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Resistance of Candida albicans against the widely used antifungal agent fluconazole is often due to active
drug efflux from the cells. In many fluconazole-resistant C. albicans isolates the reduced intracellular drug
accumulation correlates with constitutive strong expression of the MDR1 gene, encoding a membrane transport
protein of the major facilitator superfamily that is not detectably expressed in vitro in fluconazole-susceptible
isolates. To elucidate the molecular changes responsible for MDRI activation, two pairs of matched flucon-
azole-susceptible and resistant isolates in which drug resistance coincided with stable MDRI activation were
analyzed. Sequence analysis of the MDRI regulatory region did not reveal any promoter mutations in the
resistant isolates that might account for the altered expression of the gene. To test for a possible involvement
of trans-regulatory factors, a GFP reporter gene was placed under the control of the MDRI promoter from the
fluconazole-susceptible C. albicans strain CAI4, which does not express the MDRI gene in vitro. This MDRIP-
GFP fusion was integrated into the genome of the clinical C. albicans isolates with the help of the dominant
selection marker MPA® developed for the transformation of C. albicans wild-type strains. Integration was
targeted to an ectopic locus such that no recombination between the heterologous and resident MDRI
promoters occurred. The transformants of the two resistant isolates exhibited a fluorescent phenotype, whereas
transformants of the corresponding susceptible isolates did not express the GFP gene. These results demon-
strate that the MDRI promoter was activated by a frans-regulatory factor that was mutated in fluconazole-

resistant isolates, resulting in deregulated, constitutive MDRI1 expression.

Candida albicans is an important opportunistic fungal patho-
gen of humans and is the major cause of oropharyngeal can-
didiasis (OPC) in patients with AIDS (21). The azole antifun-
gal agent fluconazole is a widely used compound to treat OPC.
In recent years, however, the incidence of treatment failures
has been rising. Especially in patients with AIDS who have
recurrent OPC and who are receiving prolonged fluconazole
therapy, treatment failures are due to the emergence of flu-
conazole-resistant strains (10, 22). Resistant C. albicans iso-
lates frequently exhibit reduced intracellular drug accumula-
tion that correlates with enhanced expression of certain
multiple drug resistance genes, the ATP-binding cassette
(ABC) transporters CDRI and CDR2, and the major facilitator
MDRI (8, 14, 24, 25, 29). Fluconazole resistance is usually a
stable phenotype that is maintained in the absence of selection
pressure by the drug. This implies that genetic alterations have
occurred in the resistant isolates that result in a constitutive
overexpression of the drug efflux pumps. The MDRI gene is
not detectably expressed in vitro in fluconazole-susceptible C.
albicans isolates but is strongly activated in many strains after
the development of fluconazole resistance. The molecular
changes responsible for the constitutive activation of the
MDRI gene in fluconazole-resistant, clinical C. albicans iso-
lates have not been identified. Possible mechanisms include
mutations in the MDRI promoter region that might result in
deregulated MDRI expression or mutations in a regulatory
factor controlling expression of the MDRI gene.

In a previous report (8) we have described two series of C.
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albicans isolates from patients with AIDS who had recurrent
episodes of OPC and developed fluconazole resistance during
therapy. It was shown by DNA fingerprinting that in both cases
fluconazole resistance had developed in a previously suscepti-
ble strain and that multiple mechanisms had contributed to a
stepwise development of drug resistance. In both series of
isolates the observed reduced intracellular drug accumulation
correlated with high MDRI mRNA levels. These two series of
matched isolates gave us an opportunity to investigate which
molecular changes were responsible for activation of the
MDRI gene in fluconazole-resistant, clinical C. albicans strains.

MATERIALS AND METHODS

C. albicans strains. The clinical C. albicans isolates used in this study have been
described previously (8). The two isolate pairs F2 and F5 and G2 and G5
represent fluconazole-susceptible and resistant isolates of the same C. albicans
strains. The isolates were kept as frozen stocks at —80°C and were subcultured
on YPD agar plates (10 g of yeast extract, 20 g of peptone, 20 g of glucose, 15 g
of agar per liter) at 30°C. Strains F2G54, F5G54, G2G54, and G5G54 are
derivates of these clinical isolates that contain a transcriptional fusion of the
MDRI promoter (MDRIP) with the GFP gene, integrated at the CDR4 locus (see
below). The fluconazole-susceptible C. albicans strain CAI4 (7) was used as a
source of the MDRI promoter for construction of the MDRIP-GFP fusion.

DNA sequencing. The MDRI promoter regions from the clinical C. albicans
isolates were amplified with the primers MDRI1pl, 5'-CGATAAATGATAAG
TCACTCTACC-3' (positions 57 to 34 within the coding region), and MDR1p2,
5'-CAACTCTACTGGTAACTATTGGCG-3' (positions —561 to —538 with re-
spect to the start codon), deduced from the published sequence of the MDRI
gene (6). The PCR products were phosphorylated and cloned into the Smal site
of the vector pUCI18. Using the universal and reverse primers, the sequences of
both strands of the cloned PCR products were determined from several inde-
pendent clones of each isolate until the sequences of both MDRI alleles had been
obtained. Direct sequencing of the PCR products from each isolate was also
performed with 200 ng of the phenol-extracted, ethanol-precipitated amplicons
as a template and the primers Mdrlpl and Mdrlpseql, 5'-CTGAAAAGGAT
ATCCCATCCC-3'. Sequencing was performed with the Thermo Sequenase
fluorescence-labeled-primer cycle sequencing kit with deaza dGTP (Amersham,
Braunschweig, Germany) and IRD 800 dye-labeled primers (MWG Biotech,
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FIG. 1. Integration of the MDRIP-GFP fusion into the CDR4 locus of C. albicans. The genetic structure of the linear DNA fragment from pGFP54 used for
transformation and the genomic structure at the CDR4 locus of the parent strains are delineated. The CDR4 coding region is represented by an open bar. The straight
arrow indicates the direction of transcription. The MDRI promoter is represented by the angled arrow. The probe used to verify the correct integration is indicated by
a thick line. Only relevant restriction sites are shown. P, Pstl, S, Sall, Sc, Sacl X, Xhol. The Sall and Xhol sites shown in parentheses were destroyed by the cloning

procedure.

Ebersberg, Germany). Sequences were analyzed on a LI-COR model 4000 au-
tomated sequencer (MWG Biotech). The sequences obtained by direct sequenc-
ing of PCR products were analyzed visually to detect positions of heterozygosity.

Plasmid construction. Plasmid pGFP41 has been described previously (18). It
contains a GFP gene, genetically modified for expression in C. albicans under
control of the SAP2 promoter, and the URA3 selection marker in the vector
pBluescript. After removal of the PstI site in the polylinker by digestion with Clal
and Xbal, filling in the ends, and religation, the Sall-PstI fragment with the URA3
gene was replaced by a Sall-Pst] fragment containing the MPAR marker from
plasmid pAFI3 (26), resulting in plasmid pGFP49. The MDRI promoter
(MDRIP) from strain CAI4 was obtained by PCR amplification with the primers
MDRI1p5, 5'-GCATTGTCGACGTTCTATGTAAGTAGATGTATTGC-3" (po-
sitions +4 to —30 of the MDRI gene), and MDR1p7, 5'-CGTAAATCTCGAG
AAACGGACTCCG-3' (positions —1109 to —1085), thereby introducing an
upstream Xhol site and a Sall site in front of the start codon (underlined). The
MDRIP fragment was substituted for the Xhol-Sall fragment containing the
SAP2 promoter in pGFP49, resulting in pGFP50. Subsequently, the 3" SAP2
fragment was replaced by a PstI-Sacl fragment comprising the 3" region of the
CDR4 gene (positions 2818 to 4901 with respect to the start codon [9]) to yield
pGFP51. Finally, an Xhol-Sall fragment containing the 5" CDR4 region (posi-
tions 103 to 2217) was inserted into the Xhol site of pGFP51, resulting in
pGFP54. The insert of pGFP54 was excised by digestion with X0l and SacI and
used for integration of the MDRIP-GFP tusion at the CDR4 locus of the clinical
C. albicans strains (Fig. 1).

C. albicans transformation. C. albicans strains were transformed with the
gel-purified linear DNA fragment from pGFP54 described above by electropo-
ration (13). Mycophenolic acid (MPA)-resistant transformants were selected on
minimal agar plates (6.7 g of yeast nitrogen base without amino acids [YNB; BIO
101, Vista, Calif.], 2 g of glucose, and 0.77 g of complete supplement medium
[CSM-URA; BIO 101] per liter) containing 10 ug of MPA ml~"'. Single colonies
were picked after 5 to 7 days of growth and restreaked on plates containing 10
ng of MPA ml~. Clones containing the correct insertion of the MDRIP-GFP
fusion at the CDR4 locus were then further propagated on YPD agar plates.

Isolation of chromosomal DNA and Southern hybridization. Chromosomal
DNA from C. albicans strains was isolated as described by Millon et al. (17).
DNA (10 pg) was digested with PstI, separated on a 1% (wt/vol) agarose gel and,
after ethidium bromide staining, transferred by vacuum blotting onto a nylon
membrane and fixed by UV cross-linking. Probe labeling, hybridization, washing,
and signal detection were performed with the ECL labeling and detection kit
provided by Amersham according to the instructions of the manufacturer.

Fluorescence microscopy. The strains were grown overnight in YPD liquid
medium, and aliquots were spotted on microscope slides. Fluorescence was
detected with a Zeiss Axiolab microscope equipped for epifluorescence micros-
copy with a 50-W mercury high-pressure bulb and the Zeiss fluorescein-specific
filter set 09.

RESULTS

Sequence analysis of the MDRI promoter region of flucon-
azole-susceptible and -resistant C. albicans isolates. From each
of the two series of clinical C. albicans isolates described in a
previous report (8), one fluconazole-susceptible and one resis-
tant isolate were selected for the present study. Isolates F2
(MIC of fluconazole, 6.25 pg ml~') and G2 (MIC, 0.39 pg
ml ') were the last isolates in each series that did not detect-
ably express the MDRI gene. Isolates FS and G5, both with an

MIC of =50 pg ml~", were the most resistant isolates in each
series and exhibited high MDRI mRNA levels. To investigate
if the activation of the MDRI gene in the fluconazole-resistant
isolates was caused by mutations in the MDRI regulatory re-
gion, the sequence of more than 500 bp upstream of the start
codon was determined. This region was chosen because there
was a good chance of possible promoter mutations occurring
within this distance from the MDRI coding region and because
the sequences of both DNA strands of the cloned PCR prod-
ucts could conveniently be determined with single sequencing
reactions. For each isolate, several independent plasmid clones
containing the PCR-amplified MDRI upstream region were
analyzed to obtain the sequences of both MDRI alleles and to
exclude PCR artifacts (point mutations and hybrids between
the two alleles that were also obtained). Nucleotide polymor-
phisms between the two MDRI alleles were detected in all four
isolates, but the same two alleles found in the susceptible
isolates F2 and G2 were also present in the corresponding
resistant isolates F5 and G5 without any sequence alterations
(Table 1). Direct sequencing of the PCR products confirmed
the observed allelic differences occurring within each isolate
and verified that no other nucleotide differences within the
sequenced region were present in any of the four isolates.
Several additional sequence differences with respect to the
published MDRI sequence (6) were also found, but all eight
MDRI alleles from the four isolates were identical at these
positions (data not shown). These results demonstrate that,
within the sequenced MDRI upstream region, no promoter
mutations had occurred in the fluconazole-resistant isolates
that could account for the constitutive activation of the MDRI
gene.

Expression of an MDRI-GFP fusion in fluconazole-suscep-
tible and -resistant C. albicans isolates. The sequence analysis
of the MDRI upstream region suggested that mutations in a
regulatory factor might be responsible for the activation of the
MDRI gene in the two fluconazole-resistant C. albicans iso-
lates. However, we could not exclude the possibility that cis-
acting mutations might have occurred still further upstream at
sites located considerably distant from the MDRI coding re-
gion, even if we had sequenced a larger region (see, for exam-
ple, reference 23). To obtain direct evidence that the molecu-
lar changes involved a regulatory factor, we tested whether the
MDRI promoter from a fluconazole-susceptible C. albicans
strain would be activated in the fluconazole-resistant isolates.
For this purpose, the MDRI promoter from strain CAI4, which
does not detectably express the MDRI gene in vitro (8), was
fused to the GFP gene and the reporter gene fusion was inte-
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TABLE 1. Allelic differences in the MDRI promoter regions of the C. albicans isolates F2, F5, G2, and G5

Nucleotide at position”:

Strain Allele
—473 —448 —407 —387 —343 —341 -301 —226 -199
F2 1 —b A T G T G T C T
2 T T C C A C C T C
F5 1 - A T G T G T C T
2 T T C C A C C T C
G2 1 - A C G T G T C T
2 T T C C A C C T C
G5 1 - A C G T G T C T
2 T T C C A C C T C

“ Nucleotide positions are with respect to the MDRI start codon (+1).

® The thymidines occurring at this position in the published sequence (6) and in the second allele were deleted.

grated into the genome of the two fluconazole-resistant iso-
lates, F5 and G5. To avoid recombination between the MDRI
promoter from strain CAI4 and MDRI upstream sequences in
the host strains, integration was targeted to an ectopic site in
the genome. The CDR4 locus was chosen for integration, as
this region had been characterized previously by our group and
it had been shown that inactivation of one of the CDR4 alleles
did not result in a detectable phenotype (18). In addition,
CDR4 expression levels did not differ between the fluconazole-
susceptible and resistant isolates (9).

For integration of the reporter fusion into the C. albicans
wild-type strains, a cassette was constructed that contained the
MDRIP-GFP fusion and the dominant selection marker
MPAR, a mutated allele of the C. albicans IMH3 gene confer-
ring resistance to mycophenolic acid (13; Theiss et al., unpub-
lished), flanked by 5’ and 3’ CDR4 sequences (Fig. 1). The
linear cassette was used for transformation of the two resistant
C. albicans isolates and, for control purposes, also of the cor-
responding fluconazole-susceptible isolates, and the genomic
structures of the transformants were analyzed by Southern
hybridization. The majority of MPA-resistant transformants
did not exhibit detectable genomic changes at the CDR4 locus,
probably because of integration of the MPAR marker into one
of the IMH3 alleles, and these transformants were not further
analyzed. For each parent strain, one transformant in which
the MDRIP-GFP fusion had been correctly integrated at the
CDR4 locus is shown in Fig. 2.

Expression of the MDRI1P-GFP fusion was analyzed by epi-
fluorescence microscopy after growth of the transformants in
YPD liquid medium, conditions under which the MDRI gene
is activated in the fluconazole-resistant isolates, FS and G5, but
not detectably expressed in the corresponding susceptible iso-
lates, F2 and G2 (8). One representative transformant of each
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FIG. 2. Southern hybridization of PstI-digested chromosomal DNA of C.
albicans isolates F2, (lane 1), F5 (lane 3), G2 (lane 5), and G5 (lane 7) and the
corresponding transformants F2G54 (lane 2), F5G54 (lane 4), G2G54 (lane 6),
and G5G54 (lane 8). The sizes of the hybridizing fragments are indicated on the
right-hand side of the blot. The correct integration of the MDRIP-GFP fusion at
the CDR4 locus reduces the size of one 3.46-kb PstI fragment representing the
intact CDR4 gene (Fig. 1) to 2.4 kb.

parent strain is shown in Fig. 3. All transformants of strains F5
and G5 containing the MDRIP-GFP fusion showed a fluores-
cent phenotype. In contrast, strains F2G54 and G2G54 con-
taining the identical MDRI1P-GFP fusion integrated in the flu-
conazole-susceptible isolates F2 and G2, respectively, did not
exhibit any fluorescence. None of the parent strains fluoresced
under these experimental conditions (data not shown). The
fact that an identical MDRI promoter was activated in the
fluconazole-resistant isolates but not in the matched suscepti-
ble isolates demonstrates that MDRI activation in the resistant
isolates was mediated by mutations in a trans-regulatory factor,
resulting in MDRI expression under conditions under which
the gene is normally repressed.

FIG. 3. Phase-contrast (left) and corresponding fluorescence (right) micro-
graphs of transformants containing the chromosomally integrated MDRIP-GFP
fusion.
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DISCUSSION

For many clinical C. albicans strains that became fluconazole
resistant during therapy, a correlation between drug resistance
and activation of the MDRI gene has been found by several
independent research groups (8, 14, 24, 29). In most cases,
fluconazole resistance and MDRI expression are stable pheno-
types that are maintained after in vitro passage of the clinical
isolates in the absence of selection pressure by the drug. How-
ever, as with the stable overexpression of the ABC transporters
CDRI and CDR?2, the genetic basis for the constitutive activa-
tion of the MDRI gene in such strains has not been elucidated.
In Saccharomyces cerevisiae several regulatory proteins (Pdrlp,
Pdr3p, and Yaplp) controlling expression of multiple drug
resistance genes of the ABC transporter and major-facilitator
superfamilies are known (1, 3, 5, 11, 12, 15, 16, 20, 28, 30), and
mutations in these regulators that result in upregulation of
their respective target genes have been identified (4, 19). Re-
cently, functional homologues of these regulators have also
been found in C. albicans (1, 27); however, conflicting data
about the roles of these transcriptional regulators have been
obtained. Overexpression of the Y4API homologue CAPI in S.
cerevisiae resulted in resistance of the transformants against
fluconazole and other drugs that was mediated by the tran-
scriptional activation of the FLRI gene encoding a major fa-
cilitator homologous to the C. albicans Mdr1 protein (1). Over-
expression of a mutated form of CAPI, but not wild-type
CAPI, in C. albicans CAl4 resulted in activation of the MDRI
gene and, concomitantly, resistance against fluconazole and
several other drugs (2), suggesting the possibility that similar
mutations might also be responsible for MDRI activation in
fluconazole-resistant clinical C. albicans isolates. On the other
hand, disruption of the CAPI gene in the MDRI-overexpress-
ing, fluconazole-resistant C. albicans strain FR2 did not sup-
press but further increased the level of MDRI expression, and
it was concluded that CAPI was a negative regulator of MDR!
that was not responsible for MDRI activation in this strain (2).
Similarly, the C. albicans transcriptional regulator FCRI was
identified by functional complementation of an S. cerevisiae
pdrl pdr3 mutant (27). Overexpression of FCRI in this S.
cerevisiae mutant resulted in fluconazole resistance that was
mediated by the transcriptional activation of the ABC trans-
porter PDRS5. In contrast, disruption of FCRI in C. albicans
resulted in hyperresistance against fluconazole, demonstrating
that, similarly to CAPI, FCRI behaved as a transcriptional
activator when overexpressed in S. cerevisiae but acted as a
negative regulator of drug resistance in C. albicans. The tran-
scriptional targets of FCRI in C. albicans have not been re-
ported (27).

So far, none of the transcriptional regulators of drug resis-
tance identified in C. albicans has been shown to be involved in
the development of fluconazole resistance in clinical isolates,
and it was suggested that mutations in the regulatory region of
the multiple drug resistance genes themselves may be respon-
sible for their overexpression in resistant isolates (27). This
lack of knowledge about the molecular changes leading to
activation of multiple drug resistance genes in clinical C. albi-
cans strains is due to the fact that wild-type C. albicans is not
easily accessible to genetic manipulation. The recent develop-
ment of the dominant selection marker MPA® (Theiss et al.,
unpublished) has eliminated this problem and allowed us to
investigate the basis of MDRI activation in two different series
of fluconazole-resistant, clinical C. albicans strains. Our results
clearly demonstrate that in both cases MDRI activation was
caused by mutations in a trans-regulatory factor, since the
MDRI promoter from a fluconazole-susceptible C. albicans
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strain that did not detectably express the MDRI gene was
activated in the two resistant isolates but not in the matched
susceptible isolates. It is likely that a similar mechanism is
responsible for MDRI activation in other fluconazole-resistant,
clinical C. albicans strains and is, therefore, of general rele-
vance. The mutations might directly affect a transcriptional
activator or repressor binding to the MDRI regulatory region,
but they may also involve regulatory proteins controlling the
activity of transcription factors. To understand the mechanisms
of drug resistance in more detail, it is necessary to elucidate the
identity of the regulator(s), its mode of action, and the muta-
tions occurring in drug-resistant, clinical C. albicans isolates
that lead to constitutive expression of the MDRI gene.
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