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The sterol 14-demethylase P450 (CYP51) of a fluconazole-resistant isolate of Candida albicans, DUMC136,
showed reduced susceptibility to this azole but with little change in its catalytic activity. Twelve nucleotide
substitutions, resulting in four amino acid changes, were identified in the DUMC136 CYP51 gene in compar-
ison with a reported CYP51 sequence from a wild-type, fluconazole-susceptible C. albicans strain. Seven of these
substitutions, including all of those causing amino acid changes, were located within a region covering one of
the putative substrate recognition sites of the enzyme (SRS-1). Polymorphisms within this region were
observed in several C. albicans isolates, and some were found to be CYP51 heterozygotes. Among the amino acid
changes occurring in this region, only an alteration of Y132 was common among these fluconazole-resistant
isolates, which suggests the importance of this residue to the fluconazole resistance of the target enzyme.
DUMC136 and another fluconazole-resistant isolate were homozygotes with respect to CYP51, although the
typical wild-type, fluconazole-susceptible C. albicans was a CYP51 heterozygote. These findings suggest that
part of the fluconazole-resistant phenotype of C. albicans DUMC136 was acquired through a mutation-prone
area of CYP51, an area which might promote the formation of fluconazole-resistant CYP51, along with a
mechanism(s) which allows the formation of a homozygote of this altered CYP51 in this diploid pathogenic
yeast.

Candida albicans is one of the major pathogenic fungi caus-
ing systemic infection among immunocompromised hosts.
Azole antifungal agents, such as fluconazole and itraconazole,
are commonly prescribed to treat systemic and mucocutaneous
candidiasis. However, emergence of fluconazole-resistant C.
albicans strains in patients receiving triazole treatment has
become a serious problem, particularly in the treatment of oral
candidiasis in AIDS patients (15, 23, 24).

Fluconazole resistance has been proposed to occur through
several mechanisms: (i) failure of cells to accumulate the agent
(1, 4, 27); (ii) alteration of the ergosterol biosynthetic pathway
through a defect in sterol D5,6-desaturase (16); (iii) an increase
in the cellular content of sterol 14-demethylase P450 (CYP51),
the primary target of the azole (30); and (iv) a decrease in the
affinity of CYP51 for fluconazole (19, 26, 31). It has now been
shown that these distinct mechanisms can develop in single
Candida isolates in a stepwise process over the period of an-
tifungal treatment (30). The most common mechanism of
azole resistance appears to involve the enhancement of efflux
pumps that remove azole compounds from the cytoplasm (1, 4,
27). Expression of the multidrug efflux transporters of the
ATP-binding cassette superfamily, such as CDR1, and of the
major facilitator class, such as MDR1, has been frequently
reported in fluconazole-resistant strains. Also, alterations in
the cell membrane through changes in sterol and/or lipid con-

tent (12) or formation of a biofilm (11) may confer azole
resistance.

The importance of alteration of the affinity of CYP51 for
azoles due to some mutations as a mechanism of drug resis-
tance has been deduced from the fact that mutations in peni-
cillin-binding proteins and DNA gyrase have largely dimin-
ished the efficacies of b-lactam antibiotics and new quinolones,
respectively, in antibacterial chemotherapy (13, 25). Alter-
ations of CYP51 can have further implications with regard to
the development of newer azoles. For instance, it was shown
that an artificial mutation in CYP51 reduced both its azole
susceptibility and catalytic activity (18). Genetic alterations of
CYP51 were also reported in fluconazole-resistant clinical iso-
lates of C. albicans (19, 26, 31). However, there have been few
systematic studies of both the biochemistry and molecular bi-
ology of CYP51 in clinical isolates of azole-resistant C. albi-
cans. This paper examines biochemical and molecular biolog-
ical studies of CYP51 from fluconazole-resistant strains of C.
albicans isolated from AIDS patients receiving long-term flu-
conazole therapy. The strains were found to be homozygous
for an altered CYP51 gene, and the encoded enzyme exhibited
a low affinity for fluconazole but normal sterol 14-demethylase
activity.

MATERIALS AND METHODS

Azole-resistant isolates of C. albicans. The fluconazole-resistant C. albicans
DUMC136 and S78941 were isolated at Duke University Medical Center from
two AIDS patients who had received either 3 months of continuous fluconazole
therapy or approximately 3 years of intermittent azole therapy, respectively, for
mucosal candidiasis. C. albicans ATCC 90028, which is recommended for use as
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the quality control strain for determining MICs of azole compounds (20), was
obtained from the American Type Culture Collection.

Chemicals. Fluconazole was extracted from a commercially available intrave-
nous-injection material (a product of Pfizer, Tokyo, Japan) and purified. Other
chemicals used in this study were obtained commercially.

Fluconazole susceptibility testing of C. albicans strains. MICs of fluconazole
for C. albicans strains were determined by the agar dilution method, using RPMI
1640 medium (Gibco) with 0.7% agar as reported previously (32). Results ob-
tained by this assay were comparable to those of studies performed according to
National Committee for Clinical Laboratory Standards criteria (32).

Preparation of C. albicans microsomes. C. albicans was grown at 30°C for 15 h
in Sabouraud dextrose broth (Difco). Collected and washed cells were suspended
in 0.65 M sorbitol and disrupted with a French press. The cell homogenate was
centrifuged successively at 5,000 3 g for 20 min and 120,000 3 g for 90 min. The
precipitate obtained after the second centrifugation was suspended in 0.1 M
potassium phosphate buffer (pH 7.4) containing 0.1 mM EDTA to give a protein
concentration of 50 mg/ml of microsomes.

Lanosterol 14-demethylase assay. Lanosterol 14-demethylase activity was as-
sayed by the method of Aoyama et al. (3). Briefly, 2 ml of a reaction mixture
containing 3 to 5 mg of microsomal protein/ml, 23.5 nmol of lanosterol/ml, and
an NADPH generator in 0.1 M potassium phosphate buffer (pH 7.4) was incu-
bated aerobically at 30°C. After saponification with 5 ml of 10% (wt/vol) KOH
in methanol at 80°C for 60 min, nonsaponifiable lipids were extracted with
petroleum ether and the lanosterol fraction was separated by thin-layer chroma-
tography. This lanosterol fraction was extracted, trimethylsilylated, and analyzed
by gas-liquid chromatography. The 14-demethylase activity was calculated from
the chromatographically determined conversion ratio and the initial amount of
the substrate.

Measurement of ergosterol biosynthesis by cell homogenate. Incorporation of
[14C]mevalonic acid into ergosterol by the cell homogenates was determined by
a previously described method (5). Briefly, 4 mg of protein from a cell homog-
enate was incubated aerobically at 37°C for 60 min with 0.25 mCi of [14C]meva-
lonic acid (40 mCi/mmol; Amersham) and an NADPH generator in 0.5 ml of 0.1
M potassium phosphate buffer (pH 7.4). After saponification with 1 ml of 2.7 M
KOH in 90% (vol/vol) methanol at 80°C for 60 min, the nonsaponifiable lipids
were extracted and analyzed by thin-layer chromatography. The radioactivity
incorporated into sterols was measured by autoradiography.

Determination of P450 and sterol contents. The P450 content of the micro-
somes was determined spectrophotometrically by the method of Omura and Sato
(21). The sterol content of the yeast cells was determined as follows. Cells
corresponding to 140 mg of the dry weight were suspended in 2 ml of 0.1 M
potassium phosphate buffer (pH 7.4) and saponified with 5 ml of 10% KOH in
methanol at 80°C for 2.5 h. Sterols were extracted from the saponified mixture,
trimethylsilylated, and analyzed by gas-liquid chromatography with cholesterol as
the internal standard.

Cloning and nucleotide sequencing of CYP51. DNA fragments covering the
coding region for CYP51 (17) were cloned by PCR. A sense primer, Um87
(59-AGGGAATTCAATCGTTATTC-39), and an antisense primer, D1625 (59-
CAATCAGAACACTGAATCGA-39), were used for amplification of the CYP51
genes of C. albicans ATCC 90028 and S78941. The CYP51 gene of C. albicans
DUMC136 was amplified as two partially overlapping fragments. A sense
(Um15; 59-AGATCATAACTCAATATGGC-39) and an antisense (D938; 59-G
CAGAAGTATGTTGACCACC-39) primer pair was used for amplifying the
upstream fragment, and another sense (U639; 59-TGACCGTTCATTTGCTCA
AC-39) and antisense (D1625) primer pair was used for amplifying the down-
stream fragment. The PCR products were ligated into SmaI-cut pBluescript II
SK(1) vector (Stratagene) and transformed into competent Escherichia coli
XL1-Blue cells (Stratagene). Sequencing was carried out with an ABI Prism Dye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer). Sequencing
was performed in triplicate with three independent clones.

Restriction fragment length polymorphism (RFLP) analysis. A 673-bp frag-
ment covering the potential polymorphic region (see Fig. 3) of CYP51 was
prepared from genomic DNAs of various C. albicans isolates (see Table 4) by
PCR with primers Um15 and D658 (59-GTTGAGCAAATGAACGGTCA-39).
The PCR products were digested overnight at 37°C with AfaI, HindIII, XbaI, or
RcaI. The digested fragments were then subjected to electrophoresis in a 1.5%
agarose gel.

Nucleotide sequence accession numbers. The nucleotide sequences of the C.
albicans DUMC136 and S78941 CYP51 genes and the ATCC 90028-2 CYP51
allele have been deposited in the GenBank, EMBL, and DDBJ databases under
accession no. AB006855, AB006856, and AB006854, respectively.

RESULTS

Biochemical characterization of novel fluconazole-resistant
isolates of C. albicans strains. The MICs of fluconazole for two
novel clinical isolates of C. albicans, DUMC136 and S78941,
were more than 125 times higher than that for a fluconazole-
susceptible standard strain of C. albicans, ATCC 90028 (Table
1). The 50% inhibitory concentrations (IC50s) of fluconazole

for in vitro ergosterol synthesis by the cell-free preparations of
DUMC136 and S78941 were more than 20 times higher than
that for ATCC 90028 (Table 1). Since fluconazole inhibits
ergosterol synthesis at the CYP51-catalyzed 14-demethylation
step, these observations suggested that the reduced flucon-
azole susceptibility of the CYP51s of DUMC136 and S78941
was in part due to the inability of fluconazole to efficiently
interact with CYP51.

To obtain further information, the lanosterol demethylase
activities of DUMC136 and ATCC 90028 microsomes were
compared. The IC50 of fluconazole for the demethylase activity
of DUMC136 microsomes was about 10 times higher than that
for the ATCC 90028 microsomes. The specific activity of the
lanosterol 14-demethylase of DUMC136 microsomes was
found to be lower than that of the ATCC 90028 microsomes.
However, when these activities were calibrated with the P450
contents, no significant difference was observed because of the
low P450 content of the DUMC136 microsomes (Table 2).
These observations indicated that the catalytic activity retained
by CYP51 of DUMC136 was comparable to that of the wild-
type enzyme in spite of the low overall activity. The reason for
the low overall activity of CYP51 in DUMC136 may be either
a low expression level or the instability of this enzyme.

DUMC136 grew normally in the absence of fluconazole
(data not shown), and the ergosterol content of DUMC136
cells was comparable to that of ATCC 90028 cells (Table 3).
Therefore, the level of CYP51 in DUMC136 microsomes ap-
peared to be sufficient for the production of normal amounts of
ergosterol by this strain.

A significant amount of 24-methylene-24,25-dihydrolanos-
terol was also detected in DUMC136 cells, though it was not
detected in ATCC 90028 cells (Table 3). This observation
suggests that in DUMC136 a part of the lanosterol is metab-
olized through 24-transmethylation prior to the 14-demethyl-

TABLE 1. MICs and IC50s of fluconazole for ergosterol
biosynthesis in cell lysates of C. albicans ATCC 90028,

DUMC136, and S78941

Strain MIC (mM) IC50 on incorporation of
[14C]mevalonic acida (nM)

ATCC 90028 1.6 16
DUMC136 .200 520
S78941 .200 370

a The concentration of fluconazole causing 50% inhibition of incorporation of
[14C]mevalonic acid into ergosterol in the cell lysate.

TABLE 2. IC50s of fluconazole for the lanosterol 14-demethylase
activity, lanosterol 14-demethylase activity, and P450 contents of the

C. albicans ATCC 90028 and DUMC136 microsomes

Strain

IC50 of
fluconazole

on lanosterol
14-demethylationa

(nM)

Demethylase activityb P450
contentc

(pmol/
mg of

protein)
pmol/min/mg

of protein
pmol/min/pmol

of P450

ATCC 90028 50 51 4.0 13
DUMC136 490 8.7 3.1 2.9

a The concentration of fluconazole resulting in 50% inhibition of lanosterol
14-demethylase activity.

b Lanosterol 14-demethylase activity was assayed according to the method of
Aoyama et al. (3).

c P450 content was determined from the carbon monoxide difference spectrum
of sodium dithionite-reduced microsomes by using Dε450–490 5 91 mM21 cm21

(21).
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ation, whereas in the wild-type strain most of the lanosterol
first undergoes the 14-demethylation (Fig. 1). Although nei-
ther the exact reason for nor the specific consequence of this
shunt is yet known, the decreased 14-demethylation rate due to
the reduced level of P450 in DUMC136 or the slight modifi-
cation of the substrate specificity of the DUMC136 CYP51 due
to some structural alteration is a possible explanation.

Nucleotide substitutions occurring in the CYP51 gene of
fluconazole-resistant C. albicans, and their resulting amino
acid substitutions. The nucleotide sequence of the cloned
DUMC136 CYP51 gene was determined (GenBank/EMBL/
DDBJ accession no. AB006855) and compared with a previ-
ously reported standard (17) (GenBank/EMBL accession no.
X13296). Twelve nucleotide substitutions, resulting in four
amino acid changes (shown in parentheses)—T315C (replace-
ment of the thymine at position 315 by cytosine), T348A
(D116E), A357G, A383C (K128T), T394C (Y132H), C411T,
T433C (F145L), C658T, A1020G, C1110T, A1440G, and
T1470C—were identified. (The first nucleotide of the initiation

codon, which corresponds to nucleotide 148 of the reported
sequence [17], has been denoted nucleotide 1.) Two different
CYP51 sequences were identified in the ATCC 90028 genome;
one of them, called the ATCC 90028-1 gene in this paper, was
identical to the originally reported sequence (17), and the
other, called the ATCC 90028-2 gene was a novel sequence
(GenBank/EMBL/DDBJ accession no. AB006854). The
ATCC 90028-2 gene sequence had 10 nucleotide differences
from the reported sequence (17) and that of the ATCC
90028-1 gene, and all of these substitutions were included in
the above-mentioned 12 nucleotide substitutions found in
DUMC136 CYP51. CYP51 of DUMC136 had two unique nu-
cleotide substitutions resulting in amino acid changes, T394C
(Y132H) and T433C (F145L), compared to the ATCC 90028-2
gene sequence.

Seven of the 12 nucleotide substitutions, including all of
those causing amino acid changes, occurred in the 119-nucle-
otide-long span (T315C to T433C) within the 1,584-nucleotide-
long encoding sequence. Figure 2 represents the alignment of
nucleotide (and resulting amino acid) sequences including the
variable region of CYP51 from ATCC 90028 (genes ATCC
90028-1 and ATCC 90028-2), DUMC136, and S78941. As
shown in Fig. 2, this region includes one of the putative sub-
strate recognition sites of CYP51, named SRS-1 (2), and a
unique amino acid residue, Y132, which was commonly
changed in both the DUMC136 and S78941 CYP51s. Y132
exists within SRS-1. Since Y132 is one of the highly conserved
residues of CYP51 (2), its replacement by another amino acid
may affect its recognition by compounds that interact with its
active site. Replacement of Y132 has been reported for an-
other fluconazole-resistant isolate of C. albicans (26). There-
fore, replacement of Y132 may make an important contribu-
tion to the reduction of fluconazole susceptibility at the CYP51
locus.

Polymorphisms of C. albicans CYP51 around SRS-1. Se-
quence alignments indicate that the nucleotide substitution
occurring in the ATCC 90028-2 gene and CYP51 genes of
DUMC136 and S78941, respectively, introduced a few restric-
tion sites, resulting in a characteristic RFLP pattern for this
region (Fig. 3A).

PCR products (673 bp; nucleotide positions 215 to 658)
covering this polymorphic region were prepared from genomic
DNAs of ATCC 90028 and DUMC136, and RFLP analysis was
performed with AfaI and RcaI. The 673-bp PCR product from
the genomic DNA of ATCC 90028 gave three fragments, in-
cluding the originally sized PCR product, after digestion with
AfaI (Fig. 3B, panel a, lane 3). AfaI cleaves only the ATCC
90028-2 gene sequence (Fig. 3A), and this indicates that ATCC
90028 is a heterozygote having ATCC 90028-1 and -2 genes. In
contrast, AfaI digestion of the comparable PCR product from
the DUMC136 genomic DNA gave only two fragments, and no
673-bp band was observed (Fig. 3B, panel a, lane 4 to 6),
indicating the absence of the ATCC 90028-1 gene sequence in
the DUMC136 genome. DUMC136 CYP51 has two RcaI sites,
but the ATCC 90028-1 and -2 genes each have only one RcaI
site (Fig. 3A). The PCR product from DUMC136 genomic
DNA was completely cleaved into three fragments by RcaI,
and no 358-bp fragment, which was found in the ATCC
90028-1 or -2 gene sequence, was observed (Fig. 3B, panel b).
These results clearly indicate that the complete sequence of
neither the ATCC 90028-1 nor the ATCC 90028-2 gene is
present in the DUMC136 genome. It is concluded that
DUMC136 is a homozygote with the altered CYP51.

Table 4 is a summary of results of RFLP analysis of the
673-bp PCR products from 13 independent clinical isolates of
C. albicans, obtained by HindIII, AfaI, and XbaI digestion.

FIG. 1. Biosynthetic pathway for ergosterol in C. albicans. Note that two
alternative pathways for conversion of lanosterol to fecosterol exist. Abbrevia-
tions: 4,4-DZ, 4,4-dimethylzymosterol; 24-Methylene DHL, 24-methylene-24,25-
dihydrolanosterol; 4,4-DF, 4,4-dimethylfecosterol.

TABLE 3. Sterol contents of C. albicans ATCC 90028
and DUMC136

Strain
Sterol content (pmol/mg of dry cells)a

Lanosterol 24-Methylene DHLb Ergosterol

ATCC 90028 91 NDc 1,200
DUMC136 80 6.2 1,300

a The amount of sterol was determined by gas chromatography, using choles-
terol as the internal standard.

b 24-Methylene DHL, 24-methylene-24,25-dihydrolanosterol.
c ND, not detectable.
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These results show that genetic polymorphism at this site is
generally observed among natural isolates of C. albicans.
Among the isolates tested, DUMC136 and S78941 were highly
fluconazole resistant (MICs, .200 mM) and CA6 and CA7
were moderately fluconazole resistant (MICs, 26 and 6.6 mM,
respectively), and they are all homozygotes with this allele. In
contrast, four heterozygous strains, including ATCC 90028,
had considerably lower fluconazole MICs (,2 mM).

DISCUSSION

A fluconazole-resistant strain of C. albicans, DUMC136,
contained an altered CYP51 protein that showed a reduced
affinity for fluconazole but demonstrated normal catalytic ac-
tivity (Table 2). Although the CYP51 level in DUMC136 cells
was lower than that of a fluconazole-susceptible strain, ATCC
90028, DUMC136 grew normally and produced ergosterol in
amounts similar to those produced by strain ATCC 90028
(Table 3). Reduced activity of CYP51 would actually be con-
sidered a disadvantage for surviving in the presence of azoles,
but DUMC136 was highly resistant to fluconazole. A shunt via
24-methylene-24,25-dihydrolanosterol, which is found in
DUMC136, can increase ergosterol synthesis and may be rel-
evant to the observed fluconazole resistance. Thus, our lines of
evidence suggest that the reduced affinity of DUMC136
CYP51 for fluconazole effectively contributed to the flucon-
azole-resistant phenotype of this strain. However, this may not
be the sole mechanism of its fluconazole resistance, because
the difference in the fluconazole MICs for ATCC 90028 and

DUMC136 was even greater than the difference in their IC50s
for CYP51 activity. The most probable additional explanation
for this observation is the enhancement of efflux pumps in this
strain, such as the ATP-binding cassette transporter, which
have been accepted as the most general mechanism for azole
resistance among the pathogenic fungi (1, 4, 27).

Nucleotide sequence analysis of the CYP51 gene of
DUMC136 revealed 12 nucleotide substitutions compared to
the standard C. albicans CYP51 gene sequence (17). However,
it was found that DUMC136 CYP51 had a much higher degree
of similarity to the newly identified allele of CYP51 called the
ATCC 90028-2 gene. Only two nucleotide differences resulting
in amino acid changes (Y132H and F145L) were identified
between DUMC136 CYP51 and the ATCC 90028-2 gene (Fig.
2). These findings strongly suggest that a CYP51 gene having a
sequence that is either the same as or very similar to that of the
ATCC 90028-2 gene is a close ancestor of DUMC136 CYP51
and that the amino acid changes may contribute to the reduced
susceptibility of DUMC136 CYP51 to fluconazole. One of the
residues, Y132, which is highly conserved among fungal and
animal CYP51s and is included in a putative substrate recog-
nition site named SRS-1 (2), was replaced in DUMC136
CYP51. Substitution at Y132 was also found in the CYP51
proteins of another fluconazole-resistant isolate, S78941 (Fig.
2), and a strain reported by Sanglard et al. (26), suggesting a
critical role for this residue in the fluconazole susceptibility of
CYP51. Since azole antifungal agents interact with the sub-
strate-binding site of CYP51 (33, 34), mutations occurring in

FIG. 2. The nucleotide (and deduced amino acid) sequence of the highly substituted region observed in CYP51 clones from wild-type C. albicans ATCC 90028 and
fluconazole-resistant C. albicans isolates DUMC136 and S78941. The nucleotides and corresponding amino acids of the ATCC 90028-1 allele which are identical to
those of the reported C. albicans CYP51 sequences (17) are fully indicated, and only substituted nucleotides and amino acids are shown for ATCC 90028, DUMC136,
and S78941. The underlined region is one of the putative substrate recognition sites of CYP51, named SRS-1 (2). Dashes indicate amino acids identical to those of the
ATCC 90028-1, and dots indicate nucleotides identical to those of the ATCC 90028-1 gene.
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such substrate recognition sites will probably affect the azole
susceptibility of the enzyme. Lamb et al. (18) and White (31)
reported that the T315A mutation in SRS-4 and the R467K
mutation in SRS-6, respectively, were involved in azole resis-
tance of C. albicans, and Délye et al. (6) inferred that the
F136Y mutation in SRS-1 caused the triadimenol resistance of
Uncinula necator, a plant pathogen. A considerable number of
nucleotide substitutions and polymorphisms were observed
around SRS-1 of C. albicans CYP51 (Fig. 2 and 3 and Table 4).
This fact suggests that the substrate recognition site is muta-
tion prone, as is the case in the CYP2 family (9). Amino acid
changes in the substrate recognition site could impair the cat-
alytic activity of the enzyme. A mutation that impairs the
catalytic activity of the enzyme will be unfavorable for cellular
growth and thus may be eliminated from the infectious popu-
lation. In fact, the above-mentioned T315A mutation was re-
ported to reduce both catalytic activity and fluconazole suscep-
tibility (18). In contrast, the mutation occurring within SRS-1
of DUMC136 CYP51 reduced fluconazole susceptibility with-
out significantly changing the enzyme activity, and such alter-
ations appear to be selected in fluconazole-containing environ-
ments.

In diploid C. albicans, a mutation occurring on one allele
may not appear as a phenotype unless it becomes dominant.
The CYP51 level in DUMC136 was one-fifth the level in the

FIG. 3. RFLPs observed on the 673-bp PCR products from the CYP51 genes of ATCC 90028 and DUMC136. (A) The restriction maps of the 673-bp PCR products
(nucleotide positions 215 to 658) from the alleles encoding ATCC 90028-1 and ATCC 90028-2 and from the DUMC136 CYP51 gene. (B) DNA fragments obtained
by digestion of the 673-bp PCR products with AfaI (a) or RcaI (b) are shown. The templates used for the PCR amplifications were as follows: lane 1, the cloned ATCC
90028-1 DNA; lane 2, the cloned ATCC 90028-2 DNA; lane 3, whole genomic DNA of C. albicans ATCC 90028; lane 4 to 6, whole genomic DNA of three independent
colonies of C. albicans DUMC136. Lane M is the DNA size marker (BglII- and HinfI-digested pBR328).

TABLE 4. Polymorphisms observed around SRS-1
of C. albicans CYP51

Template DNA
Restriction sitea Fluconazole

MIC (mM) for
the strainHindIII AfaI XbaI

Cloned ATCC 90028-1 A A A
Cloned ATCC 90028-2 P P P

DUMC136 genomic P P P .200
S78941 genomic P P P .200
ATCC 90028 genomic P/A P/A P/A 1.6
CA1 genomic P/A P/A P/A 0.8
CA2 genomic A A P/A 0.4
CA3 genomic A A P/A 0.4
CA4 genomic P A P 0.8
CA5 genomic P A P 1.6
CA6 genomic A A P 26
CA7 genomic A A P 6.6
CA8 genomic A A P 3.3
CA9 genomic A A P 0.8
CA10 genomic A A A 1.6

a The restriction sites of the 673-bp PCR products obtained from the indicated
templates were analyzed as described in the legend to Fig. 3. P, present; A,
absent; P/A, present on one allele and absent on another allele.
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wild-type strain ATCC 90028 (Table 2). The DUMC136
CYP51 gene was highly similar to the ATCC 90028-2 allele.
These results pose the possibility that the ATCC 90028-2 pro-
tein level is also low. If this is a case, a fluconazole resistance-
inducing mutation of CYP51 occurring on only one allele, such
as ATCC 90028-2 allele, may not significantly contribute to the
survival of this yeast in an environment containing fluconazole,
and only formation of the homozygote of the gene encoding
fluconazole-resistant CYP51 would be essential for survival in
a fluconazole-rich environment. For instance, DUMC136 and
another fluconazole-resistant isolate, S78941, were homozy-
gote with the altered CYP51 gene encoding fluconazole-resis-
tant CYP51. Fluconazole-resistant C. albicans strains reported
by White (31) and Franz et al. (8) were also CYP51 homozy-
gotes. These facts suggest that homozygosity for the gene en-
coding azole-resistant CYP51 is observed generally in azole-
resistant C. albicans.

In diploid cells, mutations usually occur randomly on each
allele and result in heterozygocity. It is generally considered
that meiosis and mating are included in the formation of a
homozygote for an altered gene. Frequent mitotic recombina-
tion and gene conversion are also possible mechanisms for
forming a homozygote. Since C. albicans is known as an in-
complete fungus, the occurrence of a sexual generation is un-
likely (22, 29), and mitotic recombination or gene conversion is
a more likely event in the formation of a CYP51 homozygote
in fluconazole-resistant C. albicans strains such as DUMC136.
Sexual processes, however, may not completely be excluded,
since sequences homologous to meiosis-related genes of Sac-
charomyces cerevisiae have been identified in C. albicans (7,
14), and several papers (7, 10, 28) have suggested the possibil-
ity of sexual reproduction of C. albicans.

In conclusion, we propose the following scenario for a pos-
sible mechanism for emergence of azole-resistant C. albicans in
azole-treated patients. The mutation-prone nature of a sub-
strate recognition site of CYP51 leads to the introduction of
mutations in one allele of CYP51, and a yeast that is a homozy-
gote with the gene encoding azole-resistant CYP51 is formed
and selected for survival under azole-rich environmental con-
ditions. Screening of azole-resistant yeast strains by RFLP
analysis of SRS-1 can be done to determine the magnitude of
emergence of azole-resistant C. albicans by this mechanism.
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