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Abstract: Introduction: The frequency in detection of azole-resistant Aspergillus fumigatus isolates
has increased since 2010. In Portugal, the section Fumigati is one of the most frequent, and resistant
strains to have been found in clinical and environmental contexts. Although several cryptic species
within the Fumigati section show intrinsic resistance to azoles, one factor driving (acquired) resistance
is selective pressure deriving from the extensive use of azoles. This is particularly problematic in
occupational environments where high fungal loads are expected, and where there is an increased
risk of human exposure and infection, with impact on treatment success and disease outcome. The
mechanisms of resistance are diverse, but mainly associated with mutations in the cyp51A gene.
Despite TR34/L98H being the most frequent mutation described, it has only been detected in clinical
specimens in Portugal. Methods: We analyzed 99 A. fumigatus isolates from indoor environments
(healthcare facilities, spas, one dairy and one waste sorting unit) collected from January 2018 to
February 2019 in different regions of Portugal. Isolates were screened for resistance to itraconazole,
voriconazole and posaconazole by culture, and resistance was confirmed by broth microdilution.
Sequencing of the cyp51A gene and its promoter was performed to detect mutations associated with
resistance. Results: Overall, 8.1% of isolates were able to grow in the presence of at least one azole,
and 3% (isolated from the air in a dairy and from filtering respiratory protective devices in a waste
sorting industry) were pan-azole-resistant, bearing the TR34/L98H mutation. Conclusion: For the
first time in Portugal, we report environmental isolates bearing the TR34/L98H mutation, isolated
from occupational environments. Environmental surveillance of the emergence of azole-resistant
A. fumigatus sensu stricto strains is needed, to ensure proper and timely implementation of control
policies that may have a positive impact on public and occupational health.

Keywords: Aspergillus fumigatus; azoles; antifungal resistance; cyp51A gene; environment; occupa-
tional exposure
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1. Introduction

The Fumigati section is one of the most prevalent Aspergillus sections, in the clinical
context as well as in the environment, in Portugal [1–3] and elsewhere [4–11]. They can be
isolated from air, water, or soil, and can easily contaminate indoor environments. By pro-
ducing large numbers of small conidia that can become airborne and be inhaled, they can
colonize the upper or lower airways, producing mycotoxicosis, allergies, and invasive
infections [12–19]. Immunocompromised individuals are at a higher risk of developing
disease or aggravate pre-existing respiratory conditions. This fact is particularly impor-
tant in healthcare settings, where environmental contamination can result in nosocomial
outbreaks of fungal respiratory disease [20,21]. Although infection in immunocompetent
individuals is not frequent, exposure to largely contaminated environments as it happens
in agriculture, in wood and food (particularly animal) industries, and in waste handling
increases the risk of infection.

Exposure to bio aerosols in waste handling and sorting plants and in animal farms
has been considered as an occupational health problem. These were the main promoters of
several respiratory symptoms, namely decline in lung function, asthma, chronic bronchitis,
bronchial hyper-responsiveness, wheezing, and coughing. Disposable filtering respiratory
protective devices (FRPDs) regularly worn by these workers may constitute a serious
occupational hazard, because water vapor and sweat are released, increasing humidity
of the material, and together with high temperature, provide favorable conditions for
microorganisms’ growth. Aspergillus fumigatus has been frequently found on the filters of
the FRPD, which can be highlighted as a critical occupational risk [22–24].

Fumigati cryptic species show intrinsic resistance to several antifungals. However,
resistance acquisition in A. fumigatus sensu stricto is emerging due to selective pressure
caused by the prolonged azole treatment of chronic aspergillosis patients (that can range
from several weeks to years, or even a patient’s full lifetime) or due to environmental selec-
tive pressure. The mechanisms of azole resistance are often associated with mutations in
genes involved in the A. fumigatus ergosterol pathway [25], particularly in the cyp51A gene
which encodes the cytochrome P450 14-α-lanosterol demethylase, the main target of azole
antifungals [26]. Point mutations within the cyp51A gene (G54, M220) are more frequently
associated with prolonged azole prophylaxis/therapy [27,28]. The most common pan-
azole resistance mutation is a combination of a 34-bp long tandem repeat in the promoter
region and a leucine-to-histidine substitution in codon 98, TR34/L98H [25,29,30]. This
mutation, firstly described in Dutch A. fumigatus isolates, is now spread worldwide [31]
due to extensive use of azole fungicides in animal, agricultural, and processing industries.

The selective pressure on A. fumigatus is particularly problematic in environments
where the use of azoles is a requirement, such as in agriculture, in preservation industries,
and sawmills, where an increased probability of emergence of specific occupational health
problems has been observed [32,33]. After infection of azole-naïve individuals with these
resistant strains, subsequent treatment failure with triazole therapy (the first choice for
treatment and prophylaxis of aspergillosis) may occur [34]. Consequently, higher morbidity
and mortality rates associated with azole resistance are likely to become a major public
health concern [25,29,34,35].

Monitoring the emergence of resistant A. fumigatus strains to antifungal drugs, partic-
ularly to medical triazoles, becomes essential for the adoption of prevention and control
strategies with impact in public health. In Portugal, studies have shown that the fre-
quency of azole-resistant A. fumigatus sensu stricto strains is high for itraconazole (ICZ) and
posaconazole (PCZ) (up to 92% and 54%, respectively), and lower for voriconazole (VCZ)
(up to 3%) [2,3,35]. The TR34/L98H mutation has been detected in Portugal in clinical
specimens but, to our knowledge, it has not yet been found on environmental isolates [2,3].

The objective of this study was to assess the frequency of cryptic species belonging
to Fumigati section and determine the frequency of azole resistance in A. fumigatus sensu
stricto strains isolated from environmental samples. These samples were collected from
Portuguese healthcare facilities (hospitals and health centers) and related healthcare en-
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vironments (thermal spa), and from occupational environments with high fungal loads
(waste sorting plants and dairies), where the presence of these fungi may represent a risk
for the development of fungal respiratory disease. Our aim was to improve the knowl-
edge of the Fumigati epidemiology in these environmental settings and to understand the
molecular mechanisms involved in azole resistance in these isolates.

2. Materials and Methods
2.1. Environmental Sampling

This study was performed using environmental samples collected from January 2018
to February 2019 in different indoor and occupational environments located in several
regions of Portugal, with different sampling approaches (Table 1) in the context of en-
larged financed studies focusing on occupational exposure to fungi or indoor air quality
assessments [22,23,36–40].

Table 1. Indoor and occupational environments assessed and applied sampling approaches.

Type and Number of Indoor/Occupational Environments Assessed Sampling Approaches

Dairy (n = 1) Air impaction

Hospital (n = 2)/Health Centre (n = 10)

Air impaction
EDC

Settled dust
Surface swab

Thermal spa (n = 5) Air impaction
EDC

Waste sorting plant (n = 1) FRPD
MPG

EDC—Electrostatic dust collector; FRPD—Filtering respiratory protection devices; MPG—Mechanic protec-
tion gloves.

Indoor air (50 to 250 L) was collected with a Millipore Air Tester (Millipore, Billerica,
MA, USA) using a flow rate of 140 L/min, and impacted directly onto culture media plates,
according to the manufacturer’s instructions [39], for the isolation of A. fumigatus (section).

Surface samples were collected by swabbing with a 10 cm × 10 cm square stencil,
which was disinfected with a 70% alcohol solution between samplings [39]. Fungal con-
tamination was extracted from the swab by washing with 0.9% NaCl with 0.1% Tween80™,
for 30 min at 250 rpm on an orbital laboratory shaker (Edmund Bühler SM-30, Hechin-
gen, Germany) [39]. Wash suspensions were inoculated for A. fumigatus isolation as
described below.

Pieces with 2 cm2 (1.4 cm × 1.4 cm) were obtained from filtering respiratory protection
devices (FRPDs) and mechanical protection gloves (MPGs) [22,41]. Electrostatic dust
collectors (EDC) having a surface exposure area of 0.0209 m (19 × 11 cm) were placed
at a minimum 0.93 m above floor level, and dust was allowed to settle on the EDC cloth
for 13 to 16 days [37]. Fungal contamination was extracted from the FRPD and MPG
pieces, and EDC cloths by washing (as described for surface swabs), and suspensions were
inoculated for A. fumigatus isolation as described below.

Settled dust samples were weighted, and 1 g of dust was washed with 9.1 mL of 0.9%
NaCl with 0.05% Tween80™, for 60 min at 250 rpm [42]. Wash suspensions were inoculated
as below.

2.2. Isolation of Aspergillus Section Fumigati

For Aspergillus isolation, 150 µL of the washing suspensions obtained above were
inoculated onto malt extract agar (MEA) supplemented with chloramphenicol (0.05%),
dichloran–glycerol agar (DG18), Sabouraud dextrose agar (SDA) and SDA supplemented
with either 4 mg/L itraconazole (ICZ), 1 mg/L voriconazole (VCZ), or 0.5 mg/L posacona-
zole (PCZ) [43]. After incubation at 27 ◦C for 5 to 7 days, fungal species were identified
at section level by macroscopic and microscopic morphology using a tease mount or
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Scotch tape mount and lactophenol cotton blue mount procedures and using identification
atlases [44,45] (Figure 1). Aspergillus fumigatus isolates were selected for further charac-
terization. These procedures followed the algorithm previously suggested to assess the
presence of A. fumigatus resistant strains [33].
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2.3. Molecular Identification of Aspergillus Isolates

Aspergillus fumigatus isolates were confirmed by calmodulin [46] or beta-tubulin [47]
sequencing. Briefly, amplifications were performed in a 25 µL volume reaction of Illus-
tra PureTaq Read-to-Go PCR beads (GE Healthcare, Buckinghamshire, UK), containing
15 pmol of the primers cmd5/cmd6 or βtub1/βtub2 (for calmodulin or beta-tubulin ampli-
fication, respectively) and 4 µL of Aspergillus genomic DNA extracted with the High Pure
PCR Template Preparation Kit (Roche Diagnostics GmbH, Mannheim, Germany) according
to the manufacturer’s instructions. Amplifications were carried with the following thermo-
cycling conditions: 1) for calmodulin an initial denaturation at 95 ◦C for 10 min, followed by
38 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 1 min, and a last final extension step
of 72 ◦C for 7 min; 2) for beta-tubulin an initial denaturation at 94 ◦C for 2 min, followed
by 30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 45 s, and a final extension step
of 72 ◦C for 5 min. PCR products were analyzed by electrophoresis through 2% agarose
gels and the resultant PCR amplicons were purified using the ExoSAP-IT enzyme system
(USB Corporation, Cleveland, OH, USA), according to the manufacturer’s instructions.
Sequencing of the forward strand was performed with the BigDye terminator v. 1.1 Cycle
sequencing kit (Applied Biosystems) in the thermal cycler with the following conditions:
an initial denaturation at 96 ◦C for 5 s, followed by 30 cycles of 96 ◦C for 10 s, 50 ◦C for
5 s and 60 ◦C for 4 min, followed by one cycle of 72 ◦C for 5 min. The resultant nucleotide
sequences were edited using the program GeneStudio™ Professional Edition v. 2.2.0.0
and aligned with the program MEGA v. 10.0.5. These sequences were compared with
sequences deposited in the GenBank database (Bethesda, MD, USA) in order to achieve the
identification to species level.

2.4. Screening for Azole-Resistant Isolates

A first characterization of the resistance pattern of the A. fumigatus sensu stricto isolates
was carried out using screening media made of Sabouraud dextrose agar supplemented
with ICZ, VCZ or PCZ [48]. The reference strain A. fumigatus ATCC 204305 was used
as negative control and the pan-azole-resistant strain TR34/L98H (kindly provided by
Jacques Meis, Canisius-Wilhelmina Hospital, Nijmegen, The Netherlands) was used as
positive control. Strains that were not able to grow in the azole-supplemented plates
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were considered as susceptible to the respective azoles at tested concentrations, according
to EUCAST guidelines [48]. On the other hand, isolates that grew in at least one of the
screening media were selected for further analysis.

2.5. Antifungal Susceptibility Testing

The M38-A2 protocol from the Clinical and Laboratory Standards Institute (CLSI) was
applied for determining the minimal inhibitory concentrations (MIC) for ICZ, VCZ and
PCZ [35,49]. The final concentrations of drugs in the wells ranged from 0.0156 to 8 µg/mL.
An internal control strain (A. flavus ATCC 204304) with known susceptibility was included
in each run as a positive control of the antifungals’ potency. Sabouraud dextrose agar
plates were inoculated with the final inoculum to check the number of colony-forming
units in the inoculum. Plates were incubated at 35 ◦C and examined after 48 h incubation.
Absence of visual growth defined the MIC. Breakpoints for mold testing have not been
established by the CLSI (breakpoints for voriconazole and A. fumigatus have been set). The
CLSI epidemiological cut-off values (ECVs) used were 1 mg/L for ICZ, 1 mg/L for VCZ,
and 0.5 mg/L for PCZ [50–52]. Isolates with high MICs were tested in triplicate to confirm
the obtained results.

2.6. Molecular Identification of Resistance Markers

Azole-resistant isolates were tested by a multiplex real-time PCR which screens for
TR34/L98H and TR46/Y121F/T289A mutations found in the cyp51A gene and its promoter
(AsperGenius® multiplex real-time PCR assay (PathoNostics, Maastricht, The Nether-
lands) on the RotorGene Q instrument (Qiagen, Hilden, Germany), following the man-
ufacturer’s instructions), and/or by sequencing of the cyp51A gene and its promoter as
described [53,54]. Nucleotide sequences were edited and aligned as described above.

3. Results

A total of 142 environmental samples were studied (Table 2), the majority of which
(114, 80.3%) were obtained from the analyzed waste sorting plant.

Table 2. Number of samples screened per sampling approach and type of indoor/occupational environment assessed, and
number of samples positive for Fumigati section.

Indoor/Occupational
Environment

No. of Samples Per Sampling Approach No. of Samples
Positive for Fumigati

Section (%)Air EDC Settled
Dust

Surface
Swab FRPD MPG Total (%)

Waste sorting plants 0 0 0 0 113 1 114 (80.3) 76 (66.7)
Hospital/Health Centre 13 1 5 1 0 0 20 (14.1) 19 (95.0)

Thermal spa 7 0 0 0 0 0 7 (4.9) 3 (42.9)
Dairy 1 0 0 0 0 0 1 (0.7) 1 (100.0)

Total (%) 21 (14.8) 1 (0.7) 5 (3.5) 1 (0.7) 113 (79.6) 1 (0.7) 142 (100.0) 99 (69.7)

EDC—Electrostatic dust collectors; FRPD—Filtering respiratory protection devices; MPG—Mechanic protection gloves.

Aspergillus fumigatus (section) were isolated from all sources studied, particularly
from the waste sorting plant (76/114, 66.7%, positive samples) and healthcare units (hospi-
tals/health centers; 19/20, 95.0%, positive samples), for a total of 99/142 (69.7%) isolates.
From these, 93/99 (94.0%) were identified as A. fumigatus sensu stricto. For the remaining
six isolates, identification to species level was not possible because no PCR product for
calmodulin or beta-tubulin sequencing could be obtained. Two isolates, obtained from one
air sample from a hospital and from an FRPD from a waste sorting worker, were initially
classified as A. fumigatus based on macroscopic and microscopic characteristics and later
identified as A. sidowii and Penicillium spp., respectively, by calmodulin sequencing and
were not considered in the analysis.

Eight out of the 99 A. fumigatus sensu stricto isolates (8.1%), obtained from air samples
from a diary and a hospital, and from FRPDs worn by workers of a waste sorting plant,
grew on at least one of the screening media (Table 3). Three isolates (3.0%) were confirmed
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as resistant to ICZ, VCZ and PCZ, and sequencing of the cyp51A gene and its promoter
revealed the TR34/L98H mutation in all three isolates. In addition, the N248K mutation
was also detected in two isolates. No other mutations were found.

Table 3. Growth of resistant A. fumigatus isolates in different screening media, minimal inhibitory concentrations for ICZ,
VCZ and PCZ, and mutations found on the cyp51A gene and its promoter.

Isolate
Number

Source
Azole Screening Media Minimal Inhibitory

Concentration (mg/L) cyp51A Mutations
ICZ VCZ PCZ ICZ VCZ PCZ

VA299CP Dairy air + + + 4 4 2 TR34/L98H
VA610CP Hospital air ± − − 2 0.5 0.5 No mutation detected
VA873CP Waste sorting plant FRPD + + + 4 2 1 TR34/L98H
VA978CP Waste sorting plant FRPD − + − 1 0.25 0.25 No mutation detected
V1207CP Waste sorting plant FRPD − − + 1 0.5 0.5 No mutation detected

VA1209CP Waste sorting plant FRPD + − + 8 4 1 TR34/L98H
VA1215CP Waste sorting plant FRPD − + + 1 0.25 0.125 N248K
VA1216CP Waste sorting plant FRPD − + − 1 0.25 0.25 N248K

ICZ: itraconazole; VCZ: voriconazole; PCZ: posaconazole; −: negative (no growth); ±: residual growth (growth of only one or few small
colonies; +: relevant growth (growth similar to positive control).

4. Discussion

The presence of azole-resistant isolates in Portugal has been reported both in clinical
specimens and in the environment [2,3,35,55]. To the best of our knowledge, the TR34/L98H
mutations, commonly found in the cyp51A gene of azole-resistant isolates, were only
reported in clinical specimens in this country. Other mutations in the cyp51A gene were
reported in Portuguese environmental azole-resistant A. fumigatus isolates [3], but none
undoubtedly described as being associated with resistance. Thus, in this study, we present
the first evidence of environmental pan-azole-resistant strains circulating in Portugal
harboring the TR34/L98H mutations. These resistant strains were isolated from FRPDs
worn by waste sorting workers during their working shift and from one air sample from a
dairy, which is a strong indicator of the increased risk of disease to which workers from
these environments are exposed.

In one of our research group’s publications [56] the literature on occupational and
indoor exposure to Aspergillus and potential health effects associated with that exposure
was reviewed. Among the workplaces with high fungal contamination and potentially
high levels of mycotoxins, waste sorting plants stand as one of the environments with the
highest fungal contamination [57,58]. This is not only due to the type of materials being
processed and the consequent availability of nutrients, but also due to the presence of a
high concentration of indoor dust particles, to the deposition of waste indoors, and to the
building materials, all of which favor fungal growth and sporulation [56].

Aspergillus is also described as one of the most frequent fungi in animal production
farms [58,59]. The higher fungal contamination is probably a result of the higher animal
density and confined production, conditions that promote the multiplication of microor-
ganisms. Nevertheless, those are not the only sources of contamination, and animal feed
and/or animal litter must be considered as potential sources, because their distribution
may generate aerosolized particles that remain in the air or are deposited onto the floor
for a long time. Cereal-based feed and wood shavings used in bedding can introduce
resistant fungal strains into animal production farms. This may happen as a result of the
azole pressure exerted in fungal selection, a consequence of the systemic use of azole and
azole-based fungicides in the protection of feed crops [60,61] and in wood processing and
preservation [32,62]. Although correct management and protection equipment may protect
workers in these occupational environments, azole residues are still spread through the en-
vironment and can have a negative health impact through their toxicity and persistence in
the environment, while boosting the development of azole-resistant fungal strains [63,64].
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By working in close contact with these materials, waste sorting and animal production
workers are at increased risk of cumulative exposure to fungal particles and mycotoxins,
which can reach their respiratory systems and result in occupationally acquired respiratory
diseases [56]. Of particular importance, exposure of these workers to azole-resistant isolates
may lead to treatment failure, and consequently, significant impact on patient management
and associated health costs. Therefore, strategies to prevent or minimize the occupational
exposure to Aspergillus become of paramount importance and should include, but not
be limited to, the correct use, storage and elimination of personal protective equipment,
particularly FRPDs, and the implementation of continuous assessment and characterization
of the Aspergillus burden in such environments.

The obtained results also validate a previously proposed algorithm aiming to sup-
port and provide guidance from fieldwork in assessed occupational environments (which
sampling methods should be applied) to the bench work (what analysis should be per-
formed) for exposure assessors [33]. Thus, in occupational environments where the azole
pressure is high, such as vineyards, sawmills, and waste sorting plants, just to name a
few, the frequency of cryptic species and of azole resistance of A. fumigatus sensu stricto
should be assessed as routine to achieve an accurate risk characterization. In high-load
environments, such as in the waste sorting unit and the dairy farm assessed, results are
most certainly underestimated; the recovery of the Aspergillus section Fumigati isolates is
a challenging task due to overgrowth of other fungi isolates with fast growth rates, such
as Mucorales and Chrysonilia sitophila [22,33,37,39,40,42]. Additionally, isolate recovery
relies only on the viable component of the fungal contamination. Thus, the culture-based
methods drawbacks should be considered [22,33].

Several Fumigati isolates from hospital environments were also analyzed in this study.
Despite no mutations having been detected, monitoring these environments for the fre-
quency of cryptic species (intrinsically resistant to azoles) and for the emergence of resistant
A. fumigatus strains to antifungal drugs, particularly to medical triazoles, becomes essential
for the adoption of prevention and control strategies in order to reduce the mortality
associated with these infections in at risk patients.

Azole-resistant A. fumigatus strains will probably become more frequent in the fu-
ture, as a consequence of natural evolution and by selective pressure due to the use of
triazoles in medicine and in the environment, with important public health implications.
The widespread use of triazoles, in particular, has become the major driver for the clonal
expansion of triazole-resistant A. fumigatus genotypes, particularly at local level [65]. There-
fore, the continued surveillance of Aspergillus, both in the clinical and in the occupational
environments, at local and regional levels, is of paramount importance for the control of
the emergence of resistance and, ultimately, for the prevention of aspergillosis.
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