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Summary
Background Aspergillus fumigatus is the main cause of invasive aspergillosis and triazole antifungals are the primary treat-
ment option. The effectiveness of triazole therapy is hampered by the emergence of resistance, mainly caused by mutations
in the cyp51A gene and a tandem repeat (TR) of 34 bases (TR34/Leu98His) and 46 bases (TR46/Tyr121Phe/Thr289Ala) in the
promoter region, which correspond with signature triazole resistance phenotypes. We aimed to investigate the occurrence of
triazole phenotype and genotype variation over a 29-year period in the Netherlands.

Methods In this genomic and phenotypic study, we screened all clinical A fumigatus isolates from Dutch hospitals
collected between Jan 6, 1994, and Dec 31, 2022, for resistance to triazole using agar-based methods, and characterised
them by sequencing the cyp51A gene and in vitro susceptibility testing using the European Committee on
Antimicrobial Susceptibility Testing reference method. Whole-genome sequencing was performed on selected
isolates, including those harboring TR34 variants, high-frequency single-nucleotide polymorphisms, and wild-type
strains. Clinical information such as age, underlying disease, diagnosis, therapy, and outcomes was collected for
patients who had isolates cultured at the Radboud University Medical Centre, Nijmegen, Netherlands, between
Jan 1, 2017, and Dec 31, 2022.

Findings 1979 (15⋅6%) of the screened 12 679 A fumigatus isolates harboured cyp51A triazole resistance mutations,
predominately TR34/Leu98His sensu stricto in 1338 (67⋅6%) resistant isolates and TR46/Tyr121Phe/Thr289Ala sensu
stricto in 332 (16⋅8%) resistant isolates. Phenotype and genotype variations were observed in 325 (17⋅2%) triazole
resistant isolates harbouring a TR-resistance mechanism, including 12 cyp51A genotype variants. Whole-genome
sequencing showed that isolates with combinations of TR34-based and TR46-based polymorphisms seemed to be
derived from separate populations, but there was some overlap. 59 cases of proven or probable invasive
aspergillosis were identified, including 13 triazole-resistant cases, of which three were caused by genotype variants.
Mixed genotype infection was observed in 11 (84⋅6%) of 13 triazole-resistant patients and the number of antifungal
treatment switches was higher compared with triazole-susceptible disease (p<0⋅0001).

Interpretation Our study showed variation in triazole genotypes and phenotypes in clinical A fumigatus isolates with
cyp51A-mediated resistance, some of which were cultured from triazole-resistant invasive aspergillosis cases. Triazole
resistance variation and mixed A fumigatus genotypes represent a major challenge in clinical management of
Aspergillus diseases because current molecular diagnostic tools will increasingly fail to predict the resistance
phenotype, underscoring the need for improved detection methods.
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and Wellcome Trust.
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Introduction
Aspergillus fumigatus can cause a broad spectrum of diseases
in humans, with recently recognised groups at risk for inva-
sive aspergillosis including people with severe influenza and
COVID-19.1,2 The triazoles itraconazole (approved in 1992),
voriconazole (2002), posaconazole (2006), and isavuconazole
(2015) show activity against Aspergillus species, and vor-
iconazole and isavuconazole are recommended first-line
therapy for patients with invasive aspergillosis.1 The clinical
use of triazoles has improved the survival of patients with
invasive aspergillosis but treatment failure remains
common, which might be due to refractory underlying
www.thelancet.com/microbe Vol 6 August 2025
conditions, inability to reduce immunosuppression, and
disseminated Aspergillus disease. Furthermore, voriconazole
resistance was shown to be associated with a 25% lower
90-day survival rate in patients who are culture positive for
A fumigatus invasive aspergillosis compared with patients
with voriconazole-susceptible invasive aspergillosis.3

Increasingly, there are reports on triazole-resistant
A fumigatus isolates recovered from the environment.4 In
addition to environmental hotspots that are associated with
agricultural fungicide applications,5 triazole-resistant
A fumigatus strains were also recovered from the home
environment.6,7 A 2022 citizen science study showed that
1
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Research in context

Evidence before this study
Previous studies have identified signature cyp51A gene mutations
(with a tandem repeat [TR] of 34 bases [TR34/Leu98His] and
46 bases [TR46/Tyr121Phe/Thr289Ala]) as dominant mechanisms
in triazole-resistant Aspergillus fumigatus isolates. We reviewed the
evidence between database inception and Jan 1, 2024, for the
occurrence and frequency of variations in these signature
resistancemutations by searching theNational Library ofMedicine
article database and medRxiv for preprint publications, using the
terms “Aspergillus fumigatus”, “azole”, “voriconazole”,
“itraconazole”, “posaconazole”, “isavuconazole”, “resistance”, and
“Cyp51A-gene”. We did not apply any language restrictions to this
search. We found 186 studies that reported variations of the two
signature resistance mutations involving additional single-
nucleotide polymorphisms (SNPs) or variations in the TR sequence
or copy number. Studies since 2021 involving environmental
sampling reported many cyp51A gene variants, but to our
knowledge, there are no studies that have investigated the
epidemiology of variants in triazole-resistant A fumigatus
recovered from patient samples.

Added value of this study
This study investigated a large collection of clinical A fumigatus
isolates, to determine variations in phenotypes and genotypes
associated with cyp51A mutations as well as the clinical
implications thereof. Our study showed that phenotype variations
occurred in isolates with TR34/Leu98His and TR46/Tyr121Phe/
Thr289Ala mutations, and additional SNPs in the cyp51A gene
might confer phenotype variations, but frequently not in all
isolates harbored these additional SNPs. These observations

underscore the complexity of triazole resistance mechanisms in
A fumigatus, pointing towards yet unknown non-cyp51A-
mediated mechanisms that contribute to the triazole phenotype.
We furthermore showed that variant isolates were involved in
azole-resistant invasive aspergillosis and that pulmonary invasive
aspergillosis is in principle caused by mixed genotypes. Although
the clinical relevance of mixed genotype infection is limited in
triazole-susceptible infection, it challenges our ability to
demonstrate or rule-out resistance in triazole-resistant disease.
Indeed, resistance can easily be overlooked when single
A fumigatus colonies are used forminimal inhibitory concentration
testing, which is recommended in protocols for in-vitro
susceptibility testing.

Implications of all the available evidence
Resistance phenotype and genotype variations might represent
the next challenge in triazole resistance management in
A fumigatus, because we recovered resistance variants from
patients with invasive aspergillosis and observed frequent mixed
genotype infections. The high frequency of novel drug-resistant
polymorphism combinations might result from the exceptional
crossover rate that was observed in A fumigatus. These variations
challenge our ability to reliably predict the triazole phenotype in
patients with Aspergillus diseases. In culture-negative patients we
rely on PCR, which uses specific pre-selected markers, to detect
resistant Aspergillus. New diagnostic techniques, such as sequence-
based approaches, are needed that enable detection of genotype
variations, including mechanisms outside the cyp51A gene. Our
findings furthermore underscore the need for international One
Health resistance surveillance programmes for A fumigatus.
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14%ofA fumigatus isolates cultured fromresidential garden
samples in theUKhad non-wildtype tebuconazoleminimal
inhibitory concentrations (MICs).8 Furthermore, genomic
epidemiological studies showed closely related environ-
mental and clinical triazole-resistant A fumigatus isolates,
supporting an environment-to-person transmission route.9

The dominant genotypes in triazole-resistant A fumigatus
isolates recovered from clinical and environmental
samples contain mutations in the cyp51A gene and a tan-
dem repeat (TR) of 34 bases (TR34/Leu98His) and 46 bases
(TR46/Tyr121Phe/Thr289Ala) in the promoter region.
However, variants that involve additional single-nucleotide
polymorphisms (SNPs) or TRs in the cyp51A promoter
region have also been reported. A TR34/Leu98His/
Ser297Thr/Phe495Ile variant was recovered from a clinical
sample obtained in 1998,10 indicating that TR variations
were present when the TR34/Leu98His mutation was
first reported. Since then, this variant has been detected in
various countries, and the Phe495Ile SNP was shown to be
associated with resistance to imidazoles.11,12 The 2022 citi-
zen science study in the UK reported 17 TR34 variants,
including TR34, TR34/Leu98His with various additional
SNPs in the cyp51A gene, and one isolate with a TR34
duplication in the gene promoter.8 These observations
indicate that over time the number of TR variants might be
increasing, although advances in molecular techniques
might have also contributed to this perceived increase.
We aimed to determine the presence of variants in a large

collection of clinical A fumigatus isolates from the
Netherlands and to investigate if the number of genotype
and phenotype variants increased over time and if these
variants were involved in triazole-resistant invasive
aspergillosis.

Methods
Study design and samples
In this genomic and phenotypic study, we screened
clinical A fumigatus isolates from Dutch hospitals. The
Radboud University Medical Centre (RUMC), Nijmegen,
Netherlands, serves as mycology reference laboratory for
Dutch hospitals and has collected and stored clinical
A fumigatus isolates since Jan 6, 1994, including isolates
cultured from patients admitted to the RUMC, isolates sent
from hospitals for identification and in vitro susceptibility
testing, and isolates sent by centres that contribute to the
national Aspergillus resistance surveillance programme.
www.thelancet.com/microbe Vol 6 August 2025
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We included all A fumigatus isolates collected between
Jan 6, 1994, and Dec 31, 2022. Isolates were excluded if they
were from a non-clinical origin. Specimens were incubated
at 28◦C and 37◦C and if the colony morphology was con-
sistent with A fumigatus, the isolate was incubated at 48◦C.
At 48◦C, growth of cryptic species is unlikely, but if there
was concern regarding atypical colony morphology and
microscopicmorphology or growth rate a β-tubulin sequence
was performed to identify or rule out cryptic species. The
surveillance protocol was submitted to the institutional
MedicalResearchEthicsCommitteeofRUMCwho indicated
that the study was waived from the evaluation procedure
as anonymous information was used (Jan 4, 2021).

Triazole resistance screening and variant identification
When available, up to five A fumigatus colonies were plated
on azole-containing screening agar, initially Sabouraud agar
containing 4 mg/L of itraconazole and then VIPcheck
screening agar (MediaProducts, Groningen, Netherlands),
which contains itraconazole, voriconazole, and pos-
aconazole. Isolateswere stored at–70◦C in10%glycerol and
in-vitro susceptibility testing was performed using the
European Committee on Antimicrobial Susceptibility
Testing (EUCAST) microdilution reference method.13

MICs were determined for itraconazole, voriconazole,
posaconazole, isavuconazole (since 2014), and olorofim
(since 2018). The following triazole resistance breakpoints
were used: MIC more than 0⋅25 mg/L for posaconazole,
more than 1 mg/L for itraconazole and voriconazole, and
more than 2 mg/L for isavuconazole.14 For A fumigatus
isolates with a triazole-resistant phenotype, the full cyp51A
gene including its promoter was analysed by PCR amplifi-
cation and sequencing.15 The cyp51A sequence (GenBank
accession AF338659) was used for SNP analysis.
To investigate phenotype variation, we defined a core

MIC range that included the most prevalent triazole MIC
with or without two dilution steps for isolates harbouring
TR34/Leu98His sensu stricto or TR46/Tyr121Phe/Thr289Ala
sensu strictomutations.Aphenotype variantwasdefined as a
TR34/Leu98His sensu stricto or TR46/Tyr121Phe/Thr289Ala
sensu stricto isolate with a non-core MIC for any of the
triazoles. A genotype variant was defined as an isolate that
harboured additional mutations in the cyp51A gene or its
promoter region in TR34/Leu98His and TR46/Tyr121Phe/
Thr289Ala harbouring isolates. For Phe46Tyr harbouring
isolates, promoter–335T→C/promoter–70C→T/Phe46Tyr/
intron7C→T/intron66C→T/Met172Val/Glu427Lys was
considered the sensu stricto genotype because these
mutations were present in all genotypes. Single and
multiple SNPs in the cyp51A gene in the absence of TRs
were counted as individual variants.

Genomic and phylogenetic analysis
Genome DNA extraction was followed by the cetyl-
trimethylammonium bromide protocol adapted from the
RUMCmycology laboratory.16 GenomicDNA librarieswere
constructed with NovoSeq NGS DNA Library Prep Set
www.thelancet.com/microbe Vol 6 August 2025
(Novogene, Cambridge, UK). Prepared whole-genome
libraries were sequencing on an Illumina NovaSeq 6000 at
Novogene (Cambridge, UK), generating 150 bp paired-end
reads. Raw reads were aligned to the A fumigatus refer-
ence genome Af293 (ASM265v1 GCF_000002655.1) using
BWA mem v0.7.17.17 SAMtools v1.16.1 was used to post-
process the alignment prior to variant calling with GATK
HaplotypeCaller v4.2.6.1 to generate genome variant call
format files excluding repetitive regions (identified by
RepeatMasker v4.0.6).18 Low-confidence variants were
filtered if they met at least one of the criteria: quality by
depth less than 2⋅0, Fisher strand more than 60⋅0, map-
ping quality less than 40⋅0, mapping quality rank sum less
than –12⋅5, read position rank sum less than –8⋅0, strand
odds ratio more than 4⋅0, depth of coverage less than 5,
and genotype quality less than 50. Filtered SNPs were
mapped to genes using snpEff v5.1.
Phylogenetic analysis was carried out on whole genome

SNP data were converted to presence or absence of an SNP
that has been determined as high confidence in the filtering
step with respect to the reference. Any SNPs identified as
low confidence in the variant filtration stepwere assigned to
missing. These data were converted to FASTA format and
maximum parsimony phylogenies were created using
RAxML v8.2.9, with the general time reversible rate
heterogeneity (GTRCAT) model. Maximum-likelihood
phylogenies were also constructed using RAxML v8.2.9
using rapid bootstrap analysis over 750 replicates and
GTRCAT model of rate heterogeneity. Final phylogenies
were visualised in R v4.2.1 using the ggtree package v3.6.2.
To identify important loci, we used treeWAS (a phylogen-

etic method for microbial genome-wide association studies)
on isolates from four groups: TR34/Leu98His sensu stricto
with MICs within the core MIC (19 isolates) and outside the
coreMIC(20 isolates), andTR34/Leu98Hisgenotypic variants
withMICs inside the coreMIC (two variants, 30 isolates) and
with MICs outside the core MIC (three variants, 13 isolates;
appendix pp 3–10).19 All raw reads were deposited to the
European Nucleotide Archive (accession PRJEB74938).
Genetic similarity and population allocation was inves-

tigated via principal component analysis (PCA) using
whole-genome SNP data in R v4.3.2 using package ade4
v1.7-22.20 Plots were constructed in R v4.3.2 using package
mapmixture v1.1.0.

Clinical implications of triazole resistance
Clinical information such as age, underlying disease, diag-
nosis, therapy, and outcomes was collected for patients who
had isolates cultured between Jan 1, 2017, andDec 31, 2022,
atRUMCusingmicrobiological recordswith a 1-year follow-
up. The initial selection criterion was a positive A fumigatus
culture from bronchoalveolar lavage, bronchial washings,
and tissue biopsies. Subsequently, the presence of invasive
aspergillosis was determined using the European Organ-
ization for Research and Treatment of Cancer and the
Mycoses Study Group Education and ResearchConsortium
and invasive fungal diseases in adult patients in intensive
3
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Figure 1: Number of cyp51A genotype variants in 1979 clinical triazole-resistant Aspergillus fumigatus isolates cultured between Jan 6, 1994, and Dec 31, 2022
(A) Plot showing the number of isolates for each genotype over the study period. Colours indicate the various genetic backgrounds. Blue represents TR34, red represents TR46, orange represents TR53, green
represents Phe46Tyr, and light blue represents SNPs. (B) Line graph showing themutations over time for eachoverall genotype category (TR34, TR46, TR53, Phe46Tyr, and SNPs). i=intron. p=promoter region.
SNP=single-nucleotide polymorphism. TR=tandem repeat.
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Itraconazole Voriconazole Posaconazole Isavuconazole*

TR34/Leu98His sensu stricto (n=1338)

Geometric mean MIC, mg/L 28⋅24 4⋅91 0⋅69 7⋅81
MIC50, mg/L 32 4 0⋅5 8

MIC90, mg/L 32 16 2 16

Range, mg/L 0⋅12 to >16 0⋅5 to >16 0⋅016 to >16 0⋅5 to >16
Resistant, % (n) 99⋅5% (1331) 99⋅0% (1324) 87⋅7% (1173) 97⋅0% (906)

ATU-resistant, % (n) 1⋅5% (20) 17⋅9% (239) 11⋅7% (156) 1⋅5% (20)

ATU-susceptible, % (n) 0 0 0 0⋅2% (2)

TR46/Tyr121Phe/Thr289Ala sensu stricto (n=332)

Geometric mean MIC, mg/L 5⋅95 26⋅68 0⋅62 24⋅45
MIC50, mg/L 8 32 0⋅5 32

MIC90, mg/L 32 32 1 32

Range, mg/L 0⋅25 to >16 1 to >16 0⋅125 to >16 2 to >16

Resistant, % (n) 71⋅7% (238) 99⋅7% (331) 80⋅1% (266) 99⋅7% (1)

ATU-resistant, % (n) 14⋅5% (48) 0 3⋅6% (12) 0⋅3% (1)

ATU-susceptible, % (n) 0 0 14⋅8% (49) 0

ATU=area of technical uncertainty.MIC=minimum inhibitory concentration.MIC50=minimum inhibitory concentration that
inhibits the growth of 50% of the tested microorganisms. MIC90=minimum inhibitory concentration that inhibits the
growth of 90% of the tested microorganisms. TR=tandem repeat. *Isavuconazole MICs were not measured before 2014.

Table 1: Triazole phenotypes for TR34/Leu98His sensu stricto and TR46/Tyr121Phe/Thr289Ala sensu stricto
isolates

For more on GraphPad Prism

see https://www.graphpad.com
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care unit (FUNDICU) case definitions.21,22 Data collected for
invasive aspergillosis patients included underlying disease,
initial and final invasive aspergillosis classification, initial
and follow-up antifungal therapy, intensive care unit (ICU)
admission at diagnosis, survival, triazole phenotype and
genotype of all positiveA fumigatus cultures obtained during
the infection episode, and the presence ofmixedA fumigatus
infection. Mixed infection was defined as the recovery of
multiple A fumigatus genotypes and phenotypes during the
infection episode. Patients with invasive aspergillosis were
excluded if other moulds were identified in bronchoalveolar
lavage, bronchial washing, and tissue specimens. Patients
with triazole-susceptible invasive aspergillosiswere excluded
if any history of a triazole-resistant isolate was recorded.

Statistical analysis
We calculated geometric mean MICs with GraphPad Prism
v8.02. For calculations, we recoded MICs of more than
16 mg/L as 32 mg/L. Differences in MIC distributions were
analysed using Kruskal–Wallis test, and we used the Fisher
exact test to detect differences in classification according to
clinical breakpoints. We used two-way ANOVA and linear
regression to investigate the difference between the resistant
andnon-resistant isolates over time.Weused a p value cutoff
value of 0⋅01 for all three tests of association (subsequent,
simultaneous, and terminal) between the triazole phenotype
and genotype groups. We also performed Bonferonni
p value correction. Among the three tests, the subsequent
test was found to be the most effective at detecting subtle
patterns of association. Therefore, we used the results from
the subsequent test after applying the Bonferroni p value
correction. We assessed over-represented gene ontology
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway terms using FungiDB.23 Triazole-resistant and
triazole-susceptible invasive aspergillosis groups were
compared for number of switches in antifungal therapy
using the Mann–Whitney test and for survival using
Kaplan–Meier estimates.

Role of the funding source
The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results
Between Jan 6, 1994, and Dec 31, 2022, 12 679 A fumigatus
isolates from clinical samples were screened for triazole
resistance and the presence of cyp51A-mediated mutations
(appendix p 1). Overall, 1979 (15⋅6%) triazole-resistant
A fumigatus isolates were identified that harboured muta-
tions in the cyp51A gene, involving five groups: TR34 (1432
isolates), TR46 (455 isolates), TR53 (one isolate), Phe46Tyr
(38 isolates), and single SNPs (52 isolates), and a single
isolate harbouring promoter–70C→T/Gly54Glu/
intron7C→T/intron66C→T/Met172Val (figure 1A, B). The
first resistance mutation was detected in 1995 in an isolate
harbouring promoter–335T→C/promoter–70C→T/Phe46
www.thelancet.com/microbe Vol 6 August 2025
Tyr/intron7C→T/intron66C→T/Met172Val/Glu427Lys
(figure 1A) and in 1998 two isolates harbouring TR34/
Leu98His/Ser297Thr/Phe495Ile. TR34/Leu98His sensu
stricto was first detected in 2000 andwas since then recovered
each year. The TR34/Leu98His sensu strictomutationwas the
most frequent resistant mechanism among the triazole-
resistant isolates (1338 [67⋅6%] isolates) followed by TR46/
Tyr121Phe/Thr289Ala sensu stricto, which was present in
332 (16⋅8%) isolates and first observed in 2009 (table 1). The
third most frequent resistance mutation was Phe46Tyr pre-
sent in 38 (1⋅9%) isolates andfirst cultured in 1995, and single
SNPs were first recovered in 2002 (figure 1A). An increasing
trend of triazole-resistant A fumigatus isolates was noted,
which significantly correlated with increasing number of
isolates over time (appendix p 1).
According toEUCASTclinical breakpoints, a pan-triazole-

resistant phenotype was present in 916 (68⋅5%) of
1338 TR34/Leu98His sensu stricto isolates, in 106 (31⋅9%)
of 332 TR46/Tyr121Phe/Thr289Ala sensu stricto isolates,
and in 16 (42⋅1%) of 38 Phe46Tyr isolates. Overall, 1920
(97⋅0%) of 1979 triazole-resistant A fumigatus isolates were
voriconazole resistant, including 308 (15⋅6%) isolates with a
voriconazole MIC of 2 mg/L (area of technical uncertainty
resistant).Underlying resistance cyp51Amutationsdetected
in the 1920 voriconazole-resistant isolates included
TR34 (1406 isolates; 73⋅2%), and TR46 (453 isolates; 23⋅6%).
All voriconazole-resistant isolates were cross-resistant to
isavuconazole, with exception of six isolates that were
isavuconazole-susceptible (MIC 1 mg/L), including four
TR34 isolatesandone isolatewithpromoter70C→T/Gly54Glu/
intron7C→T/intron66C→T/Met172Val and promoter335T→C/
promoter–70C→T/Phe46Tyr/intron7C→T/intron66C→T/
Met172Val/Glu427Lys.
5
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TR46/Tyr121Phe/Thr289Ala sensu stricto TR46/Tyr121Phe/Met172Ile/Thr289Ala/Gly448Ser TR46
3/Tyr121Phe/Met172Ile/Thr289Ala/Gly448Ser

TR46
4/Tyr121Phe/Met172Ile/Thr289Ala/Gly448Ser TR46/Val120Ala/Tyr121Phe/Met172Ile/Thr289Ala/Gly448Ser 
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Extrapolated core MIC for genotype variants
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Figure 2: Triazole phenotypes of TR34/Leu98His sensu stricto isolates and TR34 genotype variants (A), and TR46/Tyr121Phe/Thr289Ala sensu stricto isolates TR46 genotype variants (B)
The size of the dots corresponds with the proportion of isolates with that specific MIC. The red lines indicate the core MIC values. TR34/Leu98His sensu stricto and TR46/Tyr121Phe/Thr289Ala sensu stricto
isolates with MICs outside the range shown in the figure were considered non-core phenotype variants. cyp51A-genotype variants are indicated in other colours. For these isolates the core MIC values were
derived from theTR34/Leu98His sensu stricto andTR46/Tyr121Phe/Thr289Ala sensu stricto, indicatedwith the red dotted lines.MIC=minimal inhibitory concentration. p=promoter region. TR=tandem repeat.
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A broad range of MICs was observed for TR34/Leu98His
sensu stricto and TR46/Tyr121Phe/Thr289Ala sensu
stricto for all triazoles (figure 2). For each triazole, a core
MIC range could be defined except for itraconazole in
TR46/Tyr121Phe/Thr289Ala sensu stricto isolates, where
the MIC distribution indicated the presence of two pop-
ulations (figure 2). Among the 1338 TR34/Leu98His sensu
stricto isolates 99 (7⋅4%) exhibited an MIC outside the core
www.thelancet.com/microbe Vol 6 August 2025
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Isolation date Phenotype

Itraconazole,
mg/L

Voriconazole,
mg/L

Posaconazole,
mg/L

Isavuconazole,
mg/L

TR34/Leu98His sensu stricto geometric mean MIC ⋅⋅ 28⋅24 4⋅91 0⋅69 7⋅81
Core MIC range ⋅⋅ 8 to >16 1 to 16 0⋅12 to 2 2 to >16

TR46/Tyr121Phe/Thr289Ala sensu stricto geometric mean
MIC

⋅⋅ 5⋅95 26⋅68 0⋅62 24⋅45

Core MIC range ⋅⋅ ⋅⋅ 8 to >16 0⋅12 to 2 8 to >16

TR34/Leu98His/Thr289Ala/Ile364Val/Gly448Ser (10 [100%] of 10 isolates)

Strain: V309-77 Jan 31, 2020 1* >16* 1 >16

Strain: M010-39 Nov 04, 2020 2* >16* 1 >16

Strain: M027-69 May 27, 2021 0⋅5* >16* 0⋅5 >16

Strain: M029-04 June 08, 2021 2* >16* 1 >16

Strain: M033-22 Aug 09, 2021 1* >16* 1 >16

Strain: M037-21 Sept 29, 2021 1* >16* 0⋅5 >16

Strain: M046-26 Dec 30, 2021 0⋅5* >16* 1 >16

Strain: M061-48 Aug 04, 2022 2* >16* 0⋅5 >16

Strain: M061-58 Aug 05, 2022 1* 16 0⋅5 >16

Strain: M062-29 Aug 16, 2022 1* >16* 0⋅5 >16

TR34/Leu98His/Thr289Ala/Gly448Ser (3 [100%] of 3 isolates)

Strain: v165-63 June 27, 2014 1* >16* 1 >16

Strain: v253-11 May 18, 2018 1* >16* 0⋅25 >16

Strain: M072-67 Dec 15, 2022 2* >16* 0⋅5 >16

TR34/promoter–67T→G/Leu98His (6 [18⋅8%] of 32 isolates)
Strain: v259-28 July 26, 2018 2* 2 0⋅5 2

Strain: v269-74 Nov 29, 2018 2* 2 0⋅25 4

Strain: v272-27 Dec 06, 2018 2* 2 0⋅25 2

Strain: v272-32 Dec 06, 2018 2* 2 0⋅5 2

Strain: v306-29 Dec 12, 2019 2* 2 0⋅5 4

Strain: M031-27 July 09, 2021 1* 2 0⋅25 2

TR34/Leu98His/Ser297Thr/Phe495Ile (5 [10⋅6%] of 47 isolates)
Strain: v085-79 Aug 23, 2009 >16 >16* 0⋅5 >16

Strain: v141-26 Oct 04, 2012 1* >16* 0⋅5 >16

Strain: v206-01 Aug 10, 2016 >16 2 4* >16

Strain: V255-19 May 31, 2018 >16 0⋅5* 0⋅5 16

Strain: M042-45 Nov 29, 2021 1* >16* 0⋅5 >16

TR46/Tyr121Phe/Thr289Ala/Ser363Pro/Ile364Val/Gly448Ser (4 [4⋅1%] of 78 isolates)

Strain: v255-56 May 30, 2018 >16 >16 16* >16

Strain: M005-25 Sept 04, 2020 >16 >16 4* >16

Strain: M045-14 Dec 21, 2021 >16 4* 0⋅25 8

Strain: M052-47 April 05, 2022 >16 4* 0⋅25 8

MIC=minimum inhibitory concentration. TR=tandem repeat. *MICs outside of the core MIC distribution.

Table 2: TR34 and TR46 genotype variants with triazole phenotypes that are not within the core MIC distribution of TR34/Leu98His sensu stricto and
TR46/Tyr121Phe/Thr289Ala sensu stricto isolates

Articles
MIC (appendix pp 11–15). Itraconazole non-core phenotype
variants (36 isolates) showedMICs of less than 4mg/L, and
for voriconazole most variant isolates (15 [62⋅5%] of 24)
showed MICs of more than 16 mg/L (appendix pp 11–15).
Among the 332 TR46/Tyr121Phe/Thr289Ala sensu stricto
isolates, nine (2⋅7%) exhibited an MIC outside the defined
core MIC (appendix pp 11–15).
In the TR34 genetic background, six (19⋅4%) of the

31 genotype variants were observed, involving 94 (6⋅6%)
isolates (figure 1A). In the TR46 genetic background, six
www.thelancet.com/microbe Vol 6 August 2025
variants (19⋅4%)of the 31were found, involving123 (27⋅0%)
isolates. Unlike TR34 isolates, variations in TR46 duplication
number were observed, including 17 (3⋅7%) isolates
with three TRs (TR46

3/Tyr121Phe/Met172Ile/Thr289Ala/
Gly448Ser) and one isolate with four TRs, together with two
SNPs in the cyp51A gene: TR46

4/Tyr121Phe/Met172Ile/
Thr289Ala/Gly448Ser (figure 1A).
Of the 38 isolates with the Phe46Tyr genetic background,

14 isolates harboured additional Asn248Thr/Asp255Glu
SNPs and one isolate harboured Met220Ile (figure 1A).
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Figure 3:Whole-genome
sequencing of 181 triazole-
susceptible and triazole-
resistant Aspergillus
fumigatus isolates
(A) Normalised bar plot of
percentage of 181 isolates
along time according to
cyp51A polymorphism.
(B) Maximum parsimony
phylogeny and cyp51A
phenotypic variation of
181 isolates. (C) Principal
component analysis of the
year of isolation. The first two
principal components show
no distinction on time.
(D) Principal component
analysis based on cyp51a
genotype shows TR34 and
TR46 isolates are drawn from
different backgrounds, with
some overlap. Scale bar
represents an approximate
number of single nucleotide
polymorphisms. TR=tandem
repeat.
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Single-nucleotide
polymorphism type

Gene Description

Chromosome 1

Position: 4 707 904 Upstream AFUA_1G17210 Protein of unknown function; orthologs
are F-box containing proteins

Position: 4 707 979 Upstream AFUA_1G17210 Protein of unknown function; orthologs
are F-box containing proteins

Position: 4 708 022 Upstream AFUA_1G17210 Protein of unknown function; orthologs
are F-box containing proteins

Chromosome 2

Position: 2 050 524 Missense (Arg355Cys) AFUA_2G08000 Orthologs are transmembrane proteins

Position: 2 050 607 Missense (Gly327Glu) AFUA_2G08000 Orthologs are transmembrane proteins

Position: 2 052 509 Upstream AFUA_2G08000 Orthologs are transmembrane proteins

*The four groups are TR34/Leu98His sensu stricto with MICs within the core MIC (19 isolates) and outside the core MIC
(20 isolates), and TR34/Leu98His genotypic variants withMICs inside the core MIC (two variants, 30 isolates) and withMICs
outside the core MIC (three variants, 13 isolates).

Table 3: Significant loci identified by treeWAS as associated with the four groups*
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14 (45⋅2%) of the 31 cyp51A variant SNPs were observed in
52 (2⋅6%) of 1979 triazole-resistant A fumigatus isolates
(figure 1A).
Gly448Ser was relatively common and present in various

genetic backgrounds, including TR46 (five variants) and
TR34 (two variants; appendix p 1). In addition to Gly448Ser,
bothTR34 variants also harbouredThr289Ala, a substitution
that is characteristic of the TR46 genotype. Mutations in the
gene promoter region were also frequent, with the 67T→G
substitution most often found in isolates harbouring
TR34/Leu98His (32 isolates; appendix p1).
Five cyp51A-variant genotypes (28 isolates) in TR34 and

TR46 isolates conferred triazole phenotypes outside the
TR34/Leu98His sensu stricto and TR46/Tyr121Phe/
Thr289Ala sensu stricto core MIC distribution (figure 2;
table 2). In TR34-genotype variants, low itraconazole MICs
(range 0⋅5–2 mg/L) were the most prevalent non-core
phenotype (21 [87⋅5%] of 24 isolates), commonly com-
bined with high voriconazole MICs (MIC >16 mg/L,
15 [62⋅5%] of 24 isolates; table 2). In TR46-genotype variants,
two isolates showed lowvoriconazoleMICs, and two isolates
high posaconazole MICs (table 2). In two TR34-genotype
variants (TR34/Leu98His/Thr289Ala/Ile364Val/Gly448Ser
and TR34/Leu98His/Thr289Ala/Gly448Ser) a non-core
phenotype was observed in all isolates, and in the remain-
ing variants only a minority of isolates exhibited a non-core
phenotype (table 2).
Overall, 325 (17⋅2%) of 1887 TR-isolates showed triazole

phenotype or cyp51A-genotype variation, or both. The
cyp51A genotype and phenotype variants increased over
time and correlated with increasing TR-isolate numbers
(appendix p 2).
We performed whole-genome sequencing on 213

A fumigatus isolates (appendix pp 3–10), of which
47 contained no polymorphisms in the coding or pro-
moter regions of cyp51A and were classified as wildtype
(figure 3A). The remaining 166 isolates displayed either
polymorphisms in the coding or promoter regions of
cyp51A, or both (appendix pp 3–10). Phylogenetic
analysis revealed that most of the wildtype isolates clus-
tered together, and TR34 and TR46 isolates also clustered
together (figure 3B). Although there was no distinction
observed based on PCA of the date of isolation
(figure 3C), confirming the observation in the phylogen-
etic analysis, there was some distinction along the second
PCA observed between isolates with combinations of
TR34-based and TR46-based polymorphisms (figure 3D);
some overlap between these two groups was observed.
TreeWAS identified 552 significant loci using the subse-

quent test as associated non-core MICs in TR34/Leu98His
variant isolates. No significant loci were found associated
with core or non-core MIC phenotypes in TR34/Leu98His
sensu stricto isolates. These 552 loci mapped to 109 genes
(appendix pp 16–70), which were over-represented for
KEGG pathway terms chlorocyclohexane and chlor-
obenzane degradation (p=0⋅032) and diterpenoid biosyn-
thesis (p=0⋅045; table 3); these are components of azoles,
suggesting that some pathways are more upregulated in
isolates with additional cyp51a polymorphisms. Addition-
ally, gene ontology terms associated with recombination
were also over-represented in these 109 genes, suggesting
recombination is playing a crucial role in determining core
versus non-core triazole phenotype in TR34/Leu98His
variant isolates.
Between Jan 1, 2017 and Dec 31, 2022, 2010 cultures

yielded A fumigatus obtained from 1189 patients. Most
cultures were from sputum (n=1296) and bronchial aspi-
rates (n=258), and 210 patients had positive cultures from
bronchoalveolar lavage, bronchial washings, and tissue.
Invasive aspergillosis could be classified in 59 patients,
including 17 proven and 42 probable cases. Although the
FUNDICU case definition requires a CT scan to classify
probable invasive pulmonary aspergillosis in patients who
are non-neutropenic, this criterion was omitted because
many ventilated ICU patients do not undergo CT imaging.
13 (22⋅0%) of the 59 patients had triazole-resistant invasive
aspergillosis (table 4). Compared with 46 (78⋅0%) of
59 patients with triazole-susceptible invasive aspergillosis
(appendix pp 71–74), the proportion of ICU patients was
similar for both groups (nine [69⋅2%] of 13 for triazole-
resistant invasive aspergillosis and 32 [69⋅6%] of 46 for
triazole-susceptible invasive aspergillosis), aswas the overall
mortality (seven [53⋅8%] of 13 for triazole-resistant invasive
aspergillosis and 23 [50⋅0%] of 46 for triazole-susceptible
invasive aspergillosis; figure 4). TR-mediated resistance
genotypes were involved in 12 (92⋅3%) of 13 patients with
triazole-resistant invasive aspergillosis, including three
genotype variants (table 4). Furthermore, mixed infection
was observed in 11 (84⋅6%) of 13 patients, including four
patients with multiple resistance genotypes. The two
patients without mixed infection were diagnosed through
biopsy of a single lesion (table 4). In both patient groups,
most patients received initial antifungal therapy that cov-
ered triazole resistance (ie, triazole and echinocandin or
liposomal amphotericin, or liposomal amphotericin
monotherapy), which is recommended by the Dutch
www.thelancet.com/microbe Vol 6 August 2025
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Year Age,
years

Underlying disease Initial
classification

Final
classification

ICU Initial
therapy

Follow-up
therapy

Outcome Mixed
infection

Resistance
genotype

Resistance phenotype

AmB,
mg/L

ITZ,
mg/L

VCZ,
mg/L

POS,
mg/L

ISA,
mg/L

OLO,
mg/L

Patient 1 2017 67 Oropharynx
carcinoma

Probable IPA Probable IPA Yes VCZ VCZ and AFG;
VCZ

Died 60 days
after therapy

S; R TR34/Leu98His 0⋅5 16 2 0⋅5 4 ⋅⋅

Patient 2 2017 73 CLL (ibrutinib),
COPD, and NTM

Probable IPA Probable IPA Yes VCZ and
AFG

AFG; L-AmB
and AFG; VCZ
and AFG

Died 40 days
after therapy

S; R; R WT; TR34/
Leu98His

0⋅5;
0⋅5

>16; >16 4; 2 0⋅5; 0⋅5 4; 4 0⋅031;
<0⋅016

Patient 3 2017 58 Legionella
pneumonia

Unclassified Proven IPA Yes VCZ None Died 2 days
after therapy

S; R; R WT; TR46/
Tyr121Phe/
Thr289Ala

0⋅25;
0⋅5

>16; 2 2; >16 0⋅5; 1 4; >16 0⋅031;
0⋅063

Patient 4 2018 55 Rheumatoid
arthritis and COPD

Probable IAPA Probable
IAPA

VCZ and
CAS

VCZ; VCZ and
CAS; VCZ, L-
AmB, and
nL-AmB; VCZ
and nL-AmB

Died 10 days
after therapy

S; R TR34/Leu98His 0⋅5 >16 2 0⋅5 8 0⋅016

Patient 5 2019 38 Rheumatoid
arthritis

Probable IAPA Probable
IAPA

Yes VCZ and
AFG

VCZ and
L-AmB

Alive S; R TR46/Tyr121Phe/
Met172Ile/
Thr289Ala/
Gly448Ser

0⋅25 0⋅5 >16 0⋅25 >16 0⋅031

Patient 6 2020 62 None Proven
osteomyelitis
following
mastoidectomy

Proven
osteomyelitis

No L-AmB
and tL-
AmB

AFG; AFG and
ISA; VCZ,
AFG, and
tVCZ

Alive No TR34/Leu98His 1 >16 4 1 4 0⋅031

Patient 7 2020 67 Diabetes and
hypertension

Probable CAPA
and TBA

Probable
CAPA+TBA

Yes VCZ and
AFG

VCZ, AFG,
and nL-AmB;
L-AmB and
nL-AmB

Died 81 days
after therapy

S; R TR34/Leu98His 0⋅5 >16 4 0⋅5 8 0⋅063

Patient 8 2021 58 Primary
hyperaldosteronism

Probable CAPA Probable
CAPA

Yes VCZ and
AFG

L-AmB; POS
and AFG

Alive S; R TR46/Tyr121Phe/
Thr289Ala

1 0⋅5 >16 0⋅25 >16 0⋅031

Patient 9 2021 61 None Probable CAPA Probable
CAPA

Yes VCZ and
AFG

L-AmB Alive R; R; R TR34/promoter–
67T→G/
Leu98His; WT;
TR34/Leu98His

0⋅5;
0⋅5;
0⋅5

>16; >16;
>16

4; 2; 4 1; 0⋅25;
0⋅5

8; 4; 8 0⋅063;
0⋅031;
0⋅031

Patient 10 2021 73 Diabetes Probable CAPA Probable
CAPA

Yes VCZ and
AFG

ISA and AFG Alive S; R TR34/Leu98His 0⋅25 >16 8 1 16 0⋅063

Patient 11 2021 33 Kidney transplant CAPA
(unclassified)

Proven
disseminated
IA

Yes POS
and
AFG

OLO; OLO
and L-AmB

Died 334 days
after therapy

R; R TR46/Tyr121Phe/
Thr289Ala/
Ser363Pro/
Ile364Val/
Gly448Ser; TR34/
Leu98His

0⋅5; 1 >16; >16 4; 8 0⋅25;
0⋅5

8; 16 0⋅031;
0⋅031

Patient 12 2022 54 AML and MUD
alloSCT

Proven IPA Proven IPA No VCZ ISA; L-AmB;
MFG; L-AmB;
ISA and MFG

Alive No TR34/Leu98His 1 >16 4 1 8 0⋅016

Patient 13 2022 31 CGD Proven IPA Proven
disseminated
IA

No ISA and
OLO

OLO andAFG;
OLO, AFG,
and L-AmB

Died 61 days
after therapy

S; R WT 0⋅5 2 2 0⋅25 4 0⋅125

AFG=anidulafungin. allSCT=allogeneic stem cell transplantation. AmB=amphotericin. AML=acute myeloid leukaemia. CAPA=COVID-19-associated pulmonary aspergillosis. CAS=caspofungin. CGD=chronic granulomatous disease. CLL=chronic lymphoblastic
leukaemia. COPD=chronic obstructive pulmonary disease. IA=invasive aspergillosis. IAPA=influenza-associated pulmonary aspergillosis. ICU=intensive care unit. IPA=invasive pulmonary aspergillosis. ISA=isavuconazole. L-AmB=liposomal amphotericin B.
MFG=micafungin. MUD=matched unrelated donor. nL-AmB=nebulized liposomal amphotericin B. NTM=non-tuberculous mycobacteria. OLO=olorofim. POS=posaconazole. R=triazole-resistant. S=triazole susceptible. TBA=invasive tracheobronchial
aspergillosis. tL-AmB=topical liposomal amphotericin B. TR=tandem repeat. tVCZ=topical voriconazole. VCZ=voriconazole. WT=wildtype.

Table 4: Characteristics of 13 patients with proven or probable triazole-resistant invasive aspergillosis
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Figure 4: Kaplan–Meier survival analysis of patients with triazole-resistant invasive aspergillosis and
triazole-susceptible invasive aspergillosis
This analysis estimated the survival function from lifetime data to compare survival distributions between the two
groups.
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National Invasive Mycoses Guideline published in
December 2017 (nine [90⋅0%] of ten triazole-resistant
invasive aspergillosis cases since 2018 and 34 [87⋅2%] of
39 triazole-susceptible cases since 2018). Compared with
triazole-susceptible invasive aspergillosis, significantly
more antifungal treatment switches were made in patients
with triazole-resistant infection (mean rank 25⋅98 for
triazole-susceptible compared with 44⋅23 for triazole-
resistant; p<0⋅0001). Olorofim showed low MICs against
both triazole-susceptible and triazole-resistant A fumigatus
isolates (table 4; appendix pp 71–74).

Discussion
Analysis of a large collection of clinical A fumigatus isolates
collected over 29 years showed that cyp51A genotype and
triazole phenotype variation was frequent in resistant iso-
lates.Non-coreMICswere observed both inTR34/Leu98His
sensu stricto and TR46/Tyr121Phe/Thr289Ala sensu stricto
isolates, and in cyp51A genotype variants. Furthermore,
triazole phenotype variations might be more frequent in
isolates collected since 2017 compared with those collected
from 1994 to 2004, which was also observed in genomic
comparisons.
Our data indicate that over time A fumigatus acquires

mutations, some ofwhichmight alter the triazole resistance
phenotype. These mutations are detectable when cyp51A is
involved, but we hypothesise thatmutations outside cyp51A
are likely responsible for part of the phenotypic variation
we observed. With the generation of de novo mutations
in asexually reproducingA fumigatus and continued triazole
selection pressure in the environment, our observation is
not unexpected. Whole-genome sequencing showed
that although isolates with combinations of TR34-based and
TR46-based polymorphisms in cyp51A seem to be derived
from separate populations, there is some overlap. One
possible explanation is (sexual) recombination between
isolates with these distinct genetic backgrounds, creating
new combinations of triazole resistance polymorphisms
(eg, TR34/Leu98His/T289A); more combinations have
been observed since 2017 during the period of this study
(appendix pp71–74). Thehigh crossover rate inA fumigatus,24

alludes to a future with more novel drug-resistant poly-
morphism combinations being observed. Recombination
was also seen to be involved in the determination of core
versus non-core MIC phenotypes in isolates included in this
study;many significant loci inTR34/Leu98His cyp51A variant
isolates that were over-represented for gene ontology terms
were associated with recombination, suggesting that recom-
bination is driving phenotypic variation and potentially
patient infection experience such as therapeutic outcomes
and disease progression. Therefore, it is crucial to routinely
perform susceptibility testing of novel resistance poly-
morphismcombinationsaspart of surveillanceprogrammes,
and to assess patient outcomes.
We recovered resistance variants from patients with

proven or probable invasive aspergillosis underscoring the
potential of these variants to cause invasive disease. Most
patients were admitted to the ICU, which might be due to
culture positivity as selection criterion. In patients with
haematological malignancy and neutropenia, invasive
aspergillosis diagnosis is frequently based on biomarkers,
and positive cultures are infrequent. Mortality in triazole-
resistant and triazole-susceptible invasive aspergillosis was
similar, whichmight be due to initial antifungal therapy that
covered triazole resistance as recommended in our national
guideline. Although our previous cohort study showed sig-
nificantly higher mortality in patients with voriconazole-
resistant invasive aspergillosis compared with patients with
voriconazole-susceptible invasive aspergillosis, the mortality
in both groups was similar for patients admitted to the ICU.3

Other factors probably have greater impact on survival in
critically ill patients in addition to triazole resistance.
Nevertheless, thehighnumberof antifungal drugchanges in
patients with triazole-resistant invasive aspergillosis under-
scores the challenges faced, including the need for high
triazole exposure (especially posaconazole) and continued
combination therapy with associated drug toxicity and
interactions.
Our study indicates that pulmonary invasive aspergillosis

in principle involves multiple A fumigatus genotypes,
because lung nodules originate from genetically distinct
spores.25 Both patients with one genotype had beenbiopsied
www.thelancet.com/microbe Vol 6 August 2025
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from a single lesion in lung and bone (table 4). Multiple
resistance genotypes or phenotypes including resistant
isolates with a wildtype cyp51A sequence as well as cyp51A
genotype variants are a concern for resistance detection.
Aspergillus resistance PCR assays use predefined markers
(eg, TR34, Leu98His, Tyr121Phe, and Thr289Ala) to detect
resistance, but will not detect cyp51A-genotype or pheno-
type variants and non-cyp51A-mediated resistance. Pheno-
typic resistance detection through agar-based screening of
multiple A fumigatus colonies and MIC-testing will be the
most reliable method to detect MIC-variation. However,
many patients are culture-negative and rely on molecular
testing to detect resistance. Other techniques, such as
sequence-based approaches, will be required in clinical
microbiology to enable reliable detection of resistance.
However, gene editing experiments will be needed to
understand the role of individual SNPs in the cyp51A
gene as well as identifying new resistance hotspots. The
TR34/Leu98His/Thr289Ala/Gly448Ser variant incorporates
twomutations that are known to confer triazole resistance.26

TR34/Leu98His confers high itraconazoleMICs and isolates
with a Gly448Ser point mutation show high MICs for
both voriconazole and itraconazole.27 The Thr289Ala
mutation is not associatedwith increased triazoleMICs, but
confers triazole resistance when combined with Tyr121Phe
or TR46, or both.28 Therefore, each SNP will need to be
investigated individually and in combination to understand
the associated phenotype.
Our study has some limitations. First, the study was

limited by using cultures as the denominator, which may
include multiple cultures from the same patient and
excludes culture-negative patients with aspergillosis, that
were diagnosed using other techniques such as Aspergillus
antigendetection orAspergillusPCR. Second, therewill have
been variation in resistance detection methods over time.
Third,multiple isolates from the same patient could impact
on the resistance frequency and variation. Finally, we were
unable to retrieve patient data for all isolates because some
of the isolateswerecollectedanonymously for our resistance
surveillanceprogramme.However, thedata collected for the
RUMC provide an indication regarding sample types and
clinical implications of triazole resistance.
Our study showed phenotype or genotype variation in

17⋅2% of clinical triazole-resistant A fumigatus isolates, and
involvement of these variants in triazole-resistant invasive
aspergillosis. Mixed infections involving resistance variants
represents the next major challenge in triazole resistance
management as our current molecular diagnostic tools will
increasingly fail to accurately predict the triazole phenotype.
New approaches are needed to detect resistance variants in
clinical specimens.
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