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Objectives: Azole resistance among Aspergillus fumigatus isolates is a growing concern worldwide. Induction of
mutations during azole therapy, environment-acquired mutations caused by azole fungicides and intrinsic resist-
ance of cryptic Fumigati species all contribute to the burden of resistance. However, there is a lack of data in
Canada on this emerging threat.

Methods: To gain insights into the magnitude and mechanisms of resistance, a 14 year collection of Aspergillus
section Fumigati comprising 999 isolates from 807 patients at a Montreal hospital was screened for azole resist-
ance, and resistance mechanisms were investigated with the combined use of genome sequencing, 3D model-
ling and phenotypic efflux pump assays.

Results: Overall azole resistance was low (4/807 patients; 0.5%). A single azole-resistant A. fumigatus sensu
stricto strain, isolated from a patient with pulmonary aspergillosis, displayed efflux-pump-mediated resistance.
Three patients were colonized or infected with azole-resistant cryptic Fumigati species (one Aspergillus thermo-
mutatus, one Aspergillus lentulus and one Aspergillus turcosus). Evidence is presented that azole resistance is
efflux-pump-mediated in the A. turcosus isolate, but not in the A. lentulus and A. thermomutatus isolates.

Conclusions: Azole resistance is rare in our geographic area and currently driven by cryptic Fumigati species.
Continued surveillance of emergence of resistance is warranted.

Introduction

Aspergillus species can produce a wide spectrum of fungal dis-
eases, including life-threatening invasive aspergillosis (IA) in the
most vulnerable hosts.!* Many different species may cause asper-
gillosis, among which the ubiquitous species Aspergillus fumigatus
is the leading agent.®>™ Antifungal triazoles are the mainstay of
prophylaxis and treatment of IA.° However, a growing number
of cases of aspergillosis implicating azole-resistant strains are
reported worldwide,” raising significant public health concerns.
Azole resistance in A. fumigatus is associated with three distinct
mechanisms. First, wild-type (WT) isolates can acquire resistance
by mutating in the tissues of infected patients exposed to pro-
longed azole therapy.® Second, azole-naive patients may be
infected by isolates that have already acquired resistance in the en-
vironment. The majority of these resistant isolates, although not
clonal, harbour identical mutations in the cyp51a gene (TR34/L98H

and TR46/Y121F/T289A), likely acquired through environmental ex-
posure to azole fungicides.”'® These mutations have now been
identified worldwide, including in the USA,** but not in Canada.
Finally, ‘cryptic’ species within the section Fumigati also contribute
to the burden of resistance. The Aspergillus section Fumigati com-
plex comprises >30 species.'*® So-called cryptic species are
phenotypically very close to A. fumigatus sensu stricto and are often
misidentified as A. fumigatus by clinical laboratories.****> Several of
the cryptic species have been shown to be intrinsically resistant
to azole antifungals and are recognized as agents of aspergil-
losis.*®” Yet, the true prevalence of these cryptic species and their
relative contribution to azole resistance remain unclear. The mo-
lecular mechanisms that govern azole resistance in these species
are also unexplored,'®? except for Aspergillus lentulus.”®**

We aimed to provide a comprehensive retrospective survey
of azole resistance within the A. fumigatus species complex at a
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tertiary care Canadian hospital. Specifically, we sought to define
the relative contribution of intrinsically resistant cryptic species
to the burden of resistance, and to establish the presence of
environment-associated mutations. We screened a collection of
Aspergillus section Fumigati clinical isolates collected at our centre
from 2000 to 2013. We determined the prevalence and clinical sig-
nificance of a culture positive for any cryptic species or resistant
A. fumigatus. We also characterized efflux pump- and cyp51a-
mediated resistance mechanisms in resistant isolates, including
previously unexplored cryptic species.

Materials and methods
Ethics

This study was approved by the hospital ethics committee (reference
number 2015-598-14034) and conducted in accordance with national
standards aligned with the Declaration of Helsinki. Patient consent was not
deemed necessary.

Hospital description and clinical isolates

Maisonneuve-Rosemont is a 520 bed university-affiliated teaching hospital,
serving patients at risk of aspergillosis including transplant recipients. From
2000 onwards, all clinical isolates routinely morphotyped as A. fumigatus
at the hospital clinical mycology laboratory were archived by suspending
colony fragments in 15% glycerol, stored at —80°C. In this retrospective
study, allisolates collected from 2000 to 2013 were included.

Screening for cryptic species and azole-resistant
isolates

Frozen isolates were thawed and cultured on Sabouraud dextrose agar
(Oxoid, Netean, ON, Canada) at 37°C for 48-72h. Upon regrowth, viable
organisms were first re-identified by morphotyping and those compatible
with A. fumigatus were retained for further study. Isolates were then
screened for cryptic species using phenotypic characteristics (thermotoler-
ance and sporulation rate).’” All atypical isolates were submitted to
sequence-based identification, along with a subset of typical isolates.
Additional details on cryptic species screening and confirmation can be
found in the Supplementary data (available at JAC Online). Confirmed cryp-
tic species were subjected to CLSI M38-compliant antimicrobial susceptibil-
ity testing (AST) for MIC determination with eight antifungal agents.??
A. fumigatus sensu stricto isolates were screened for azole resistance using
a modified broth microdilution (BMD) assay (Figure S1). All potentially resist-
ant (screening-positive) isolates, as well as a subset of screening-negative
isolates, underwent standard AST. Because CLSI clinical breakpoints
are not available, both cryptic and A. fumigatus sensu stricto isolates dis-
playing azole MICs above the epidemiological cut-off values (ECVs) for
A. fumigatus®*>?“ were considered resistant, regardless of species. The term
‘resistant’ was favoured over ‘non-susceptible’ or ‘non-WT’ for simplicity
and consistency across the manuscript, recognizing that it does not repre-
sent clinical resistance.

For details regarding conidia collection and genomic DNA extraction,
control strains, reference sequences and accession numbers, please see
the Supplementary data.

Efflux pump inhibitor assay

A 96-well microplate chequerboard assay was designed to quantify the
effect of an efflux pump inhibitor on susceptibility to voriconazole of cryptic
species isolates. The assay contained, each in duplicate, voriconazole concen-
trations ranging from 0 to 64 mg/L (2-fold dilutions) and the broad-spectrum

efflux pump inhibitor MC-207,110 (L-Phe-L-Arg-B-naphthylamide)?® at
concentrations of 0, 32, 64 and 128 mg/L. Inoculum, growth conditions
and interpretation were the same as the CLSI BMD method. After incuba-
tion at 35°C for 48 h, MICs of voriconazole were determined for each
concentration of the inhibitor.

Nile red efflux pump assay

A previously described microplate Nile red assay®® was adapted to the
requirements of a filamentous fungus. Detailed methodology can be found
in the Supplementary data.

WGS

Three cryptic species isolates underwent WGS: one azole-resistant
Aspergillus turcosus (HMR-AF-1038), one azole-susceptible A. turcosus
(HMR-AF-23; randomly selected out of three) and one azole-resistant
Aspergillus thermomutatus (HMR-AF-39; one of seven isolates from a single
patient). Detailed methodology of genome sequencing and annotation of
these isolates was previously reported.?”?® In addition, two A. fumigatus
sensu stricto isolates were sequenced in a similar fashion: one azole-
resistant isolate (HMR-AF-270) and one randomly selected susceptible
isolate (HMR-AF-706).

Sequencing of A. lentulus cyp51a gene

The cyp51a gene of azole-resistant A. lentulus isolate HMR-AF-1185, which
did not undergo WGS, was amplified by PCR (see Supplementary data) and
sequenced using the Sanger method at the Génome Québec Innovation
Centre using a 3730xI DNA Analyzer (Applied Biosystems).

Efflux pump and metabolic gene identification

BLAST was used to identify efflux pumps and metabolic genes implicated in
antifungal azole resistance, from genomic sequences determined in this
study or reported elsewhere.?® Genes previously reported in A. fumigatus
strain AF293°C°33 or Candida albicans strain SC5314%%343% were used as
references. Identity percentages were calculated using BLAST.

CYP51A homology modelling

Multiple sequence alignments were performed using the default settings of
Clustal Omega.” 3D models of CYP51A were constructed by homology
modelling using MODELLER 9.18,® following the same multiple template
procedure. The A. fumigatus CYP51A sequence was 3D-modelled from the
structural alignment performed using three homologous crystal structure
templates: (i) the voriconazole-bound 14-o0 demethylase (CYP51B)
from A. fumigatus (PDB 4UYM); (ii) the lanosterol-bound lanosterol 14-o
demethylase from Saccharomyces cerevisiae (PDB 4LXJ); and (iii) the
ketoconazole-bound lanosterol 14-o0 demethylase from Homo sapiens
(PDB 3LD6). These templates respectively share 65%, 51% and 38% se-
quence identity with CYP51A from A. fumigatus. From the five homology
models generated, the one presenting the best DOPE score was selected
and further validated using PROCHECK.3® Cavity volumes for the different
CYP51A models were computed using CAVER Analyst.*°

Medical chart review

Medical charts of patients with cryptic and/or resistant isolates were
reviewed to collect demographic and clinical data. Aspergillus-associated
disease was classified according to the standard definitions.! IA was further
categorized following EORTC/MSG definitions.*!

850


https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkz534#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkz534#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkz534#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkz534#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkz534#supplementary-data

Azole resistance in Aspergillus section Fumigati

JAC

Results

Description of isolates included in the study

From 2000 to 2013, 1182 clinical isolates were identified as
presumptive A. fumigatus by morphotyping in the diagnostic la-
boratory (Figure 1). Upon regrowth, 184 were excluded because of
loss of viability, misidentification, unavailability or contamination,
leaving 998 presumptive A. fumigatus isolates. In addition, two
isolates (one each of A. lentulus and Aspergillus hiratsukae) that
had been sent to a reference laboratory as part of clinical care
were included, for a total of 1000 isolates. One isolate lost viability
after initial thawing, leaving 999 isolates for further identification
and susceptibility screening (Figure1). These 999 isolates were
obtained from 807 patients.

Prevalence of cryptic species

We first established the prevalence of cryptic species. Upon pheno-
typic screening, 22 of 999 isolates displayed atypical characteris-
tics (decreased thermotolerance and/or slow sporulation). Of
these, sequence-based identification revealed 8 A. fumigatus
sensu stricto, while 14 isolates were confirmed as cryptic species:
A. lentulus (n=1), A. hiratsukae (n=2), A. turcosus (n=4)** and
A. thermomutatus (n=7). To assess the sensitivity of our pheno-
typic screening, 82 randomly selected typical A. fumigatus isolates
underwent sequence-based identification and all were confirmed

| Diagnostic laboratory |

—

1182 Aspergillus fumigatus 2 cryptic Aspergillus

Excluded: J/ section Fgmigati
134 not viable species

44 misidentified (€
4 unavailable
2 contaminated \l/

Thawed, macro- and
microscopic examination

998 presumptive
A. fumigatus available
for study

1 Aspergillus lentulus
1 Aspergillus hiratsukae

1 not viable Polyphasic identification |

— \

985 Non-cryptic species 14 Cryptic species

l

Screening and
CLSI antifungal
susceptibility
testing

CLSI antifungal
susceptibility testing

i 1 Aspergillus lentulus (R)
985 A. fumigatus 2 Aspergillus hiratsukae (2 S)
(1 R/984 S) 4 Aspergillus turcosus (1 R/3 S)
7 Aspergillus thermomutatus (7 R)®

Figure 1. Identification and susceptibility testing algorithm of 1184
Aspergillus section Fumigati isolates. Numbers in parentheses represent
isolates susceptible (S) or resistant (R) to any triazole (itraconazole, posa-
conazole or voriconazole). °All seven A. thermomutatus isolates were
collected from a single patient.

as A. fumigatus sensu stricto. All A. thermomutatus isolates were
collected from a single patient, while all other cryptic isolates
were recovered from separate patients. Overall, the per-sample
and per-patient prevalence of cryptic species in this collection
of Aspergillus section Fumigati isolates were 1.4% (14/999) and
0.99% (8/807), respectively.

Antifungal susceptibility

We then screened the entire collection for azole resistance.
Isolates deemed to be A. fumigatus sensu stricto (n=985) were
submitted to microplate antifungal susceptibility screening (Figure
S1), which revealed 12 potentially resistant isolates (itraconazole,
n=3; voriconazole, n=9), all of which were further tested using
the CLSI BMD method. Of these, only one A. fumigatus isolate
(HMR-AF-270) was confirmed as resistant, displaying mildly ele-
vated MICs of itraconazole, posaconazole and voriconazole
(Table 1 and Table S1). CLSI BMD testing was also performed on 32
randomly selected resistance-screening-negative A. fumigatus
sensu stricto isolates and all displayed WT MICs for triazoles. This
confirmed that the screening method reliably detected azole
resistance. Finally, antifungal susceptibility testing (CLSI BMD)
of cryptic Aspergillus section Fumigati isolates (n=14) showed
that all seven A. thermomutatus isolates were resistant to
itraconazole, posaconazole and voriconazole, one A. turcosus
isolate was resistant to itraconazole and voriconazole and the
single A. lentulus isolate was resistant to both itraconazole and
voriconazole (Table 1). The resistance level was also low in the
cryptic isolates. Susceptibility testing results for other antifun-
gal agents are provided in Table S1. Overall, 1.0% (10/999) of all
the Aspergillus section Fumigati isolates were azole resistant.
Per-patient prevalence of resistance was 0.5% (4/807), includ-
ing one patient with A. fumigatus sensu stricto and three
patients with cryptic species.

Clinical findings

Clinical significance of resistant/cryptic isolates was assessed by
chart review (Table 1). Three patients had an Aspergillus-associ-
ated clinical condition: one patient had nasal sinus aspergillosis
with nasal septum abscess (without evidence of necrosis or exten-
sion across bony barriers), while two others had chronic cavitary
pulmonary aspergillosis. Two patients had received antifungal
therapy prior to collection of the resistant isolate. One of
these (Patient 3) was the only patient infected with a resistant
A. fumigatus sensu stricto and had been treated with itraconazole
for 8 months prior to the recovery of the resistant isolate. He
was experiencing clinical and radiological failure at that time.
Interestingly, two prior isolates recovered from the same patient
were fully susceptible, suggesting acquired resistance within the
host.

Resistance mechanisms

Finally, we investigated the mechanisms of azole resistance in the
resistant isolates, with a focus on the unexplored cryptic species
A. thermomutatus and A. turcosus. Based on known mechanisms
in A. fumigatus, A. lentulus and C. albicans,’*** we specifically
explored CYP51A- and efflux-pump-mediated mechanisms.
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Tree scale: 0.01 ———
A. turcosus HMR AF 23 (94%)

100 | 4 turcosus HMR AF 1038 (94%)

A. fumigatus AF293 (99%)

1.00 A. fumigatus HMR AF 706 (99%)

A. fumigatus CM237
A. fumigatus HMR AF 270 (100%)

A. thermomutatus HMR AF 39 (93%)

| A. lentulus HMR AF 1185 (93%)

0.97 A. lentulus CM1290 (93%)

A. lentulus IFM54703T (93%)

Figure 2. Molecular phylogenetic analysis of the CYP51A amino acid
sequences of Aspergillus strains, using the maximum likelihood method
based on the JTT matrix-based model. Reference strains are in bold,
bootstrap results greater than 0.90 are on each branch and percentage
identities compared with strain CM237 are indicated in parentheses.

CYP51A-mediated mechanisms

Tandem repeats were not found within the promoter of the
azole-resistant HMR-AF-270 A. fumigatus isolate. Upon alignment
of the CYP51A amino acid sequences, no mutation was identified
for this azole-resistant A. fumigatus isolate, compared with a
reference sequence (CM237) (Figure S2) and the promoter region
of this isolate was also WT. The azole-susceptible A. fumigatus
HMR-AF-706 isolate exhibited an amino acid substitution at pos-
ition 9 that has been previously shown to be silent.** Numerous
differences in CYP51A amino acid sequences were found between
species (Figure S2). A phylogenetic tree of the CYP51A amino acid
sequences illustrates relative conservation of the enzyme across
species (Figure2). Interestingly, differences in CYP51A amino
acid sequences were also found between azole-susceptible and
-resistant A. turcosus isolates.

To clarify the significance of such differences, we undertook
structural investigation of CYP51A homologues through in silico
computational analyses. We constructed 3D homology models of
CYP51A from WGS isolates and A. lentulus. As shown in Figure 3(a)
and Tables S2 and S3, the overall CYP51A fold is highly conserved
among structural homologues, exhibiting small differences pri-
marily in unstructured regions (i.e. surface loops). The active site of
CYP51A is buried, forming a hydrophobic pocket inside which the
haem cofactor is located (Figure 3b). Most mutations observed in
our enzyme variants are structurally localized away from the ac-
tive site of CYP51A (Figure 3c-e). Consistently, the geometry and
volume of the active-site cavity in both the azole-susceptible and
azole-resistant CYP51A variants is highly similar (Tables S2 and S3).
This indicates that resistance amongst our isolates is not the con-
sequence of a reduction in azole recognition and stabilization
resulting from a significant reshaping of the active-site cavity.

CYP51A sequence comparison between the azole-susceptible
A. turcosus HMR-AF-23 and a WT A. fumigatus strain (CM237)
displays 30 amino acid replacements (Figure S2). Two of these
mutations (I367L and R453G) are close to the active site
(Figure 3c). However, since HMR-AF-23 is azole susceptible, these
amino acid replacements do not appear to alter CYP51A structure
or function. CYP51A variants from A. turcosus strains HMR-AF-23
and HMR-AF-1038 (azole resistant) almost share the same
mutational pattern, except for F61L and F478L, both only present
in HMR-AF-1038. Assuming that all other CYP51A amino acid
replacements between WT A. fumigatus and HMR-AF-23 are silent,
these two remaining mutations were of high interest. However,
these mutations are located outside the active-site cavity and far
from the substrate channels (Figure 3d).

Azole-resistant strains HMR-AF-39 (A. thermomutatus) and
HMR-AF-1185 (A. lentulus) show 36 and 31 amino acid replace-
ments relative to the WT A. fumigatus strain (CM237) (Figure S2),
of which 21 and 18 replacements are located in silent positions,
respectively. They also each exhibit 15 and 13 amino acid replace-
ments lying outside the range of CYP51A entry channels or the
active site (Figure 3e and f).

Efflux pumps

We next explored the possible contribution of efflux pumps to
azole resistance. As a first step, we probed the genomes of cryptic
species, looking for orthologues of known efflux pump genes in
A. fumigatus and C. albicans (Table S4). Many orthologues were
found in A. turcosus, A. thermomutatus and A. lentulus, with some
sharing high identity, including ABC transporter genes previously
associated with azole resistance (e.g. cdrl1B, AfuMDR1-4, atrf).
These observations confirmed that efflux-pump-mediated resist-
ance was a biologically plausible mechanism for our cryptic species
isolates.

We devised a phenotypic assay, based on voriconazole suscep-
tibility in the presence of the broad-spectrum efflux pump inhibitor
MC-207,110 (Figure 4). At all tested inhibitor concentrations, the
voriconazole MICs for the azole-susceptible A. fumigatus control
strain ATCC MYA-3627 only decreased 2-fold. Conversely, the
azole-resistant A. fumigatus control strain F20140, known to
overexpress efflux pump genes and carrying WT cyp51a, showed a
4-fold lower MIC, at inhibitor concentrations of 32 and 64 mgl/L,
and a 16-fold lower MIC at a concentration of 128 mg/L. The resist-
ant A. fumigatus isolate HMR-AF-270 displayed an 8-fold MIC re-
duction in the presence of the inhibitor. Azole-resistant A. turcosus
strain HMR-AF-1038 also displayed a strong decrease (32-fold)
in MIC at the highest inhibitor concentration. Interestingly,
A. turcosus strain HMR-AF-23, despite being susceptible to voricon-
azole, showed an inhibitor concentration-dependent 8-fold
decrease in MIC, from 0.125 to 0.016 mg/L, suggesting an effect
of the inhibitor on basal efflux pump activity. In contrast, the
efflux pump inhibitor had little or no effect on the MICs for
A. thermomutatus HMR-AF-39 and A. lentulus HMR-AF-1185.

Since resistance and its underlying mechanisms have not been
previously reported in A. turcosus, we sought to corroborate these
findings with a second method. We designed another phenotypic
assay, utilizing the fluorescent efflux pump substrate Nile red.
The assay quantifies Nile red accumulation in germ tubes of tested
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Figure 3. Structural homology models of the five CYP51A variants investigated in this study. (a) Structural overlay of CYP51A models from HMR-AF-
270 (beige; azole-resistant A. fumigatus with WT CYP51A), HMR-AF-23 (blue; azole-susceptible A. turcosus), HMR-AF-1038 (pink; azole-resistant
A. turcosus), HMR-AF-39 (green; azole-resistant A. thermomutatus) and HMR-AF-1185 (orange; azole-resistant A. lentulus). (b) 3D homology model
of WT CYP51A from HMR-AF-270, highlighting the buried active-site cavity (purple surface). (c) 3D homology model of CYP51A from HMR-AF-23,
highlighting silent amino acid replacements diverging from the WT A. fumigatus sequence (in red). (d-f) 3D homology models of CYP51A from HMR-
AF-1038 (d, pink), HMR-AF-39 (e, green) and HMR-AF-1185 (f, orange), highlighting amino acid replacements diverging from the WT A. fumigatus
sequence (in red). For positional comparison, active-site cavity surface transparency is shown in all CYP51A variants.
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Figure 4. Efflux pump inhibitor assay. MICs of voriconazole for Aspergillus strains at three concentrations of MC-207,110 efflux pump inhibitor. A se-
cond experiment produced comparable results (data not shown).

isolates as an indirect measurement of efflux pump activity. As  Two other control azole-resistant A. fumigatus strains (F17727
predicted, the control azole-resistant A. fumigatus strain F20140, and F18304) with overexpression of efflux pumps produced com-
overexpressing efflux pumps, accumulated significantly less Nile  parable results (data not shown). Azole-resistant A. turcosus
red than the control azole-susceptible strain AF293 (Figure5).  strain HMR-AF-1038 accumulated significantly less Nile red than
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Figure 5. Accumulation of Nile red in azole-susceptible (S) and -resistant
(R) Aspergillus isolates. Data represent mean*SEM of a single experi-
ment. A second experiment produced comparable results (data not
shown). An asterisk indicates P<0.001 compared with the susceptible
strain of the same species, Student’s t-test. RFU, relative fluorescence
units.

azole-susceptible A. turcosus strain HMR-AF-23, again consistent
with enhanced efflux pump activity.

Discussion

This first (to the best of our knowledge) hospital-based survey of
Aspergillus section Fumigati isolates in Canada reveals a low preva-
lence of azole resistance. Overall, 4 of 807 patients (0.5%) yielded
resistant isolates, including only one A. fumigatus sensu stricto and
three cryptic species (A. thermomutatus, A. lentulus and A. turcosus).
The level of resistance was low in all the isolates, with MICs close to
the reported ECV for A. fumigatus.”>** Our findings suggest that re-
sistance in the single resistant A. fumigatus isolate was efflux-pump
mediated and that it was acquired in vivo during prolonged azole
therapy (host-derived), although typing of serially collected isolates
was not performed. In contrast to many other countries, cyp51a
mutations associated with environment-derived resistance were
not observed in these Canadian A. fumigatus isolates.

The percentage of cryptic Aspergillus species isolates in this
study (8/807; 1%) falls within the range of previous surveys con-
ducted in other countries (0.7%-5.4%).">*>° This finding adds to
the body of evidence supporting that cryptic Aspergillus section
Fumigati species share the geographic ubiquity of A. fumigatus
sensu stricto, while they consistently differ by their far less frequent
isolation from clinical specimens. Low prevalence in clinical sam-
ples could be a result of low environmental abundance or reduced
virulence, but this remains speculative. The study of the relative
pathogenicity of cryptic species has been limited to Aspergillus
udagawae, which exhibited reduced virulence compared with
A. fumigatus.®® With the exception of A. turcosus,*’ the cryptic
Aspergillus section Fumigati species isolated in the present survey
(A. thermomutatus, A. hiratsukae and A. lentulus) had all been pre-
viously identified as agents of aspergillosis.'*1819:46:48,20.52.53 Thjg
study underlines the pathogenic potential of these species by pro-
viding two additional cases of significant infections. Our recovery
from respiratory samples of four A. turcosus isolates from four
individual patients documents for the first time the isolation of this
cryptic Aspergillus species from human clinical material.

We investigated the underlying mechanisms of azole resist-
ance in three cryptic Aspergillus species. Our 3D model of CYP51A
homologues provided important insights on possible molecular
mechanisms of azole resistance. Much like other cytochrome P450
superfamily members, we observed that the structural fold
adopted by CYP51A enzymes is highly tolerant of amino acid sub-
stitutions, displaying high structural plasticity. Consequently,
mutations distant from the active site are unlikely to cause signifi-
cant reshaping of its buried cavity. This is in accordance with
previous findings in A. fumigatus showing that the main codons
involved in resistance (G54, G138 and M220) are located near the
opening of a ligand access channel.>* In the newly described
A. turcosus specifically, comparison between azole-susceptible
and -resistant isolates revealed CYP51A amino acid variations that
did not translate into meaningful structural differences. On the
other hand, two distinct phenotypic assays consistently showed
the role of efflux pumps, suggesting that this mechanism is associ-
ated with azole resistance, at least in this particular isolate.
Whether this finding extends to other representatives of this
species remains to be determined. Quantitative efflux pump gene
expression studies will be required to identify the specific genes re-
sponsible for this phenotype. In A. lentulus, the contribution of
altered CYP51A structural characteristics to intrinsic azole resist-
ance is supported by previous in silico and transformation stud-
ies.?>?! Tt has been deduced from docking studies that BC loop
positioning differences observed in A. lentulus are responsible for
weaker voriconazole stabilization at its putative binding site.
Consistent with the report of Alcazar-Fuoli et al.,*° no significant
difference could be deduced from CYP51A structural comparisons
between our A. lentulus isolate and A. fumigatus. Furthermore, our
isolate displayed very high CYP51A sequence identity compared
with the strain reported by Alcazar-Fuoli et al.,*° suggesting that a
similar mechanism could be at play. Importantly, the present work
further emphasized the contribution of target alteration in azole
resistance in A. lentulus, by demonstrating the lack of effect of the
efflux pump inhibitor, a mechanism that was not investigated in
previous work on A. lentulus. Finally, no contribution of efflux
pumps could be demonstrated for A. thermomutatus. As with
A. lentulus, this species displayed CYP51A differences located away
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from the active site or binding channels. Hypothetically, long-
range mutations could still explain decreased voriconazole binding
through a potential allosteric mechanism, similar to that observed
in A. lentulus, especially considering the high sequence and struc-
tural identity between the two enzymes. This warrants further
studies.

This work has several limitations. First, although the sensitivity
and specificity of our identification and azole susceptibility screen-
ing methods were assessed, we cannot formally rule out that
some cryptic and/or resistant isolates were missed. Also, the spec-
trum of the efflux pump inhibitor MC-207,110 is not precisely
known, and hence the potential contribution of uninhibited efflux
pumps to the resistance phenotype may have been overlooked.
Finally, only known resistance mechanisms were investigated,
based on current knowledge derived from A. fumigatus studies.
The contribution of transcription factors relevant to cyp51a and/or
efflux pump expression (e.g. HapE, AtrR, SbrA) was not assessed in
the present work and will require further investigation.

In conclusion, overall azole resistance was rare in this large sur-
vey of Aspergillus section Fumigati clinical isolates and mainly
driven by cryptic species. A. turcosus is now recognized as a human
colonizer and this cryptic species may exhibit azole resistance, like-
ly through efflux pump activity. Surveillance of the emergence of
cryptic species is warranted and further studies are required to un-
cover resistance mechanisms.
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