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Abstract

Emerging fungi resistant to triazoles are a concern because of the increased use of medical
triazoles and exposure to agricultural triazoles. However, little is known about the levels of
triazole susceptibility in outdoor airborne fungi making it difficult to assess the risks of inhala-
tion exposure to airborne, antifungal-resistant fungi. This study examined triazole susceptibili-
ties of the airborne thermotolerant fungi isolated from the ambient air of the Seoul Capital
Area of South Korea. We used impactor air sampling with triazole-containing nutrient agar
plates as the collection substrates to screen for airborne fungal isolates based on their triazole
susceptibilities. This study estimated that 0.17% of all the culturable fungi belong to the patho-
genic thermotolerant taxa, among which each isolate of Aspergillus niger and Aspergillus
tubingensis showed a minimum inhibitory concentration (MIC) of 2 ug/mL or greater for itraco-
nazole. Their concentration in air was 0.4 CFU/m®. Seven human pathogenic Paecilomyces
variotii isolates had MICs of 32 ug/mL or greater and lower than 2 ug/mL for the agricultural
fungicide tebuconazole and the medical triazole itraconazole, respectively. Though the con-
centration was low, our results confirm the presence of airborne fungi with high MICs for itra-
conazole in ambient air. Inhalation is an important exposure route because people inhale
more than 10 m® of air each day. Vigilance is preferred over monitoring for the emergence of
triazole-resistant fungal pathogens in ambient outdoor air.

Introduction

Fungi are ubiquitous in environments such as soil [1-3], house dust [4, 5], human skin [6], and
air [7-10]. While most fungi are harmless to humans, some are infectious pathogens. For
instance, Aspergillus spp. can cause invasive fungal infections (IFI) with a fatality ratio of
approximately 60% reported for immunocompromised individuals [11]. Aspergillus fumigatus,
a primary and opportunistic fungal pathogen [12], produces small unicellular spores with a
reported diameter of 2 to 3.5 pm [13]. These spores are easily released into the air and inhaled
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and partly respired by humans [14]. Inhaled Aspergillus spores in the human respiratory sys-
tem can cause invasive pulmonary aspergillosis (IPA) in immunocompromised individuals
[15]. Because of the high fatality rate of IPA [16], proper treatment is crucial.

Triazoles are a group of antifungal chemicals which are often administered to IFI patients
[16, 17]. Triazoles, which are organic compounds with a five-member ring consisting of two
carbon and three nitrogen atoms, are used as medical drugs as well as agricultural fungicides.
Medical triazoles include itraconazole, voriconazole, and posaconazole [16, 17], whereas agri-
cultural triazoles include tebuconazole, difenoconazole, and propiconazole [18, 19]. Triazoles
are considered to be the most successful class of antifungal drugs in clinics [20]; however, there
is concern over the emergence of resistant strains. One study showed that there is an increasing
frequency of itraconazole-resistant Aspergillus, in which the resistance developed in the bodies
of the patients because of the treatment failure [21]. Moreover, triazole-resistant A. fumigatus
has been detected in various environments including indoor air and on surfaces in hospitals
[22-24].

Agricultural triazoles are also a concern because they create selective pressures for environ-
mental fungi resistant to triazoles [25]. One study showed a cross-resistance between medical
and agricultural triazoles in A. fumigatus [26], indicating the possibility of strains resistant to
medical triazoles having increased environmental fitness over wild-type strains under the selec-
tive pressure of agricultural triazoles. Accumulating evidence has shown that there is an emerg-
ing A. fumigatus resistant to medical triazoles found in environments such as compost [27],
soil [22, 23, 27, 28], and outdoor air [22, 24]. In South Korea, residual triazole fungicides (e.g.,
tebuconazole) have been detected in dried vegetables [29], which is a good indicator of the
nationwide use of agricultural triazoles. Thus, vigilance is needed in terms of the emergence of
fungal strains in the environment with resistance to agricultural and medical triazoles.

The aim of this study was to investigate the level of triazole susceptibility in fungal isolates
from ambient outdoor air in the Seoul Capital Area of South Korea. This study particularly
focused on thermotolerant fungi because they are more likely to be infectious than that of
other mesophilic fungi [30]. We did seasonal air sampling with an impactor sampler and tria-
zole-containing nutrient agar plates, followed by incubation at 35°C. The testing of susceptibil-
ity to triazoles was done with the standard broth dilution method. We tested the triazoles
itraconazole and tebuconazole because cross-resistance to both medical and agricultural tria-
zoles is of great concern [26]. At present, little is known about the levels of triazole susceptibil-
ity in outdoor airborne thermotolerant fungi [22-24]. This study provides insight into how
triazole resistance is prevalent in thermotolerant fungi in ambient outdoor air.

Materials and Methods
Air sampling

Air sampling was conducted from November 2013 to October 2014 at three different locations
in the Seoul Capital Area of South Korea. One location was at the campus of Seoul National
University at Gwanak-gu, Seoul (37°27'55.0"N; 126°57'17.7"E) and the other two locations at a
test farm belonging to the university in Suwon, Gyeonggi-do, South Korea which included an
apple field (37°15'36.0"N; 126°58'57.6"E) and a rice field (37°16'12.5"N; 126°5920.6"E). The test
farm is located 21.9 km south of the university campus. On the test farm, the apple and rice
fields are separated by a distance of 1.2 km. Typically, air sampling was conducted bimonthly
at each location alternating between either the university campus or the test farm. A total of 21
sets of air sampling were collected: nine sets at the university campus and twelve sets at the test
farm (six sets each for the apple and rice fields). Prior to conducting the field studies, all the
necessary permits were obtained from the managers at each site.
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A single-stage multi-jet impactor sampler (Quick Take 30, SKC Inc., Eighty Four, PA, USA)
was used to conduct the air sampling. Sabouraud dextrose agar plates containing chlorampheni-
col (SDAC) and Roswell Park Memorial Institute (RPMI) agar plates were used as the impactor
substrates. SDAC plates containing 0.005% (w/w) chloramphenicol (Hanil Komed Co., Ltd.,
Seongnam, South Korea) were used to quantify the total culturable fungi while RPMI plates were
used to quantify the thermotolerant fungi. One liter of RPMI agar plate medium consisted of
10 g of RPMI 1640 medium powder (Gibco Life Technologies, Carlsbad, CA, USA), 35 g of mor-
pholinepropanesulfonic acid buffer (MOPS; Dojindo, Tokyo, Japan), 15 g of agar (AMRESCO,
Solon, OH, USA), and 0.005% (w/w) chloramphenicol (Hanil Komed Co., Ltd.). To quantify the
susceptibility of thermotolerant fungi to triazoles, 0, 0.0625, 1, 4, or 16 ug/mL of itraconazole
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or tebuconazole (Santa Cruz Biotechnology,
Inc.) were added to the RPMI agar [31]. A total of twelve agar plates (1 SDAC and 11 RPMI agar
plates) with or without triazoles were used for each set of air sampling.

Airborne fungi were collected on each agar plate for 2 or 5 min with an air flow rate of
28.3 L/min. For each set of air sampling, twelve consecutive air samplings were performed
using agar plates containing each concentration of the triazoles. Typically, a duration of 2 min
was chosen for air sampling with the SDAC plates because a large number of total culturable
fungi was expected in the spring, summer, and fall. A shorter sampling duration was used to
avoid overloading the plates with fungal particles. Meanwhile, a duration of 5 min was used for
the air sampling with the RPMI plates because a smaller number of thermotolerant fungi were
expected, thus requiring a longer sampling duration. The exposed plates were transported to
the laboratory within 8 h from the start of the air sampling and incubated so that the fungal
colony-forming units (CFU) could be counted. The incubation temperatures were 25°C and
35°C for the SDAC and RPMI plates, respectively. Positive-hole corrections were made for all
reported airborne fungal concentrations to correct for the possibility that multiple viable parti-
cles passed through the same sampling hole of the multi-jet impactor and were deposited
together at the same point on the collection substrate [32].

DNA sequencing

Fungal colonies identified on the agar plates containing 4 and 16 pg/mL of ITZ or TBZ were
isolated, and pure cultures were obtained by isolating individual colonies onto new plates. These
isolates from the pure cultures were used for DNA sequence-based analyses and standard suscep-
tibility testing. DNA was extracted from pure culture colonies from an area approximately 0.25
cm? in size using the OmniPrep for Fungi kit (Geno Technology Inc., St. Louis, MO, USA) fol-
lowing the manufacturer’s instructions. Briefly, fungal tissues were grinded with the grinding
resin of the kit and zirconia beads. The resultant cellular debris and proteins were removed by
precipitation using the included reagents of the kit. DNA pellets were obtained with isopropanol
precipitation and rehydrated in TE for storage at -20°C until the subsequent analyses.

These isolates were identified based on the sequences of the nuc-rDNA internal transcribed
spacer (ITS; ITS1-5.85-ITS2) and B-tubulin (benA) gene. The ITS sequences were amplified
with the forward primer ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3’) and the reverse
primer ITS4 (5-TCCTCCGCTTATTGATATGC-3’) [33]. The benA sequences were amplified
with Bt2a (5-GGTAACCAAATCGGTGCTGCTTTC-3’) and Bt2b (5-ACCCTCAGTGTAG
TGACCCTTGGC-3’) [34]. Each PCR mixture (total volume of 30 uL) had 1 uL of template
DNA, 1x PCR Master Mix (Takara Bio Inc., Shiga, Japan), and 0.3 uM of each primer. The
amplification process was done under the following thermal conditions: an initial denaturation
step of 95°C for 5 min and then 35 cycles of denaturation at 95°C for 30 s, annealing at 55°C
for 30 s, and extension at 72°C for 1 min followed by a final extension at 72°C for 10 min. PCR
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amplicons were purified with the HiGene PCR purification kit (SolGent Co., Ltd., Daejeon,
Korea). PCR amplicons were sequenced with the ABI3730xL Genetic Analyzer (Life Technolo-
gies, Carlsbad, CA, USA). The lengths of the sequenced amplicons were from 603 to 705 bp for
the ITS sequences and from 507 to 534 bp for the benA sequences.

To identify the isolates at the species level, the ITS and benA sequences of each isolate were
compared with the sequences of type strains downloaded from GenBank. A species was
assigned to an isolate if a single type-strain sequence matched the sequence of the isolate with
more than 99% sequence-homology using BLASTn; otherwise, isolates were defined as
‘unidentified’ if multiple type-strain sequences matched with the same e-values as the top hit.

For the isolates identified as Aspergillus fumigatus, the full coding sequence of the cyp51A
gene and the promoter region were further analyzed for their mutations [24, 25, 35-37]. The
coding and promoter regions of the cyp51A gene were amplified with two primer sets: P450-A1
(5-ATGGTGCCGATGCTATGG-3’) and P450-A2 (5°-CTGTCTCACTTGGATGTG-3’) [35],
and P-A7 (5-TCATATGTTGCTCAGCGG-3’) and P-A5 (5-TCTCTGCTGCACGCAAAGA
AGAAC-3) [38]. The same PCR reagents described above were used, and PCR was performed
with a thermal cycle of 94°C for 5 min followed by 30 cycles of 94°C for 30 s, 58°C for 45 s, and
72°C for 2 min and a final 10 min extension at 72°C. The purification and sequencing of the
amplicons were done as described above. Full-length cyp51A gene coding sequences were pro-
duced with an internal primer (5-CGC ACATGATGATAACCC-3’) and assembled with the
promoter region sequence using the SeqMan Pro Lasergene suite (DNASTAR Inc., Madison,
WI, USA). To identify mutations in the cyp51A genes, the assembled sequences were compared
with a reference sequence from wild-type A. fumigatus AF338659.1 [39]. All A. fumigatus iso-
lates analyzed were wild type with no mutations in the cyp51A gene and no variants in the
34-bp tandem repeat in the promoter region.

The sequencing data of the benA, ITS, and cyp51A gene with the promoter sequences were
deposited in GenBank with accession numbers of KP724980-724984, KP724985-725001, and
KP725002-725004, respectively.

Susceptibility testing

Susceptibility testing was done for all fungi identified on the plates containing 4 and 16 pug/mL
of ITZ or TBZ in accordance with the Clinical and Laboratory Standards Institute (CLSI)
M38-A2 broth dilution protocol [40]. Briefly, the tested triazole concentrations ranged from
0.03 to 32 pg/mL. The minimum inhibitory concentrations (MICs) were determined for each
inoculum of the isolates with a spore suspension adjusted to range from 0.4x10* to 5x10*
CFU/mL. Each inoculum was incubated at 35°C for 48 h. For each isolate, duplicate experi-
ments were done twice, that is, a total of four experiments. The median of the four MICs
obtained for each isolate was used to report the final MIC. Quality control was done each day
using the two reference strains recommended by the CLSI: Candida parapsilosis ATCC 22019
and Candida krusei ATCC 6258. Additionally, four Aspergillus strains, Aspergillus flavus
ATCC 204304 and Aspergillus fumigatus ATCC MYA 3626, ATCC MYA 4609 and ATCC
MYA 3627, were included to ensure the accuracy of the susceptibility tests.

Results
Concentrations of the total airborne and thermotolerant fungi

Fig 1 shows the seasonal concentrations of the total airborne culturable and thermotolerant
fungi at three locations in the Seoul Capital Area of South Korea. The airborne concentrations
of total culturable fungi grown on the SDAC plates incubated at 25°C were higher than the
concentrations of the thermotolerant fungi grown on the non-triazole-containing RPMI plates
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Fig 1. Seasonal concentrations of airborne total culturable (solid lines) and thermotolerant (dashed lines) fungi. (A) university campus, (B) apple
field, and (C) rice field in the capital area of Seoul, South Korea. Asterisks indicate data above the upper limit of quantification (>46,000 CFU/m?).

doi:10.1371/journal.pone.0138725.g001

incubated at 35°C. Substantial seasonal variations were observed in the airborne concentrations
of total culturable fungi, ranging from 14 to >46,000 CFU/m”’. The concentrations of airborne
thermotolerant fungi ranged from 0 to 28 CFU/m”.

Number of fungal colonies observed on the plates for each concentration
of the triazoles

A total of 1,611 CFUs were observed on the SDAC plates incubated at 25°C (Table 1). The
CFUs on the SDAC plates were set as the concentration of total culturable fungi [41, 42], while
the CFUs on the non-triazole-containing RPMI plates incubated at 35°C were set as the con-
centrations of total thermotolerant fungi. A total of 25 thermotolerant fungal colonies were
detected on the non-triazole-containing RPMI plates (Table 1), representing 0.17% of the total
culturable fungi after positive-hole correction and adjustment for differences in the sampling
durations across each air sampling (2 or 5 min) (Fig 2). Notably, the fractions were greater for
the plates containing 0.0625 and 0.25 ug/mL of ITZ, i.e., 1.18% and 0.27%, respectively (Fig 2).
However, the fractions were smaller for the higher ITZ concentrations, i.e., 0.07%, 0.03%, and
0.02% for 1, 4, and 16 pg/mL, respectively. The fractions for the TBZ-containing plates were all
smaller than those of the non-triazole-containing plates, i.e., 0.15%, 0.07%, 0.06%, 0.05%, and
0.03% for 0.0625, 0.25, 1, 4, and 16 pug/mL, respectively (Fig 2). Nineteen colonies in total were
isolated from the plates containing 4 or 16 pg/mL of ITZ or TBZ (Table 1), for which subse-
quent susceptibility testing and sequencing-based analyses were performed.

Fungal species observed on plates containing 4 or 16 ug/mL of the
triazoles

Based on the ITS and benA sequences, seven fungal species were identified from a total of 19
isolates from the plates containing 4 or 16 ug/mL of ITZ or TBZ (Table 2). Three fungal isolates
were not identifiable, for which susceptibility testing was not done. The species identified were
Aspergillus fumigatus, Aspergillus niger, Aspergillus tubingensis, Choanephora infundibulifera,
Coprinellus curtus, Coprinopsis cinerea, and Paecilomyces variotii. Susceptibility testing could
not be done for the three non-Ascomycota fungi, Coprinellus curtus, Coprinopsis cinerea, and
Choanephora infundibulifera, because of difficulty inducing sporulation. Consequently, twelve
isolates from four species, A. fumigatus, A. niger, A. tubingensis, and P. variotii, were analyzed
with susceptibility testing.
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Minimum inhibitory concentrations in the fungal isolates from the plates
containing 4 or 16 pg/mL of the triazoles

Table 2 shows the minimum inhibitory concentrations (MICs) of ITZ and TBZ in the isolates
from the plates containing 4 or 16 ug/mL of ITZ or TBZ confirmed by the CLSI M38-A2 broth
dilution method. A. niger (13L0611) and A. tubingensis (27L0511) each had an ITZ MIC of

2 pg/mL or greater (Table 2). In terms of their concentration in the air, these two isolates repre-
sent 0.4 CFU/m’ when averaged over all the sampling months and locations. For these two iso-
lated strains, two types of ITZ-containing plates (4 and 16 pg/mL) were used requiring twice
the sampling duration compared to the sampling duration used to quantify the concentration
of total thermotolerant fungi using only one type of non-triazole-containing plate. A total of 25
thermotolerant fungal colonies were detected using only one type of non-triazole-containing
plate (Table 1). Taking into consideration that twice the sampling duration was required to iso-
late these two strains, these potentially ITZ-resistant or intermediate strains represent 4% of
the total thermotolerant fungi. All seven P. variotii strains analyzed had a TBZ MIC of 32 pg/
mL or greater (Table 2).

Table 1. Fungal colony forming units (CFUs) observed on each nutrient agar plate®.

Sampling site  Day (mm/dd/yyyy)

University 11/11/2013
01/10/2014
03/14/2014
05/23/2014
06/13/2014
07/03/2014
08/11/2014
09/12/2014
10/06/2014
Apple farm 12/13/2013
02/21/2014
05/16/2014
06/30/2014
08/05/2014
10/08/2014
Rice farm 12/13/2013
02/21/2014
05/16/2014
06/30/2014
08/05/2014
10/08/2014
Total

SDAC®  RPMI without triazole ©  RPMI with ITZ (ug/mL) © RPMI with TBZ (pug/mL) ©
0.0625 0.25 1 4 16 0.0625 0.25 1 4 16
n.a. 1 0 1 0 0 0 1 0 0 0 (0]
2 0 2 1 0 0 0 0 0 0 0 0
229 0 0 0 2 0 1 0 1 1 0 0
27* 0 54 1 0 0 0 0 0 0 0 0
29* 1 1 3 0 0 0 0 1 0 0 5
16* 1 2 2 2 0 0 1 0 0 0 0
400* 1 2 4 0 0 0 1 0 1 0 0
34* 0 0 0 0 0 0 1 0 0 1 0
48* 0 0 0 0 0 0 0 0 0 1 0
29 1 0 0 1 0 0 1 3 0 0 0
37 2 0 2 0 0 0 2 1 0 0 0
71* 0* 0* o* 0* 0* 0* 0* o* 0* 0* 0*
17* 4 1 0 0 0 0 0 0 0 0 0
85* 4 90 4 4 3 2 6 1 2 2 0
72* 2 0 1 0 0 0 3 0 1 1 0
17 2 5 1 0 0 0 4 0 1 1 0
17 0 0 1 0 0 0 0 0 1 0 0
32* 0* 0* o* 0* 0* OF 0* 1*  0* 0* 0O*
48* 1 0 1 0 0 0 0 2 1 0 0
1* 1 0 7 0 0 0 1 0 1 0
400* 4 1 10 1 1 0 2 0 1 0 0
1611 25 158 39 11 4 3 22 11 9 7 5

& The positive-hole corrections are not made for these raw CFU values.

® Incubated at 25°C.
¢ Incubated at 35°C.

Symbol: *, Data of 2-min air samplings; No asterisk, data of 5-min air samplings.

doi:10.1371/journal.pone.0138725.1001
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Discussion

This study quantified the concentrations of outdoor airborne thermotolerant fungi, which can
be opportunistic infectious pathogens [30, 43, 44]. It was estimated that 0.17% of all airborne
culturable fungi were thermotolerant. Remarkably, the number of cultured thermotolerant fun-
gal colonies was higher on plates containing a small amount of ITZ (0.0625 and 0.25 pg/mL)
than on non-triazole-containing plates (Fig 2). This could be stimulated fungal growth because
of the low-dose exposure to triazoles. A similar tendency was reported for the plant pathogenic
Fusarium graminearum, for which the biosynthesis of mycotoxin deoxynivalenol was induced
in response to a sub-lethal exposure to prothioconazole [45]. It is possible that short-term vari-
ations in the ambient fungal concentrations influenced our observations because twelve conse-
cutive air samplings (each lasting 2 or 5 min) were done. However, this is unlikely for the
following reasons: i) the results are based on the cumulative values for 21 seasonal samplings;
ii) large numbers of colonies (>50 CFUs) were observed only on the 0.0625 pg/mL ITZ plates
but not on the non-triazole-containing plates (Table 1), and iii) both of the lowest ITZ concen-
trations (0.0625 and 0.25 pug/mL) showed a similar trend. Future studies are warranted to
examine the causes of this tendency.

The fraction of thermotolerant fungal colonies observed on plates containing higher
amounts of ITZ and TBZ (1, 4, and 16 ug/mL) was smaller than the fraction cultured on the
non-triazole-containing plates (Fig 2), suggesting that growth was inhibited by the further
addition of the triazoles. Though the mechanism of action varies by type of triazole and fungus
[46], the chief mechanism is the inhibition of 140.-demethylation in the ergosterol synthetic
pathway [20, 47]. The inhibition of ergosterol biosynthesis results in alteration of permeability
and fluidity of fungal membrane [20]. A reduction of obtusifolione to obtusifoliol in sterol bio-
synthesis is another inhibitory mechanism of ITZ [46, 48]. No additional mechanism has been
reported for TBZ [47]. The multiple modes of action for ITZ are thought to contribute to a
broad spectrum of antifungal efficacies [49]. Overall, our results suggest that the growth of air-
borne fungi was mostly inhibited by the addition of more than 1 ug/mL of ITZ and TBZ in the
plates (Table 1 and Fig 2).

1.5

£ 1
c ]
S
O ]
® 0.5
L
o

Triazole concentration (ug/mL)

Fig 2. Fractions of the number of fungal colonies observed on RPMI plates containing each triazole
concentration. The fractions of the number of fungal colonies observed on the RPMI plates for each triazole
concentration to the number of fungal colonies observed on the SDAC plates are shown. The cumulative data
for all sampling months and locations are used. Abbreviations: ITZ, itraconazole; TBZ, tebuconazole.

doi:10.1371/journal.pone.0138725.9002
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Table 2. Minimum inhibitory concentrations (MICs) of ITZ and TBZ in the airborne thermotolerant fungal isolates determined by the CLSI M38-A2
broth dilution method.

Type Species Strain ID GenBank accession Location  Day (mm/ Type of agar plate ITZMIC (ug/mL)®  TBZ MIC
number (ITS/benA/ ddlyyyy) (concentration, pg/mL) (ng/mL)
cyp51A) a b
Sampled strains
Aspergillus niger 13L0611 KP724986/KP24980 University  03/14/2014  ITZ (16) 2.0 4.0
Paecilomyces 17L16T1 KP724987 University 06/13/2014 TBZ (16) 0.75 >32
variotii
Paecilomyces 17L16T2 KP724988 University  06/13/2014 TBZ (16) 0.75 >32
variotii
Paecilomyces 17L16T3 KP724989 University 06/13/2014 TBZ (16) 0.75 >32
variotii
Paecilomyces 17L16T4 KP724990 University  06/13/2014 TBZ (16) 1.0 >32
variotii
Paecilomyces 17L16T5 KP724991 University  06/13/2014 TBZ (16) 1.0 >32
variotii
Aspergillus 241.15T1 KP724998/KP24983/ University 09/12/2014 TBZ (4) 1.5 2.0
fumigatus KP725004
Paecilomyces 25L15T1 KP724999 University  10/06/2014 TBZ (4) 0.75 >32
variotii
Aspergillus 21L0511 KP724992/KP24981/ Apple 08/05/2014  ITZ (4) 1.5 2.0
fumigatus KP725002 farm
Aspergillus 21L0512 KP724993/KP24982/ Apple 08/05/2014  ITZ (4) 1.0 2.0
fumigatus KP725003 farm
Coprinellus curtus  21L05I3 KP724994 Apple 08/05/2014  ITZ (4) n.d. n.d.
farm
Coprinopsis 21L06I1 KP724995 Apple 08/05/2014  ITZ (16) n.d. n.d.
cinerea farm
Coprinopsis 21L0612 KP724996 Apple 08/05/2014  ITZ (16) n.d. n.d.
cinerea farm
Unidentified 21L15T1 Apple 08/05/2014  TBZ (4) n.d. n.d.
farm
Choanephora 21L15T2 KP724997 Apple 08/05/2014 TBZ (4) n.d. n.d.
infundibulifera farm
Paecilomyces 26L15T1 KP725000 Apple 10/08/2014 TBZ (4) 1.0 >32
variotii farm
Unidentified 05L15T1 KP724985 Rice farm  12/13/2013 TBZ (4) n.d. n.d.
Unidentified 22L15T1 Rice farm  08/05/2014 TBZ (4) n.d. n.d.
Aspergillus 27L0511 KP725001/KP24984 Rice farm  10/08/2014 ITZ (4) 4.0 8.0
tubingensis
Quality control strains
Candida ATCC - - - - 0.25 [0.12-0.5] © 1.0
parapsilosis 22019
Candida krusei ATCC - - - - 0.5[0.25-1.0] © 4.0
6258
Reference strains
Aspergillus flavus ~ ATCC - - - - 0.25[0.25-0.5] © 1.0
204304
Aspergillus ATCC - - - - 1.0 [0.25-2.0] © 2.0
fumigatus MYA
3626
Aspergillus ATCC - - - - 1.0 4.0
fumigatus MYA
4609
Aspergillus ATCC - - - - >32 [>16] ¢ 4.0
fumigatus MYA
3627
@ Types of agar plates on which the strains were isolated.
® Median values of at least four replicated expetiments were used.
¢ The values in brackets are the MIC ranges reported by the CLSI [40].
Abbreviations: ITZ, itraconazole; TBZ, tebuconazole; n.d., not determined due to difficulties in identification or difficulties in sporulation.
doi:10.1371/journal.pone.0138725.t002
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Species were identified for fungi isolated from plates containing 4 and 16 pg/mL of ITZ and
TBZ. The identified species included A. fumigatus, A. niger, A. tubingensis, and P. variotii. The
reported spore diameters for A. fumigatus and A. niger are 2-3.5 um and 3.5-5 pm, respectively
[13]. Though data are unavailable for A. tubingensis, its spore size is expected to be similar to
that of A. niger because A. tubingensis, a member of the A. niger species complex, is known to
be morphologically indistinguishable from A. niger [15]. The spore size (WxL) of P. variotii is
3.5x5 pum [50]. Particles in these size ranges are inhalable and partly respirable by humans
[14]. The inhalation of these pathogenic fungal spores is thought to cause pulmonary fungal
infections [16]. Indeed, all of the Aspergillus species identified in this study are known to cause
invasive pulmonary aspergillosis (IPA) [15, 16]. Cases of pulmonary infection by Paecilomyces
species, including P. variotii, have also been reported [51, 52].

The MICs of ITZ and TBZ for the Aspergillus and Paecilomyces isolates were determined
with the standard CLSI broth dilution method. Two potentially ITZ resistant or intermediate
strains of A. niger (13L06I1) (MIC = 2 pug/mL) and A. tubingensis (27L0511) (MIC = 4 pg/mL)
were identified (Table 2). These two species, belonging to Aspergillus section Nigri, are known
to have three different antifungal susceptibility patterns [53]. Though there is no clinical break-
point established for fungi, these isolates are possibly ITZ resistant or intermediate given that
MICs below 1 pg/mL are common for most Aspergillus spp. [40] with a slightly higher epidemi-
ologic cutoff value (2 pug/mL) reported for the section Nigri [54, 55]. This study estimated that
0.17% of the total airborne culturable fungi were thermotolerant, among which an estimated
4% showed ITZ MICs of 2 pg/mL or greater. The concentration of these two isolates in the air
was 0.4 CFU/m”. Inhalation is an important route of exposure because people inhale more
than 10 m” of air each day [56]. Though the concentration was low, the result may indicate a
risk of inhalation exposure to airborne antifungal-resistant fungi from outdoor environments.

TBZ is used as an agricultural fungicide; therefore, its efficacy has been assessed mostly for
fungal plant pathogens. The efficacy of agricultural fungicides is assessed in terms of the effec-
tive concentration which results in a 50% reduction of mycelial growth (ECs;). One study
reported an ECs, value of 8.09 pg/mL for a TBZ-resistant Fusarium graminearum strain [57].
Though a direct comparison is difficult between the MIC and ECs,, the seven P. variotii isolates
in this study appeared to be highly resistant to TBZ, i.e., MICs >32 pg/mL (Table 2). Taking
into consideration that TBZ is not used as an antifungal medication and that P. variotii is not a
known plant pathogen [58], the finding of P. variotii high resistance to TBZ may not be of
importance in terms of the public health or agriculture. However, a recent study has shown the
cross-resistance of medical and agricultural triazoles in clinical and environmental A. fumiga-
tus isolates [26]. Though cross-resistance to ITZ was not found in the P. variotii isolates that
exhibited a high resistance to TBZ in this study, further studies are warranted to monitor the
emergence of cross-resistance in human fungal pathogens.

Aspergillus fumigatus is a primary and opportunistic fungal pathogen with known azole
resistance mechanisms mediated by Cyp51, the efflux pump, and stress adaption [35, 36, 59].
Among the Cyp51-mediate mechanisms, a mutation in the number of 34-bp tandem repeats in
the promoter region combined with a substitution at codon 98 in the cyp51A gene (TR;4/
L98H) was thought to be predominant in A. fumigatus [24, 25, 37]. This study did not detect
the TR;34/L98H mutants of A. fumigatus from the isolates collected from the outdoor air in the
study area. This could be partly due to the limited number of A. fumigatus isolates (n = 3) ana-
lyzed in this study, with all of them having ITZ MICs smaller than 2 ug/mL. The TR;,/L98H
mechanism was initially reported in Europe [60], but it is expanding globally with reports from
China, Iran, India, Kuwait, and Tanzania [22, 61, 62]. Because of the nature of the TR;,/L98H
mechanism with its environmental origin in A. fumigatus [61], it is possible that TR;,/L98H
strains will emerge locally from the environment.
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Triazoles are the most successful antifungal class both clinically and agriculturally; however,
there are concerns over the emergence of resistant strains. Because of the use of triazoles
throughout the world, it is important to monitor the emergence of triazole resistance in the
environment. This study examined triazole susceptibility in pathogenic thermotolerant fungi
isolated from the ambient air around the capital area of Seoul, South Korea. This study esti-
mated that 0.17% of the total culturable fungi belong to the pathogenic thermotolerant taxa,
among which the isolates of A. niger and A. tubingensis had ITZ MICs of 2 ug/mL or greater,
and seven P. variotii isolates had TBZ MICs of 32 pg/mL or greater. The concentration of the
two Aspergillus isolates with high ITZ MICs in the air was 0.4 CFU/m’. Though their abun-
dance was low, our findings suggest the presence of airborne fungal strains with high MICs for
medical and agricultural triazoles in outdoor environments. Inhalation is an important route
of exposure because people inhale more than 10 m® of air each day. Vigilance is preferred over
monitoring for the emergence of triazole-resistant fungal pathogens in ambient outdoor air.

Acknowledgments

The authors would like to thank Bong Ho Kim, Yeon Su Yu, Woo Jin, Kim, and Jung Hyun
Park for helping us perform the air sampling procedures at the University Farm of Seoul
National University. This research was supported by the Basic Science Research Program
through the National Research Foundation of Korea (http://www.nrf.re.kr/) funded by the
Ministry of Education, Science and Technology (2013R1A1A1004497) (N.Y.). The funders had
no role in the study design, data collection and analysis, decision to publish, or preparation of
the manuscript.

Author Contributions

Conceived and designed the experiments: SL NY. Performed the experiments: SL SX CPB HL
MSP. Analyzed the data: SL YWL NY. Contributed reagents/materials/analysis tools: YWL
NY. Wrote the paper: SL NY.

References

1. Buée M, Reich M, Murat C, Morin E, Nilsson RH, Uroz S, et al. 454 pyrosequencing analyses of forest
soils reveal an unexpectedly high fungal diversity. New Phytol. 2009; 184(2):449—-456. doi: 10.1111/j.
1469-8137.2009.03003.x PMID: 19703112

2. O'Brien HE, Parrent JL, Jackson JA, Moncalvo JM, Vilgalys R. Fungal community analysis by large-
scale sequencing of environmental samples. Appl Environ Microbiol. 2005; 71(9):5544-5550. doi: 10.
1128/aem.71.9.5544-5550.2005 PMID: 16151147

3. Tedersoo L, Bahram M, Pdlme S, Kdljalg U, Yorou NS, Wijesundera R, et al. Global diversity and geog-
raphy of soil fungi. Science. 2014; 346(6213):1256688. doi: 10.1126/science.1256688 PMID:
25430773

4. Amend AS, Seifert KA, Samson R, Bruns TD. Indoor fungal composition is geographically patterned
and more diverse in temperate zones than in the tropics. Proc Natl Acad Sci USA. 2010; 107
(31):13748-13753. doi: 10.1073/pnas.1000454107 PMID: 20616017

5. Yamamoto N, Shendell DG, Peccia J. Assessing allergenic fungi in house dust by floor wipe sampling
and quantitative PCR. Indoor Air. 2011; 21(6):521-530. doi: 10.1111/j.1600-0668.2011.00732.x PMID:
21767317

6. Findley K, OhJ, YangJ, Conlan S, Deming C, Meyer JA, et al. Topographic diversity of fungal and bac-
terial communities in human skin. Nature. 2013; 498(7454):367—-370. doi: 10.1038/nature12171 PMID:
23698366

7. Shelton BG, Kirkland KH, Flanders WD, Morris GK. Profiles of airborne fungi in buildings and outdoor
environments in the United States. Appl Environ Microbiol. 2002; 68(4):1743—-1753. doi: 10.1128/aem.
68.4.1743-1753.2002 PMID: 11916692

PLOS ONE | DOI:10.1371/journal.pone.0138725 September 25,2015 10/13


http://www.nrf.re.kr/
http://dx.doi.org/10.1111/j.1469-8137.2009.03003.x
http://dx.doi.org/10.1111/j.1469-8137.2009.03003.x
http://www.ncbi.nlm.nih.gov/pubmed/19703112
http://dx.doi.org/10.1128/aem.71.9.5544&ndash;5550.2005
http://dx.doi.org/10.1128/aem.71.9.5544&ndash;5550.2005
http://www.ncbi.nlm.nih.gov/pubmed/16151147
http://dx.doi.org/10.1126/science.1256688
http://www.ncbi.nlm.nih.gov/pubmed/25430773
http://dx.doi.org/10.1073/pnas.1000454107
http://www.ncbi.nlm.nih.gov/pubmed/20616017
http://dx.doi.org/10.1111/j.1600-0668.2011.00732.x
http://www.ncbi.nlm.nih.gov/pubmed/21767317
http://dx.doi.org/10.1038/nature12171
http://www.ncbi.nlm.nih.gov/pubmed/23698366
http://dx.doi.org/10.1128/aem.68.4.1743&ndash;1753.2002
http://dx.doi.org/10.1128/aem.68.4.1743&ndash;1753.2002
http://www.ncbi.nlm.nih.gov/pubmed/11916692

@’PLOS ‘ ONE

Triazole Susceptibilities in Airborne Thermotolerant Fungi

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Fréhlich-Nowoisky J, Pickersgill DA, Després VR, Pdschl U. High diversity of fungi in air particulate
matter. Proc Natl Acad Sci USA. 2009; 106(31):12814—12819. doi: 10.1073/pnas.0811003106 PMID:
19617562

Yamamoto N, Bibby K, Qian J, Hospodsky D, Rismani-Yazdi H, Nazaroff WW, et al. Particle-size distri-
butions and seasonal diversity of allergenic and pathogenic fungi in outdoor air. ISME J. 2012; 6:1801—
1811. doi: 10.1038/ismej.2012.30 PMID: 22476354

Yamamoto N, Hospodsky D, Dannemiller K, Nazaroff WW, Peccia J. Indoor emissions as a primary
source of airborne allergenic fungal particles in classrooms. Environ Sci Technol. 2015; 49 (8):5098—
5106. doi: 10.1021/es506165z PMID: 25794178

Lin SJ, Schranz J, Teutsch SM. Aspergillosis case-fatality rate: Systematic review of the literature. Clin
Infect Dis. 2001; 32(3):358-366. doi: 10.1086/318483 PMID: 11170942

Nierman WC, Pain A, Anderson MJ, Wortman JR, Kim HS, Arroyo J, et al. Genomic sequence of the
pathogenic and allergenic filamentous fungus Aspergillus fumigatus. Nature. 2005; 438(7071):1151—
1156. doi: 10.1038/nature04332 PMID: 16372009

Cole GT, Samson RA. The conidia. In: Al-Doory Y, Domson JF, editors. Mould allergy. Philadelphia:
Lea & Fibiger; 1984. p. 66—104.

Reponen T, Willeke K, Ulevicius V, Reponen A, Grinshpun SA. Effect of relative humidity on the aero-
dynamic diameter and respiratory deposition of fungal spores. Atmos Environ. 1996; 30(23):3967—
3974. doi: 10.1016/1352-2310(96)00128-8

Balajee SA, Kano R, Baddley JW, Moser SA, Marr KA, Alexander BD, et al. Molecular identification of
Aspergillus species collected for the transplant-associated infection surveillance network. J Clin Micro-
biol. 2009; 47(10):3138—-3141. doi: 10.1128/jcm.01070-09 PMID: 19675215

Kousha M, Tadi R, Soubani AO. Pulmonary aspergillosis: A clinical review. Eur Respir Rev. 2011; 20
(121):156—174. doi: 10.1183/09059180.00001011 PMID: 21881144

Pitman SK, Drew RH, Perfect JR. Addressing current medical needs in invasive fungal infection pre-
vention and treatment with new antifungal agents, strategies and formulations. Expert Opin Emerg
Drugs. 2011; 16(3):559-586. doi: 10.1517/14728214.2011.607811

Kahle M, Buerge IJ, Hauser A, Miiller MD, Poiger T. Azole fungicides: Occurrence and fate in wastewa-
ter and surface waters. Environ Sci Technol. 2008; 42(19):7193-7200. doi: 10.1021/es8009309 PMID:
18939546

Rial-Otero R, Arias-Estévez M, Lépez-Periago E, Cancho-Grande B, Simal-Gandara J. Variation in
concentrations of the fungicides tebuconazole and dichlofluanid following successive applications to
greenhouse-grown lettuces. J Agric Food Chem. 2005; 53(11):4471-4475. doi: 10.1021/jf047848h
PMID: 15913313

Odds FC, Brown AJP, Gow NAR. Antifungal agents: Mechanisms of action. Trends Microbiol. 2003; 11
(6):272-279. doi: 10.1016/S0966-842X(03)00117-3 PMID: 12823944

Howard SJ, Cerar D, Anderson MJ, Albarrag A, Fisher MC, Pasqualotto AC, et al. Frequency and evo-
lution of azole resistance in Asperqgillus fumigatus associated with treatment failure. Emerg Infect Dis.
2009; 15(7):1068-1076. doi: 10.3201/eid1507.090043 PMID: 19624922

Ahmad S, Khan Z, Hagen F, Meis JF. Occurrence of triazole-resistant Aspergillus fumigatus with TRz4/
L98H mutations in outdoor and hospital environment in Kuwait. Environ Res. 2014; 133(0):20-26. doi:
10.1016/j.envres.2014.05.009

Chowdhary A, Kathuria S, Xu J, Sharma C, Sundar G, Singh PK, et al. Clonal expansion and emer-
gence of environmental multiple-triazole-resistant Aspergillus fumigatus strains carrying the TR34/L98H
mutations in the cyp51A gene in India. PLoS ONE. 2012; 7(12):€52871. doi: 10.1371/journal.pone.
0052871 PMID: 23285210

van der Linden JWM, Camps SMT, Kampinga GA, Arends JPA, Debets-Ossenkopp YJ, Haas PJA,
et al. Aspergillosis due to voriconazole highly resistant Aspergillus fumigatus and recovery of geneti-
cally related resistant isolates from domiciles. Clin Infect Dis. 2013; 57(4):513-520. doi: 10.1093/cid/
cit320 PMID: 23667263

Verweij PE, Snelders E, Kema GHJ, Mellado E, Melchers WJG. Azole resistance in Aspergillus fumiga-
tus: A side-effect of environmental fungicide use? Lancet Infect Dis. 2009; 9(12):789-795. doi: 10.
1016/S1473-3099(09)70265-8 PMID: 19926038

Snelders E, Camps SMT, Karawajczyk A, Schaftenaar G, Kema GHJ, van der Lee HA, et al. Triazole
fungicides can induce cross-resistance to medical triazoles in Aspergillus fumigatus. PLoS ONE. 2012;
7(3):€31801. doi: 10.1371/journal.pone.0031801 PMID: 22396740

Mortensen KL, Mellado E, Lass-Florl C, Rodriguez-Tudela JL, Johansen HK, Arendrup MC. Environ-
mental study of azole-resistant Aspergillus fumigatus and other aspergilli in Austria, Denmark, and

PLOS ONE | DOI:10.1371/journal.pone.0138725 September 25,2015 11/183


http://dx.doi.org/10.1073/pnas.0811003106
http://www.ncbi.nlm.nih.gov/pubmed/19617562
http://dx.doi.org/10.1038/ismej.2012.30
http://www.ncbi.nlm.nih.gov/pubmed/22476354
http://dx.doi.org/10.1021/es506165z
http://www.ncbi.nlm.nih.gov/pubmed/25794178
http://dx.doi.org/10.1086/318483
http://www.ncbi.nlm.nih.gov/pubmed/11170942
http://dx.doi.org/10.1038/nature04332
http://www.ncbi.nlm.nih.gov/pubmed/16372009
http://dx.doi.org/10.1016/1352-2310(96)00128-8
http://dx.doi.org/10.1128/jcm.01070-09
http://www.ncbi.nlm.nih.gov/pubmed/19675215
http://dx.doi.org/10.1183/09059180.00001011
http://www.ncbi.nlm.nih.gov/pubmed/21881144
http://dx.doi.org/10.1517/14728214.2011.607811
http://dx.doi.org/10.1021/es8009309
http://www.ncbi.nlm.nih.gov/pubmed/18939546
http://dx.doi.org/10.1021/jf047848h
http://www.ncbi.nlm.nih.gov/pubmed/15913313
http://dx.doi.org/10.1016/S0966-842X(03)00117-3
http://www.ncbi.nlm.nih.gov/pubmed/12823944
http://dx.doi.org/10.3201/eid1507.090043
http://www.ncbi.nlm.nih.gov/pubmed/19624922
http://dx.doi.org/10.1016/j.envres.2014.05.009
http://dx.doi.org/10.1371/journal.pone.0052871
http://dx.doi.org/10.1371/journal.pone.0052871
http://www.ncbi.nlm.nih.gov/pubmed/23285210
http://dx.doi.org/10.1093/cid/cit320
http://dx.doi.org/10.1093/cid/cit320
http://www.ncbi.nlm.nih.gov/pubmed/23667263
http://dx.doi.org/10.1016/S1473-3099(09)70265-8
http://dx.doi.org/10.1016/S1473-3099(09)70265-8
http://www.ncbi.nlm.nih.gov/pubmed/19926038
http://dx.doi.org/10.1371/journal.pone.0031801
http://www.ncbi.nlm.nih.gov/pubmed/22396740

@’PLOS ‘ ONE

Triazole Susceptibilities in Airborne Thermotolerant Fungi

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

.

42,

43.

44.

45.

46.

Spain. Antimicrob Agents Chemother. 2010; 54(11):4545-4549. doi: 10.1128/AAC.00692-10 PMID:
20805399

Snelders E, Huis in 't Veld RAG, Rijs AJMM, Kema GHJ, Melchers WJG, Verweij PE. Possible environ-
mental origin of resistance of Asperqgillus fumigatus to medical triazoles. Appl Environ Microbiol. 2009;
75(12):4053-4057. doi: 10.1128/aem.00231-09 PMID: 19376899

Seo YH, Cho TH, Hong CK, Kim MS, Cho SJ, Park WH, et al. Monitoring and risk assessment of pesti-
cide residues in commercially dried vegetables. Prev Nutr Food Sci. 2013; 18(2):145-149. doi: 10.
3746/pnf.2013.18.2.145 PMID: 24471124

Streifel AJ, Lauer JL, Vesley D, Juni B, Rhame FS. Aspergillus fumigatus and other thermotolerant
fungi generated by hospital building demolition. Appl Environ Microbiol. 1983; 46(2):375-378. PMID:
6354086

Yoshida T, Jono K, Okonogi K. Modified agar dilution susceptibility testing method for determining in
vitro activities of antifungal agents, including azole compounds. Antimicrob Agents Chemother. 1997;
41(6):1349-1351. PMID: 9174197

Macher JM. Positive-hole correction of multiple-jet impactors for collecting viable microorganisms. Am
Ind Hyg Assoc J. 1989; 50(11):561-568. doi: 10.1080/15298668991375164 PMID: 2688387

White TJ, Bruns T, Lee S, Taylor JW. Amplification and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White TJ, editors. PCR protocols: A
guide to methods and applications. New York: Academic Press; 1990. p. 315-322.

Glass NL, Donaldson GC. Development of primer sets designed for use with the PCR to amplify con-
served genes from filamentous ascomycetes. Appl Environ Microbiol. 1995; 61(4):1323—-1330. PMID:
7747954

Diaz-Guerra TM, Mellado E, Cuenca-Estrella M, Rodriguez-Tudela JL. A point mutation in the 14a-ste-
rol demethylase gene cyp51A contributes to itraconazole resistance in Aspergillus fumigatus. Antimi-
crob Agents Chemother. 2003; 47(3):1120—1124. doi: 10.1128/AAC.47.3.1120—-1124.2003 PMID:
12604551

Mellado E, Garcia-Effron G, Alcazar-Fuoli L, Melchers WJG, Verweij PE, Cuenca-Estrella M, etal. A
new Aspergillus fumigatus resistance mechanism conferring in vitro cross-resistance to azole antifun-
gals involves a combination of cyp517A alterations. Antimicrob Agents Chemother. 2007; 51(6):1897—
1904. doi: 10.1128/aac.01092-06 PMID: 17371828

Snelders E, van der Lee HA, Kuijpers J, Rijs AJ, Varga J, Samson RA, et al. Emergence of azole resis-
tance in Aspergillus fumigatus and spread of a single resistance mechanism. PLoS Med. 2008; 5(11):
e219. doi: 10.1371/journal.pmed.0050219 PMID: 18998768

Mellado E, Diaz-Guerra TM, Cuenca-Estrella M, Rodriguez-Tudela JL. Identification of two different 14-
a sterol demethylase-related genes (cyp51A and cyp51B) in Aspergillus fumigatus and other Aspergil-
lus species. J Clin Microbiol. 2001; 39(7):2431-2438. doi: 10.1128/jcm.39.7.2431-2438.2001 PMID:
11427550

Spiess B, Seifarth W, Merker N, Howard SJ, Reinwald M, Dietz A, et al. Development of novel PCR
assays to detect azole resistance-mediating mutations of the Aspergillus fumigatus cyp51A gene in pri-
mary clinical samples from neutropenic patients. Antimicrob Agents Chemother. 2012; 56(7):3905—
3910. doi: 10.1128/aac.05902-11 PMID: 22526309

CLSI. Reference method for broth dilution antifungal susceptibility testing of filamentous fungi;
Approved standard M38-A2. 2008 April 2008. Report No.: Contract No.: M38-A2.

Morring KL, Sorenson WG, Attfield MD. Sampling for airborne fungi: A statistical comparison of media.
Am Ind Hyg Assoc J. 1983; 44(9):662—664. doi: 10.1080/15298668391405526 PMID: 6637812

McGrath JJ, Wong WC, Cooley JD, Straus DC. Continually measured fungal profiles in sick building
syndrome. Curr Microbiol. 1999; 38(1):33-36. doi: 10.1007/PL00006768 PMID: 9841779

Bartlett KH, Kennedy SM, Brauer M, Van Netten C, Dill B. Evaluation and a predictive model of airborne
fungal concentrations in school classrooms. Ann Occup Hyg. 2004; 48(6):547-554. doi: 10.1093/
annhyg/meh051 PMID: 15302620

Aguilar C, Pujol I, Sala J, Guarro J. Antifungal susceptibilities of Paecilomyces species. Antimicrob
Agents Chemother. 1998; 42(7):1601-1604. PMID: 9660991

Audenaert K, Callewaert E, Hofte M, De Saeger S, Haesaert G. Hydrogen peroxide induced by the fun-
gicide prothioconazole triggers deoxynivalenol (DON) production by Fusarium graminearum. BMC
Microbiol. 2010; 10(1):112. doi: 10.1186/1471-2180-10-112

Ghannoum MA, Rice LB. Antifungal agents: Mode of action, mechanisms of resistance, and correlation
of these mechanisms with bacterial resistance. Clin Microbiol Rev. 1999; 12(4):501-517. PMID:
10515900

PLOS ONE | DOI:10.1371/journal.pone.0138725 September 25,2015 12/183


http://dx.doi.org/10.1128/AAC.00692-10
http://www.ncbi.nlm.nih.gov/pubmed/20805399
http://dx.doi.org/10.1128/aem.00231-09
http://www.ncbi.nlm.nih.gov/pubmed/19376899
http://dx.doi.org/10.3746/pnf.2013.18.2.145
http://dx.doi.org/10.3746/pnf.2013.18.2.145
http://www.ncbi.nlm.nih.gov/pubmed/24471124
http://www.ncbi.nlm.nih.gov/pubmed/6354086
http://www.ncbi.nlm.nih.gov/pubmed/9174197
http://dx.doi.org/10.1080/15298668991375164
http://www.ncbi.nlm.nih.gov/pubmed/2688387
http://www.ncbi.nlm.nih.gov/pubmed/7747954
http://dx.doi.org/10.1128/AAC.47.3.1120&ndash;1124.2003
http://www.ncbi.nlm.nih.gov/pubmed/12604551
http://dx.doi.org/10.1128/aac.01092-06
http://www.ncbi.nlm.nih.gov/pubmed/17371828
http://dx.doi.org/10.1371/journal.pmed.0050219
http://www.ncbi.nlm.nih.gov/pubmed/18998768
http://dx.doi.org/10.1128/jcm.39.7.2431&ndash;2438.2001
http://www.ncbi.nlm.nih.gov/pubmed/11427550
http://dx.doi.org/10.1128/aac.05902-11
http://www.ncbi.nlm.nih.gov/pubmed/22526309
http://dx.doi.org/10.1080/15298668391405526
http://www.ncbi.nlm.nih.gov/pubmed/6637812
http://dx.doi.org/10.1007/PL00006768
http://www.ncbi.nlm.nih.gov/pubmed/9841779
http://dx.doi.org/10.1093/annhyg/meh051
http://dx.doi.org/10.1093/annhyg/meh051
http://www.ncbi.nlm.nih.gov/pubmed/15302620
http://www.ncbi.nlm.nih.gov/pubmed/9660991
http://dx.doi.org/10.1186/1471-2180-10-112
http://www.ncbi.nlm.nih.gov/pubmed/10515900

@’PLOS ‘ ONE

Triazole Susceptibilities in Airborne Thermotolerant Fungi

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Kwok IMY, Loeffler RT. The biochemical mode of action of some newer azole fungicides. Pestic Sci.
1993; 39(1):1-11. doi: 10.1002/ps.2780390102

Vanden Bossche H, Marichal P, Le Jeune L, Coene MC, Gorrens J, Cools W. Effects of itraconazole on
cytochrome P-450-dependent sterol 14 alpha-demethylation and reduction of 3-ketosteroids in Crypto-
coccus neoformans. Antimicrob Agents Chemother. 1993; 37(10):2101-2105. doi: 10.1128/aac.37.10.
2101 PMID: 8257130

Espinel-Ingroff A, Boyle K, Sheehan D. In vitro antifungal activities of voriconazole and reference
agents as determined by NCCLS methods: Review of the literature. Mycopathologia. 2001; 150
(3):101—115. doi: 10.1023/A:1010954803886 PMID: 11469757

Madelin TM, Johnson HE. Fungal and actinomycete spore aerosols measured at different humidities
with an aerodynamic particle sizer. J Appl Bacteriol. 1992; 72(5):400-409. doi: 10.1111/j.1365-2672.
1992.tb01853.x PMID: 1618718

Gutiérrez F, Masia M, Ramos J, Elia M, Mellado E, Cuenca-Estrella M. Pulmonary mycetoma caused
by an atypical isolate of Paecilomyces species in an immunocompetent individual: case report and liter-
ature review of Paecilomyces lung infections. Eur J Clin Microbiol Infect Dis. 2005; 24(9):607—611. doi:
10.1007/s10096-005-0013-y PMID: 16187056

Steiner B, Aquino VR, Paz AA, Silla LMdR, Zavascki A, Goldani LZ. Paecilomyces variotii as an emer-
gent pathogenic agent of pneumonia. Case Rep Infect Dis. 2013; 2013:3. doi: 10.1155/2013/273848

Alcazar-Fuoli L, Mellado E, Alastruey-lzquierdo A, Cuenca-Estrella M, Rodriguez-Tudela JL. Species
identification and antifungal susceptibility patterns of species belonging to Aspergillus section Nigri.
Antimicrob Agents Chemother. 2009; 53(10):4514—4517. doi: 10.1128/aac.00585-09 PMID: 19635955

Espinel-Ingroff A, Diekema DJ, Fothergill A, Johnson E, Pelaez T, Pfaller MA, et al. Wild-type MIC distri-
butions and epidemiological cutoff values for the triazoles and six Aspergillus spp. for the CLSI broth
microdilution method (M38-A2 document). J Clin Microbiol. 2010; 48(9):3251-3257. doi: 10.1128/jcm.
00536-10 PMID: 20592159

Gheith S, Saghrouni F, Bannour W, Ben Youssef Y, Khelif A, Normand A-C, et al. In vitro susceptibility
to amphotericin B, itraconazole, voriconazole, posaconazole and caspofungin of Aspergillus spp. iso-
lated from patients with haematological malignancies in Tunisia. SpringerPlus. 2014; 3(1):19. doi: 10.
1186/2193-1801-3-19

Brochu P, Ducré-Robitaille J-F, Brodeur J. Physiological daily inhalation rates for free-living individuals
aged 1 month to 96 years, using data from doubly labeled water measurements: A proposal for air qual-
ity criteria, standard calculations and health risk assessment. Hum Ecol Risk Assess. 2006; 12(4):675—
701. doi: 10.1080/10807030600801550

Spolti P, Del Ponte EM, Dong Y, Cummings JA, Bergstrom GC. Triazole sensitivity in a contemporary
population of Fusarium graminearum from New York wheat and competitiveness of a tebuconazole-
resistantisolate. Plant Dis. 2013; 98(5):607—-613. doi: 10.1094/PDIS-10-13-1051-RE

Dean R, Van Kan JAL, Pretorius ZA, Hammond-Kosack KE, Di Pietro A, Spanu PD, et al. The Top 10
fungal pathogens in molecular plant pathology. Mol Plant Pathol. 2012; 13(4):414-430. doi: 10.1111/}.
1364-3703.2011.00783.x PMID: 22471698

Wei X, Zhang Y, Lu L. The molecular mechanism of azole resistance in Aspergillus fumigatus: from
bedside to bench and back. J Microbiol. 2015; 53(2):91-99. doi: 10.1007/s12275-015-5014-7 PMID:
25626363

Verweij PE, Mellado E, Melchers WJG. Multiple-triazole—resistant aspergillosis. N Engl J Med. 2007;
356(14):1481-1483. doi: 10.1056/NEJMc061720

Vermeulen E, Lagrou K, Verweij PE. Azole resistance in Aspergillus fumigatus: A growing public health
concern. Curr Opin Infect Dis. 2013; 26(6):493-500. doi: 10.1097/gc0.0000000000000005 PMID:
24126719

Chowdhary A, Sharma C, van den Boom M, Yntema JB, Hagen F, Verweij PE, et al. Multi-azole-resis-
tant Aspergillus fumigatus in the environment in Tanzania. J Antimicrob Chemother. 2014; 69
(11):2979-29883. doi: 10.1093/jac/dku259 PMID: 25006238

PLOS ONE | DOI:10.1371/journal.pone.0138725 September 25,2015 13/13


http://dx.doi.org/10.1002/ps.2780390102
http://dx.doi.org/10.1128/aac.37.10.2101
http://dx.doi.org/10.1128/aac.37.10.2101
http://www.ncbi.nlm.nih.gov/pubmed/8257130
http://dx.doi.org/10.1023/A:1010954803886
http://www.ncbi.nlm.nih.gov/pubmed/11469757
http://dx.doi.org/10.1111/j.1365-2672.1992.tb01853.x
http://dx.doi.org/10.1111/j.1365-2672.1992.tb01853.x
http://www.ncbi.nlm.nih.gov/pubmed/1618718
http://dx.doi.org/10.1007/s10096-005-0013-y
http://www.ncbi.nlm.nih.gov/pubmed/16187056
http://dx.doi.org/10.1155/2013/273848
http://dx.doi.org/10.1128/aac.00585-09
http://www.ncbi.nlm.nih.gov/pubmed/19635955
http://dx.doi.org/10.1128/jcm.00536-10
http://dx.doi.org/10.1128/jcm.00536-10
http://www.ncbi.nlm.nih.gov/pubmed/20592159
http://dx.doi.org/10.1186/2193-1801-3-19
http://dx.doi.org/10.1186/2193-1801-3-19
http://dx.doi.org/10.1080/10807030600801550
http://dx.doi.org/10.1094/PDIS-10-13-1051-RE
http://dx.doi.org/10.1111/j.1364-3703.2011.00783.x
http://dx.doi.org/10.1111/j.1364-3703.2011.00783.x
http://www.ncbi.nlm.nih.gov/pubmed/22471698
http://dx.doi.org/10.1007/s12275-015-5014-7
http://www.ncbi.nlm.nih.gov/pubmed/25626363
http://dx.doi.org/10.1056/NEJMc061720
http://dx.doi.org/10.1097/qco.0000000000000005
http://www.ncbi.nlm.nih.gov/pubmed/24126719
http://dx.doi.org/10.1093/jac/dku259
http://www.ncbi.nlm.nih.gov/pubmed/25006238

