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The ERG3 gene in Candida albicans was identified as a gene whose mRNA level was higher in the cphl/cphl
efgl/efgl double mutant than in the wild-type cells. Further study showed that Efgl, but not Cphl, negatively
regulated ERG3. Mutations in EFGI consistently increased the susceptibility of the cells to antifungal agents.

Candida albicans is the most frequently isolated fungal
pathogen in humans and has caused morbidity in seriously
debilitated and immunocompromised hosts (2). The incidence
of drug resistance has increased with the increased usage of
antifungal agents (9, 14). However, the mechanisms of drug
resistance are not well-known. The cells of C. albicans can
switch from the unicellular yeast form into either one of the
two distinct filamentous forms, cells with pseudohyphae or
hyphae. Mutations in EFGI affect hyphal formation and also
reduce the virulence of C. albicans in a mouse model (5). Here
we show that in addition to virulence, Efgl is also involved in
drug resistance by negatively regulating ERG3 of the ergos-
terol biosynthesis pathway in C. albicans.

In this study, the wild-type strain (SC5314) (3) and the
cphl/cphl efgl/efgl double mutant (HLCS54) (5) of C. albicans
were harvested after the cells were incubated in medium con-
taining 10% serum at 37°C for 4 h. Total RNAs were then
isolated from the cells and subjected to suppression subtractive
hybridization (1). By this method, we obtained a total of 340
plasmids containing cDNA fragments of candidate genes
for which the levels of mRNA expression were higher in the
cphl/cphl efgl/efgl double mutant than in the wild-type strain.
The plasmids were then digested with Haelll, and their re-
striction patterns were analyzed by gel electrophoresis and
recorded by a charge-coupled device imaging system.

To facilitate categorization of the candidate genes, the re-
corded images were then subjected to analysis by an automatic
imaging-processing software system that converts each set of
restriction bands into a sequence of integers. Identical restric-
tion patterns produce the same sequence of integers. Repre-
sentative candidates from each category were sequenced and
compared to sequences in databases to reveal the identities of
the genes. Northern blotting and real-time PCR were then
used to determine the levels of expression of selected candi-
dates in order to assess the result of the suppression subtrac-
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tive hybridization. The level of expression of ERG3 was indeed
higher in the efgl/efgl and cphl/cphl efgl/efgl strains than in
the wild-type and cphl/cphl strains (Fig. 1). Further quantita-
tive analysis by real-time PCR showed that the expression of
ERG3 was increased approximately 2.5-fold in the efgl/efgl
mutant strain, but not in the c¢phl/cphl mutant strain, after
cells were incubated in medium with 10% serum at 37°C for
4 h. Thus, ERG3 is one of the genes identified in this study
whose expression is negatively regulated by Efgl in C. albicans.

The predominant target of the azole-based drugs is lanos-
terol demethylase, the product of ERG11 (4, 7, 16). Modifying
the target enzyme is a major mechanism contributing to drug
resistance in clinical isolates of C. albicans (10, 15). For in-
stance, altering specific steps in the ergosterol biosynthesis
pathway has been documented as a compensatory mechanism
for azole resistance. Treatment with azoles results in accumu-
lating 14a-methylergosta-8,24-dien-3,6-diol, the toxic product
from the activity of the sterol A>°-desaturase encoded by the
ERGS3 gene (10), a gene upstream of ERG1! in the pathway.
Thus, mutations in ERG3 can suppress toxicity by blocking
the production of 14a-methylergosta-8,24-dien-3,6-diol, which
would then lead to resistance to azoles (6). Furthermore, ac-
cumulation of ergosta-7,22-dienol due to loss of the sterol
A>C-desaturase activity has been observed in two clinical iso-
lates of C. albicans with resistance to azoles (8). Recently, it
was reported that null mutations in ERG3 do cause fluconazole
resistance (12).

The Etest method (13) was applied to determine the suscep-
tibility to fluconazole of the wild-type strain and the efgl/efg!
mutant (Fig. 2A) with the fluconazole (0.016 to 256 pg/ml)
drug strip (AB Biodisk, Solna, Sweden). Cells grown on the
synthetic dextrose (SD) (0.67% yeast nitrogen base without
amino acids but with 2% dextrose and 2% agar) plate over-
night were homogenized in a 0.85% NaCl aqueous solution to
reach a final concentration of 5 X 10° cells/ml. A sterile swab
was dipped into the homogenized suspension and used to swab
the entire agar surface of an SD plate evenly. The Etest strips
were then applied to the plate when the excess moisture was
absorbed completely. After incubation, the wild-type cells
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FIG. 1. Efgl negatively regulates ERG3. Approximately 10 ug of
total RNA isolated from each strain was subjected to Northern blot
analysis. EFBI mRNA was used as the loading control. Lane 1, CPH1/
CPHI EFGI/EFGI (SC5314); lane 2, cphl/cphl EFG1/EFGI (Canl6);
lane 3, CPHI/CPHI efgl/efgl (HLC52); lane 4, cphl/cphl efgllefgl
(HLC54).

showed the extensive trailing phenotype, and the MIC of flu-
conazole to the efgl/efgl mutant was 4 pg/ml.

The susceptibility to antifungal agents was further addressed
by use of the agar dilution method (Fig. 2B). Cells were grown
on medium containing 4% serum and with one of the following
treatments: 0.1% dimethyl sulfoxide (DMSO) alone, 5 pg of
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FIG. 2. Mutations in EFG] increase the susceptibility to antifungal
agents. A. Etest. The CaNDT80/CaNDTS80 (SC5314) strain (wild type)
(a) and efgl/efgl (HLC52) mutant (b) were grown on SD medium. The
results were photographed after the cells were incubated at 30°C for 2
days. B. Agar dilution assay. Cells were grown on medium containing
4% serum without drug (a) or with 5 pg of fluconazole per ml (b), 5 pg
of miconazole per ml (c¢), or 1 pg of voriconazole per ml (d). The
results were photographed after the cells were incubated at 30°C for 1
day. In each panel, wild-type cells are shown in the top row and
efgl/efg] mutant cells are shown in the bottom row.
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fluconazole per ml and 0.1% DMSO, 5 ng of miconazole per
ml and 0.1% DMSO, or 1 pg of voriconazole per ml and 0.1%
DMSO. Cells of different strains were diluted to reach an
optical density at 600 nm of 2 (approximately 2 X 107 cells/ml).
Cells from each strain (0.5 wl) were then spotted onto plates
containing different drugs with a replica device (Oxoid, Inc.,
Nepean, Ontario, Canada), along with 10-fold serial dilutions
of the cells. Both the wild-type and efgl/efgl cells could grow
on medium containing DMSO and 4% serum without drug
(Fig. 2B, panel a). However, compared with the wild-type cells,
fewer efgl/efgl mutant cells grew on medium containing flu-
conazole (Fig. 2B, panel b), miconazole (Fig. 2B, panel c), or
voriconazole (Fig. 2B, panel d). The data from both Etest and
the agar dilution assay have shown that mutations in EFGI
increased the susceptibility to antifungal agents (Fig. 2).

Efgl is known to be required for the virulence of C. albicans
in a mouse model (5), but its role in drug resistance has not
been demonstrated until this study. Other groups have sug-
gested that there may be genes capable of regulating both drug
susceptibility and virulence. For example, it has been suggested
that calcineurin A is involved in antifungal tolerance, cell mor-
phogenesis, and virulence in C. albicans (11). However, in a
mouse model, the loss of virulence of a C. albicans mutant
lacking the gene encoding the calcineurin A subunit may be
attributed to the fact that calcineurin is essential for C. albicans
viability in medium containing serum. Thus, the mechanisms
underlying the involvement of calcineurin A and Efgl in viru-
lence may be different. Our data have showed that Efgl, a
protein known to be involved in virulence, also participates in
regulating the expression of ERG3, a gene responsible for drug
resistance in C. albicans.
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