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Abstract: Azole resistance is an emerging problem in patients with aspergillosis. The role of fungi-
cides for resistance development and occurrence is not fully elucidated. EUCAST reference MICs of
17 fungicides (11 azoles and 6 others), five azole fungicide metabolites and four medical triazoles
were examined against two reference and 28 clinical isolates of A. fumigatus, A. flavus and A. terreus
with (n = 12) and without (n = 16) resistance mutations. Eight/11 azole fungicides were active against
wild-type A. fumigatus, A. flavus and A. terreus, including four (metconazole, prothioconazole-desthio,
prochloraz and imazalil) with low MIC50 (≤2 mg/L) against all three species and epoxiconazole,
propiconazole, tebuconazole and difenoconazole also against wild-type A. terreus. Mefentriflucona-
zole, azole metabolites and non-azole fungicides MICs were >16 mg/L against A. fumigatus although
partial growth inhibition was found with mefentrifluconazole. Moreover, mefentrifluconazole and
axozystrobin were active against wild-type A. terreus. Increased MICs (≥3 dilutions) were found for
TR34/L98H, TR34

(3)/L98H, TR46/Y121F/T289A and G432S compared to wild-type A. fumigatus for
epoxiconazole, propiconazole, tebuconazole, difenoconazole, prochloraz, imazalil and metconazole
(except G432S), and for prothioconazole-desthio against TR46/Y121F/T289A, specifically. Increased
MICs were found in A. fumigatus harbouring G54R, M220K and M220R alterations for five, one
and one azole fungicides, respectively, compared to MICs against wild-type A. fumigatus. Similarly,
increased MICs wer found for A. terreus with G51A, M217I and Y491H alterations for five, six and
two azole fungicides, respectively. Azole fungicides showed activity against wild-type A. fumigatus,
A. terreus and A. flavus, but not against all mutant isolates, suggesting the environmental route of
azole resistance may have a role for all three species.

Keywords: Aspergillus; A. fumigatus; A. terreus; A. flavus; resistance; fungicide; azole; environmental
resistance

1. Introduction

Aspergillus fumigatus, Aspergillus flavus and Aspergillus terreus exist ubiquitously in
the environment. However, they are also important human pathogens causing allergic
bronchopulmonary aspergillosis in patients with asthma or cystic fibrosis, chronic pul-
monary aspergillosis in those with impaired lung tissue architecture and severe invasive
infections in immunocompromised patients [1–3]. A. fumigatus is the most common cause
of human Aspergillus infections globally, whereas the incidence of the other two species
varies geographically. A. flavus is the second most common species in Asia but A. terreus
the second most common species in Austria [1,3]. A. fumigatus is known to be abundant in
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decaying vegetation in fields, forests, and compost heaps while both A. terreus and A. flavus
are known to be abundant in soils [4,5]. A. terreus is found in compost heaps, grassland
soils and soil from potted plants from where it has been identified as a source for a hospital
outbreak [6]. This species has also been reported as a contaminant of plant products like
stored corn, barley and peanuts [7]. In contrast to the two others, A. flavus is considered
a plant pathogen as it destroys agricultural products (corn, legumes, nuts, etc.) mainly
in tropical and subtropical regions [8]. It is furthermore known for its ability to produce
aflatoxin that may cause hepatitis, cancer and death.

Voriconazole and isavuconazole are licensed as first line agents for invasive Aspergillus in-
fections, while other azoles (posaconazole and itraconazole) are alternatives [9–11]. Echinocan-
dins and polyenes can also be used to treat Aspergillus infections but are less efficacious and in
addition, polyenes are associated with substantial toxicity and low activity against A. terreus
and A. flavus. Currently, there are no approved oral alternatives to the triazole drugs [9,10].

Azole resistance in Aspergillus is associated with substantially increased mortality [11].
Moreover, it is a global problem and the incidence of invasive Aspergillus infections caused
by azole resistant strains is increasing [2,12,13]. Azole resistant infections can arise in
the individual patient during long-term therapy (the patient route) or be acquired due to
inhalation of resistant A. fumigatus spores present in the environment (the environmental
route) [14–16]. In agriculture, plant pathogenic fungi have a negative effect on crops and
can lead to significant economic losses, which is why fungicides are widely used [17,18].
In addition, azoles are also used as growth regulators in both arable and flower-plant
production. Several classes of fungicides are used in agriculture, including succinate dehy-
drogenase inhibitors SDHIs, phthalimide, QoIs/strobilurins and imidazole and triazole
fungicides (DMIs). The latter includes agents that have molecule characteristics very sim-
ilar to the triazoles used in medicine for treatment of human infections and which have
been associated with induction of a tandem repeat mechanism in A. fumigatus in vitro [14].
The role of agricultural fungicides for development of azole resistance in Aspergillus in the
environment and of azole resistant Aspergillus infections in humans is debated [16,17,19].

The most common azole resistance mechanism in A. fumigatus combines point mu-
tation(s) in the coding sequence of the cyp51A gene and an insertion of a tandem repeat
in the promoter region of this gene that leads to its overexpression (TR34/L98H and
TR46/Y121F/T289A), and is presumed to be of environmental origin [14,20–22]. Resistance
can also be induced by long-term triazole treatment and is usually caused by point mu-
tations in the cyp51A gene of both A. fumigatus and A. terreus [2,15,23]. The mechanisms
causing triazole resistance in A. flavus are less well characterised. However, recent studies
have identified a number of azole resistant isolates and documented Cyp51A, Cyp51B or
Cyp51C target enzyme alterations [24–28], upregulation of target gene expression [26,29],
or efflux pump upregulation [26,29,30] in the resistant isolates. Moreover, resistance has
been suggested among environmental A. flavus isolates in Vietnam [31] and Argentina [25].

A feature characteristic for antimicrobial agents involved in the development or selection
of resistance is to possess a higher activity against wild-type isolates than against drug resistant
mutants. We compared the MICs of agricultural fungicides and medical triazoles against
Aspergillus spp. isolates with wild-type susceptibility and those with resistance mutations.
Whereas previous studies have focused on fungicide MICs against A. fumigatus and most
on TR34/L98H, this study investigated 17 fungicides, of which 11 were agricultural azoles,
and four medical mould active triazoles, and five fungicide metabolites against 12 mutant,
16 wild-type and two QC strains of A. fumigatus, A. terreus and A. flavus.

2. Materials and Methods
2.1. Isolates

Twenty-eight clinical isolates and two reference strains (A. fumigatus ATCC 204305 and
A. flavus ATCC 204304) were included. Of the 28 clinical isolates, 16 were A. fumigatus sensu
stricto (seven wild-type and nine with the following resistance alterations: TR34/L98H,
TR34

(3)/L98H, TR46/Y121F/T289A, TR120/F46Y/M172V/E427K, G432S, G54A, G54R,
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M220K and M220R), 10 were A. terreus (seven wild-type and three with resistance al-
terations: G51A, M217I, Y491H) and two were A. flavus (both wild-type). Species identifica-
tion was done by classical techniques, followed by thermotolerance (incubation at 50 ◦C)
for discriminating A. fumigatus sensu stricto from cryptic species, and by β-tubulin and
calmodulin sequencing of A. terreus and A. flavus isolates [32]. The calmodulin sequencing
was performed using a slightly modified method based upon Hong et al. and the following
primers: ASP-CMD_F: CCGAGTACAAGGAGGCCTTC and ASP-CMD_R: TTTYTGCAT-
CATRAGYTGGAC [33]. The underlying target gene mutation of the included mutants had
been characterized by PCR amplification and sequence analysis of the cyp51A gene [16,34].

2.2. Antifungals

Seventeen agricultural fungicides (test range 32–0.03 mg/L), five azole fungicide
metabolites (test range 16–0.016 mg/L) and four medical azoles were included (test
range 32–0.03 mg/L). The agricultural fungicides (bixafen, boscalid, fluxapyroxad, flu-
opyram, folpet, azoxystrobin, prothioconazole, paclobutrazole, epoxiconazole, propi-
conazole, tebuconazole, difenoconazole, metconazole, prothiozonacole-desthio, prochlo-
raz, imazalil were purchased from Sigma-Aldrich, Søborg, Denmark, whereas mefentri-
fluconazol was purchased from LGC Standards (Teddington, Middlesex, United King-
dom www.lgcstandards.com, accessed on 26 January 2021). The metabolites included:
1,2,3-triazole (Sigma-Aldrich, Søborg, Denmark), 1,2,4-triazole and triazole sulfonamide
(Toronto Research Chemicals, Toronto, Canada), and triazole alanine and triazole ac-
etate (HPC Standards GmbH, Borsdorf, Germany). The medical antifungal agents used
were itraconazole, voriconazole, isavuconazole and posaconazole (all from Sigma-Aldrich,
Søborg, Denmark, except isavuconazole, which derived from Basilea).

2.3. Susceptibility Testing

The isolates were tested according to the EUCAST E.Def 9.3.2 microdilution method, with
standard filtration (11-nm filter) of the inoculum [35]. Susceptibility testing was performed
once, but repeated if growth curves were abnormal (bumpy) or growth was insufficient. Stock
solutions of the antifungals were prepared at 5000 mg/L in dimethyl sulfoxide (Sigma-Aldrich,
Søborg, Denmark). Cell culture-treated microtitre polystyrene plates (Nunc microwell 96-well
microplates, catalog no. 167008; Thermo Fisher Scientific) were used throughout. At 48 h,
the MIC was determined visually as the concentrations that produced a complete inhibition
of growth. For mefentriazole specifically the plates were also read spectrophometrically and
spectrophotometric MICs (spec-MICs) were determined using 50, 60, 70, 80 and 90% inhibition
of the optical density as endpoints (Table S1). As breakpoints do not exist for fungicides against
Aspergillus, we regarded isolates resistant when the MIC was >16 mg/L.

2.4. Data Analysis

The MIC50, defined as the minimum concentration at which 50% of the isolates were
inhibited was determined for the wild-type isolates of A. fumigatus and A. terreus. The
relative efficacy of fungicides, fungicide metabolites and medical triazoles against wild-type
versus mutant isolates was determined as the number of twofold dilution step differences
in concentration that caused complete inhibition of growth of Aspergillus by determining
the log2(mutant MIC) – log2(wild-type MIC50 ). For these calculations, MICs of >32 mg/L
were translated to 64 mg/L. A log2 MIC difference of ≥3 (for example for MICs 8 vs.
1 mg/L) was considered significant.

3. Results

Seventeen agricultural fungicides, five fungicide metabolites and four medical tria-
zoles, were tested against wild-type and mutant isolates of A. fumigatus, A. terreus and
A. flavus. The susceptibility patterns of the medical azoles were in agreement with the
well-known patterns confirming a reliable performance of the susceptibility testing and
correct identification of species and underlying resistance mutations (Table 1) [2,16].

www.lgcstandards.com
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Table 1. In vitro activity (EUCAST MICs (mg/L) with visual complete inhibition endpoint) of 11 azole fungicides, four medical triazoles, five azole fungicide metabolites and six non azole
fungicides against wild-type and cyp51A mutant isolates of three Aspergillus species.

Fungicide Class
and Compound

A. fumigatus A. terreus A. flavus

ATCC 204305 * Wild-Type
(n = 7) a

TR34/
L98H

TR34
(3)/

L98H

TR46/
Y121F/
T289A

TR120/F46Y/
M172V/
E427K

G432S G54A G54R M220K M220R
Wild-Type
(n = 7) b G51A M217I Y491H ATCC

204304 *
Wild-Type
(n = 2) b

Triazole fungicides
Prothioconazole >32 (32->32) >32 (4->32) >32 >32 >32 >32 32 >32 >32 32 >32 >32 (>32) >32 >32 >32 >32 >32
Mefentrifluconazole >32 (16->32) >32 (32->32) >32 >32 >32 >32 >32 >32 >32 >32 >32 8 (1->32) >32 >32 >32 >32 >32
Paclobutrazole 32 (16–32) 16 (16) >32 >32 >32 >32 32 32 >32 32 >32 8 (1–32) 8 32 32 8 8; 16
Epoxiconazole 16 (8–16) 8 (4–16) >32 >32 >32 >32 >32 16 16 >32 16 2 (1–4) 16 >32 8 16 (8–16) 8; 16
Propiconazole 8 (4–16) 8 (4–8) >32 >32 >32 >32 >32 16 8 16 16 2 (1–8) 16 >32 8 16 (16–32) 16; 32
Tebuconazole 4 (4–8) 4 (2–4) 32 >32 >32 32 32 4 32 8 8 2 (1–8) 16 32 8 8 (4–8) 4; 8
Difenoconazole 4 (2–16) 2 (1–4) >32 >32 >32 32 16 4 2 8 8 0.5 (0.125–2) 4 4 2 8 (4–16) 8;16
Metconazole 0.25 (0.25–0.5) 0.25 (0.25) 2 2 16 1 1 0.5 8 0.5 0.5 0.5 (0.125–1) 1 2 2 2 (2–4) 2; 4

Prothioconazole-desthio 0.125 (0.06–0.125) 0.06 (0.06–0.125) 0.125 0.25 1 0.125 0.125 0.125 4 0.125 0.125 0.5 (0.125–0.5) 0.25 0.5 0.5 0.5 0.5
Imidazole fungicides

Prochloraz 0.5 0.25 (0.25–0.5) 2 2 32 1 2 0.5 8 0.5 2 0.5 (0.25–4) 2 4 4 1 1
Imazalil 0.25 (0.25–0.5) 0.25 (0.125–0.5) 4 8 32 2 4 1 2 0.5 0.5 0.5 (0.125–1) 2 2 1 2 (1–2) 1; 2

Medical triazoles
Itraconazole 0.25 (0.25–0.5) 0.25 (0.125–0.5) >32 >32 0.5 >32 >32 >32 >32 >32 >32 0.25 (0.06–0.5) >32 >32 1 0.125 (0.125–0.25) 0.125; 0.25
Posaconazole 0.125 (0.06–0.125) 0.125 (0.03–0.125) 2 1 0.5 1 1 4 >32 2 0.5 0.125 (0.06–0.25) 0.5 0.5 0.5 0.125 (0.125–0.25) 0.125
Isavuconazole 1 (1–2) 1 (0.5–1) 8 16 >32 4 8 1 16 2 2 1 (0.25–4) 2 8 4 1 (1–2) 1; 2
Voriconazole 1 (0.5–2) 1 (0.25–1) 8 8 >32 2 4 1 8 2 1 0.5 (0.25–1) 2 4 4 1 1

Fungicide metabolites
1,2,4-Triazole >16 (>16) >16 (>16) >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 (>16) >16 >16 >16 >16 (>16) >16
1,2,3-Triazole >16 (>16) >16 (>16) >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 (>16) >16 >16 >16 >16 (>16) >16
Triazole alanine >16 (>16) >16 (>16) >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 (>16) >16 >16 >16 >16 (>16) >16
Triazole acetate >16 (>16) >16 (>16) >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 (>16) >16 >16 >16 >16 (>16) >16
Triazole sulfonamide >16 (>16) >16 (>16) >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 (>16) >16 >16 >16 >16 (>16) >16

Non-azole fungicides
Bixafen >32 (>32) >32 (>32) >32 >32 >32 2 4 2 >32 8 >32 >32 (>32) >32 >32 >32 >32 (>32) >32
Boscalid >32 (>32) >32 (>32) >32 >32 >32 2 2 2 >32 >32 >32 >32 (>32) >32 >32 >32 >32 (>32) >32
Fluxapyroxad >32 (>32) >32 (>32) >32 >32 >32 2 1 2 >32 >32 >32 >32 (>32) >32 >32 >32 >32 (>32) >32
Fluopyram >32 (>32) >32 (>32) >32 >32 >32 4 16 4 32 >32 >32 >32 (>32) >32 >32 >32 >32 (>32) >32
Folpet >32 (>32) >32 (>32) >32 >32 >32 32 16 32 >32 32 >32 >32 (>32) >32 32 >32 >32 (>32) >32
Azoxystrobin >32 (>32) >32 (>32) >32 >32 >32 8 >32 32 >32 >32 >32 2 (0.5–8) >32 >32 16 >32 (>32) >32

* MIC50 (range) of six repetitions; a MIC50 (range) of the MICs for 7 isolates; b MICs for each of the two A. terreus sensu stricto isolates included. The A. terreus cyp51A wild-type isolate with lowest MICs was
found to harbour a calmodulin deletion.
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3.1. Fungicide Activity against Wild-Type Aspergillus Isolates

Nine azole fungicides displayed in vitro activity against wild-type A. fumigatus using
a complete growth inhibition endpoint. Of these, four were highly active with MIC50
values of 0.06–0.5 mg/L (metconazole, prothioconazole-desthio, prochloraz and imazalil),
and five were moderately active with MIC50 values of 2–16 mg/L (paclobutrazole, epoxi-
conazole, propiconazole, tebuconazole, and difenoconazole) (Table 1). Ten azole fungicides
were in vitro active against A. terreus. These included five highly active difenoconazole,
metconazole, prothioconazole-desthio, prochloraz and imazalil with MIC50 ≤ 1 mg/L and
five that displayed weaker activity with MIC50 2–8 mg/L (mefentrifluconazole, paclobutra-
zole, epoxiconazole, propiconazole, tebuconazole). Finally, nine of these were also active
against wild-type isolates of A. flavus: metconazole, prothioconazole-desthio, prochloraz
and imazalil with MIC50 values of 0.5–2 mg/L, and paclobutrazole, epoxiconazole, propi-
conazole, tebuconazole, and difenoconazole with MIC50 values of 8–16 mg/L. No activity
was observed for the fungicide metabolites or the non-azole fungicides against wild-type
isolates of the three Aspergillus species, with the exception azoxystrobin against A. terreus
(MIC50 of 0.58 mg/L, Table 1).

3.2. Activity of Azole Fungicides against cyp51A Mutant Aspergillus

The four mutant A. fumigatus with tandem repeats in the promotor region of the
cyp51A gene were resistant (MIC > 16 mg/L) to prothioconazole, mefentrifluconazole,
paclobutrazole, epoxiconazole, propiconazole, tebuconazole and difenoconazole. Metcona-
zole, prothioconazole-desthio, prochloraz and imazalil were active against TR34/L98H,
TR34

(3)/L98H, and TR120/F46Y/M172V/E427K (MICs of 0.125–8 mg/L) whereas met-
conazole (MIC 16 mg/L) and prothioconazole-desthio (1 mg/L) were the only agents
with in vitro activity against TR46/Y121F/T289A. Among the isolates with single point
mutations in the target gene, the susceptibility of the G432S mutant resembled that of the
TR34/L98H, whereas the remaining mutants of A. fumigatus and A. terreus with single point
mutations were more susceptible than the isolate harbouring the TR34/L98H to one or more
of the following fungicides: epoxiconazole, propiconazole, tebuconazole, difenoconazole
(Table 1).

3.3. The Relative Susceptibility of wt and Mutant Isolates

The relative susceptibility of wt and mutant isolates to azole fungicides was determined
as the difference between log2 transformed MICs for mutants and wt isolates (Table 2).
A log2 MIC difference of three or greater was found for the TR34/L98H, TR34

(3)/L98H,
TR46/Y121F/T289A and G432S mutants compared to wild-type A. fumigatus with epoxicona-
zole, propiconazole, tebuconazole, difenoconazole, metconazole (except G432S), prochloraz
and imazalil. In addition, a log2 MIC difference of four was found for prothioconazole-desthio
against TR46/Y121F/T289A but not TR34 tandem repeat mutants. The azole fungicides that
displayed the greatest MIC elevation against the TR34/L98H and TR34

(3)/L98H were difeno-
conazole and imazalil (four to five two-fold dilutions), whereas tebuconazole, difenoconazole,
metconazole, prothioconazole-desthio, prochloraz and imazalil displayed the greatest MIC
elevation against TR46/Y121F/T289A (four to seven two-fold dilutions).

Among the remaining mutants (isolated from patients with medical azole exposure),
MIC elevations of three or more two-fold dilutions to several azole fungicides were found
in A. fumigatus strains harbouring the TR120/F46Y/M172V/E427K (particularly difeno-
conazole) and G54R (particularly metconazole, prothioconazole-desthio and prochloraz)
alterations, but not in isolates harbouring either the G54A, M220K (except epoxiconazole)
or M220R (except prochloraz) alterations (Table 2). On the contrary, in A. terreus, MIC
elevations of three or more dilutions were observed in isolates harbouring the G51A, and
M217I alterations for epoxiconazole, propiconazole, tebuconazole, difenoconazole and
mefentrifluconazole, and for the M217I specifically also for prochloraz. Finally, the sus-
ceptibility of the Y491H mutant A. terreus was less affected as a three-dilution elevation of
MICs was only observed for two compounds (mefentrifluconazole and prochloraz).
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Table 2. Relative susceptibility of mutant isolates compared to same species wild-type isolates determined as Log2(mutant MIC50) – Log2(wild-type MIC). Only agents with activity
against wildtype isolates are included. Differences of ≥3 Log2 MICs are highlighted in bold, and of ≥4 Log2 MICs are underlined. Negative values represent cases where the mutant
isolate is more susceptible than its wild-type counterpart.

A. fumigatus A. terreus

TR34/L98H TR34
(3)/L98H TR46/Y121F/T289A TR120/F46Y/M172V/E427K G432S G54A G54R M220K M220R G51A M217I Y491H

Triazole fungicides
Mefentrifluconazole 0 0 0 0 0 0 0 0 0 3 3 3

Paclobutrazole 2 2 2 2 1 1 2 1 2 0 2 2
Epoxiconazole * 3 3 3 3 3 1 1 3 1 3 5 2
Propiconazole * 3 3 3 3 3 1 0 1 1 3 5 2
Tebuconazole * 3 4 4 3 3 0 3 1 1 3 4 2

Difenoconazole * 5 5 5 4 3 1 0 2 2 3 3 2
Metconazole 3 3 6 2 2 1 5 1 1 1 2 2

Prothioconazole-desthio 1 2 4 1 1 1 6 1 1 −1 0 0
Imidazole fungicides

Prochloraz 3 3 7 2 3 1 5 1 3 2 3 3
Imazalil 4 5 7 3 4 2 3 1 1 2 2 1

Medical triazoles
Itraconazole 8 8 1 8 8 8 8 8 8 8 8 2

Posaconazole 4 3 2 3 3 5 9 4 2 2 2 2
Isavuconazole 3 4 6 2 3 0 4 1 1 1 3 2
Voriconazole 3 3 6 1 2 0 3 1 0 2 3 3
Strobilurin

Azoxystrobin 0 0 0 −3 0 −1 0 0 0 5 5 3

* Compounds previously associated with azole resistance selection potential [14].
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3.4. Mefentriflucon Azole Displayed an Atypical Inhibition Pattern against Aspergillus

Complete growth inhibition was not achieved for mefentrifluconazole against neither
wild-type nor mutant isolates of A. fumigatus and A. flavus even at the highest concentra-
tion tested (32 mg/L). However, partial inhibition was consistently observed for all three
Aspergillus species at the higher concentrations and therefore endpoints were determined
based on a range of 50% to 90% growth inhibition endpoints (Table S1). A ≥3 log2 MIC el-
evation (MIC ≥ 16 mg/L) compared to the wild-type (MIC50 4 mg/L) was observed
for A. fumigatus mutants harbouring TR34/L98H, TR34

(3)/L98H, TR46/Y121F/T289A,
TR120/F46Y/M172V/E427K and the M220R as well as for all three mutants of A. terreus
(MICs 16->16 mg/L) compared to the wild-type (MIC50 2 mg/L) when the spectrophoto-
metric 50% inhibition endpoint was adopted.

3.5. Activity of Non-Azole Fungicides and Azole Fungicide Metabolites against Aspergillus

Whereas the non-azole fungicides were inactive against wild-type A. fumigatus and
A. flavus, the SDHI fungicides bixafen, boscalid and fluxapyroxad (anilid) displayed activity
against the A. fumigatus mutants TR120/F46Y/M172V/E427K, G432S and G54A (MICs
1–4 mg/L) (Table 1). Similarly, activity was observed of the SDHI fungicide fluopyram (a
benzamide) against the TR120/F46Y/M172V/E427K and G54A A. fumigatus mutants (MICs
4 mg/L) and of azoxystrobin (QoI /strobilurin) against the TR120/F46Y/M172V/E427K
mutant (MIC 8 mg/L). In contrast, only azoxystrobin displayed activity against wild-type
isolates and the Y491H mutant of A. terreus, but not against the G54A and M217I mutants
of A. terreus.

4. Discussion

The circumstantial evidence suggesting that TR34/L98H, TR46/Y121F/T289A and the
less common TR46

(3)/Y121F/T289A and TR53 azole resistance mechanisms in A. fumigatus
originate from the environment is compelling [17,20,36,37]. This is in part because sus-
ceptible isogenic counterparts have never been isolated in humans and because resistant
infections are diagnosed in azole naïve patients. However, it has become clear over the
recent years that isolates with tandem repeats can also occasionally arise in humans during
medical therapy. Thus, an isolate with a 120 base pair tandem repeat in the promotor region
(TR120/F46Y/M172V/E427K) was recently demonstrated to have emerged in a patient
during azole therapy [38]. It is also well documented that the list of point mutations in the
cyp51A target gene that can arise during medical azole therapy and cause resistance is long
and growing [17]. The single amino acid alterations M220K and M220R have only been
found in azole-exposed patients. Nevertheless, it has become clear that several point muta-
tions causing azole resistance can also be found in environmental isolates. For example, A.
fumigatus isolates harbouring single point target gene mutations have been found in the
environment including G54A in Germany [39], G54E in Italy, India, Romania, Tanzania,
and Argentina [40–43], G54R in Switzerland and Thailand [44,45], M220I in Germany [39],
P216L and H285Y in France [46,47], and G448S in China [48]. Moreover, clinical A. flavus
isolates harbouring point mutations conferring Cyp51A P214L (itraconazole and posacona-
zole resistant) or Cyp51C H349R (pan human azole resistant) alterations displayed cross
resistance to imazalil, prochloraz, metconazole, tebuconazole, epoxiconazole, and bromu-
conazole [28]. Besides an environmental itraconazole and voriconazole resistant A. flavus
isolate from Argentina was found to harbour Cyp51C S361W and N423D alterations [25].
On this background, it is plausible that selection of azole resistance in the environment can
take place not only in A. fumigatus but also in other clinically relevant Aspergillus species
and that the underlying mechanisms are not limited to those consisting of the combination
of tandem repeats and target gene mutations. Therefore, in this study we investigated the
differential activity of fungicides (and azole fungicide metabolites) against wild-type and
various mutant isolates of A. fumigatus, A. flavus and A. terreus.

Epoxiconazole, propiconazole, tebuconazole and difenoconazole have previously been
associated with selection of the TR34/L98H resistance mechanism in A. fumigatus [14]. We
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confirmed activity of these agents against wild-type A. fumigatus but also against wild-type
A. terreus and A. flavus suggesting they may also pose a selection pressure for resistance in
these species. An MIC elevation comparable to that seen in TR34/L98H was observed in
A. fumigatus harbouring TR46/Y121F/T289A, TR120/F46Y/M172V/E427K and G432S and
the three A. terreus isolates with G51A, M217I and Y491H, suggesting that acquisition of
all these alterations may be an advantage in an environment where these four agents are
applied. This may also be the case in A. fumigatus for the G54R and M220K alterations for
tebuconazole and epoxiconazole, respectively.

Metconazole, prothioconazole-desthio, prochloraz and imazalil were more active
against wild-type A. fumigatus, A. terreus and A. flavus than the other azole fungicides on a
mg/L basis. The strongest reduction in susceptibility to these four agents was conferred by
the TR46/Y121F/T289A and G54R alteration in A. fumigatus. Of note, TR46/Y121F/T289A
and G54R were the only mutants with acquired resistance to prothioconazole-desthio
suggesting this fungicide is not implicated in selection of TR34/L98H or any of the in-
cluded point mutations in A. fumigatus. In contrast, metconazole, prochloraz and imazalil
activity was reduced in TR34/L98H and one or both of the latter two also in G432S,
TR120/F46Y/M172V/E427K and M220R A. fumigatus isolates.

The non-azole fungicides were in general not active against Aspergillus wild-type
isolates with the exception of azoxystrobin against A. terreus. These agents belong to drug
classes that are not used in human medicine and which, when used for plant protection
are often used in combination with azole fungicides. The SDHIs bixafen and fluxapy-
roxad are frequently used outside Denmark in combination with azoles (prothioconazole,
epoxiconazole and as of 2021 also mefentrifluconazole). Similarly, fluopyram with prothio-
conazole and boscalid with epoxiconazole are frequently used combinations in Denmark.
Although inactive against the included wild-type A. fumigatus isolates, activity was ob-
served against some of the mutant isolates of A. fumigatus. This was true for bixafen,
boscalid and fluxapyroxad against TR120/F46Y/M172V/E427K (selected via the patient
route), G432S (also found in an azole naïve patient), and G54A (selected via the patient
route and occasionally found in the environment), and was also true for fluopyram against
TR120/F46Y/M172V/E427K and G54A. In contrast, none of them were active against G54R,
which is found in the environment in Switzerland and Thailand, nor against the two most
common environmental mutants, TR34/L98H and TR46/Y121F/T289A. It remains to be
understood if the use of these non-azole fungicides in combination with azoles may help
prevent selection of for example G54A and G432S mutants in the environment. On the
other hand, a recent study from the UK showed that in addition to azole resistance, several
lineages of A. fumigatus carrying TR-based Cyp51A variants have also acquired resistance
to three other groups of fungicides, namely methyl benzimidazole carbamate, strobiluriner
(QoI) and (SDHIs) through target-site alterations in the corresponding fungicide target
proteins [19]. This illustrates the capacity of A. fumigatus to evade a selection pressure
in the environment and may explain the high level of resistance against these non-azole
fungicides in the wild-type isolates included in this study.

Prothioconazole, mefentrifluconazole and the five azole metabolites did not display
fungicidal activity against A. fumigatus or A. flavus, suggesting that these agents are im-
probable drives of resistance in these species. Once applied to the target, prothioconazole
is, however, rapidly metabolised to prothioconazole-destio, which is present in the upper
layers of soil, a more potent selector for resistance in plant pathogens and active against
A. fumigatus [49,50]. Another potential caveat was that a partial inhibition pattern was
observed for mefentrifluconazole against A. fumigatus and A. terreus that was not observed
for the other agents and not observed against TR34/L98H, TR120/F46Y/M172V/E427K,
G54A, M220K and M220R nor against A. terreus harbouring G51A, M217I and Y491H.
Therefore, further studies are warranted before confirming that this partial inhibition
of mefentrifluconazole may not present a relevant selection pressure on Aspergillus in
the environment.
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5. Conclusions

In conclusion, our study shows that prothioconazole, paclobutrazole, potentially
mefentrifluconazole and the five well-known azole metabolites showed no or low activity
against A. fumigatus, A. terreus and A. flavus, and thus are unlikely drivers of resistance.
However, differential activity was observed for the other azole fungicides, including the
prothioconazole-destio metabolite of prothioconazole, which may suggest that given the
“right” circumstances, these may pose a selection pressure on all three Aspergillus species.
Moreover, not only the recognised TR34/L98H and TR46/Y121F/T289A environmental mu-
tations, but also seven of the eight point mutations in A. fumigatus and A. terreus increased
the MIC to at least one fungicide by at least three two-fold dilutions, suggesting these
mutations confer an advantage for the fungus to escape both environmental fungicides and
medical azoles. Most azoles are rather persistent in soils when measured as DT50 (= time
for disappearance of half the chemical). Half-lives are variable but range from months to
years (Table 3). Field applications with azoles will expectedly impact the concentration
in the upper soil layers where A. fumigatus can be expected to be present and in this way
azole-fungicides may act as a potent selector for resistance. Despite common cases of azole
resistance in plant pathogens attacking field crops [51], a recent investigation only found a
few cases with resistant A. fumigatus in farmer fields treated with azoles, suggesting that
other uses may be more important for resistance selection [19].

Table 3. Comparison of azole degradation times (DT50 (half-life)) in soil as given in EFSA summary reports.

Azole Fungicide DT50 in Soil (20 ◦C)
(Range in Days) Source (Link to Specific EFSA Document)

Difenoconazole 53–235 https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2011.1967
Prothioconazole 1.3–2.8 https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2007.106r

Prothioconazole-destio 7–34 https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2007.106r
Tebuconazole 20–92 https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2014.3485
Metconazole 84–598 https://www.efsa.europa.eu/en/consultations/call/180801

Propiconazole 28–131 https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2017.4887
Epoxiconazole 98–694 https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2008.138r

Imazalil 41–135 https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2010.1526
Mefentrifluconazole 104–477 https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2018.5379

Taken together, these and our findings illustrate that studies focussing on identifying
local practices in each country that are important for the selection of azole resistance in
Aspergillus are of utmost importance. This is in order to identify potentially safe and
beneficial practices for agricultural yield from the uses of fungicides that drive resistance
in human pathogens.

Supplementary Materials: The following are available online at https://www.mdpi.com/2309
-608X/7/3/205/s1, Table S1: Mefentrifluconazole MIC (mg/L) with complete visual and partial
spectrophotometric inhibition endpoints.
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