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Cross-resistance among Candida albicans isolates from the oropharynges of human immunodeficiency
virus-infected patients (n ⴝ 16) and environmental yeast strains of various species (n ⴝ 54) to medical and
agricultural azole drugs was observed. Precautions against the unnecessary widespread use of azoles in the
environment and human medicine are strongly recommended to prevent patients from acquiring azoleresistant yeasts.

grapes, seven from grapes treated with TDL and two from
untreated grapes, and one Saccharomycopsis guttulata strain
from total mixed feed for cattle were tested. C. albicans ATCC
90028, C. glabrata ATCC 90030, C. krusei ATCC 6258, Candida
parapsilosis ATCC 22013, and Cryptococcus neoformans ATCC
90112 served as controls.
The in vitro susceptibility testing for all azoles was performed in accordance with the guidelines in NCCLS document
M27-A2, with slight modifications (7). The antifungals were
diluted from 0.125 to 128 g/ml for FLC; 0.03 to 64 g/ml for
KTC, ITC, and VRC; and 0.06 to 128 g/ml for FQZ, PCZ,
TCZ, and TDL. The drugs were diluted in high-resolution
antifungal assay medium (Oxoid, Wesel, Germany). The MIC
endpoints were determined spectrophotometrically at 540
nm with an MR 700 spectrophotometer (TECAN GmbH,
Crailsheim, Germany). For the agricultural azoles, no breakpoints are defined; therefore, isolates for which MICs were
⬎64 g/ml were considered resistant. Cross-resistance in a
single isolate was assumed when an elevated MIC of a given
azole corresponded to an elevated MIC of another azole drug.
The C. albicans strains isolated from the oropharynges of
HIV-infected patients before FLC exposure were susceptible
to all azoles (Table 1). Strains isolated from HIV-infected
patients already treated with FLC were resistant to all tested
azoles. Almost all these isolates were cross-resistant to the
agricultural azoles. All 12 isolates from FLC-treated HIVinfected patients were resistant to FLC, 2 were resistant to
ITC, and 3 were resistant to VRC. MICs of TDL for five
isolates and those of TCZ and FQZ for two isolates were
increased relative to MICs for susceptible isolates.
Some environmental species are intrinsically resistant to
FLC; however, 28 environmental strains were susceptible to all
azoles. MICs of the agricultural azoles for 23 strains and MICs
of the medical azoles for 19 strains were increased; furthermore, cross-resistance to medical and agricultural azoles in 16
isolates was observed.
For five C. stellata strains isolated from grapes from Bavar-

Fungi are important opportunistic pathogens in immunocompromised patients as well as in the environment (9). Azole
drugs are in widespread use in agriculture and viticulture to
control fungal growth on plants and fruits. Due to their good
oral bioavailability, medical azoles are first-line antifungals for
the treatment of human submucosal and invasive mycoses (3).
In this study, we have tested the in vitro activity of the
medical azoles ketoconazole (KTC) and itraconazole (ITC)
(Janssen, Beerse, Belgium) and fluconazole (FLC) and voriconazole (VRC) (Pfizer, Sandwich, United Kingdom) and the
agricultural azoles fluquinconazole (FQZ) and penconazole
(PCZ), tebuconazole (TCZ), and triadimenol (TDL) (Dr.
Ehrenstorfer GmbH, Augsburg, Germany) against 16 clinical
Candida albicans isolates, including 4 azole-susceptible and 12
azole-resistant strains, from the oropharynges of human immunodeficiency virus (HIV)-infected patients. Additionally, 54
environmental isolates were tested, including 14 C. albicans
strains isolated from animals, 1 Candida glabrata strain from
fodder beets, and 7 Candida krusei strains from conventionally
grown grapes, draff, grass silage, silage, grist, and swill. Five
Candida lambica strains from grapes, four from grapes treated
with TDL and one from untreated grapes, were tested. One
Candida norvegensis strain from TDL-treated grapes was
tested, as was one Candida rugosa strain from feedingstuff.
Nine Candida stellata strains from grapes, eight from grapes
treated with TDL and one from untreated grapes used in wine
growing, were tested. Three Cryptococcus albidus strains from
untreated grapes, one Pichia anomala strain from conventionally grown grapes, one Kloeckera apiculata strain from TDLtreated grapes, and one Rhodotorula sp. strain from untreated
grapes were tested. Nine Saccharomyces cerevisiae strains from
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Species (no. of
isolates)

C. albicans (4)

C. albicans (12)

PCZ
TCZ
TDL

2 (2–8)

64 (2–128)

1.5 (1–32)
2 (0.5–2)
8 (8)
8 (8)
64 (64–128)
32 (32)
128 (128)
64 (64)
16 (16)
1 (1)
128 (128)
128 (128)
4 (4)
16 (16)
0.25 (0.25)
64 (64)
8 (1–16)
16 (16)
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FLQ

VRC

Median (range) MIC50a (g/ml) of:

0.75 (0.5–8)

ITC

0.25 (0.25–8)

FLC

0.375 (0.25–64)

KTC

0.03 (0.03)

24 (0.5–128)

0.185 (0.06–64)
0.06 (0.06–64)
2 (2)
8 (8)
64 (32–64)
32 (32)
16 (8–16)
4 (4)
1 (1)
0.06 (0.06)
64 (16–64)
64 (8–128)
4 (4)
4 (4)
0.06 (0.06)
1 (1)
1 (0.25–2)
4 (4)

12 (0.25–128)

2 (1–64)
2 (1–2)
4 (4)
4 (4)
128 (32–128)
64 (64)
64 (64–128)
64 (64)
8 (8)
1 (1)
96 (64–128)
128 (128)
4 (4)
8 (8)
0.5 (0.5)
16 (16)
2 (0.5–16)
8 (8)

64 (0.25–128)

0.5 (0.12–32)
0.5 (0.25–1)
1 (1)
32 (32)
128 (64–128)
128 (128)
64 (64)
64 (64)
2 (2)
0.12 (0.12)
64 (32–64)
8 (8–128)
0.12 (0.12)
4 (4)
0.12 (0.12)
0.5 (0.5)
0.25 (0.25–4)
64 (64)

1.5 (0.03–32)

0.03 (0.03–32)
0.03 (0.03–0.06)
0.25 (0.25)
2 (2)
1 (1–2)
1 (1)
2 (1–8)
2 (2)
0.06 (0.06)
0.03 (0.03)
1 (1–2)
8 (2–16)
0.25 (0.25)
0.25 (0.25)
0.03 (0.03)
0.06 (0.06)
0.5 (0.25–0.5)
0.12 (0.12)

0.75 (0.12–32)

0.06 (0.03–0.06)

128 (2–128)

0.12 (0.06–0.5)
0.06 (0.06–0.12)
1 (1)
4 (4)
1 (1)
0.5 (0.5)
2 (2)
1 (1)
0.25 (0.25)
0.06 (0.06)
2 (2–4)
32 (2–32)
0.5 (0.5)
0.5 (0.5)
0.25 (0.25)
0.06 (0.06)
2 (0.5–2)
0.5 (0.5)

2.25 (0.5–8)

2 (0.25–4)

0.25 (0.12–256)
0.12 (0.06–0.5)
32 (32)
8 (8)
64 (64)
64 (64)
128 (64–256)
128 (128)
2 (2)
1 (1)
64 (32–64)
64 (32–256)
8 (8)
2 (2)
0.5 (0.5)
16 (16)
8 (4–16)
1 (1)

0.25 (0.25–0.5)

0.5 (0.25–4)
0.03 (0.03)
4 (4)
8 (8)
8 (4–8)
2 (2)
4 (2–4)
2 (2)
0.12 (0.12)
0.25 (0.25)
8 (2–8)
8 (8)
2 (2)
1 (1)
0.25 (0.25)
0.5 (0.5)
2 (1–4)
2 (2)

TABLE 1. MICs of tested medical and agriculture azoles for yeast isolates from the oropharynges of HIV-infected patients and for environmental strains

Source(s) or description
of isolate(s)

HIV-infected patients
before FLC therapy
HIV-infected patients
during FLC therapy
Animals
Control strains
Feedingstuff
Control strain ATCC 90030
Grapes and feedingstuff
Control strain ATCC 6258
Grapes
Grapes
Control strain ATCC 22013
Feedingstuff
Grapes
Grapes
Control strain ATCC 90112
Grapes
Grapes
Grapes
Grapes
Feedingstuff

MIC50, MIC at which 50% of the isolates tested are inhibited.

C. albicans (14)
C. albicans (3)
C. glabrata (1)
C. glabrata (1)
C. krusei (7)
C. krusei (1)
C. lambica (5)
C. norvegensis (1)
C. parapsilosis (1)
C. rugosa (1)
C. stellata (9)
C. albidus (3)
C. neoformans (1)
P. anomala (1)
K. apiculata (1)
Rhodotorula sp. (1)
S. cerevisiae (9)
S. guttulata (1)

a

ian vineyards that were treated with TDL, MICs of this drug
were high. MICs of TDL for five C. lambica strains, isolated
from grapes treated with TDL as well, were raised. These
strains were cross-resistant to FLC (MIC, ⬎64 g/ml). The
exposure to TDL most likely induced the azole resistance in
these strains.
Thirteen of 14 C. albicans strains isolated from animals were
susceptible to all azoles. MICs of agricultural azoles were
higher than those of medical azoles. This finding was consistently observed for almost all tested isolates. Fewer isolates
from the environment were resistant to medical azoles (15
strains out of 54) than were resistant to agricultural azoles (23
strains out of 54). MICs of TDL for almost all the 70 strains
tested were elevated, and the MICs of this drug for half of the
isolates exceeded 32 g/ml.
Inherited and acquired azole resistance is relevant in human
medicine and in agriculture. For the environmental yeast isolates from different sources investigated in this study, MICs of
the agricultural azoles that are in widespread use to prevent
fungal infections were often elevated. These isolates were often cross-resistant to the medical azoles presently in use. The
converse was also true; FLC-resistant C. albicans isolates from
the oropharynges of HIV-infected patients often demonstrated
cross-resistance to the agricultural azoles.
All azoles, irrespective of their distinctive chemical structures and variable biological properties, interact with and inhibit the lanosterol 14-␣-demethylase needed for transforming
lanosterol into ergosterol in the cell membranes of the yeasts
(4). In human medicine, azole derivatives other than those for
plant protection are used. However, the agents have similar
modes of action and can be affected by the same mechanisms
of antifungal drug resistance. For example, azole resistance in
C. albicans results from point mutations, the overexpression of
the ERG11 gene, and the overexpression of the efflux pumps
encoded by CDR1, CDR2, and MDR1 (12). FLC resistance in
strains in HIV-infected patients was common in the 1980s and
1990s due to the use of FLC prophylaxis for the prevention of
oropharyngeal candidiasis (5, 8, 11). Müller et al. reported
cross-resistance to FLC, ITC, and VRC among oropharyngeal
candidiasis isolates from HIV-infected patients (6). Goff et al.
reported FLC resistance in yeast strains from HIV-negative
patients (2), and Rowen et al. detected FLC resistance in
isolates from preterm infants that were never exposed to azoles
(10).
The use of large quantities of azole fungicides in plant protection is a potential risk factor for the development and/or
transmission of resistance in human medicine. The induction
of azole resistance in the yeast flora of humans by contact with
residues through the food chain is possible and requires further attention (1).
The use of azoles in human medicine and in the environment requires restrictions to minimize the risk of acquired
azole resistance in human yeast strains. Regular surveillance of
cultures as well as in vitro susceptibility testing of human isolates is therefore strongly recommended.
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