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Abstract 

Aspergillus fumigatus is a fungal species causing diverse diseases in humans. The use of azoles for treatments of A. fumigatus diseases has 
resulted in azole resistance. Azoles are also widely used in the environment for crop protection, which resulted in azole resistance. Resistance 
is primarily due to mutations in cyp51A , which encodes the target protein f or az oles. Here we addressed the occurrence of azole resistance 
in soils from a vast part of Switzerland. We aimed to associate the use of azoles in the environment with the occurrence of azole resistance. 
We targeted sample sites from different agricultural environments as well as sites with no agricultural practice (natural sites and urban sites). 
Starting from 327 sites, 113 A. fumigatus isolates w ere reco v ered (2019–2021), among which 19 w ere az ole-resistant (15 with TR34/L98H 

and four with TR46/Y121F/T289A resistance mutations in cyp51A ). Our results show that azole resistance was not associated with a specific 
agricultural practice. Azoles could be chemically detected in in v estigated soils, ho w e v er, their presence was not associated with the occurrence 
of azole-resistant isolates. Interestingly, genetic markers of resistance to other fungicides were detected but only in azole-resistant isolates, 
thus reinforcing the notion that A. fumigatus cross-resistance to fungicides has an environmental origin. 
In conclusion, this study re v eals the spreading of azole resistance in A. fumigatus from the environment in Switzerland. The proximity of agri- 
cultural areas to urban centers ma y f acilitate the transmission of resistant strains to at-risk populations. Thus, vigilant surveillance is required to 
maintain effective treatment options for aspergillosis. 

Lay summary:

Aspergillus fumigatus is ubiquitous and causes diseases in humans. Antifungal drugs, and especially azoles, are used to combat A. fumigatus . 
Azoles are widely used in the environment, which exposes A. fumigatus and results in azole resistance. Azole resistance was investigated in 
Switzerland. 

Ke y w or ds: Aspergillus , resistance, azoles, fungicides. 
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Introduction 

Aspergillus species are filamentous fungi (moulds) that are 
ubiquitous in the environment. They live as saprophytes, al- 
though they occasionally infect living hosts including plants,
insects, birds, and mammals. Among Aspergillus spp., As- 
pergillus fumigatus Freseniu is the most common and life- 
threatening airborne opportunistic fungal pathogen in hu- 
mans.1 

Aspergillus fumigatus produces small asexual spores (coni- 
dia) that are readily dispersed in the environment and that are 
easily inhaled through lung tissues in humans. Major sources 
of A. fumigatus conidia are originating from decaying organic 
matters (e.g., composting sites).2 Inhalation of A. fumigatus 
conidia into the lungs can cause multiple diseases that de- 
pend on the immune status of the host. These include invasive 
pulmonary aspergillosis (IA), chronic pulmonary aspergillosis 
(CPA), and different forms of hypersensitivity diseases such as 
allergic asthma and allergic bronchopulmonary aspergillosis 
Received: August 28, 2023. Revised: October 17, 2023. Accepted: October 31, 20
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ABPA). Some other organs can be affected, such as the sinus,
ith possible extension to the brain. Aspergillus spp. are re-

ponsible for over 300 000 cases of IA annually, and global
stimates suggest that over 1.2 million patients have CPA. A
otal of 4.8 million suffer from ABPA with most infections 
eing caused by A. fumigatus .3 , 4 While allergic forms of as-
ergillosis such as ABPA and Aspergillus sinusitis are gener- 
lly not life-threatening, IA is a life-threatening infection: a 
arge prospective study found that the one-year survival rate 
or immunosuppressed individuals was 59% among solid or- 
an transplant recipients 5 and 25% among stem cell trans- 
lant recipients.6 

Current antifungal therapy for aspergillosis involves three 
ain antifungal categories: polyenes, echinocandins, and 

zoles. Among these, azoles are the drug of choice, since they
an be administered orally and are critical for long-term treat-
ent.7 Azoles target Cyp51A in A. fumigatus , an enzyme 

nvolved in ergosterol biosynthesis. Several azoles such as 
23 
ternational Society for Human and Animal Mycology. This is an Open 
icense ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits 
iginal work is properly cited. 
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traconazole, voriconazole, posaconazole, and isavuconazole 
re used to treat and to prevent A. fumigatus infections.8 

zoles have been beneficial as they improve patient survival,
ut resistant strains have emerged.9 Several resistance pro-
les have been described, including resistance to specific azoles
r multi-azole resistance. After some sporadic reports, an in-
rease in azole resistance appeared starting from 2007 in the
etherlands and in the UK and then later in other countries

n all continents.10 

Azoles are also used as crop protection agents in agriculture
n most European countries, in Asia and also in the American
ontinent, although less extensively than in Europe.3 Thus, A.
umigatus can be in contact with the same substance class in
edicine and in the environment and azole resistance can oc-

ur in these circumstances. Indeed, resistance to azoles has
een detected in numerous fungal plant pathogens after se-
ection due to agricultural azole treatment.11 , 12 In the case of
. fumigatus , azole-resistant isolates were recovered from the

nvironment in the Netherlands as early as 2007.13 A mu-
ation in the azole target cyp51A (L98H), which was asso-
iated with a 34-bp tandem repeat (TR34) in the gene pro-
oter, was identified in these isolates.13 Interestingly, the same
utation was recovered from patient samples, strongly sug-

esting that the cyp51A TR34/L98H mutation was acquired
rom environmental isolates. This mutation results in resis-
ance to all medical azoles (pan-azole resistance). Environ-
ental acquisition of azole resistance in the clinic is sup-
orted by several studies, one of which illustrated that be-
ween 64% and 71% of patients with IA due to an azole-
esistant A. fumigatus isolate had never received azoles.14 Re-
ent reports also suggest the occurrence of other cyp51A mu-
ations from environmental isolates with tandem repeat (TRs)
n the promoter (e.g., TR46/Y121F/T289A). However, the
R34/L98H mutation is still the most frequent among re-
overed azole-resistant isolates.15 Nevertheless, non- cyp51A 

zole resistance mechanisms have been documented mainly
n clinical but much less in environmental isolates to varying
egrees (prevalence rates varying from 15% to 60% depend-
ng on geographic region).16–18 They impact on sterol biosyn-
hesis (e.g., 3-hydroxy-3-methylglutaryl-coenzyme A [HMG-
oA] reductase Hmg1) as well as the regulation of mul-

idrug transporters.19 There are concerns that azole resis-
ance could become a global public health threat since fungal
pores can disperse easily by circulating air flows across long
istances.1 

Very few studies have addressed up to now the epidemi-
logy of antifungal resistance in A. fumigatus in Switzerland
rom the environment. Our laboratory undertook between
001 and 2004 a survey of azole resistance from A. fumiga-
us of environmental origins taken from different sites across
witzerland (n = 150). A single isolate resistant to itracona-
ole and originating from a composting site was recovered
ut it was still susceptible to other azoles.20 This isolate ex-
ibited cyp51A mutations (F46Y , M172V , and E427K).21 A
tudy that compiled clinical isolates from 2009 to 2011 

22 

omprising 3788 Aspergillus isolates from 22 centers from
9 countries and including the University Hospital Center
f Lausanne (CHUV) concluded a prevalence of azole resis-
ance of 3.6% (range 0.0%–26.1% among the centers). In
his study, none of the 580 isolates collected by the CHUV
uring this time were resistant. That a single Swiss center was
nvolved could explain the absence of azole-resistant isolates
n the sampled cohort. Another prospective study performed
n 2015 that undertook the detection of azole resistance in
oil samples in a limited area in Switzerland (lemanic area)
evealed the existence of azole resistance in A. fumigatus in
pproximately 10% of all tested samples (n = 65).23 More-
ver, the same study revealed azole resistance in two cystic
brosis patients from the same region. Notably, azole resis-
ance in these patients exhibited a typical environmental sig-
ature (TR34/L98H in c yp51A ), thus suggesting an environ-
ental acquisition of resistance in these patients. These last

esults were in sharp contrast with the study performed at the
HUV between 2009 and 2011.20 A recent clinical study col-

ected respiratory samples from 365 patients from seven Swiss
ospitals revealed a 1.1% rate of azole resistance among A.
umigatus isolates.24 Three out of four of these azole-resistant
. fumigatus isolates contained the environmental mutation
R34/L98H. 
In this study, our goal was to obtain a more comprehensive

stimation of the occurrence of azole resistance in Switzerland
n the environment and to explore the potential link between
zole use in the environment and the occurrence of azole re-
istance. To this end, soils were sampled in the entire coun-
ry between 2019 and 2021. Sites without any recorded hu-
an activity as well as sites with different types of agricultural

rops with or without azole applications were chosen. Our
esults showed that azole resistance in A. fumigatus could be
etected as expected throughout the territory with the occur-
ence of cyp51A mutations typically linked to environmental
esistance acquisition. 

aterial and Methods 

election of sampling sites and data recording 

oil samples from different regions of Switzerland and sub-
ected to different agricultural practices were collected. Five
ypes of crops were selected: viticulture, field crops, fruit pro-
uction, vegetable crops produced in greenhouses, or veg-
table crops in open fields. Fourteen Swiss states were selected
or sampling since their agricultural practices included almost
ll the above-mentioned categories (Geneva, Vaud, Neuchâ-
el, Jura, Wallis, Bern, Friburg, Argovia, Zurich, Schaffhouse,
risons, St-Gall, Thurgovia, and Ticino). For each type of

rop, fields treated or not treated with azole fungicides within
t least 3 years prior to sampling were chosen. This catego-
ization was performed based on the completion of question-
aires filled out by the owners of the sampled fields. Other soil
ypes were added to the collection including soils from each
elected canton that were not known to have been subjected
o any agricultural practice (natural sites) as well others from
rban parks (human activity but no agricultural practice). The
otal number of processed samples (n = 327) and their distri-
ution among the different cantons of the Swiss territory are
iven in Table 1 . 

solation of fungal isolates from soil samples 

elected fields were divided by drawing two diagonals, along
hich between six and ten soil samples were taken. Soil sam-
les from a given site were extracted with an auger at a
epth of about 20 cm, samples were mixed and an aliquot
f the mix was conserved at 4 

◦C. The auger was washed
ith ethanol on extraction sites after each individual soil sam-
ling. In the laboratory, aliquots of two g were mixed with a
ween-80 solution (0,1% in distilled water) and vortexed for
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0 s. After a ten min sedimentation, 100 μl of the suspension
ere plated onto Sabouraud (2%, Becton, Dickinson Difco 

M) agar plates (SabITZ: Sabouraud itraconazole) contain- 
ng chloramphenicol (Sigma-Aldrich; 0.5 g/l) and itraconazole 
Sigma-Aldrich; 4 mg/l). Plates were sealed with Parafilm and 

ncubated for 72 h at a temperature of 45 

◦C. A rapid tape-
ount staining with a lactofuchsin solution (0,1% fuchsin in 

0% lactic acid) was used to identify spores of fungal iso-
ates. Isolated fungal colonies were analyzed with Microflex 

T MALDI-TOF (Matrix-assisted laser desorption/ionization- 
ime of flight) MS (mass spectrometry) (Bruker Daltonics) and 

dentified as A. fumigatus complex with the software Bio- 
yper 3.0 using the Filamentous Fungi Library 1.0 (Bruker 
altonics). Colonies growing on SabITZ were next screened 

or resistance using the VIPcheck test, which consists of a
-wells plate containing agar supplemented with three azole 
rugs (voriconazole at two μg/ml, itraconazole at four μg/ml,
nd posaconazole at 0.5 μg/ml) and a growth control. The 
lates were incubated at 37 

◦C for 72 h. Assessment of azole
esistance was carried out as described.25 Aspergillus fumi- 
atus isolates growing on SabITZ and in the VIPcheck test
ere tested for their susceptibility profiles. The A. fumiga- 

us isolates were tested for in vitro susceptibility using the 
ommercial and standardized broth microdilution Sensititre™
eastOne ITAMYUCC, a modified panel YO10 with isavu- 
onazole instead of 5-fluorocytosine (Thermo Fisher Diagnos- 
ics). Sensititre™ YeastOne is a standardized method, which 

orresponds to procedures of the Clinical and Laboratory 
tandards Institute (CLSI) and has demonstrated excellent 
orrelation with CLSI.26 This is the method used in clinical 
outine in the reference laboratory for this study. MIC 90 was
efined as the concentration inhibiting 90% of selected iso- 
ates. Epidemiological cut-off values (ECVs), as defined by the 
LSI, were used to distinguish wild-type (WT) and non-wild- 

ype (NWT) isolates.27 

equencing 

solates with a phenotypic resistance pattern were sequenced 

or the cyp51A gene. Aspergillus fumigatus DNA was 
xtracted using a one-step procedure as described pre- 
iously.23 The amplification of cyp51A was realized by 
olymerase chain reaction (PCR) using two cyp51A primers 
5 

′ -GA GCCGAATGAAA GTTGCCTAATTA CTA-3 

′ and 5 

′ - 
C AC AGTTT AGA T AGGCT AGAAGGAG-3 

′ ). PCR products 
ere next sequenced using two sets of primers: CYP51A-A7 

5 

′ -TCA T A TGTTGCTCAGCGG-3 

′ ) and CYP51A-A5 (5 

′ -
CTCTGC ACGC AAAGAAGAAC-3 

′ ) for TR detection and 

yp51a_sq3 (5 

′ -C ATGTGCGC AATCTCTTTATC-3 

′ and 

yp51a_q4 (5 

′ -CGGAAGA T AGGGACTTGACGT-3 

′ ) for 
ingle sites mutation detection. 

Sequencing of tubA , cytB and sdhB was carried out 
fter PCR amplification of gene segments with primer 
airs tubA-873F (5 

′ -A GA GGGGTTA GA GA GCTTAA GG-3 

′ )
nd tubA-1149R (5 

′ -GGGT ACTCTTCTGA TCTCCAA-3 

′ ); 
ytB-802R (5 

′ -GTGGAGTTTGCA TTGGA TT AGC-3 

′ ) and 

ytB-55F (5 

′ -GATTC ACC AC AACCTGCT AA T A-3 

′ ); and
dhB_188_F (5 

′ -AA TCGAGGGGAAA TGT AA TGCA-3)’ and 

dhB_633_R (5 

′ -CTGCGAA T A GGGTCTTGA GAA C-3 

′ ). 
The sequences were analysed using Geneious (Biomatters,
ew Zealand). Sequencing was performed by Microsynth AG 

Balgach, Switzerland). 
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zole analysis 

oil extraction was based on the Accelerated Solvent extrac-
ion (ASE) method using a six-station Büchi Speedextractor E-
16. The concentration of the solvent extracts was achieved
y evaporation in a rotary evaporator (Büchi Rotavapor R-
34). Filtration of the final soil extracts was performed us-
ng a 0.20 μm PTFE (polytetrafluoroethylene) membrane filter
Pall corporation). Purified soil extracts were collected in 2 ml
TFE screw-capped amber glass vials. Azole analysis was per-
ormed by LC-MS/MS (liquid chromatography-tandem mass
pectrometry) using an Agilent Series 1200 binary pump cou-
led to an Agilent 6410 Triple-Quad MS using the ESI (elec-
ro spray ionisation) source. Chromatographic separation was
erformed using a fast-resolution C18 Zorbax Eclipse column
50 mm × 4.6 mm, 1.8 μm). The mobile phase composition
ncluded solvents A and B, which were acetonitrile and H 2 O
ontaining 0,1% HCOOH, respectively. The mobile phase ra-
ios were: 20% B for 2 min, then 60% B for 5 min, then
0% B for 10 min. The ESI source conditions were: nebu-
izing gas 3.5 bar, capillary voltage 5000 V, gas temperature
25 

◦C, and gas flow 12 l/min. The gas used was N2. For data
cquisition and processing, Agilent Mass Hunter software
as used. The slopes of the calibration curves of the matrix-
atched standards were compared to those obtained from

he solvent-based standards, and the matrix/solvent slope ra-
ios were calculated for each pesticide. The compounds that
ere analyzed were cyproconazole, difenoconazole, epoxi-

onazole, fenbuconazole, imazalil, mefentrifluconazole, met-
onazole, myclobutanil, penconazole, prochloraz, propicona- 
ole, prothioconazole, tebuconazole, triadimenol, and triti-
onazole. 

esults 

esistance profiles of recovered Aspergillus 

 umig atus isolates 

fter collection of the 327 samples and positive selection of
solates on SabITZ agar plates, a total of 135 fungal isolates
ere recovered ( Supplementary File 1 ). MALDI-TOF analysis

dentified 21 of the isolates as Penicillium spp., one isolate as
eoscytalidium spp. and 113 as A. fumigatus . Since the iso-

ate selection on SabITZ is not always associated with stable
zole resistance, the 113 A. fumigatus isolates were retested
or azole resistance using the VIPcheck system. Among them,
1 were consistently growing on the tested azoles (voricona-
ole, posaconazole, and itraconazole). These isolates were
dentified as A. fumigatus sensu stricto by MALDI-TOF ac-
ording to the mass spectrometry identification (MSI) plat-
orm, which is considered to be appropriate for the distinc-
ion between A. fumigatus sensu stricto and cryptic species
f the section Fumigati.28 Separate susceptibility testing with
ensititre YeastOne was undertaken to confirm VIPcheck re-
ults. Our results showed that 21 of the initial 113 isolates
hat were positive by VIPcheck analysis were also azole-
esistant according to the Sensititre YeastOne test and their
igh MICs (minimal inhibitory concentrations) (Table 2 ) ex-
eeding established ECV.27 The remaining isolates exhibited
ow azole MICs typical for susceptible isolates (isavucona-
ole: 0.25–1 μg/ml, MIC 90 : 0.5 μg/ml; posaconazole: 0.015–
.12 μg/ml, MIC 90 : 0.06 μg/ml; voriconazole: 0.25–1 μg/ml,
IC 90 : 0.5 μg/ml; and itraconazole: 0.03–0.25 μg/ml, MIC 90 :

.12 μg/ml; Supplementary File 1 ; typical susceptible sample
03 A-1 in Table 2 ). Azole-resistant isolates fell into two MIC
rofiles. One group (n = 17) showed pan-azole MIC pro-
le (isavuconazole: 2–4 μg/ml; posaconazole: 0.25–0.5 μg/ml;
oriconazole: 2–8 μg/ml; itraconazole: 16 → 16 μg/ml) while
he other (n = 4) showed high azole MICs except for
traconazole with variable MICs (isavuconazole: > 8 μg/ml;
osaconazole: 0.25–0.5 μg/ml; voriconazole: > 8 μg/ml; itra-
onazole: 0.25–16 μg/ml). Sequencing of cyp51A in these
solates revealed that these two groups contained mutations
ssociated with resistance. Pan-azole resistance was associ-
ted with a L98H mutation coupled with a TR34 in the
yp51A promoter, while the other resistance profile was linked
o Y121F/T289A mutations with a 46-bp tandem repeat
TR46) (T able 2 ). T aken from these data, azole resistance
taking voriconazole MICs data) was detected in 5.8% of
ll sampled soils and in 18.6% of all recovered A. fumigatus
solates. 

Figure 1 shows the repartition of soil samples over the
wiss country and the distribution of azole-resistant isolates
red diamonds). Azole-resistant isolates are scattered in the
ntire country, and they were present in all types of agricul-
ural lands and even in natural sites (Table 2 ). All four iso-
ates carrying the TR46/Y121F/T289A mutation were iso-
ated from agricultural lands where azole fungicides had been
sed in recent years. Other than that, no significant associ-
tion could be made between the occurrence of azole resis-
ance and recorded fungicide treatments (Figure 2 ). In ad-
ition, two different soils originating from natural sites free
f agricultural activity contained azole-resistant isolates (223
nd 158 a2; TR34/L98H). These data suggest that azole re-
istance is not necessarily obtained by a selective pressure re-
ulting from the presence of agricultural fungicides in sampled
oils. The ability of A. fumigatus to produce a high number of
irborne conidia that spread over large territories, and among
hem some carrying azole resistance genes, may explain this
bservation. 

ccurrence of additional fungicide resistance 

enes in A. F umig atus 

he obtained A. fumigatus collection was also tested for other
esistance genes that are known to emerge when specific sub-
tances are used in agricultural practice. These substances in-
lude the classes of benzimidazoles, strobilurins and succinate
ehydrogenase inhibitors (SDHI). Mutations in tubA (resis-
ance to benzimidazoles), cytB (resistance to quinone outside
nhibitors [QoI’s] strobilurins), and sdhB (resistance to SDHI)
enes are known to confer resistance to the substances in
uestion.29 The 19 azole-resistant isolates as well as a same
umber of susceptible strains were systematically tested for
hese mutations ( Supplementary File 1 ). Sequencing analysis
evealed that all the azole-susceptible isolates did not show
ny mutation in the tubA , cytB , and sdhB genes. Most of the
zole-resistant strains did not show mutations in these genes
ither. Only four distinct isolates contained mutations con-
erring resistance to non-azole fungicides, all of them from
gricultural lands and three of them with known azole fungi-
ide applications (Table 2 ). These mutations correspond to
hose published earlier and causing resistance to the above-
entioned fungicides. One specific isolate (25 A) even exhib-

ted mutations in all the three tested genes. Interestingly the
etected fungicide mutations were all associated with the oc-
urrence of the azole resistance profile TR46/Y121F/T289A.

https://academic.oup.com/mmy/article-lookup/doi/10.1093/mmy/myad110#supplementary-data
https://academic.oup.com/mmy/article-lookup/doi/10.1093/mmy/myad110#supplementary-data
https://academic.oup.com/mmy/article-lookup/doi/10.1093/mmy/myad110#supplementary-data
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Figure 1. Distribution of samples and azole-resistant isolates in Switzerland. Cantons are designated by abbreviations. The sampled sites contained 108 
and 114 azole-treated and azole-untreated sites, respectively. The number of natural sites and urban parks was 65 and 40, respectively. Azole resistance 
was detected in 19 different sites. Sites were mapped by their GPS (global positioning system) coordinates. The digital template map was imported 
from the Federal Office of Statistics (Bern) and the map was generated with the R package bfsMaps. 

Figure 2. Distribution of azole-resistant isolates among different soil 
types. Natural sites and urban parks were not included since azole 
exposure cannot be formally excluded. Two-way Anova tests were 
performed using Graph Prism 9.5.1; ns: not significant. 
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aken together, these results strongly suggest that A. fumi-
atus has been exposed at some point to several types of
ungicides used in the agriculture. Aspergillus fumigatus con-
equently adapts by the acquisition of mutations conferring
rug resistance. 
etection of azoles in sampled soils 

iven that azole resistance was occurring in specific soil sam-
les, one hypothesis is that the presence of azoles in soils could
ave favored the development of resistance. We therefore car-
ied out a chemical analysis of soils (n = 74) by LC-MS/MS
ontaining resistant or susceptible A. fumigatus isolates. The
istribution of the samples according to the treatments and
heir origin is visible in Figure 3 A. Figure 3 B shows that dif-
erent azoles used currently in agriculture were detectable.
he detection limit of the method was at < 0.1 μg/kg soil

except for propiconazole and prothioconazole, the limit of
he method was at < 0.5 μg/kg soil). Contemporary azoles
commercialized after 1985) such as difeconazole, epoxicona-
ole, penconazole, and tebuconazole are mostly detected in the
amples (Figure 3 B). While 24 samples were negative for azole
etection, 15, ten, 15, and nine samples were positive for one,
wo, three, and four azoles, respectively ( Supplementary File
 ). Azoles were most frequently detected in soils from field
rops, fruit production, and viticulture. The obtained quan-
itative data showed high variations in azole concentrations
Figure 4 ) but in general, the median concentration varied be-
ween 0.25 and 0.55 μg/kg soil. If we consider the declara-
ions of treatments obtained by producers, we observe that
ost samples from treated soils contained azoles. On the other
and, approximately 50% of the soils that were declared as
ntreated contained traces of azoles (Figure 5 A). Taking into
ccount that treatment declarations were accurate, this sug-
ests that azoles have fairly long half-lives, given that the
eclaration threshold for untreated soil was 3 years. This is
upported by the fact that, among the detected azoles in this
ork, cyproconazole, epoxiconazole, metconazole, myclobu-

anil, and prochloraz have median half-lives over a threshold
f 500 days ( Supplementary Figure 1 ). 

art/myad110_f1.eps
art/myad110_f2.eps
https://academic.oup.com/mmy/article-lookup/doi/10.1093/mmy/myad110#supplementary-data
https://academic.oup.com/mmy/article-lookup/doi/10.1093/mmy/myad110#supplementary-data
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Figure 3. Azole analysis in soil samples. Panel A: Distribution of samples 
subjected to azole detection analysis; Panel B: Occurrence of azoles in 
the entire panel of analyzed samples (n = 74). The detection limit of 
az oles b y the method w as < 0.1 μg/k g soil (e x cept f or propiconaz ole and 
prothioconazole, the limit of the method was at < 0.5 μg/kg soil). 

Figure 4. Concentration ranges of azoles detected in soils. Propiconazole 
and triadimenol plots are not shown since only one value was obtained. 
Quartiles and median values are illustrated by dotted and dashed lines, 
respectively. 
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Figure 5 B shows that genetic azole resistance is only asso-
iated with the detection of azoles in 50% of cases. How-
ver, it cannot be excluded that azoles had been previously
pplied in those fields, inducing the resistance of the isolates
ecovered in this study. Nonetheless, azole-resistant isolates 
ere found in natural sites that are not known to have been

ubjected to any agricultural practice. Altogether, these results 
uggest that the presence of azole-resistant A. fumigatus iso- 
ates is not necessarily linked to the exposure to azoles in
oils. 

iscussion 

zole resistance in Aspergillus fumigatus is an increasing 
lobal health concern and is now observed at the world-
ide scale.30 At least two routes of azole resistance acqui- 

ition have been described: on one hand a long-term azole
herapy in clinical settings, and on the other hand the use
f azole fungicides in the agriculture. Environmental triazole 
esistance in A. fumigatus is characterized by genetic signa- 
ures involving the azole target Cyp51A. Principally, the ge- 
etic changes consist in TRs in the promoter region of cyp51A
esulting in increased cyp51A expression and are associated 

ith coding region point mutations that alter azole affinity 
o the target. The most commonly occurring resistance al- 
eles typical for environmental azole resistance acquisition,
R34/L98H and TR46/Y121F/T289A, are associated with 

zoles used in medicine and in the agriculture.31 Interestingly,
 recent study performed in the UK, in which 218 A. fumi-
atus isolates were sampled from the environment and the 
linic, showed that azole-resistant isolates were mostly clus- 
ered in a specific sub-population group (Clade A).15 This 
opulation structure is in agreement with other studies.15 , 32 , 33 

hese data suggest that the azole resistance based on TRs in
yp51A stemmed from a common ancestor and is restricted 

o genetically related isolates. In this study, we addressed for
he first time the occurrence of A. fumigatus azole resistance
n soils of a large part of the Swiss territory . Unsurprisingly ,
zole resistance was detected and genetic analysis revealed 

he presence of two signatures typical for environmental resis- 
ance acquisition, i.e., TR34/L98H and TR46/Y121F/T289A.
p to now, the TR46/Y121F/T289A genetic profile has not 
een reported in Switzerland. These two profiles were associ- 
ted with specific MIC profiles in A. fumigatus , in which the
R46/Y121F/T289A mutations elevated isavuconazole and 

oriconazole MICS, as observed by others.34 , 35 Whether or 
ot azole-resistant isolates could be associated with a specific 
opulation structure as above-mentioned remains to be estab- 
ished. 

Interestingly, while the current study was on-going, a clin- 
cal prospective study for azole-resistant A. fumigatus iso- 
ates was carried out in different Swiss hospitals. Among 
he recovered azole-resistant isolates from patients (n = 4),
hree exhibited the TR34/L98H mutation and one a single 
hange in cyp51A (M220K).24 The TR34/L98H mutation was 
ound in patients with leukemia and IA, and in two non-
mmunocompromised patients (chronic pulmonary obstruc- 
ive disease and cystic fibrosis) with lung colonization. In two
ases, azole resistance occurred prior to azole treatment. These 
ata again support the environmental origin of azole resis- 
ance. 

art/myad110_f3.eps
art/myad110_f4.eps
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Figure 5. Azole detection in soil samples. Panel A: Azole detection in relationship with obtained treatment declarations. Panel B: Distribution of genetic 
resistance in relationship with azole detection. Azole + : azoles detected in soil samples and Azole -: absence of azoles. 
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We attempted to associate azole resistance with specific
gricultural practices (crop type, use of azole fungicides), but
o clear trend could be deduced from our analysis. No im-
act of selection pressure exerted by spraying azole fungicides
ould be observed on the A. fumigatus Swiss population. The
ffect of selection may have been masked by the strong gene
ow to which this population is subjected due to the pro-
uction of numerous conidia. Nonetheless, it is worth not-
ng that the four isolates with the TR46/Y121F/T289A mu-
ation were recovered from agricultural fields with known
zole treatments. This observation suggests that this mutation
ight be associated with azole fungicide application in agri-

ultural lands. Indeed, tebuconazole (an azole used in agri-
ulture) has been shown to induce resistance in A. fumigatus
ssociated with the TR46/Y121F/T289A mutation.36 Further- 
ore, the TR46/Y121F/T289A mutation in clinical cases has
een shown to be closely related to those from environmental
rigin, suggesting an exclusively environmental origin of this
utation.14 

Other studies have reported that the presence of azoles
n specific environments or materials (compost sites, flower
ulb waste, wood chippings, sawmills) may have facilitated
he emergence of azole-resistant isolates.34 , 35 , 37–39 In a spe-
ific study in which soils were sampled for both azole resis-
ance screening and azole detection, authors reported azole
oncentrations in a range similar to those reported here (1–
00 μg/kg). Like our observations, the presence of azole-
esistant isolates was not necessarily linked to the detection
f azoles in soil samples.34 Several explanations could be pro-
ided to understand this observation. First, azoles can be de-
raded in soils. Their half-lives range from days to years, how-
ver, these values are highly dependent on the soil types and
emperature variations.31 Moreover, soils have different water
ermeabilities and drainage efficiencies and azoles may only
hortly be in contact with A. fumigatus .34 Secondly, A. fumi-
atus is conidia-proficient and azole-resistant conidia may be
ispersed over large territories. Collecting azole-resistant iso-
ates in soils without azole-pre-exposure is therefore possible.
he best illustration of this hypothesis is the isolation of azole-
esistant isolates in soils devoid of agricultural activities (nat-
ral sites). 
The fungicide-driven azole resistance hypothesis is sup-

orted by the acquisition of additional fungicide resistance
utations. Here we showed that several azole-resistant iso-
ates carried mutations in genes ( tubA , cytB , and sdhB ) that
re responsible for resistance to specific fungicides (benzim-
dazoles and SDHI). These findings corroborate with other
tudies in which A. fumigatus isolates were screened for
hese mutations. Notably, three out of the four isolates car-
ying the TR46/Y121F/T289A mutation possessed a muta-
ion in at least one of these genes ( tubA ) (Table 2 ). These
esults further suggest the environmental acquisition of the
R46/Y121F/T289A mutation, as previously suggested.14 In
 milestone study, Fraaije et al.40 addressed fungicides MICs of
everal azole-resistant A. fumigatus isolates and revealed high

ICs to the methyl benzimidazole carbamate (MBC) fungi-
ide carbendazim, to the QoI fungicide pyraclostrobin, and
o the SDHI fungicide boscalid. The authors identified muta-
ions resulting in amino acid substitutions in tubA (F200Y),
n cytB (G143A), and in sdhB (H270Y and H270R) respon-
ible for resistance to the non-azole fungicides. These findings
ere later replicated by separate studies.29 , 41 Multi-resistance

o non-azole fungicides by detection of mutations in the three
enes tubA , cytB , and sdhB was observed here for one iso-
ate but was also reported in these studies.29 , 41 These data
trongly support the hypothesis of fungicide resistance ac-
uired environmentally. Whether these drug resistance muta-
ions were acquired sequentially or whether genetic exchange
ithin A. fumigatus isolates allowed the accumulation of
rug-resistance genes is currently not possible to answer. 
In conclusion, this study further illustrates the occurrence

f azole resistance in A. fumigatus in soils during a specific
eriod (2019–2021). It is now widely recognized that agricul-
ural fungicides have been drivers for a selective pressure for
esistance in A. fumigatus .42 While we focused on this specific
ungal species since it is coupled to human health, other fungal
pecies may be also affected. Reducing the use of agricultural
ungicides in the environment may impact on the occurrence
f resistance in fungi. It is, therefore, necessary to support in
he future continuing broad surveillance of resistance to accu-
ately report trends in the resistant fungal population. 

upplementary material 

upplementary material is available at Medical Mycology

art/myad110_f5.eps
https://academic.oup.com/mmy/article-lookup/doi/10.1093/mmy/myad110#supplementary-data


Medical Mycology, 2023, Vol. 61, No. 00 9 

 

 

1
 

 

1  

1  

 

1  

1  

1

 

1  

1  

1  

2  

 

2

2  

2  

2
 

 

2  

 

 

 

2  

2

2
 

 

962–968.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/61/11/m

yad110/7335734 by Bibliothek am
 G

uisanplatz user on 15 August 2024
A c kno wledg ements 

The authors are thankful for the excellent technical assistance 
of Dona Restauri, Aurélie Melgar, and Danielle Brandalise.
This project was supported by a grant from the ‘Commission 

fédérale de biosécurité’ (Contract 04.1240. PZ/R472-0904). 
Authors are also thankful to the representatives of cantons of- 
fices for agriculture and the Federal Statistical Office (Gérald 

Ahles) for their help in producers’ locations in Switzerland. 

Author contributions 

Stéphanie Schürch (Conceptualization, Methodology, Writ- 
ing – review & editing), Katia Gindro (Conceptualization, 
Formal analysis, Methodology, Supervision, Writing – re- 
view & editing), Sylvain Schnee (Conceptualization, Formal 
analysis, Methodology, Writing – review & editing), Pierre- 
Henri Dubuis (Formal analysis, Methodology, Writing – re- 
view & editing), Josep Massana Codina (Writing – review 

& editing), Matthieu Wilhelm (Formal analysis, Methodol- 
ogy, Writing – review & editing), Arnaud Riat (Formal analy- 
sis, Investigation, Methodology, Writing – review & editing),
Frédéric Lamoth (Writing – review & editing), and Dominique 
Sanglard (Conceptualization, Formal analysis, Investigation, 
Methodology, Project administration, Resources, Supervision, 
Writing – review & editing). 

Conflict of interest 

The authors declare no conflicts of interest. 

References 

1. Arastehfar A, Carvalho A, Houbraken J et al. Aspergillus fumigatus 
and aspergillosis: from basics to clinics. Stud Mycol . 2021; 100: 
100115.

2. Latge JP. Aspergillus fumigatus and aspergillosis. Clin Microbiol 
Rev . 1999; 12: 310–350.

3. Denning DW, Perlin DS. Azole resistance in Aspergillus : a growing 
public health menace. Future Microbiol . 2011; 6: 1229–1232.

4. Bongomin F, Gago S, Oladele RO, Denning DW. Global and multi- 
national prevalence of fungal diseases-estimate precision. J Fungi 
(Basel) . 2017; 3: 57–29.

5. Kontoyiannis DP, Marr KA, Park BJ et al. Prospective surveillance 
for invasive fungal infections in hematopoietic stem cell transplant 
recipients, 2001–2006: overview of the Transplant-Associated In- 
fection Surveillance Network (TRANSNET) Database. Clin Infect 
Dis . 2010; 50: 1091–1100.

6. Pappas PG, Alexander BD, Andes DR et al. Invasive fungal infec- 
tions among organ transplant recipients: results of the Transplant- 
Associated Infection Surveillance Network (TRANSNET). Clin In- 
fect Dis . 2010; 50: 1101–1111.

7. Verweij PE, Chowdhary A, Melchers WJ, Meis JF. Azole resis- 
tance in Aspergillus fumigatus : can we retain the clinical use 
of mold-active antifungal azoles? Clin Infect Dis . 2016; 62: 
362–368.

8. Gregson L, Goodwin J, Johnson A et al. In vitro susceptibil- 
ity of Aspergillus fumigatus to isavuconazole: correlation with 
itraconazole, voriconazole, and posaconazole. Antimicrob Agents 
Chemother . 2013; 57: 5778–5780.

9. Howard SJ, Cerar D, Anderson MJ et al. Frequency and evolution 
of azole resistance in Aspergillus fumigatus associated with treat- 
ment failure. Emerg Infect Dis . 2009; 15: 1068–1076.

10. Fisher MC, Hawkins NJ, Sanglard D, Gurr SJ. Worldwide emer- 
gence of resistance to antifungal drugs challenges human health 
and food security. Science . 2018; 360: 739–742.
1. Frenkel O, Cadle-Davidson L, Wilcox WF, Milgroom MG. Mech- 
anisms of resistance to an azole fungicide in the grapevine pow-
dery mildew fungus, Erysiphe necator . Phytopathology . 2015; 105:
370–377.

2. Brauer VS, Rezende CP, Pessoni AM et al. Antifungal agents in
agriculture: friends and foes of public health. Biomolecules . 2019; 
9: 521.

3. Snelders E, van der Lee HA, Kuijpers J et al. Emergence of azole
resistance in Aspergillus fumigatus and spread of a single resistance
mechanism. PLoS Med . 2008; 5: e219.

4. van der Linden JW, Camps SM, Kampinga GA et al. Aspergillosis
due to voriconazole highly resistant Aspergillus fumigatus and re- 
covery of genetically related resistant isolates from domiciles. Clin 
Infect Dis . 2013; 57: 513–520.

5. Rhodes J, Abdolrasouli A, Dunne K et al. Population genomics con-
firms acquisition of drug-resistant Aspergillus fumigatus infection 
by humans from the environment. Nat Microbiol . 2022; 7: 663–
674.

6. Badali H, Canete-Gibas C, McCarthy D et al. Species distribution 
and antifungal susceptibilities of Aspergillus section fumigati iso- 
lates in clinical samples from the United States. J Clin Microbiol .
2022; 60: e0028022.

7. Khojasteh S, Abastabar M, Haghani I et al. Five-year surveillance
study of clinical and environmental triazole-resistant Aspergillus 
fumigatus isolates in Iran. Mycoses . 2023; 66: 98–105.

8. Resendiz-Sharpe A, Hokken MWJ, Mercier T et al. Hmg1 Gene
mutation prevalence in triazole-resistant Aspergillus fumigatus 
clinical isolates. J Fungi (Basel) . 2020; 6: 227.

9. Souza ACO, Ge W, Wiederhold NP et al. hapE and hmg1 muta-
tions are drivers of cyp51A-independent pan-triazole resistance in 
an Aspergillus fumigatus clinical isolate. Microbiol Spectr . 2023; 
11: e0518822.

0. Meneau I, Sanglard D. Azole and fungicide resistance in clini-
cal and environmental Aspergillus fumigatus isolates. Med Mycol .
2005; 43 (Suppl 1): S307–11.

1. Meneau I, Coste AT, Sanglard D. Identification of Aspergillus 
fumigatus multidrug transporter genes and their potential in- 
volvement in antifungal resistance. Med Mycol . 2016; 54: 
616–627.

2. van der Linden JW, Arendrup MC, Warris A et al. Prospective mul-
ticenter international surveillance of azole resistance in Aspergillus 
fumigatus . Emerg Infect Dis . 2015; 21: 1041–1044.

3. Riat A, Plojoux J, Gindro K, Schrenzel J, Sanglard D. Azole re-
sistance of environmental and clinical Aspergillus fumigatus iso- 
lates from Switzerland. Antimicrob Agents Chemother . 2018; 62: 
AA C.02088–02017-15. 

4. Ragozzino S, Switzerland fFIN, Goldenberger D et al. Distribution 
of Aspergillus species and prevalence of azole resistance in respira-
tory samples from Swiss tertiary care hospitals. Open Forum Infect
Dis . 2021; 9: ofab638.

5. Guinea J, Verweij PE, Meletiadis J et al. How to: EUCAST recom-
mendations on the screening procedure E.Def 10.1 for the detec-
tion of azole resistance in Aspergillus fumigatus isolates using four-
well azole-containing agar plates. Clin Microbiol Infect . 2019; 25:
681–687.

6. Melhem MSC, Coelho VC, Fonseca CA et al. Evaluation of the
sensititre YeastOne and etest in comparison with CLSI M38- 
A2 for antifungal susceptibility testing of three azoles, am- 
photericin B, Caspofungin, and Anidulafungin, against Aspe r 
gillus fumigatus and other species, using new clinical break- 
points and epidemiological cutoff values. Pharmaceutics . 2022; 14: 
2161.

7. Clinical_and_Laboratory_Standards_Institute_(CLSI). Epidemio- 
logical Cut-Off Values for Antifungal Susceptibility Testing . 2nd 
edn., CLSI Supplement M59. Wayne, PA: CLSI, 2018.

8. Imbert S, Normand AC, Gabriel F et al. Multi-centric evaluation 
of the online MSI platform for the identification of cryptic and
rare species of Aspergillus by MALDI-TOF. Med Mycol . 2019; 57:



10 Sc hürc h et al. 

2  

 

 

3  

 

 

3  

 

3  

 

3  

 

3  

 

 

3  

 

3  

 

3  

 

3  

 

3  

 

4  

 

 

4  

 

 

 

4  

 

 

R
©

t

w

D
ow

nloaded from
 https://academ

ic.oup.com
/m
9. Gonzalez-Jimenez I, Garcia-Rubio R, Monzon S et al. Multiresis-
tance to nonazole fungicides in Aspergillus fumigatus TR34/L98H
azole-resistant isolates. Antimicrob Agents Chemother . 2021; 65:
e00642–21.

0. Burks C, Darby A, Londoño LG, Momany M, Brewer MT. Azole-
resistant Aspergillus fumigatus in the environment: identifying key
reservoirs and hotspots of antifungal resistance. Plos Pathog . 2021;
17: e1009711.

1. Chen Y, Li Z, Han X et al. Elevated MIC values of imi-
dazole drugs against Aspergillus fumigatus isolates with
TR(34)/L98H/S297T/F495I mutation. Antimicrob Agents 
Chemother . 2018; 62: e01549–19.

2. Camps SM, Rijs AJ, Klaassen CH et al. Molecular epidemiology
of Aspergillus fumigatus isolates harboring the TR34/L98H azole
resistance mechanism. J Clin Microbiol . 2012; 50: 2674–2680.

3. Etienne KA, Berkow EL, Gade L et al. Genomic diversity of azole-
resistant Aspergillus fumigatus in the United States. mBio . 2021;
12: e0180321.

4. Rocchi S, Poncot M, Morin-Crini N et al. Determination of azole
fungal residues in soils and detection of Aspergillus fumigatus -
resistant strains in market gardens of Eastern France. Environ Sci
Pollut Res Int . 2018; 25: 32015–32023.

5. Chen ZF, Ying GG. Occurrence, fate and ecological risk of five
typical azole fungicides as therapeutic and personal care products
in the environment: a review. Environ Int . 2015; 84: 142–153.
eceived: August 28, 2023. Revised: October 17, 2023. Accepted: October 31, 2023 

The Author(s) 2023. Published by Oxford University Press on behalf of The International Society fo

he Creative Commons Attribution License ( https:// creativecommons.org/ licenses/by/ 4.0/ ), which perm

ork is properly cited. 
6. Cui N, He Y, Yao S et al. Tebuconazole induces triazole-resistance
in Aspergillus fumigatus in liquid medium and soil. Sci Total Env-
iron . 2019; 648: 1237–1243.

7. Schoustra SE, Debets AJM, Rijs A et al. Environmental hotspots
for Azole resistance selection of Aspergillus fumigatus , the Nether-
lands. Emerg Infect Dis . 2019; 25: 1347–1353.

8. Jeanvoine A, Rocchi S, Reboux G et al. Azole-resistant Aspergillus
fumigatus in sawmills of Eastern France. J Appl Microbiol . 2017;
123: 172–184.

9. Vaezi A, Fakhim H, Javidnia J et al. Pesticide behavior in paddy
fields and development of azole-resistant Aspergillus fumigatus :
should we be concerned? J Mycol Med . 2018; 28: 59–64.

0. Fraaije B, Atkins S, Hanley S, Macdonald A, Lucas J. The multi-
fungicide resistance status of Aspergillus fumigatus populations in
arable soils and the wider European environment. Front Microbiol .
2020; 11: 599233.

1. Kang SE, Sumabat LG, Melie T, Mangum B, Momany M,
MT Brewer. Evidence for the agricultural origin of resistance
to multiple antimicrobials in Aspergillus fumigatus , a fungal
pathogen of humans. G3 Genes Genomes Genetics . 2022; 12:
jkab427.

2. Verweij PE, Lucas JA, Arendrup MC et al. The one health
problem of azole resistance in Aspergillus fumigatus : current in-
sights and future research agenda. Fungal Biol Rev . 2020; 34:
202–214.
r Human and Animal Mycology. This is an Open Access article distributed under the terms of 

its unrestricted reuse, distribution, and reproduction in any medium, provided the original 

m
y/article/61/11/m

yad110/7335734 by Bibliothek am
 G

uisanplatz user on 15 August 2024

https://creativecommons.org/licenses/by/4.0/

	Introduction
	Material and Methods
	Results
	Discussion
	Supplementary material
	Acknowledgements
	Author contributions
	Conflict of interest
	References

