
Aalborg Universitet

Antifungal resistance in isolates of aspergillus from a pig farm

White, John Kerr; Nielsen, Jeppe Lund; Poulsen, Jan Struckmann; Madsen, Anne Mette

Published in:
Atmosphere

DOI (link to publication from Publisher):
10.3390/atmos12070826

Creative Commons License
CC BY 4.0

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
White, J. K., Nielsen, J. L., Poulsen, J. S., & Madsen, A. M. (2021). Antifungal resistance in isolates of
aspergillus from a pig farm. Atmosphere, 12(7), Article 826. https://doi.org/10.3390/atmos12070826

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 05, 2025

https://doi.org/10.3390/atmos12070826
https://vbn.aau.dk/en/publications/75bc20c0-f752-43b8-b176-690512f93b6a
https://doi.org/10.3390/atmos12070826


atmosphere

Article

Antifungal Resistance in Isolates of Aspergillus from a Pig Farm

John Kerr White 1,2,3 , Jeppe Lund Nielsen 2, Jan Struckmann Poulsen 2 and Anne Mette Madsen 1,*

����������
�������

Citation: White, J.K.; Nielsen, J.L.;

Poulsen, J.S.; Madsen, A.M.

Antifungal Resistance in Isolates of

Aspergillus from a Pig Farm.

Atmosphere 2021, 12, 826. https://

doi.org/10.3390/atmos12070826

Academic Editors:

Anna Lenart-Boroń, Maria Chmiel
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Abstract: Antibiotic resistance in fungal isolates is increasing on a global scale. Despite knowledge
that pig farmers are occupationally exposed to infectious species of fungi, such as Aspergillus spp.,
little is known regarding their potential exposure to antifungal-resistant Aspergillus spp. The aim of
this study is to obtain knowledge regarding the antifungal resistance profiles of isolates of Aspergillus
species taken from different source materials—including airborne dust, surface dust, faeces, and
straw—within a pig farm. The EUCAST broth microdilution method was used for testing antifungal
resistance from 43 isolates of Aspergillus sampled in 3 periods inside a Danish pig farm. Seven species
of Aspergillus were obtained, including A. candidus (n = 5), A. fumigatus (n = 5), A. glaucus (n = 13),
A. nidulans (n = 2), A. niger (n = 15), A. terreus (n = 1), and A. versicolor (n = 2). Overall, 27.9% of
the Aspergillus isolates displayed resistance against at least one antifungal, and 11.6% of Aspergillus
isolates displayed resistance against multiple antifungals. The most abundant group exhibiting
antifungal resistance was affiliated with the species A. niger, with isolates exhibiting resistance to
itraconazole, voriconazole, and caspofungin. One isolate of A. glaucus and two isolates of A. versicolor
were resistant to amphotericin B (MIC ≥ 2 mg/L amphotericin B). Antibiotic-resistant fungi were
found on all three sampling days.

Keywords: triazole resistance; antimycotic resistance; antimicrobial resistance; occupational health;
aspergillosis; farming; dust; bioaerosols

1. Introduction

In certain occupational environments, such as pig farms [1] and greenhouses [2],
workers are well known to be exposed to elevated concentrations of airborne particulate
matter, which may contain pathogenic species of bacteria and fungi. Additionally, it has
been well documented that pig farm workers are exposed to elevated concentrations of
airborne, methicillin-resistant Staphylococcus aureus (MRSA) [3,4]. However, there remains
less knowledge on pig farm workers’ exposure to antifungal-resistant fungal species,
despite the knowledge that environmental antifungal resistance is rising across Europe,
with isolates from potting soil and compost displaying resistance to antifungal drugs used
in human patients [5,6]. In fact, only a few occupational hygiene studies have investigated
whether workers are potentially exposed to antifungal-resistant isolates [7,8].

The detection of environmental isolates displaying increased resistance is of con-
cern, as fungal infections such as invasive aspergillosis have been reported to be highly
lethal in susceptible patient groups, with mortality rates between 30 and 90% [9]. Some
studies have suggested that azole-naïve patients who develop azole-resistant invasive
aspergillosis might acquire it from the environment [10]. In occupational settings such as
pig farms, immunocompromised workers are considered to be a susceptible risk group
for the development of invasive fungal infection [11]; moreover, with the increasing age
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of the population, the proportion of workers who are potentially considered susceptible
will increase [12]. In Denmark, the age of farm workers is increasing, and nearly 25% of
Danish farm workers are between the ages of 60 and 69 [13]. Therefore, the number of
fungal infections is expected to increase in the coming years.

The acquisition of resistance to human-use antifungal drugs in environmental isolates
has been proposed to be derived from the excessive use of homologous drugs against
plant pathogens in agriculture, as environmental isolates and clinical isolates share similar
resistance mechanisms [10,14]. For these reasons, people employed in industries that rely
on fungicide-treated agricultural crops, including pig farms, are at risk of being exposed to
antifungal-resistant fungi.

Previous research on the indoor air in pig farms has shown that workers are potentially
exposed to high concentrations of airborne fungi during their work [15]. Many of the
species they are exposed to are known to be pathogenic or toxin producers, and exhibit
the potential to deposit deep within the airways [16]. Although workers are unlikely
to develop an occupationally derived fungal lung infections—likely due to the so-called
“healthy worker effect”—they are at an increased risk of developing a serious infection if
they become susceptible [17].

Within the pig farms, there are multiple potential sources of airborne fungi. These in-
clude the handling of dusty materials, such as straw, which may release airborne particles—
including fungal spores—during handling [18], and certain work tasks, such as high-
pressure cleaning of surfaces contaminated by faeces and settled dust, which can aerosolise
microbes [19,20].

The genus Aspergillus is of particular interest, as it contains several species known
to be human pathogens [21] and that are known to be present in pig farms [16,22]. In
particular, the species Aspergillus niger has been found on surfaces, such as soil and leaf
surfaces, in occupational settings such as greenhouses [23,24]. Workers in physical contact
with these surfaces have been observed to develop nail infections [25].

The aim of this present study was to elucidate whether environmental isolates repre-
senting seven species of Aspergillus from multiple sources in pig farms exhibit resistance to
commonly used medical antifungal drugs.

2. Materials and Methods
2.1. Sampling

Sample collection occurred 3 times over a 6-week period during the months of June
and July in 2019 in a stable with finishing pigs, at a high-throughput, specific pathogen-free
pig farm in the region of Zealand, Denmark.

The temperature and relative humidity (RH) were measured inside the stable during
sampling using a Tinytag Plus Data Logger (Gemini Data Loggers, United Kingdom).
Measurements were taken once every minute during the sampling period. The temperature
varied between 15.6 and 24.2 ◦C and the RH varied between 53.9 and 69.5% over the
sampling period.

Two personal gesamtstaubprobenahme (GSP) samplers mounted with polycarbonate
filters (poresize 1 µm; CIS by BGI, Inc, Cambridge, MA, USA) with a flow rate of 3.5 L/min
were attached to a volunteer—one on each shoulder—and were used to sample inhalable
airborne particles relating to a worker’s personal exposure; the samples were taken at the
same time as the other samples were collected. Sampling time ranged from 55 to 78 min;
the volunteer was performing activities simulating normal inspection.

eSwabs (Copan, Brescia, Italy), consisting of a flocked nylon swab in 1mL of modified
Amies transport medium, were used for the collection of fungi on contact surfaces and
faecal matter. Samples were collected by moistening the swab head with the modified
Amies transport medium prior to the collection of the material. For the collection of faecal
material, the swab head was inserted into a pile of moist faecal matter and rotated. For the
collection of sedimented dust, the moistened swab head was rotated axially and vertically
over the dust-covered surface until the swab head was observed to be fully covered with
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dust. Locations from which dust was collected included handrails, door handles, the
surface of a hose, pipes, and other fomites. A small amount of straw, approximately 10 mL
in volume, was collected from the pigs’ feed in 15mL Falcon tubes. The temperature and
relative humidity within the stable on each sampling day, in addition to the number of
samples collected from the different source materials, are shown in Table 1.

Table 1. The number of material samples taken on each day from the airborne dust, sedimented dust,
faecal matter, and straw.

Date Airborne Dust
(n)

Sedimented Dust
(n) Faecal Matter (n) Straw (n)

19 June 2019 2 5 5 4

3 July 2019 2 5 5 4

17 July 2019 2 5 5 4

Total 6 15 15 12

2.2. Extraction of Fungi from Sampled Materials

Upon returning to the laboratory, the polycarbonate filters were removed from the
GSPs, and embedded airborne particles were extracted from the filters in 5.0 mL of ex-
traction fluid (0.85% NaCl and 0.05% Tween80) by shaking at 500 rpm for 10 min. For the
extraction of particles from the straw, 7.0 mL of extraction fluid was added to the 15 mL
tubes containing collected straw, which were then shaken horizontally for 15 min. Sedi-
mented dust and faecal samples were extracted from the eSwabs by vigorously vortexing
the swabs vertically for 5 min.

After extraction, all samples (airborne dust, sedimented dust, straw, and faecal matter)
were stored and handled separately. For all sample types, 1 mL of extracted sample and
500 µL of 87% glycerol were vortexed, and then stored at −80 ◦C until processing.

2.3. Culturing and Identification

For the identification of fungal colony-forming units (CFUs), 200 µL of thawed sample
was plated on dichloran glycerol agar supplemented with chloramphenicol (DG18) (Oxoid,
Hampshire, UK) in duplicate and incubated at 37 ◦C. Individual fungal colonies were
isolated from the plate by taking a small amount of fungal material, and then sub-cultured
on DG18. A small amount of the sub-cultured fungal material was transferred from the
DG18 media and added to Sabouraud dextrose broth (Oxoid) for overnight incubation
at room temperature in order to obtain hyphal growth with few to no spores. Isolates
were then identified using matrix-assisted laser desorption/ionisation time-of-flight mass
spectrometry (MALDI-TOF MS) on a microflex Biotyper system (Bruker Daltonics), using
the ethanol extraction protocol [26]. Fungal isolates were identified to the species level
(defined as a score > 2.0) using the Biotyper 3.1 software with the BDAL library. A bacterial
test standard (BTS) (Bruker) was used to calibrate the system. Isolates were subsequently
frozen at −80 ◦C until further processing. Only isolates from the genus Aspergillus were
used for the antifungal resistance testing, due to the lack of breakpoints or cutoff values
available for non-Candida spp. and non-Aspergillus spp. [27].

2.4. Testing of Antifungal Resistance

All fungal colonies from the genus Aspergillus (n = 43) isolated from the different
sampled materials (airborne dust, settled dust, faeces, and straw) were selected for testing
antifungal resistance to three classes of antimycotic drugs: triazoles (itraconazole and
voriconazole; Sigma-Aldrich, Wien, Germany), an echinocandin (caspofungin acetate;
Sigma-Aldrich), and a polyene (amphotericin B; Sigma-Aldrich).

The concentrations of itraconazole tested ranged from 15.6 µg/L to 8.0 mg/L. For
voriconazole, caspofungin, and amphotericin B, the tested concentrations of antifungals
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ranged from 31.25 µg/L to 16.0 mg/L. All antifungals were dissolved in DMSO and frozen
at −80 ◦C until used.

We used the EUCAST broth microdilution method for conidia-forming moulds, ver-
sion EDef 9.3.2, to determine the minimum inhibitory concentrations (MICs) and minimum
effective concentrations (MECs) of the abovementioned antifungal agents [28]. The MIC
was considered the lowest concentration that completely inhibited the growth of the strains,
and the MEC was considered to be the lowest drug concentration that caused abnormal,
hyphal growth. Reading of the susceptibility profiles was done visually at 48 h for the MIC,
and via microscopy for the MEC.

In brief, isolated fungi were grown on Sabouraud dextrose agar at 37 ◦C for 2–5 days
until sufficient sporulation. Spores were harvested from the media by dipping a sterile
cotton swab (Selefatrade, ÖSTERSUND, Sweden) in 0.1% (v/v) Tween 20 in water, and then
rubbing the swab over the spores. Spores were extracted from the swab by mixing the swab
head with 5 mL of 0.1% Tween 20 and vigorously shaking. The spore extract was vortexed
for 20 s before preparing a dilution series of the inoculum. The spore concentration was
adjusted to a concentration between 2.0 and 5.0 × 105 spores/mL after counting the number
of spores using a haemocytometer (Reichert, Munich, Germany).

Microtiter plates containing 100 µL of double-strength RPMI-1640 (ThermoFisher,
Waltham, MA, USA), with 2% glucose and MOPS buffer (Sigma Aldrich, Germany), at a
pH of 7.0, containing the antifungals in a dilution series, were inoculated with 100 µL of
the spore suspension. The last two columns of the microtiter plates were used as positive
and negative controls for growth and reagent sterility, respectively. These columns did not
contain antifungals. For the negative controls, 100 µL of sterile water from the same stock
bottle used for making the final dilution was used. The inoculated microtiter plates were
incubated at 37 ◦C for 2 days before reading the MIC and MECs.

For the species A. fumigatus, A. terreus, and A. nidulans, isolates were defined as being
antifungal resistant (R) or susceptible (S) based on the EUCAST antifungal clinical break-
point table version 10.0 [27]. For A. niger and A. versicolor, no official R or S designations are
available, but the MIC’s for these species have been noted to be one twofold dilution higher
than the epidemiological cutoff value (ECOFF) of A. fumigatus [27]. For other species (A.
candidus and A. glaucus), breakpoints are not currently available. In addition, breakpoints
are not available for caspofungin.

Once the MICs and MECs for the isolates were read, the optical density at 600nm
(OD600) was measured using an Epoch microplate spectrophotometer (BioTek, Winooski,
VT, USA), with the aforementioned negative controls as blanks. An average of the OD600
(n = 2) for each antifungal at each dilution was used for quantifying the amount of biomass
formed after 48 h.

2.5. Extended Resistance Testing

Extended resistance testing was performed on a single isolate of A. niger with sus-
pected paradoxical resistance using an oCelloScope system (BioSense Solutions ApS, Den-
mark). The aforementioned EUCAST method was used for testing antifungal resistance,
with a concentration gradient of itraconazole ranging from 64 mg/L to 15.6 µg/L, in
quadruplicate. The camera focus of the oCelloScope was set to 2790 µm, the illumination
level to 300, and the image acquisition was performed in one scan area in the centre of
each well, which was scanned every 30 min for 48 h. The growth kinetics of the strain
were determined by image stack processing based on the contrast-based Segmentation Ex-
tracted Surface Area (SESA) algorithm, included in the UniExplorer software (UniExplorer,
BioSense Solutions ApS).

2.6. Data Visualisation

All data visualisations were performed in R version 4.0.0 [29], using Rstudio version
1.3.959 [30], and the R CRAN package ggplot2 [31].
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3. Results
3.1. Fungal Species

A total of 43 Aspergillus isolates were cultured from settled dust, faecal matter, straw
material, and airborne dust samples, from an overall total of 354 isolates of fungi grown at
37 ◦C. Other fungi cultured included members of the genera Candida, Lichtheimia, Rhizomu-
cor, Trichosporon, and Scopulariopsis.

Species of Aspergillus cultured were identified as A. candidus, A. fumigatus, A. glaucus,
A. nidulans, A. niger, A. terreus, and A. versicolor. The most diverse source material was
the settled dust (five species), followed by the straw (four species), airborne dust (three
species), and faecal matter (one species), as shown in Figure 1. Faecal matter, settled dust,
and straw samples taken on 19 June contained A. candidus, A. fumigatus, A. nidulans, and A.
versicolor. From the samples taken on 3 July, A. candidus, A. glaucus, and A. versicolor were
cultured from the settled dust and straw. From the samples taken on 17 July, A. candidus, A.
fumigatus, A. glaucus, A. nidulans, A. niger, and A. terreus were cultured from the airborne
dust, settled dust, faecal matter, and/or straw (Supplementary Figure S1).
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respectively. Each bar is coloured to represent the material the isolates were collected from: purple: airborne dust (n = 6);
blue: faecal matter (n = 15); green: settled dust (n = 15); yellow: straw (n = 12).

3.2. Resistance Profiles

Resistance to all of the tested antifungals was found, with 27.9% of the isolates display-
ing resistance against at least one antifungal, and 11.6% of isolates displaying resistance
against multiple antifungals.
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The species A. niger showed the greatest amount of antifungal resistance amongst the
7 species of Aspergillus found in this study, with 10/43 (23.3%) isolates exhibiting resistance
to itraconazole, voriconazole, and caspofungin. A. terreus and A. versicolor both exhibited
resistance to amphotericin B, as shown in Figure 2, as their MIC values exceeded the clinical
breakpoints.
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isolate (n = 43) tested against (A) itraconazole, (B) voriconazole, (C) amphotericin B, and (D) caspofungin. Each point
represents an individual isolate’s MIC or MEC to the tested antifungal. The different symbols represent the different
species of Aspergillus (squares: A. candidus; circles: A. fumigatus; triangles: A. glaucus; crosses: A. nidulans; crosses: A. niger;
diamonds: A. terreus; inverted triangles: A. versicolor).

Six isolates of A. niger were resistant to itraconazole (MIC ≥ 2 mg/L itraconazole)
and nine were resistant to voriconazole (MIC ≥ 2 mg/L voriconazole). One isolate
of A. glaucus and two isolates of A. versicolor had elevated MICs to amphotericin B
(MIC ≥ 2 mg/L amphotericin B), while three isolates of A. niger had high MECs to caspo-
fungin (MEC ≥ 16 mg/L caspofungin). Three isolates of A. niger exhibited multidrug
resistance toward itraconazole, voriconazole, and caspofungin (Figure 2), as their MIC and
MEC values were above the ECOFF for A. fumigatus.

3.3. Potential Paradoxical Resistance

Six isolates of A. niger (n = 15) exhibited signs of paradoxical resistance to itraconazole,
as they showed spontaneous recovery of growth at increasing concentrations of antifungal.
This effect is shown in Figure 3A, where OD600 measurements show that growth sponta-
neously began at concentrations above the clinical breakpoint (2 mg/L of itraconazole).

One of the six isolates of A. niger was analysed for growth at extended concentrations
of itraconazole using the oCelloScope system. In this isolate, it was found that further
increases in itraconazole resulted in decreased growth (Figure 3B).
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4. Discussion

Globally, the number of clinical isolates of Aspergillus that are resistant to medical
antifungal drugs is increasing [32]. This is of great concern, as an estimated 200,000 people
die each year from invasive aspergillosis [9]. Despite the knowledge that antifungal
resistance is increasing in clinical and agricultural settings, and that pig farm workers
are exposed to elevated concentrations of fungi and may be sources of antibiotic-resistant
microorganisms, environmental isolates of Aspergillus species from pig farms have not been
well studied for resistance profiles.

In this study, both airborne and non-airborne fungi were resistant to antifungals, and
were detected on all sampling days. Thus, antifungal-resistant isolates were found in
the collected faecal matter, sedimented dust, and straw, in addition to the air samples.
This is of concern, as workers in stables may inhale the airborne dust and, furthermore,
high-pressure cleaning of surfaces—such as those contaminated by faeces and settled
dust—can aerosolise microbes [19], while straw can release airborne particles, including
spores, during handling [18]. A previous study on the microbial context of settling dust
has shown that a significant fraction of the bacterial and fungal species are associated with
the gastrointestinal tracts of pigs [33]. Therefore, a large proportion of the bioaerosols in
pig stables are likely derived from the pigs’ faecal matter. In addition to the potential of the
microbes to become airborne, handling of materials containing pathogenic fungi—such
as A. niger—has been shown to lead to the development of occupationally derived nail
infections [25]. During our study, we collected a total of over 300 isolates of pathogenic
fungi consisting of the genera Aspergillus, Candida, Lichtheimia, Rhizomucor, Trichosporon,
and Scopulariopsis, all of which contained species that are known human pathogens, or
emerging pathogens [21]. An overview of the number of isolates from each genus collected
on the three sampling days is shown in Supplementary Figure S2. Of these genera, we
focused on the antifungal resistance within the genus Aspergillus, and found that over 25%
of our tested isolates were resistant to at least one antifungal.

The species Aspergillus fumigatus is the most common aetiological agent of aspergillosis
worldwide [9]. In this study, we only detected five isolates of this species, none of which
were resistant to itraconazole, voriconazole, amphotericin B, or caspofungin. Other recent
environmental survey studies have detected antifungal resistance in A. fumigatus [5,8].
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In contrast, the species A. niger was found in greater numbers, and several isolates from
this species were resistant to multiple classes of the antifungals tested. The presence of
multidrug-resistant A. niger should be of concern, as although invasive disease caused by
A. niger is less commonly described, it is a known human pathogen, and can cause invasive
aspergillosis [21,34]. In addition, inhalation of spores from A. niger has been known to
induce hypersensitivity pneumonitis [35], and the spores from A. niger have been shown to
be cytotoxic [36].

In our study, we detected one isolate of A. terreus isolated from airborne dust, and
two isolates of A. versicolor, which were collected from the settled dust and from the straw.
Both of these species are known human pathogens [21], and the presence of airborne A.
terreus may be of concern, as lung infections with A. terreus are associated with poor clinical
outcomes for susceptible patients [37].

Although infections caused by Aspergillus are rare in immunocompetent patients,
previous studies have shown that workers are at an increased risk of developing airway
maladies due to exposure to Aspergillus spp. In a study from Germany, compost waste
workers exposed to fungal bioaerosols developed occupationally derived allergic bron-
chopulmonary aspergillosis (ABPA), which was treated with corticosteroids and itracona-
zole [38]. However, if workers are exposed to—and develop an infection from—multidrug-
resistant microorganisms, such as Aspergillus spp., then normal treatment using first-line
antifungals—including itraconazole—may not be sufficient to clear the infection [39].

In this study, the sampled material with the greatest number of Aspergillus isolates was
the straw, which was also the only sampled material from which A. niger was identified.
Other studies have found A. niger in airborne dust particles from pig farms [16,22]. How-
ever, this study was performed sampling a smaller volume of air than the other studies,
and it is therefore possible that airborne spores or hyphal fragments of A. niger were present
in the pig farm, but were simply not collected in our samples. Although no isolates of
A. niger were detected in airborne dust samples, previous research has shown that straw
containing fungi can release fungal spores during handling [18]. This thereby presents an
occupational health risk for pig farm workers, as they might develop aspergillosis after
inhaling airborne spores, or develop nail infections after handling the straw.

It should be noted that, according to the guidelines provided by the EUCAST an-
tifungal clinical breakpoint table, there is insufficient evidence for an official EUCAST
“resistant” or “susceptible” classification when using echinocandins against Aspergillus
spp. However, although the EUCAST official guidelines do not give an official resistant or
susceptible classification, in this study, it appears that that three of our isolates of A. niger
can be referred to as being caspofungin-resistant, as their resistance to caspofungin was at
the upper limit of the assay (MEC > 16mg/L caspofungin).

Of the research done regarding occupational exposure to fungi, most has focused
on potential respiratory deposition [16], microbial community composition [33,40], or
mycotoxin contents [41]. While all of these aspects are important with regards to the
development of an accurate occupational risk assessment, they do not consider antifungal
resistance. Therefore, the results from this study are of importance, as they are the first
results showing the antifungal resistance patterns of Aspergillus spp. isolated from a pig
farm. Previous research studying antifungal resistance in other occupational settings has
focused on resistance to triazoles (itraconazole, posaconazole, and voriconazole) [7,8].
These studies have shown that triazole resistance is widespread, and that a variety of dif-
ferent species—including members of Aspergillus, Alternaria, Cladosporium, Chrysosporium,
Penicillium, and Rhizomucor—are able to grow in triazole-spiked media. In our study, we
calculated the individual MICs and MECs of our Aspergillus isolates to triazoles and, in
addition, to two other classes of antifungals (polyenes and echinocandins), and were able
to show that isolates of A. niger are resistant to multiple classes of antifungals. This is
of concern, as multidrug resistance in pathogenic species is associated with increases in
mortality [42].
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Fungal isolates that might normally be considered susceptible to antifungals can
counterintuitively exhibit in vitro growth in a range of higher concentrations of antifungals.
This has been referred to as the “Eagle effect” or “paradoxical resistance”, and is defined as
an isolate being able to grow in low concentrations of antifungal, being growth-inhibited
at intermediate concentrations, and resuming growth at higher concentrations [43]. In
addition to the antifungal-resistant species and isolates of fungi identified, we observed
six isolates of A. niger that, although they were antifungal-susceptible, exhibited signs
of paradoxical resistance to itraconazole (Figure 3A); this phenomenon has only once
been previously described amongst Aspergillus section Nigri [44]. Most research regarding
paradoxical resistance amongst Aspergillus and Candida has been associated with echinocan-
dins [45,46]. Of the research that has been conducted for elucidating the paradoxical
resistance mechanisms against echinocandins, these studies have proposed that there is
an upregulation of cell wall chitin synthesis [47]. With regards to paradoxical resistance
amongst aspergilli to triazoles, no mechanisms have been proposed. However, a proteomic
approach involving differential protein expression during incubation with and without
triazoles could elucidate which molecular pathways are up- or downregulated in isolates
displaying paradoxical resistance.

Further analysis regarding one of the potentially paradoxically resistant isolates of A.
niger showed that although there was an increase in growth after the “normal” breakpoint
when the OD600 was measured (Figure 3A), there was a marked decrease in growth when
the isolate was challenged with concentrations of itraconazole far exceeding the normal
breakpoint when growth was measured using the oCelloScope assay (Figure 3B). Further
research is required for these isolates, in order to determine whether they are actually
paradoxically resistant, and which molecular mechanisms might be involved. A recent
study analysing the proteome of one of the potentially paradoxical A. niger isolates taken
during the present sampling period showed significant changes in ergosterol synthesis,
efflux transporters, and reduced expression of peroxidative enzymes [48].

Overall, this study demonstrates that environmental isolates, assumed to be medically
antifungal-naïve, exhibit classical and possibly also paradoxical resistance, similar to what
has been found in clinical samples taken from patients. This study provides evidence for
the presence of antifungal-resistant Aspergillus spp. from multiple sources within a pig
farm. While pig farming might not directly contribute to the increase in the number of
isolates that display antifungal resistance, workers exposed to high concentrations of fungi
might have a greater risk of developing an antifungal-resistant fungal infection.

5. Conclusions

Antifungal-resistant fungi were present on surfaces and in the air in a pig farm during
all three sampling days. Multiple isolates of the most commonly identified species—A.
niger—presented with multidrug resistance to three of the four tested antifungals. This is
notable, as it may cause occupational fungal infections to increase. Furthermore, A. niger
may be transported away from the farm, where it can potentially cause lethal invasive
disease in susceptible patient groups. Isolates of A. terreus and A. versicolor also exhibited
resistance to amphotericin B. Therefore, in order to make an accurate occupational risk
assessment, occupational hygienists should be encouraged to test for antifungal resistance
amongst their samples, first of all to test workers’ potential exposure to antifungal-resistant
fungi, but also to help monitor the global spread of antifungal resistance in agricultural,
non-agricultural, and non-medical settings.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos12070826/s1, Figure S1: Species and number of Aspergillus isolates cultured from
the four sampled materials (purple = airborne dust, blue = faeces, green = settled dust, and yellow
= straw). The sampling day is written on the top of each plot. Figure S2: Species and number of
fungal isolates from the genera Aspergillus, Candida, Lichtheimia, Rhizomucor, Scopulariopsis, and
Trichosporon cultured from the four sampled materials (purple = airborne dust, blue = faeces, green
= settled dust, and yellow = straw). The sampling day is written on the top of each plot.

https://www.mdpi.com/article/10.3390/atmos12070826/s1
https://www.mdpi.com/article/10.3390/atmos12070826/s1
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