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Azoles are extensively applied in agriculture and medicine, and a relationship between the development of
azole resistance in agriculture and the development of azole resistance in clinical practice may exist. The maize
pathogen Colletotrichum graminicola, causing cutaneous mycosis and keratitis, has been used to investigate the
acquisition of resistance to an agricultural azole and the resulting cross-resistance to various medical anti-
fungal agents. Azole-adapted strains were less sensitive to all azoles tested but showed increased sensitivity to
caspofungin, amphotericin B, and nystatin. Viability staining and infection assays with excised human skin

confirmed these data.

Five plant-pathogenic Colletotrichum species, including Col-
letotrichum graminicola, have been reported to cause cutane-
ous phaeohyphomycosis and keratitis in humans and are of
clinical relevance (2, 8, 9). Most Colletotrichum crassipes, C.
gloeosporioides, C. coccodes, and C. dematium strains isolated
from infected tissue displayed a major degree of resistance to
all azoles tested (3).

In modern agriculture, Colletotrichum species have been im-
plicated in anthracnose plant diseases worldwide, with substan-
tial economical losses (7). Among other antifungal agents,
azoles have been used extensively to control Colletotrichum
species (12). Azoles differing in structure but exhibiting the
same mode of action are used to treat both fungal diseases of
plants and medical mycoses. As keratitis caused by Colletotri-
chum infection occurs primarily after injury by plant material
(8,9, 19), it is tempting to speculate that azole-resistant strains
isolated from human tissues may have developed in fungicide-
treated fields (see the report on azole resistance published by
the scientific steering committee of the European Commission
[http://ec.europa.eu/food/fs/sc/ssc/out278_en.pdf]). As Colleto-
trichum species are exposed to azoles in agricultural environ-
ments and are of clinical relevance, these pathogens are well
suited to investigate the acquisition of resistance to agricultural
azoles and the resulting cross-resistance to antifungal agents of
various different chemical classes and modes of action used in
medicine.
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MATERIALS AND METHODS

Cultivation of C. graminicola and adaptation to tebuconazole. Wild-type C.
graminicola isolate CgM2 was cultivated as described previously (24).

To adapt C. graminicola to tebuconazole, 1 X 10° conidia were inoculated into
50 ml complete medium (CM) (15) and incubated in darkness at 23°C for 7 days.
Cultures were then transferred into fresh liquid CM with increasing tebucon-
azole concentrations (1 pg ml~! for 24 h, 5 g ml~" for 96 h, and 20 pg ml~! for
1 h). The mycelium was blended (Ultra Turrax; IKA Labortechnik, Staufen,
Germany) at level 5 for 30 s, further cultivated on solidified CM containing 5 g
tebuconazole ml~! and 8 pg tebuconazole ml~! for 4 weeks each, and main-
tained on CM plates containing 30 wg tebuconazole ml~!.

Quantitative determination of drug sensitivity. Radial growth rates of non-
adapted and matched, adapted isolates were determined in the presence of
different agricultural and medical antifungal agents, i.e., the azoles tebuconazole
(Bayer Cropscience GmbH, Langenfeld, Germany), bifonazole (Bayer Vital
GmbH, Leverkusen, Germany), clotrimazole and miconazole (Fagron GmbH &
Co. KG, Barsbiittel, Germany), itraconazole (Janssen-Cilag, Neuss, Germany),
voriconazole (Pfizer Pharma GmbH, Karlsruhe, Germany), prochloraz (BASF
AG, Ludwigshafen, Germany), ketoconazole (PKH Halle GmbH, Halle, Saale,
Germany), the strobilurin picoxystrobin (Syngenta Agro GmbH, Maintal, Ger-
many), the polyenes amphotericin B (Sigma-Aldrich-Fluka, Taufkirchen, Ger-
many) and nystatin (PKH Halle GmbH, Halle [Saale], Germany), the thiocar-
bamate tolnaftat (Riemser Arzneimittel AG, Greifswald, Germany), the
pyridone cyclopiroxolamine (PKH Halle GmbH, Germany), the morpholine
amorolfine (Galderma Laboratorium GmbH, Disseldorf, Germany), the benzo-
furane griseofulvin (PKH Halle GmbH, Halle [Saale], Germany), and the
echinocandin caspofungin (Cancidas; MSD Sharp & Dome, Haar, Germany).
With the exception of the echinocandin and polyenes, drugs were dissolved in
12% (wt/vol) Cremophor EL (Sigma-Aldrich-Fluka, Taufkirchen, Germany) and
added to CM at different concentrations (0, 0.005, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5,
1, and 2.5 pg ml™'); caspofungin, amphotericin B, and nystatin and were dis-
solved in distilled water and added to CM plates at 0.00025 and 0.0005 g ml™!
and the concentrations given above. In plates containing caspofungin, glucose
was replaced by sucrose (10 mg ml~"). Control plates contained all ingredients
except the antifungal agent to be tested. Plates were incubated at 23°C in
darkness, and colony diameters were measured 3 and 6 days postinoculation.

Analyses of confidence intervals (a = 0.05), logit transformation, and linear
regression were done as described previously (21).

Microscopy and viability assays. Light microscopy was performed with a
Nikon Eclipse 600 epifluorescence microscope (Nikon GmbH, Diisseldorf, Ger-
many) as described previously (21). The fluorescence dye FUN-1 (Invitrogen
GmbH, Karlsruhe, Germany) was used for viability assays (14). Briefly, mycelia
grown in liquid CM containing 0, 0.0025, 0.025, 0.25, 2.5, 3.5, and 5 ng tebucon-
azole, bifonazole, or caspofungin ml~" for 3 days were incubated in a solution
containing 50 uM FUN-1, 2% (wt/vol) glucose, and 10 mM HEPES (pH 7.2) at
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TABLE 1. Fungicide efficacies for tebuconazole-adapted and nonadapted control strains of C. graminicola®

Nonadapted
Class Compound
EDSO ED‘)O EDSO ED‘)O
Azoles (triazoles) Tebuconazole 0.059 = 0.004 0.504 = 0.101 0.423 = 0.056* 13.534 = 2.854*
Itraconazole 0.007 = 0.001 1.351 £ 0.041 0.014 = 0.002* 8.848 + 1.183*
Voriconazole 0.018 = 0.001 0.228 = 0.018 0.045 = 0.002* 1.328 = 0.175*
Azoles (imidazoles) Prochloraz 0.004 = 0.001 0.087 = 0.023 0.011 = 0.004* 0.720 = 0.129*
Bifonazole 0.148 = 0.018 1.958 = 0.662 0.330 = 0.058* 4.892 + 1.484*
Clotrimazole 0.128 = 0.072 2.440 = 0.584 0.145 = 0.035 6.485 + 2.690*
Miconazole 0.028 = 0.002 1.327 £ 0.338 0.048 = 0.003* 4.386 = 1.705*
Ketoconazole 0.115 = 0.032 1.492 + 0.344 0.552 = 0.037* 12.419 = 1.306*
Morpholine Amorolfine 0.030 = 0.001* 0.347 = 0.033 0.023 = 0.001 0.360 = 0.024
Strobilurin Picoxystrobin 0.006 = 0.003 0.148 = 0.040 0.026 = 0.003 1.041 = 0.435*
Thiocarbamate Tolnaftate 0.582 = 0.098 104.107 = 27.67 0.537 = 0.0169 98.710 = 31.089
Pyridone Cyclopiroxolamine 9.829 = (0.593* 64.842 + 13.209 3.671 = 0.177 54.616 + 4.127
Benzofurane Griseofulvin 0.607 = 0.400 5.503 £ 0.902 0.051 = 0.012 5.839 £ 0.523
Polyenes Amphotericin B 0.030 = 0.002* 2.147 = 0.250* 0.007 = 0.001 0.873 = 0.185
Nystatin 0.030 = 0.001* 2.412 = 0.135* 0.023 = 0.001 0.896 = 0.272
Echinocandin Caspofungin 0.032 = 0.002* 1.281 = 0.104* 0.006 = 0.001 0.770 = 0.178

¢ Asterisks indicate significantly (« = 0.05) increased EDs, or EDy values.

27°C for 1 h. Fluorescence microscopy was done with a GFP-LP filter (EX 460
to 500, DM 505, and BA 510). For negative controls, hyphae were incubated with
ethanol (70% [vol/vol] for 30 min) prior to staining with FUN-1.

Pathogenesis of tebuconazole-adapted and dapted C. graminicola isolates
on excised skin and efficacies of antifungal agents. To investigate fungicide
efficacies, infection assays were performed with tebuconazole-adapted and non-
adapted isolates of C. graminicola on excised human skin, in agreement with the
local ethics committee. Tissue sections came from reduction mammoplasty.
Circular pieces of skin (diameter, 20 mm) were randomly punctured with prick
needles (Allergopharma KG, Reinbek, Germany) (15 to 20 wounds per piece)
and inoculated with 100 ul of a suspension containing 10° conidia ml~'. The skin
specimens were placed onto filter gauze and incubated in a glass Franz diffusion
cell (see Fig. S1 in the supplemental material) at 32°C, with the lower side of the
skin on the filter gauze directly contacting isotonic NaCl solution. To assess drug
efficacies, skin specimens from one donor were used, with three pieces of skin for
controls without fungicide and for each fungicide concentration (50% effective
dose [EDsg], EDgg, and 2X EDy). Inoculated skin was incubated for 4 days
maximally. For histological analyses, three biopsies (diameter, 6 mm) were taken
from the center of the infected skin, frozen at —70°C, and dissected vertically in
a refrigeration microtome (Frigomobil; Jung-Leica, Bensheim, Germany).

Fungal chitin was stained by incubating microtome sections with the fluores-
cent brightener Uvitex 2B (6). Fluorescence or bright-field microscopy was done
with a Nikon (Disseldorf, Germany) Eclipse 600 epifluorescence microscope.
For epifluorescence microscopy, a UV2A filter block (EX 330 to 380, DM 400,
and BA 420; Nikon, Diisseldorf, Germany) was used. The area covered by
fluorescing fungal hyphae was measured using the program Lucia 4.61 (Nikon
GmbH, Diisseldorf, Germany).

Uvitex 2B-stained sections were fixed in 10% (vol/vol) formalin for 24 h,
subjected to periodic acid-Schiff staining, and embedded in paraffin. Micrographs
of Uvitex 2B- and periodic acid-Schiff-stained sections were merged by using the
program Adobe Photoshop (Adobe Systems GmbH, Munich, Germany).

RESULTS

In order to test whether or not C. graminicola can adapt to
an azole routinely used in agriculture, wild-type strain CgM2
was cultivated with stepwise increasing tebuconazole concen-
trations. Successful adaptation was reflected by increased rates

of radial growth of adapted strains in the presence of increas-
ing tebuconazole concentrations (see Fig. S2A in the supple-
mental material). Tebuconazole adaptation resulted in a
7-fold-increased ED,, and 27-fold-increased EDy,, for this fun-
gicide (Table 1; see Fig. S2A, inset, in the supplemental ma-
terial). Even at 30 ppm tebuconazole, adapted strains, but not
the nonadapted strains, were able to grow (see Fig. S2B in the
supplemental material). Prochloraz, another agricultural C14-
demethylation inhibitor tested, showed a higher efficacy than
tebuconazole, but tebuconazole adaptation resulted in a 2.75-
fold-increased EDs, and an 8-fold-increased EDg, for pro-
chloraz (Table 1). Tebuconazole-adapted strains also showed
cross-resistance to all medical azoles tested. Comparison of
EDs, and ED,, values showed that (with the exception of
clotrimazole sensitivity at the EDs, level) sensitivities to itra-
conazole, voriconazole, bifonazole, clotrimazole, miconazole,
and ketoconazole were significantly (e = 0.05) reduced in
tebuconazole-adapted strains (Table 1).

Furthermore, we tested for cross-resistance of tebuconazole-
adapted strains to drugs showing modes of action differing from
that of azoles. Tebuconazole-adapted strains tolerated higher
concentrations of the agricultural antifungal agent picoxystrobin
than the nonadapted control, as reflected by a fourfold-increased
EDs, and a sevenfold increase in the EDy, (Table 1). Interest-
ingly, the tebuconazole-adapted strains showed increased sensi-
tivity to the chelator cyclopiroxolamine at low (EDs,) but not at
elevated (ED) drug concentrations.

The expression of efflux transporter genes has been shown to
contribute to resistance against antifungal agents in several
plant pathogens and in fungi infecting humans (5). Using drugs
that are active on targets in the plasma membrane that are
accessible directly from the periplasm,we expected to find no
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statistically relevant differences between the sensitivity levels of
tebuconazole-adapted strains and those of nonadapted strains
of C. graminicola. Surprisingly, the tebuconazole-adapted
strains showed a significantly increased sensitivity to the g-1,3-
glucan synthase inhibitor caspofungin and to both polyenes
tested (a = 0.05) (Table 1).

As radial growth assays do not allow discrimination between
hyphal death and inactivity, fluorescence microscopy with the
viability dye FUN-1 was performed (14), and Nomarski mi-
croscopy was used to evaluate cell wall rigidity after the appli-
cation of different caspofungin concentrations (see Fig. S3 in
supplemental material). In summary, these studies showed that
tebuconazole-adapted strains were less sensitive to the medical
azole bifonazole than the nonadapted strain, as cell death
occurred at higher drug concentrations (not shown). In con-
trast, hyphae of tebuconazole-adapted strains were more sen-
sitive to the B-1,3-glucan synthase inhibitor than those of the
nonadapted control strain. Both cell death and cell wall weak-
ening, i.e., severe swellings, occurred at lower drug concentra-
tions in adapted strains than in the nonadapted strain (see Fig.
S3 in the supplemental material). Drug sensitivity data ob-
tained by viability staining clearly supported those obtained by
radial growth assays (Table 1; see Fig. S2 and S3 in the sup-
plemental material).

Compared with drug sensitivity quantification by growth as-
says, sensitivity to an antifungal agent and fitness of a pathogen
may be modified under conditions of pathogenesis, as infection
hyphae (16) rather than vegetative hyphae are evaluated.
Therefore, we performed infection assays on excised human
skin in the presence of different concentrations of bifonazole
and caspofungin (Fig. 1). While infection of unwounded skin
was never observed, invasive growth was initiated immediately
after wounding (not shown). In the absence of drugs, extensive
hyphal growth was found in the epidermis, dermis, and hypo-
dermis (controls) (Fig. 1A and C) within the time frame of the
experiment, i.e., 4 days. Nonadapted strains appeared to col-
onize the epidermis and dermis slightly more efficiently than
the azole-adapted strain (Fig. 1A and C, compare control of
nonadapted and adapted strains). Quantitative data, however,
showed that the differences between the strains were not sig-
nificant, and a fitness penalty could therefore not be found in
infection assays. Also, in radial growth assays, only a minor
fitness penalty of tebuconazole-adapted strains was observed
(77.1% = 14.0% of the nonadapted control). Bifonazole ap-
plication affected invasive growth of the nonadapted strain
more drastically than the tebuconazole-adapted strain (Fig.
1A), which colonized the epidermis, dermis, and hypodermis
more efficiently at all drug concentrations tested (Fig. 1B). At
the twofold ED,,, some hyphae of the nonadapted strain grew
in the wound inflicted, but invasive growth in the tissue was not
observed (Fig. 1A and B). In contrast, at that concentration,
tebuconazole-adapted strains showed significant hyphal
growth even in the hypodermis. In the presence of caspofun-
gin, the nonadapted strain colonized the skin at drug concen-
trations corresponding to the EDs,, and some hyphae were
found in the epidermis and dermis at the ED,, (Fig. 1C and
D). Even at the twofold ED,,, some growth was observed in
the epidermis. Interestingly, the azole-adapted strains were
clearly more affected by the B-1,3-glucan synthase inhibitor
than the nonadapted control strain. At the EDy,, no hyphae of
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the azole-adapted strains were found in the epidermis and
other dermal layers (Fig. 1C and D). The fungicide sensitivity
data obtained from skin infection assays clearly support those
obtained from radial growth assays and viability staining.

DISCUSSION

Fungal infections of humans have become more prevalent
during the past two decades because therapeutic advances
have allowed the survival of an increasing number of immu-
nocompromised patients. Concomitantly, resistance to antifun-
gal drugs has become a serious clinical problem. As azoles are
used abundantly in agriculture, a direct relationship with de-
velopments of azole resistance in clinical environments has
been proposed in scientific and political discussions (11) (http:
/lec.europa.eu/food/fs/sc/ssc/out278_en.pdf).

Ideally, this relationship can be studied best by using a
pathogenic fungus capable of infecting both plants and humans
(17). Although Colletotrichum infections in humans are rare, a
growing body of literature shows that Colletotrichum species,
formerly known exclusively as plant pathogens, have gained
attention as causal agents of human mycoses (2, 3, 8, 9, 19, 22).
Case reports indicated that several isolates of these pathogens
exhibit resistance to single or multiple drugs (see, e.g., refer-
ences 9 and 19), and it is tempting to speculate that drug
resistance had been acquired in agricultural environments.

The maize anthracnose fungus C. graminicola represents an
excellent model system to study the acquisition of azole resis-
tance and to investigate whether isolates that are resistant to
an agricultural azole show cross-resistance to azoles and anti-
fungal agents of other chemical classes used in medicine. In
agreement with reports on the development of fungicide resis-
tance (4), our in vitro studies have shown that C. graminicola is
able to efficiently adapt to azoles, and strains adapted to tebu-
conazole were less sensitive to all agricultural and medical
azoles tested than the nonadapted control strain. Likewise,
azole cross-resistance was observed between yeast isolates
from the oropharynx of human immunodeficiency virus-in-
fected patients and from environmental strains against medical
and agricultural azole drugs (18).

As hyphae from fungal infections clearly differ from vegeta-
tive hyphae (16), we assessed drug efficacies in an experimental
infection system with excised human skin. Radial growth assays
showed that the ED,, of tebuconazole-adapted strains of C.
graminicola is well above serum concentrations reported for
some azoles (23, 25). In agreement with data from radial
growth assays, extensive skin colonization by the azole-adapted
strains was observed at the EDy,, and twofold ED,, of bifon-
azole. These data are also in agreement with data from viability
staining of azole-adapted hyphae (not shown). Also, the serum
concentrations reported for amphotericin B (1) were clearly
below the ED,, value measured for tebuconazole-adapted C.
graminicola strains.

Interestingly, tebuconazole-adapted strains were more sen-
sitive to caspofungin than the nonadapted control strain. The
serum concentration of this drug determined in mice (10)
exceeded the EDy, value of nonadapted (less sensitive) C.
graminicola strains by more than twofold and that of the azole-
adapted strain by fourfold. As demonstrated by infection data
on excised human skin (this study), these concentrations
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should be fully sufficient to prevent hyphal growth in the tissue.
In accordance with our studies, the staggered administration of
an azole and caspofungin has been reported to increase drug
efficacy (13, 20).

Although studies presented here and those of others (see,
e.g., reference 4) indicate that the treatment of pathogenic
fungi with sublethal azole concentrations may lead to the de-
velopment of resistance to these drugs, no evidence for a direct
relationship between the development of drug resistance in
agricultural practice and the development of drug resistance in
clinical practice has yet been presented. A strong argument
against such a relationship is provided by comparing fungicide
application rates in agricultural practice in the European
Union and those in the United States. Almost half of the
acreage of the total European Union under cereals and grape-
vine is treated with azoles annually, compared to less than 5%
of the total crop area treated with these fungicides in the
United States. Strikingly, in spite of this difference, there is no
difference in the prevalence of resistance to medical treatment
(http://ec.europa.eu/food/fs/sc/ssc/out278_en.pdf).
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