean did not
exceed 15%.
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sion of both efflux genes (as well as a number of other stress-
linked genes) have been identified, for example, Tac1p (5, 21)
and Fcr1p (43), coordinate expression of CDR1 and CDR2
mRNAs in clinical isolates is not always observed (3, 34).
Other factors may contribute to efflux pump gene transcription
and translation; gene duplication may have a role (4), as may
differential mRNA or protein stability or localization. A recent
report has demonstrated that both increased CDR1 transcrip-
tion and enhanced CDR1 mRNA stability contribute to the
overexpression of CDR1 in two azole-resistant C. albicans
strains (24). Furthermore, different Cdr proteins may have
different specificities for FLC as a pump substrate, irrespective
of expression levels or stability. When cloned and expressed at
equivalent concentrations in the plasma membranes of recom-
binant S. cerevisiae strains, individual Cdr1p alleles conferred a
greater resistance to FLC, and an increased rate of R6G efflux,
than Cdr2p alleles (14). There has been no study, however, of
the separate Cdr1p and Cdr2p functions in FLC-resistant C.
albicans clinical isolates.

Our aim was to provide evidence, at the protein expression
and functional level, rather than just at the transcriptional
level, of the apparent dominance of Cdr1p in efflux-mediated
C. albicans resistance to FLC. We made use of recombinant S.
cerevisiae strains stably expressing either Cdr1p or Cdr2p to

standardize antibodies specific to either Cdr1p or Cdr2p and to
identify pump inhibitors that were specific for Cdr1p or that
inhibited both pump proteins.

A good correlation between Western blot chemiluminescent
signal strength and antigen concentration has been reported in
other studies (8, 50). Specific anti-Cdr1p and anti-Cdr2p anti-
bodies were therefore calibrated in Western blots using recom-
binant strains expressing each protein (Fig. 1). When tested
against either purified membrane preparations from a C. albi-
cans strain (Fig. 1B) or whole-cell extracts from 18 strains (Fig.
4A), Cdr1p was detected in all strains and consistently in
greater amounts than Cdr2p. Moreover, the amount of Cdr1p
detected correlated with the FLC MIC of the strains (Fig. 4B),
but for the strains where Cdr2p was detectable, there was only
a slight positive relationship between the Cdr2p signal strength
and FLC MIC. As noted above, coordinate expression of
CDR1 and CDR2 mRNAs is not always observed in clinical
isolates (3, 34), which may reflect either increased CDR1 tran-
scription and/or enhanced CDR1 mRNA stability relative to
CDR2. Differential mRNA translation may result in decreased
Cdr2p protein synthesis compared to Cdr1p. Alternatively, or
in addition to this mechanism, the Cdr1p and Cdr2p polypep-
tides could possess different stabilities, such as different sus-
ceptibilities to proteolysis.

FIG. 4. Relative expression of Cdr1p and Cdr2p in replicate Western blots of PAGE-separated whole-cell extracts from C. albicans clinical
isolates. (A) Cell extracts were prepared as described in Materials and Methods and separated by PAGE. Each lane was loaded with an equivalent
amount of total protein. Replicate blots were incubated with anti-Cdr1p antibodies (upper row) anti-Cdr2p antibodies (center row) or anti-Mdr1p
(lower row) at dilutions that gave equivalent band intensities with control recombinant Cdr1p, Cdr2p or Mdr1p plasma membrane preparations
run on the same gels. The control bands shown are of representative blots of AD/CDR1 (upper band) AD/CDR2 (center band) or AD/MDR1
(lower band). FLC MICs for each strain are indicated. (B) Relationships between FLC MICs for 18 C. albicans strains and Western blot band
intensities obtained with either anti-Cdr1p or anti-Cdr2p antibodies. Cdrp band intensities on the blots of cell extracts, incubated with either
anti-Cdr1p antibodies or anti-Cdr2p antibodies, were measured by image analysis as described in Materials and Methods. Band intensity values
plotted have been corrected using the appropriate recombinant control band intensity measured on the same blot.
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Our results indicate that under in vitro growth conditions,
via a mechanism yet to be elucidated, Cdr1p is present in
greater amounts than Cdr2p in both FLC-sensitive and FLC-
resistant clinical isolates. Therefore, it is also important to
assess the relative contributions of the two proteins to FLC
efflux in C. albicans. Recombinant S. cerevisiae strains AD/
CDR1 and AD/CDR2, which expressed equivalent amounts of
Cdr1p and Cdr2p, respectively, were used to assess the pump
inhibitory activities of six putative efflux pump inhibitors by
disk diffusion and liquid chemosensitization assays (Fig. 2 and
Table 3). Enniatin and peptide RC21 chemosensitized AD/
CDR1 to FLC but had no effect on the Cdr2p-mediated FLC
resistance of AD/CDR2. RC21 also potentiated the effect of
itraconazole, ketoconazole, and miconazole on AD/CDR1 but
not AD/CDR2 (K. Niimi, unpublished data). Both Cdr1p-
specific inhibitors appeared to act directly on efflux pump
function since exposure (5 min) of yeast cells to inhibitor

significantly inhibited glucose-dependent efflux of the fluo-
rescent pump substrate R6G from the Cdr1p-expressing
strain but did not inhibit efflux from the Cdr2p-expressing
strain (Fig. 3). We were unable to identify a Cdr2p-specific
inhibitor in the present study, and we had insufficient anti-
Cdr2p antibody to test its effect as a possible pump inhibitor
as demonstrated for human P-glycoprotein (11). However,
three milbemycin compounds chemosensitized both AD/
CDR1 and AD/CDR2 to FLC (Fig. 2A) to a similar degree,
indicating that they were equivalently effective in inhibiting
the activities of either Cdr1p or Cdr2p. Interestingly, disul-
firam, previously shown to be a modulator of Cdr1p activity
(44), showed antifungal activity but no chemosensitization
of AD/CDR1 and a slight chemosensitization of AD/CDR2
to FLC (Fig. 2A). Although inhibition of the in vitro activity
of purified Cdr1p by disulfiram was clearly demonstrated by
Shukla et al. (44), in that study growth effects were assessed

FIG. 5. Effect of pump inhibitors on the growth of C. albicans strains with decreased FLC susceptibilities in the absence and presence of FLC.
(A) Inhibition of C. albicans MML606 growth in the absence (left column) or the presence (right column) of FLC (0.25� MIC) by the indicated
compounds (amount per disk in parentheses)—enniatin (2 �g); peptide RC21 (6 nmol); milbemycin �20 (5 �g), �11 (5 �g), or 
11 (5 �g); and
disulfiram (1.2 �g)—as demonstrated by agarose disk chemosensitization assays using CSM medium (pH 7.0). (B) Chemosensitization of C.
albicans strains to FLC (0.25� MIC) by enniatin (2 �g per disk) and milbemycin �20 (5 �g per disk) as demonstrated by agarose disk
chemosensitization assays using CSM medium (pH 7.0). (C) Checkerboard chemosensitization of C. albicans MML606 to FLC by enniatin. Yeast
cells were grown for 24 h in CSM medium pH 7.0 containing the indicated concentrations of FLC and enniatin. Growth was measured
spectophotometrically as described in Materials and Methods. Each data point represents the mean of triplicate determinations from a repre-
sentative experiment repeated once. Variation from the mean did not exceed 10%. (D) Inhibition by peptide RC21 of R6G efflux from C. albicans
FLC-resistant strain MML611, but not from FLC-sensitive parental strain MML610. Suspensions of yeast cells of MML611 (squares) or MML610
(triangles), preloaded with R6G under glucose-deprived conditions as described in Materials and Methods, were preincubated with RC21 for 5
min at the concentrations indicated, before addition of glucose (0.4% [wt/vol] final concentration; filled symbols) or a buffer control solution (empty
symbols). Each data point represents the mean of triplicate determinations in a representative experiment repeated once. Variation from the mean
did not exceed 15%.
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by agar dilution assays, which can accentuate minor growth-
inhibitory effects (31).

Having identified enniatin and RC21 as Cdr1p-specific in-
hibitors, and milbemycins as inhibiting both Cdr1p and Cdr2p,
we compared the abilities of these compounds to reduce the
FLC resistance of a representative FLC-resistant C. albicans
strain (MML606; FLC MIC of 128 �g ml�1) at concentrations
shown to have equivalent inhibitory effects (for the non-Cdr1p-
specific inhibitors) on heterologously expressed Cdr1p and
Cdr2p (Fig. 2A). Enniatin and RC21 were the most effective
chemosensitizers (Fig. 4A and Table 3). When assessed for
synergy with FLC against MML606, the Cdr1p-specific inhib-
itor enniatin, but not milbemycins �11 and 
11, which acted
equally against both Cdr1p and Cdr2p, demonstrated signifi-
cant synergy with FLC (FICI � 0.5). It was also of note that
although dilsulfiram chemosensitized AD/CDR2 to FLC, it
had no chemosensitizing activity against C. albicans. We inter-
pret these results as indicating that Cdr1p is the most active
pump in MML606 under these growth conditions. The inhib-
itors enniatin and milbemycin �20 were compared in agarose
disk chemosensitization assays with seven other C. albicans
strains with reduced susceptibilities to FLC (Fig. 5A). Both
enniatin and �20 chemosensitized all of the strains to FLC, but
in six of seven strains enniatin was the more effective chemo-
sensitizer, as demonstrated by the inhibitory zone diameters.
This was confirmed by checkerboard chemosensitization assays
(shown for enniatin in Fig. 5C). Enniatin was also shown to
chemosensitize C. albicans to itraconazole (data not shown).
These results, and those shown in Fig. 2A, suggest a negligible
role for Cdr2p in azole efflux from the C. albicans strains.
However, access of inhibitors to the target pump protein may
vary between S. cerevisiae and C. albicans cells and, in the
absence of Cdr2p-specific inhibitors, we cannot confirm this
conclusion.

Direct inhibition of efflux activity from FLC-resistant C.
albicans was confirmed for the Cdr1p-specific inhibitor, RC21,
by assays of R6G efflux (Fig. 5D). At concentrations that ab-
rogated R6G efflux from S. cerevisiae AD/CDR1, RC21 inhib-
ited glucose-dependent efflux from MML611 by �80%. Simi-
lar results were also observed for two other C. albicans strains
(MML606 and MML609), but data are shown for strain
MML611 in order to compare directly a FLC-sensitive paren-

tal strain (MML610) and a derivative strain with reduced FLC
susceptibility (MML611). A small amount of glucose-depen-
dent R6G efflux was detected in RC21-exposed MML611 cells
which was consistently slightly greater than that from the con-
trols (Fig. 5D). This residual efflux may represent a low level of
Cdr2p activity in C. albicans MML611 since we have demon-
strated that Cdr2p is not inhibited by RC21.

Collectively, our results indicate that in C. albicans Cdr1p
efflux activity makes a greater contribution than Cdr2p to re-
sistance to FLC. Another experimental approach that would
strengthen such a conclusion would be to examine the effects of
deleting either CDR1 or CDR2 on the resistance to FLC of a
clinical isolate(s). Such experiments were beyond the scope of
the present study. The development of chemosensitizers, in-
cluding pump inhibitors, as synergists with well-tolerated anti-
fungals such as FLC is considered to be a feasible strategy to
overcome clinical antifungal resistance (42). Currently avail-
able antifungal drugs are few, and the threat of resistance is
always present. In the development of novel FLC chemosen-
sitizers as potential synergists, it is important to target the
principal mechanism of resistance. In the case of efflux pump
inhibitors, determining which of the major efflux pumps of C.
albicans is contributing to efflux activity would aid the design of
new chemosensitizers with the required specificity. We present
here direct evidence that Cdr1p activity is the major contrib-
utor to FLC efflux in C. albicans strains, including clinical
isolates with reduced susceptibilities to FLC.
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TABLE 3. FLC chemosensitizing specificities of pump inhibitors as demonstrated by the FICIa

Inhibitor Yeast strain
FLC MIC (�g ml�1) Inhibitor MIC (�g ml�1)

FICIb

Alone Combined FIC Alone Combined FIC

Enniatin S. cerevisiae AD/CDR1 200 �5 (0.5) �0.02 8 0.25 (80) 0.03 �0.05*
S. cerevisiae AD/CDR2 80 80 (2) 1.00 8 8 (20) 1.00 2.00
C. albicans MML606 128 32 (0.5) 0.25 16 0.25 (32) 0.01 0.26*

Milbemycin �11 S. cerevisiae AD/CDR1 200 �5 (2) 0.02 4 1.0 (80) 0.25 0.27*
S. cerevisiae AD/CDR2 80 �5 (2) 0.06 4 0.5 (20) 0.12 0.18*
C. albicans MML606 128 32 (2) 0.25 �2 2 (32) �0.50 �0.75

Milbemycin 
11 S. cerevisiae AD/CDR1 200 �5 (2) �0.02 80 2 (80) 0.02 �0.04*
S. cerevisiae AD/CDR2 80 20 (2) 0.25 80 2 (20) 0.03 0.28*
C. albicans MML606 128 32 (2) 0.25 �2 2 (32) �0.50 �0.75

a Cells for MIC determinations were incubated at 30°C for 24 h in CSM medium (pH 7.0). “Combined” refers to the combined MIC measured with the other
compound (either inhibitor or FLC) at the concentration (in �g ml�1) indicated in parentheses.

b *, Synergistic combination (33).
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