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Mechanisms of resistance to azoles in Candida albicans, the main etiologic agent of oropharyngeal candi-
diasis (OPC), include alterations in the target enzyme (lanosterol demethylase) and increased efflux of drug.
Previous studies on mechanisms of resistance have been limited by the fact that only a single isolate from each
OPC episode was available for study. Multiple isolates from each OPC episode were evaluated with oral
samples plated in CHROMagar Candida with and without fluconazole to maximize detection of resistant
yeasts. A total of 101 isolates from each of three serial episodes of OPC from four different patients were
evaluated. Decreasing geometric means of fluconazole MICs with serial episodes of infection were detected in
the four patients. However, 8-fold or larger (up to 32-fold) differences in fluconazole MICs were detected within
isolates recovered at the same time point in 7 of 12 episodes. Strain identity was analyzed by DNA typing
techniques and indicated that isolates from each patient represented mainly isogenic strains, but differed
among patients. A Northern blot technique was used to monitor expression of ERG11 (encoding lanosterol
demethylase) and genes coding for efflux pumps. This analysis revealed that clinical isolates obtained from the
same patient and episode were phenotypically heterogeneous in their patterns of expression of these genes
involved in fluconazole resistance. These results demonstrate the complexity of the distribution of the molec-
ular mechanisms of antifungal drug resistance and indicate that different subpopulations of yeasts may coexist
at a given time in the same patient and may develop resistance through different mechanisms.

Oropharyngeal candidiasis (OPC) occurs in as many as 90%
of patients with human immunodeficiency virus (HIV) or
AIDS (6, 12). OPC can be an early indicator of HIV infection,
but oral candidiasis is associated with worsening immune func-
tion and may predict progressive immunodeficiency indepen-
dently of CD4 lymphocyte counts (2, 17). Azole antifungal
drugs, particularly fluconazole, have proven effective in treat-
ing mucosal candidiasis even in individuals with advanced im-
munodeficiency (20, 21). However, development of resistance,
especially in patients with extensive prior azole use, is common
(7, 18, 23). Recently the National Committee for Clinical Lab-
oratory Standards (NCCLS) has approved standardized meth-
ods for susceptibility testing (13). Also, extensive clinical data
have been used to establish the correlation between high in
vitro MICs (mycological resistance) and clinical outcome (22).
Mycological resistance may not always be predictive of a poor
outcome, but increased failure rates occur against resistant
yeasts (fluconazole MICs, .64 mg/ml). Strains for which flu-
conazole MICs were 16 to 32 mg/ml demonstrate dose-depen-
dent susceptibility and may respond to higher doses of drug
(20, 22).

At the cellular level, development of fluconazole resistance
may emerge as a result of replacement of a susceptible strain
by another, intrinsically resistant strain or species (reviewed in
reference 37). At the molecular level, two major mechanisms
appear to be responsible for development of fluconazole resis-

tance in strains of Candida albicans. The first mechanism in-
volves an altered target site, the cytochrome P-450 lanosterol
14a-demethylase, either by overproduction of the enzyme or
due to point mutations in its encoding gene (ERG11) leading
to amino acid substitutions resulting in decreased affinity of the
enzyme for azole derivatives (9, 25, 32, 33, 36). A second major
mechanism is through increased efflux of drug, mediated by
two types of multidrug efflux pumps, the major facilitators and
the ABC transporters (1, 10, 28, 34, 35). The MDR1 gene
encodes a major facilitator implicated in resistance (3), and its
overexpression leads to fluconazole resistance exclusively
among azole drugs (10, 26, 28). The genes coding for several
ABC transporters in C. albicans have been identified, including
several CDR genes (19, 26). CDR1 and CDR2 were the first two
members of this family identified in C. albicans, and both
CDR1 and CDR2 have been described as playing a role in
fluconazole resistance (10, 27, 28). Other azole drugs are also
substrates for ABC transporters, and, thus, overexpression of
CDR genes results in cross-resistance to other azole derivatives
(10, 26, 28).

In general, description of these molecular mechanisms of
resistance has been performed by analyzing their role in serial
isolates with increasing resistance to the drug recovered from
the same patient, as detected by antifungal susceptibility test-
ing (1, 4, 10, 28, 35). However, most studies evaluating resis-
tance have been limited due to the fact that only single isolates
from each time point were available for study. Methods that
increase detection of subpopulations of yeasts at the time of
initial isolation, such as our novel agar dilution screening tech-
nique (14, 15), may be very useful to provide a more compre-
hensive assessment of the mechanisms of resistance.

In the present study, a total of 101 isolates from three serial
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OPC episodes from four different patients were included for
analysis of resistance to azoles. Evidence is provided for (i) the
heterogeneity of the susceptibility to fluconazole between iso-
lates recovered during the same episode of OPC, (ii) the com-
plexity of expression of genes implicated in development of
fluconazole resistance, and (iii) the presence at the same time
point of different subpopulations of yeast exhibiting different
resistance phenotypes.

MATERIALS AND METHODS

Clinical samples and isolates. Yeast isolates were obtained by direct swab or
by oral saline rinses from four HIV-infected patients with recurrent OPC en-
rolled in a longitudinal study to assess significance of fluconazole resistance. At
the time of initial isolation, oral samples were plated on CHROMagar Candida
(CHROMagar, Paris, France) with and without fluconazole to maximize detec-
tion of resistant yeasts as previously described by our group (14, 15). Briefly,
dilutions of oral samples were added to plates containing solid medium with and
without fluconazole from which representative colonies were recovered. Patients
were treated initially with fluconazole at 100 mg/day, and doses were increased
to up to 800 mg/day if necessary for clinical resolution in an effort to achieve
therapeutic response after development of clinical resistance (20). In all four
patients, therapeutic response was achieved by increasing the dose of fluconazole
to a range of 200 to 800 mg/day. The identity of these clinical isolates as C.
albicans was confirmed by standard biochemical and microbiological procedures,
including carbohydrate assimilation patterns (API 20C; Analytab Products, Bi-
oMerieux, France), germ tube formation in serum-containing medium, and color
of colonies in chromogenic medium (CHROMagar Candida). Only patient A
had Candida species other than albicans at the time of the second and third
episodes, but the predominant isolates were C. albicans. All other patients had C.
albicans only. Isolates were stored at room temperature as suspensions in sterile
deionized water.

Strain identification. Strain identity was investigated by karyotyping, restric-
tion fragment length polymorphism (RFLP), and DNA fingerprinting with the
moderately repetitive probe Ca3 (provided as a gift from D. Soll, University of
Iowa) (29). Briefly, chromosomes from the different isolates were prepared in

agarose plugs, separated by pulsed-field gel electrophoresis (Bio-Rad, Hercules,
Calif.), stained with ethidium bromide, and photographed under UV light. RFLP
patterns were generated by digestion of genomic DNA with SfiI (Boehringer
Mannheim, Indianapolis, Ind.). After separation by pulsed-field gel electro-
phoresis, gels were stained with ethidium bromide and photographed. Following
documentation, the materials present in the RFLP gels were transferred to nylon
membranes (Nytran; Schleicher & Schuell, Keene, N.H.) and hybridized with a
Ca3 probe radioactively labeled by random priming (Random Primers DNA
Labeling System; GibcoBRL, Gaithersburg, Md.). The membranes were then
washed and exposed to autoradiography film (Du Pont, Wilmington, Del.).
Pictures of the gels or films were scanned with the Adobe Photo Shop program
(Adobe Systems, Inc., Mountain View, Calif.). For preparation of figures, digital
images were processed by using the Adobe Photo Shop program.

Drug susceptibility testing and MIC determinations. Antifungal susceptibili-
ties to fluconazole were determined by NCCLS method M-27A with broth
macrodilution techniques and reading of the endpoints at 48 h (13). Isolates for
which fluconazole MICs were #8 mg/ml are considered susceptible. MICs of 16
to 32 mg/ml indicate susceptible but dose-dependent isolates. Isolates for which
MICs were $64 mg/ml are considered resistant to the drug (22). Additional
susceptibility testing of selected isolates with itraconazole (Janssen Pharmaceu-
tica, Beerse, Belgium), ketoconazole (Janssen Pharmaceutica), voriconazole
(Pfizer Inc., Sandwich, United Kingdom), SCH 56592 (Schering Plough, Ken-
ilworth, N.J.), amphotericin B (Bristol-Myers Squibb, Princeton, N.J.), and ter-
binafine (Novartis, Vienna, Austria) was determined according to NCCLS
method M-27A by using a broth microdilution procedure and reading of the
endpoints at 48 h (13).

Northern (RNA) blot analysis. Isolates from the stocks in water were subcul-
tured onto plates containing Sabouraud dextrose agar 48 h prior to propagation
in YEPD medium (2% yeast extract, 1% peptone, 2% glucose). Total RNA from
the different isolates grown to mid-logarithmic phase in YEPD medium was
obtained with the RNAeasy mini kit (Qiagen, Inc., Santa Clarita, Calif.) accord-
ing to the manufacturer’s instructions. Equal amounts (approximately 5 mg) of
RNA as determined by A260 measurements were separated by electrophoresis
(24). The gels were photographed and subsequently transferred to nylon mem-

FIG. 1. Karyotype (A), RFLP analysis generated by digestion with SfiI of
genomic DNA (B), and fingerprinting analysis with the moderately repetitive
probe Ca3 (C) of representative C. albicans clinical isolates recovered from three
OPC episodes from patient A. Fluconazole (FLU) MICs are shown at the top
(micrograms per milliliter).

TABLE 1. Fluconazole MICs for multiple C. albicans isolates
recovered from three serial episodes of OPC from patient A

Isolate Fluconazole MIC
(mg/ml)

Episode 1
A.1.1 ....................................................................................... 0.5
A.1.2 ....................................................................................... 0.5
A.1.3 ....................................................................................... 0.5
A.1.4 ....................................................................................... 0.5
A.1.5 ....................................................................................... 1
A.1.6 ....................................................................................... 1
A.1.7 ....................................................................................... 0.5
A.1.8 ....................................................................................... 0.5
A.1.9 ....................................................................................... 0.5
A.1.10 ..................................................................................... 0.5

Geometric mean ................................................................... 0.6

Episode 2
A.2.1 ....................................................................................... 128
A.2.2 ....................................................................................... 8
A.2.3 ....................................................................................... 8
A.2.4 ....................................................................................... 4
A.2.5 ....................................................................................... 8

Geometric mean ................................................................... 12.1

Episode 3
A.3.1 ....................................................................................... 128
A.3.2 ....................................................................................... 32
A.3.3 ....................................................................................... 16

Geometric mean ................................................................... 40.3
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branes (Nytran; Schleicher & Schuell) by using the Turboblotter apparatus
(Schleicher & Schuell). Probes for ERG11, MDR1, and CDR genes were pre-
pared as described before (10). The resulting CDR probe is based on the whole
sequence of CDR1 and has been shown to cross-hybridize with other members of
this gene family (10, 27, 28, 34). Probes specific for the CDR1 and CDR2 genes
were prepared by PCR amplification as described before (10, 27). All probes
were labelled by random priming (Random Primers DNA Labeling System;
GibcoBRL), and hybridizations were performed with Rapid-hyb buffer (Amer-
sham Life Science, Inc., Arlington Heights, Ill.) according to the manufacturer’s
instructions. After hybridization, blots were washed and exposed to autoradiog-
raphy film (Du Pont). Nylon membranes were probed sequentially with the
different probes following stripping of the previously bound probe (10). Auto-
radiograms were scanned by using the Adobe Photo Shop program (Adobe
Systems, Inc.). Samples of 18S rRNA in the gels were used as a control for
loading and subsequent normalization of signals in the autoradiograms (10, 24).
For preparation of figures, digital images were processed with the Adobe Photo
Shop program.

RESULTS

Analysis of isolates from patient A. Table 1 shows results of
fluconazole susceptibility testing for isolates recovered from
patient A. Testing of 10 C. albicans isolates recovered during
the first episode of OPC indicated the presence of highly sus-
ceptible isolates only (fluconazole MICs, 0.5 to 1 mg/ml; geo-
metric mean, 0.6 mg/ml). Decreased susceptibility was ob-
served for all five isolates recovered during the second episode
(geometric mean of fluconazole MICs, 12.1), including the
presence of a highly resistant isolate (isolate A.2.1; fluconazole
MIC, 128 mg/ml), together with isolates with elevated in vitro
susceptibilities but still in the susceptible range (fluconazole
MICs, 4 to 8 mg/ml). A 32-fold difference in fluconazole MICs
for isolates recovered at the same time point suggested the

presence in the oral cavity of a heterogeneous yeast popula-
tion. Increasing resistance was detected in representative iso-
lates recovered during the third episode, with all three isolates
demonstrating resistance (isolate A.3.1, fluconazole MIC, 128
mg/ml) or dose-dependent susceptibility (isolates A.3.2 and
A.3.3, fluconazole MICs, 32 and 16 mg/ml, respectively) and an
overall geometric mean of fluconazole MICs of 40.3 mg/ml.

DNA typing techniques indicated development of resistance
in a persistent strain (Fig. 1). Minor differences in the karyo-
typing patterns across the different isolates indicated a certain
degree of instability of their chromosomal organization. Also,
isolate A.2.1 showed markedly different karyotyping and RFLP
patterns, but the same Ca3 fingerprinting pattern, suggesting
this isolate may constitute a different substrain or variant of the
same persistent strain rather than an unrelated strain. Inter-
estingly, this isolate was the only resistant isolate (among other
susceptible isolates) detected during the second episode of
OPC, but analysis of representative isolates of the third OPC
episode revealed that this substrain did not persist, but rather
development of resistance occurred in the same strain, repre-
senting the majority of yeasts present in the oral cavity during
the first two episodes.

Further demonstration of phenotypic heterogeneity within
isolates recovered at the same time point was evidenced by the
analysis of expression of genes implicated in the development
of fluconazole resistance, as shown in Fig. 2. Three isolates
from the first OPC episode and for which the fluconazole MIC
was the same (0.5 mg/ml) exhibited different patterns of gene
expression. While isolates A.1.4 and A.1.7 showed expressionFIG. 2. Northern-blot analysis of total RNA obtained from multiple C. albi-

cans clinical isolates recovered from each of three serial episodes of OPC in
patient A. The membranes were probed with ERG11, MDR1, a nonspecific probe
for CDR genes, and probes specific for CDR1 and CDR2. The bottom panel
shows amounts of 18S rRNA used to standardize signal levels according to lane
loading parameters. Fluconazole (FLU) MICs are shown at the top (micrograms
per milliliter).

TABLE 2. Fluconazole MICs for multiple C. albicans isolates
recovered from three serial episodes of OPC from patient B

Isolate Fluconazole MIC
(mg/ml)

Episode 1
B.1.1......................................................................................... 0.25
B.1.2......................................................................................... 0.5
B.1.3......................................................................................... 0.5
B.1.4......................................................................................... 4
B.1.5......................................................................................... 4
B.1.6......................................................................................... 0.5
B.1.7......................................................................................... 0.5

Geometric mean .................................................................... 0.8

Episode 2
B.2.1......................................................................................... 4
B.2.2......................................................................................... 8
B.2.3......................................................................................... 4
B.2.4......................................................................................... 4
B.2.5......................................................................................... 8
B.2.6......................................................................................... 4

Geometric mean .................................................................... 5.0

Episode 3
B.3.1.........................................................................................16
B.3.2......................................................................................... 4
B.3.3......................................................................................... 4
B.3.4......................................................................................... 4
B.3.5.........................................................................................16
B.3.6......................................................................................... 4
B.3.7......................................................................................... 4

Geometric mean .................................................................... 5.9
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of MDR1 and low constitutive levels of expression of CDR1,
isolate A.1.1 exhibited increased levels of CDR1 but negligible
levels of MDR1. Analysis of gene expression for isolate A.2.1
revealed moderate overexpression of MDR1 and strong expres-
sion of CDR1 and CDR2 genes, which were correlated with its
high in vitro resistance to the antifungal drug (MIC, 128 mg/
ml). Two other isolates recovered at the same time (isolates
A.2.2. and A.2.3) showed distinct patterns of gene expression
despite displaying the same in vitro fluconazole MIC (8 mg/ml).
Negligible levels of MDR1 but increased message for CDR
genes (especially CDR2) was detected in isolate A.2.2. On the
other hand, constitutive MDR1 expression accompanied by
moderate expression of CDR genes (mainly CDR1) was de-
tected for isolate A.2.3. Strong expression of CDR genes to-
gether with a more moderate overexpression of ERG11 was
detected in isolates A.3.1 and A.3.2 (fluconazole MICs, 128
and 32 mg/ml, respectively) recovered during the third OPC
episode, but not in isolate A.3.3 (fluconazole MIC, 16 mg/ml)
isolated at the same time point, which showed moderate ex-
pression of MDR1 only. Overall, development of resistance in
this patient correlated with increased message for CDR genes
(both CDR1 and CDR2), but overexpression of either MDR1
or ERG11 was detected in some isolates and was usually de-
tected in conjunction with overexpression of CDR.

Analysis of isolates from patient B. Fluconazole MICs for C.
albicans isolates recovered from three serial episodes of OPC
from patient B are shown in Table 2. Susceptibility testing of
seven representative isolates recovered during the first OPC
episode demonstrated fluconazole susceptibility (geometric
mean of fluconazole MICs, 0.8 mg/ml), although susceptibility

results were distributed among a wide range of MICs (0.25 to
4 mg/ml). Decreased susceptibility was detected for all six iso-
lates recovered during the second OPC episode (geometric
mean of fluconazole MICs, 5.0 mg/ml; range, 4 to 8 mg/ml) and
the seven isolates evaluated from the third OPC episode (geo-
metric mean of fluconazole MICs, 5.9 mg/ml; range, 4 to 16
mg/ml).

Investigation of strain identity by using DNA typing tech-
niques revealed the presence of three different strains during
the first OPC episode, as detected by differences in karyotyp-
ing, RFLP, and Ca3 fingerprinting patterns (Fig. 3). However,
isolates recovered during the second and third episodes
showed a single pattern for each technique used, which was the
same as the one displayed by three of five isolates in the first
episode. Again, these results suggest the development of de-
creasing susceptibility to the azole agent in the same persistent
strain, which was already present during the first OPC episode.

Northern blot analysis in this series of isolates (Fig. 4) re-
vealed a correlation between overexpression of CDR genes
(both CDR1 and CDR2) and isolates with decreased flucon-
azole susceptibility in all three episodes. Levels of ERG11
remained constant throughout the series. MDR1 levels were
below the detection limit for all isolates from this patient.

Analysis of isolates from patient C. Table 3 shows results of
fluconazole susceptibility testing for isolates recovered from
patient C during three serial OPC episodes. Fifteen isolates
recovered from each of the first two episodes showed a de-
creased fluconazole susceptibility (geometric mean of flucon-
azole MICs, 9.2 and 8.8 mg/ml, respectively, for isolates recov-
ered from the first and second episodes), including the
presence of isolates exhibiting dose-dependent susceptibility

FIG. 3. Karyotype (A), RFLP analysis generated by digestion with SfiI of
genomic DNA (B), and fingerprinting analysis with the moderately repetitive
probe Ca3 (C) of representative C. albicans clinical isolates recovered from three
OPC episodes from patient B. Fluconazole (FLU) MICs are shown at the top
(micrograms per milliliter).

FIG. 4. Northern blot analysis of total RNA from obtained from multiple C.
albicans clinical isolates recovered from each of three serial episodes of OPC in
patient B. The membranes were probed with ERG11, MDR1, a nonspecific probe
for CDR genes, and probes specific for CDR1 and CDR2. The bottom panel
shows amounts of 18S rRNA used to standardize signal levels according to lane
loading parameters. Fluconazole (FLU) MICs are shown at the top (micrograms
per milliliter).
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(fluconazole MIC, 16 mg/ml). Isolates recovered from the third
episode showed a further decrease in fluconazole susceptibility
(geometric mean of fluconazole MICs, 27.4 mg/ml) and in-
cluded mostly resistant (isolate C.3.4; fluconazole MIC, 64
mg/ml) and dose-dependent susceptible (MICs, 16 to 32 mg/ml)
isolates. However, a susceptible isolate was also present (iso-
late C.3.1; fluconazole MIC, 4 mg/ml).

Investigation of strain identity by DNA typing techniques
demonstrated that all isolates were highly related, as deter-
mined by similar karyotype (although slight differences in mo-
bility were detected in several isolates in this series), RFLP,

and Ca3 fingerprinting patterns (Fig. 5). Thus, development of
resistance in this series of isolates also occurred in a persistent
strain.

Analysis of expression of genes implicated in the develop-
ment of fluconazole resistance is shown in Fig. 6. Dose-depen-
dent susceptible isolates C.1.5 and C.1.10 (fluconazole MICs,
16 mg/ml) showed increased expression of CDR genes (espe-
cially CDR2) compared to that of the susceptible isolate C.1.3
(fluconazole MIC, 4 mg/ml) recovered at the same time during
the first OPC episode. In the case of isolate C.1.5, but not
C.1.10, this overexpression was accompanied by a strong ex-
pression of MDR1. In vitro MIC data for isolates recovered
during the second episode closely mirrored expression of CDR
genes, particularly CDR2. However, while levels of ERG11
expression remained quite constant along the series, isolate
C.2.8 showed elevated levels of this gene along with overex-
pression of CDR. A great degree of heterogeneity was detected
for isolates from the third OPC episode. As expected, the
susceptible isolate C.3.1 (fluconazole MIC, 4 mg/ml) showed
no elevated message for any of these genes. Isolate C.3.2 (flu-
conazole MIC, 32 mg/ml) showed overexpression of CDR2.
However, the resistant isolate C.3.4 (fluconazole MIC, 64 mg/
ml) showed no apparent overexpression of any of these genes,
suggesting that an alternate mechanism or mechanisms may be
responsible for its increased fluconazole resistance.

Analysis of isolates from patient D. Eightfold or larger dif-
ferences in fluconazole MIC values were detected within C.
albicans isolates recovered at the same time in each of three
episodes of OPC in patient D (Table 4). These results indicate

FIG. 5. Karyotype (A), RFLP analysis generated by digestion with SfiI of
genomic DNA (B), and fingerprinting analysis with the moderately repetitive
probe Ca3 (C) of representative C. albicans clinical isolates recovered from three
OPC episodes from patient C. Fluconazole (FLU) MICs are shown at the top
(micrograms per milliliter).

TABLE 3. Fluconazole MICs for multiple C. albicans isolates
recovered from three serial episodes of OPC from patient C

Isolate Fluconazole MIC
(mg/ml)

Episode 1
C.1.1......................................................................................... 8
C.1.2......................................................................................... 8
C.1.3......................................................................................... 4
C.1.4......................................................................................... 8
C.1.5......................................................................................... 16
C.1.6......................................................................................... 8
C.1.7......................................................................................... 8
C.1.8......................................................................................... 8
C.1.9......................................................................................... 8
C.1.10....................................................................................... 16
C.1.11....................................................................................... 16
C.1.12....................................................................................... 4
C.1.13....................................................................................... 16
C.1.14....................................................................................... 16
C.1.15....................................................................................... 8

Geometric mean .................................................................... 9.2

Episode 2
C.2.1......................................................................................... 16
C.2.2......................................................................................... 16
C.2.3......................................................................................... 16
C.2.4......................................................................................... 4
C.2.5......................................................................................... 8
C.2.6......................................................................................... 16
C.2.7......................................................................................... 8
C.2.8......................................................................................... 8
C.2.9......................................................................................... 4
C.2.10....................................................................................... 4
C.2.11....................................................................................... 16
C.2.12....................................................................................... 8
C.2.13....................................................................................... 8
C.2.14....................................................................................... 8
C.2.15....................................................................................... 8

Geometric mean .................................................................... 8.8

Episode 3
C.3.1......................................................................................... 4
C.3.2......................................................................................... 32
C.3.3......................................................................................... 32
C.3.4......................................................................................... 64
C.3.5......................................................................................... 32
C.3.6......................................................................................... 16
C.3.7......................................................................................... 32
C.3.8......................................................................................... 32
C.3.9......................................................................................... 64

Geometric mean .................................................................... 27.4
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coexistence of subpopulations of yeast with different sensitivi-
ties to azole derivatives. Overall, susceptibility tests showed
decreasing fluconazole susceptibility with repetitive episodes,
as revealed by the increase in the geometric mean of flucon-
azole MICs for isolates recovered from serial episodes (0.9
mg/ml for the initial episode in which all six isolates were
susceptible to the drug versus 2.1 and 5.7 mg/ml for 12 and 6
isolates recovered during the second and third episodes, re-
spectively).

Once more, DNA strain typing techniques confirmed the
high degree of relatedness among all isolates recovered from
this patient (Fig. 7) and development of decreased susceptibil-
ity to fluconazole in a persistent strain. Minor differences in
electrophoretic mobility were detected between different iso-
lates. Also, differences were detected by RFLP and Ca3 probe
fingerprinting for isolate D.1.6 that may represent a substrain
or variant of the same strain.

Northern blot analysis of isolates from this patient (Fig. 8)
revealed strong baseline expression of MDR1 and, to a lesser
extent, CDR1 for isolate D.1.2, susceptible to fluconazole
(MIC, 0.5 mg/ml). Isolate D.1.4 (fluconazole MIC, 2 mg/ml)
showed a low level of expression of MDR1 and levels of CDR
genes below the detection limits. In contrast, increased mes-
sage for CDR1 only was detected in isolate D.1.6 (fluconazole
MIC, 0.25 mg/ml). All isolates recovered during the second
OPC episode (D.2.1, D.2.2, and D.2.3; fluconazole MICs, 16, 1,
and 8 mg/ml, respectively) expressed MDR1, with increased
expression correlating with increasing MICs. For these three
isolates, levels of expression of CDR genes were below the
detection limit. On the other hand, both dose-dependent sus-
ceptible isolates recovered during the third episodes (isolates

D.3.3 and D.3.4; fluconazole MICs, 16 mg/ml) showed similar
levels of overexpression of CDR genes, including CDR1 and
CDR2, but negligible levels of MDR1. Analysis of isolate D.3.1
(fluconazole MIC, 2 mg/ml) revealed moderate levels of ex-
pression of MDR1 but negligible message for CDR genes. Lev-
els of expression of ERG11 varied slightly throughout the se-
ries. Of notice, ERG11 mRNA was almost undetectable for
isolate D.1.6 representing a strain variant. Overall, isolates
from this patient showed dominance of MDR1 overexpression
during initial episodes followed by higher levels of expression
of CDR genes in the final episode.

Antifungal susceptibility testing against a panel of antifun-
gal drugs. Antifungal susceptibility testing against amphoteri-
cin B, itraconazole, ketoconazole, voriconazole, SCH 56592,
and terbinafine was performed according to NCCLS method
M-27A by using a broth microdilution technique and reading
of endpoints at 48 h. Table 5 shows MICs of the different
antifungal agents for the 36 isolates (3 isolates per episode
from the four different patients) included in the study of gene
expression. Two laboratory strains were used as controls. Iso-
lates were all susceptible to amphotericin B (48-h MIC range,
0.125 to 0.25 mg/ml). Levels of susceptibility to other azole
derivatives varied among the different isolates and often par-
alleled increases in MICs of fluconazole, especially in those
isolates demonstrating overexpression of CDR genes. Al-

FIG. 6. Northern blot analysis of total RNA from obtained from multiple C.
albicans clinical isolates recovered from each of three serial episodes of OPC in
patient C. The membranes were probed with ERG11, MDR1, a nonspecific probe
for CDR genes, and probes specific for CDR1 and CDR2. The bottom panel
shows amounts of 18S rRNA used to standardize signal levels according to lane
loading parameters. Fluconazole (FLU) MICs are shown at the top (micrograms
per milliliter).

TABLE 4. Fluconazole MICs for multiple C. albicans isolates
recovered from three serial episodes of OPC from patient D

Isolate Fluconazole MIC
(mg/ml)

Episode 1
D.1.1 ....................................................................................... 2
D.1.2 ....................................................................................... 0.5
D.1.3 ....................................................................................... 2
D.1.4 ....................................................................................... 2
D.1.5 ....................................................................................... 0.5
D.1.6 ....................................................................................... 0.25

Geometric mean ................................................................... 0.9

Episode 2
D.2.1 ....................................................................................... 16
D.2.2 ....................................................................................... 1
D.2.3 ....................................................................................... 8
D.2.4 ....................................................................................... 2
D.2.5 ....................................................................................... 2
D.2.6 ....................................................................................... 0.5
D.2.7 ....................................................................................... 8
D.2.8 ....................................................................................... 1
D.2.9 ....................................................................................... 2
D.2.10 ..................................................................................... 1
D.2.11 ..................................................................................... 1
D.2.12 ..................................................................................... 2

Geometric mean ................................................................... 2.1

Episode 3
D.3.1 ....................................................................................... 2
D.3.2 ....................................................................................... 8
D.3.3 ....................................................................................... 16
D.3.4 ....................................................................................... 16
D.3.5 ....................................................................................... 1
D.3.6 ....................................................................................... 8

Geometric mean ................................................................... 5.7
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though several isolates displayed somewhat decreased suscep-
tibilities to a given azole derivative, the MICs obtained were
not high enough to be considered resistant according to cur-
rently accepted interpretative breakpoints (13, 22). Interpreta-
tive criteria have not been defined for the investigational azole
derivatives voriconazole and SCH 56592. The ranges of MICs
of terbinafine were 0.5 to .2 mg/ml.

DISCUSSION

Recent studies have demonstrated the multifactorial nature
of resistance. Antifungal resistance may result from replace-
ment of a susceptible strain by a more resistant isolate or by the
development of resistance in the original strain mediated by
multiple mechanisms at the molecular level. The use of a novel
agar dilution screening technique developed by our group (14,
15) increases detection of subpopulations of yeasts at the time
of initial isolation based on the different susceptibilities of
individual colonies to the antifungal agent, thus allowing a
comprehensive assessment of the epidemiology of resistance.
By using this technique for initial sampling of oral rinses and
swabs, it was obvious that different colonies present in the
plates differed in their susceptibilities to the antifungal agent,
confirming previous results by our group and others (14, 15, 30,
31). These differences were further confirmed by susceptibility
testing by the NCCLS standard methodology (Tables 1 to 4).
Susceptibility tests revealed 8-fold or larger (up to 32-fold)
differences in fluconazole MICs for isolates recovered at the
same time point in 7 of 12 OPC episodes in four patients. In
general, discrepancies up to two tube dilutions are considered

“acceptable” when performing standardized antifungal suscep-
tibility testing according to NCCLS methodologies (16). Thus,
eightfold or larger differences should be considered highly
significant.

Investigation of strain identity by a combination of DNA
typing techniques revealed that in all four patients studied,
development of resistance occurred in a single, persistent
strain. Of note, in patient A, a highly resistant isolate recov-
ered during the second episode (isolate A.2.1) showed karyo-
typing and RFLP patterns different from those of all other
isolates from the same patient (Fig. 1A and B). However, the
fact that this isolate displayed exactly the same Ca3 fingerprint-
ing pattern as those of all other isolates (Fig. 1C) suggests that
it may represent a substrain or a strain variant rather than a
completely different strain of C. albicans. One would expect
that this resistant substrain should be selected over the more
prevalent but less resistant population of yeasts, as has been
described previously (38). However, representatives of this
substrain were not further recovered, but rather development
of high levels of resistance occurred in the more prevalent (but
more susceptible) strain. This could be an indication that de-
velopment of resistance may not always confer an ecological
advantage, as suggested by the fact that some highly resistant
isolates demonstrate decreased virulence in vivo (5).

We have previously demonstrated a high degree of complex-
ity in the molecular mechanisms responsible for the develop-
ment of fluconazole resistance with five distinct patterns of
gene expression associated with the development of flucon-
azole resistance in serial C. albicans isolates from five different

FIG. 7. Karyotype (A), RFLP analysis generated by digestion with SfiI of
genomic DNA (B), and fingerprinting analysis with the moderately repetitive
probe Ca3 (C) of representative C. albicans clinical isolates recovered from three
OPC episodes from patient D. Fluconazole (FLU) MICs are shown at the top
(micrograms per milliliter).

FIG. 8. Northern-blot analysis of total RNA from obtained from multiple C.
albicans clinical isolates recovered from each of three serial episodes of OPC in
patient D. The membranes were probed with ERG11, MDR1, a nonspecific probe
for CDR genes, and probes specific for CDR1 and CDR2. The bottom panel
shows amounts of 18S rRNA used to standardize signal levels according to lane
loading parameters. Fluconazole (FLU) MICs are shown at the top (micrograms
per milliliter).
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HIV-infected patients with OPC (10). The present study pro-
vides evidence for an additional level of complexity in the
molecular mechanisms of fluconazole resistance, as demon-
strated by differences in expression of genes implicated in the
development of fluconazole resistance (ERG11, MDR1, CDR1,
and CDR2) within isolates recovered at the same time point
from the same OPC episode and from the same patient. This
analysis revealed that isolates obtained from the same patient
and episode were heterogeneous in their patterns of expression
of these genes. As shown in Table 5, in general, high levels of
mRNA for CDR genes correlated with decreased susceptibili-
ties to other azole derivatives (i.e., isolates A.3.1 and A.3.2
from patient A). Isolates D.2.1 and D.2.3 showed overexpres-
sion of MDR1 only, and although their susceptibilities to itra-
conazole and SCH 56592 were unchanged (as expected, since
fluconazole is the only substrate for Mdr1p), the MICs of
ketoconazole (both isolates) and voriconazole (isolate D.2.1
only) for them were slightly elevated. Thus, since the present

study is limited to the study of expression of these set of genes
implicated in the development of fluconazole resistance, and
since levels of gene expression did not always parallel the
MICs, it should be noted that other mechanisms (changes in
the ergosterol biosynthesis pathway, point mutations in the
gene coding for the target enzyme for azole derivatives, and
other yet uncharacterized resistance mechanisms) may be op-
erational in these series of isolates, which may contribute to
the overall decrease in susceptibility.

It is not clear how this high degree of phenotypic heteroge-
neity originates in an apparently homogeneous population of
yeasts (as indicated by typing techniques). In the case of ge-
notypic microheterogeneities described by some authors, the
most likely explanation was that these microheterogeneities
arise due to physical or functional separation of two popula-
tions (8). In this regard, although the oral cavity is many times
considered a uniform environment, in truth, its great anatom-
ical diversity results in the presence of several habitats, each of

TABLE 5. Antifungal susceptibilities of multiple C. albicans isolates from each of three episodes of OPC from four HIV-infected patientsa

Patient isolate
MIC (mg/ml)

Fluconazoleb Itraconazole Ketoconazole Voriconazole SCH 56592 Amphotericin B Terbinafine

A
A.1.1 0.5 ,0.015 0.06 ,0.125 ,0.015 0.25 .2
A.1.4 0.5 ,0.015 0.06 ,0.125 ,0.015 0.25 .2
A.1.7 0.5 ,0.015 0.06 ,0.125 ,0.015 0.25 .2
A.2.1 128 ,0.015 0.06 ,0.125 ,0.015 0.25 .2
A.2.2 8 0.125 0.25 ,0.125 0.125 0.25 .2
A.2.3 8 0.125 0.25 0.25 0.125 0.25 .2
A.3.1 128 0.125 0.25 ,0.125 0.125 0.25 .2
A.3.2 32 0.125 0.25 0.25 0.125 0.25 .2
A.3.3 16 ,0.015 0.06 ,0.125 ,0.015 0.125 .2

B
B.1.1 0.25 ,0.015 0.06 ,0.125 ,0.015 0.25 .2
B.1.2 0.5 ,0.015 0.06 ,0.125 ,0.015 0.125 .2
B.1.5 4 ,0.015 0.25 ,0.125 ,0.015 0.25 .2
B.2.2 8 ,0.015 0.25 ,0.125 ,0.015 0.25 .2
B.2.4 4 ,0.015 0.25 ,0.125 ,0.015 0.25 .2
B.2.5 8 0.06 0.125 ,0.125 0.06 0.25 .2
B.3.1 16 0.06 0.125 ,0.125 0.06 0.25 .2
B.3.4 4 ,0.015 0.06 ,0.125 ,0.015 0.25 .2
B.3.5 16 0.06 0.25 ,0.125 0.06 0.25 .2

C
C.1.3 4 ,0.015 0.25 ,0.125 ,0.015 0.25 .2
C.1.5 16 0.25 0.5 0.25 0.25 0.25 .2
C.1.10 16 0.125 0.25 ,0.125 0.06 0.25 .2
C.2.1 16 0.06 0.25 ,0.125 0.06 0.25 .2
C.2.4 4 ,0.015 0.25 ,0.125 0.06 0.25 .2
C.2.8 8 0.125 0.25 ,0.125 ,0.015 0.25 .2
C.3.1 4 ,0.015 0.25 ,0.125 ,0.015 0.25 .2
C.3.2 32 ,0.015 0.25 ,0.125 ,0.015 0.25 .2
C.3.4 64 ,0.015 0.25 ,0.125 0.06 0.25 .2

D
D.1.2 0.5 ,0.015 0.06 ,0.125 ,0.015 0.25 2
D.1.4 2 ,0.015 0.06 ,0.125 ,0.015 0.25 0.5
D.1.6 0.25 ,0.015 0.06 ,0.125 ,0.015 0.25 1
D.2.1 16 ,0.015 0.25 0.25 0.03 0.25 1
D.2.2 1 ,0.015 0.06 ,0.125 ,0.015 0.125 2
D.2.3 8 ,0.015 0.25 ,0.125 ,0.015 0.25 1
D.3.1 2 ,0.015 0.25 ,0.125 ,0.015 0.125 .2
D.3.3 16 0.125 0.25 0.25 0.125 0.125 .2
D.3.4 16 0.125 0.25 0.25 0.125 0.125 .2

a Susceptibility was tested with the panel of antifungal drugs shown by a broth microdilution method and by reading of endpoints at 48 h, except as noted.
b Fluconazole results are from a broth macrodilution method.
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them characterized by different physicochemical properties
(11). Thus, subpopulations of yeast in each of these mi-
croniches may evolve differently not only genotypically, but
also phenotypically in trying to adapt to a particular micro-
habitat. Also unknown are the factors (related to the organism,
the host, and the environment) affecting patterns of gene ex-
pression associated with resistance. For example, levels of an-
tifungal drug attained in each of these diverse microniches in
the oral cavity may be different and may result in different
degrees of antifungal pressure and ultimately lead to micro-
heterogeneity in patterns of expression of genes associated
with development of resistance, as observed in this study.
Other factors that could influence gene expression include host
defense mechanisms and the microbiota occupying the same
ecological niche (11).

Overall, this report shows that C. albicans isolates obtained
from the same patient and episode were phenotypically heter-
ogeneous in their susceptibilities to fluconazole and in their
patterns of expression of certain genes involved in resistance to
this antifungal agent. These results further demonstrate the
complexity of the distribution of the molecular mechanisms of
antifungal drug resistance and indicate that different subpopu-
lations of yeasts may coexist at a given time in the oral cavity
of the same patient and may develop resistance through dif-
ferent mechanisms.
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