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The identification of cellular targets for antifungal compounds is a cornerstone for the
development of novel antimycotics, for which a significant need exists due to increasing
numbers of susceptible patients, emerging pathogens, and evolving resistance. For the
human pathogenic mold Aspergillus fumigatus, the causative agent of the opportunistic
disease aspergillosis, only a limited number of established targets and corresponding
drugs are available. Among several targets that were postulated from a variety of
experimental approaches, the conserved thioredoxin reductase (TrxR) activity encoded
by the trxR gene was assessed in this study. Its essentiality could be confirmed following
a conditional TetOFF promoter replacement strategy. Relevance of the trxR gene product
for oxidative stress resistance was revealed and, most importantly, its requirement for
full virulence of A. fumigatus in two different models of infection resembling invasive
aspergillosis. Our findings complement the idea of targeting the reductase component
of the fungal thioredoxin system for antifungal therapy.
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INTRODUCTION

Fungi as infectious agents of man pose a constant threat to a specific cohort of individuals,
mainly immunosuppressed patients but also people living in areas being endemic for primary
fungal pathogens (Brown et al., 2012; Köhler et al., 2017). With respect to pathogenicity and
the evolution of virulence determinants in the fungal kingdom, several scenarios have been
conceived, among them the idea that the primary environmental niche may serve as a training
ground and virulence school, resulting in the emergence of specific traits that support fitness,
resistance, or invasion during infection (Brunke et al., 2016). This is of special relevance when
considering opportunistic fungal pathogens that usually inhabit specific ecological sites in the
wild to become only pathogenic when encountered by a susceptible, immunocompromised
host. In this context, enhanced resistance to various stressors has emerged as a key feature of
pathogenic fungi (Hartmann et al., 2011), like against adverse environmental conditions that are
mirrored to some extent during the infectious process (Tekaia and Latgé, 2005). Febrile conditions
mounted during infections may be countered by fungal thermotolerance, or limited supply of
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macro- or microelements conferring nutritional immunity by
metabolic versatility (Casadevall et al., 2003). Among the most
prominent mechanisms of host antifungal resistance raised
by immune effector cells are chemically reactive molecules,
such as reactive oxygen or nitrogen species, ROS and RNS,
respectively. Accordingly, resistance against oxidative stress has
to be considered as a paramount feature of fungal pathogens,
which is supported by numerous studies demonstrating that
corresponding detoxification systems contribute to the virulence
potential of a given fungal pathogen (Brown et al., 2007; Leal
et al., 2012; Dantas Ada et al., 2015; Brown and Goldman, 2016;
Hillmann et al., 2016; Shlezinger et al., 2017).

Among the evolved cellular systems that confer oxidative
stress resistance in fungi, sulfur-based ones are of special
interest due to their unique characteristics and redox properties.
Microbial enzymes commonly scavenge reactive oxygen species
by transforming them into less active, non-toxic ones following
various reactive paths. The thioredoxin/thioredoxin reductase
(Trx/TrxR) pair has gained increasing attention in the past
to serve as a thiol-based paradigm system that affects various
cellular functions and processes beyond antioxidant defense,
including redox homeostasis, regulation of gene expression, or
nucleic acid synthesis (Arner and Holmgren, 2000; Mustacich
and Powis, 2000; Nordberg and Arner, 2001). Trxs are relatively
small oxidoreductases of 12 to 13 kDa and are ubiquitously found
in all kingdoms of life. Based on a reactive cysteine pair in the
active site they are able to switch between an oxidized disulfide
and a reduced dithiol state. TrxRs catalyze the reduction of
oxidized thioredoxins, using NADPH as electron donor and FAD
as cofactor, which then further reduce disulfides in corresponding
target proteins. Generally, TrxRs are homodimeric flavoproteins
belonging to the pyridine nucleotide-disulfide oxidoreductase
family, which also comprises glutathionreductases and others.
They are classified as high or low molecular weight isoforms,
with the former ones having evolved in higher eukaryotes and
the latter ones in prokaryotes, archea, plants and fungi. Based
on significant structural differences between these isoforms,
TrxRs have gained attention as cellular targets for antimicrobial
compounds that would interfere with low molecular weight class
members. The nitroimidazole drug metronidazole, for instance,
is reduced by the action of a TrxR in Entamoeba histolytica
that, in turn, forms adducts with its metabolites (Leitsch et al.,
2007). To date, several inhibitors of TrxRs have been identified
that may serve as anticancer agents or antibacterial drugs
(Saccoccia et al., 2014).

The thioredoxin system of the model fungus Aspergillus
nidulans has been characterized previously to reveal that growth
deficiency of a corresponding Trx deletion mutant could be
rescued by glutathione supplementation (Thön et al., 2007). For
the yeast Saccharomyces cerevisiae it was demonstrated that its
TrxR is required for 3′-phosphoadenylsulfate (PAPS) reductase
activity and therefore sulfate assimilation (Schwenn et al., 1988;
Thomas et al., 1990, which implies relevance of the Trx/TrxR
system for fungal sulfur metabolism.

Recently it has been demonstrated that the established drug
ebselen that targets TrxR enzymes of bacteria, fungi, or mammals
(Azad and Tomar, 2014), strongly inhibits the A. fumigatus

TrxR (Marshall et al., 2019). This is of special relevance
as validated cellular targets and corresponding antifungal
compounds are limited, raising severe concerns about future
development of antimycotic therapy (Denning and Bromley,
2015). A. fumigatus is the main causative agent of aspergillosis,
an often severe complication of human health that manifests
in a variety of clinical scenarios (Latgé and Chamilos, 2019).
Among these, invasive aspergillosis that can affect severely
immunocompromised patients is associated with significantly
high mortality rates and is therefore regarded as a life-threating
opportunistic infection. Based on an in silico metabolic network
modeling approach, putative targets of antifungal therapy had
been identified taking into account conditional expression data
together with enzyme structures and interconnectedness with
pathogen-specific relations of orthology (Kaltdorf et al., 2016).
Among the identified 64 gene targets, several were scored as
highly ranked and promising candidates for drug targets. In
this respect, the A. fumigatus Trx/TrxR system became of
interest due to limited structural similarity with the human
orthologous system and its high expression in vivo during
infection in a murine model of invasive pulmonary aspergillosis
(McDonagh et al., 2008).

In this present study we demonstrate essentiality of the
TrxR-encoding trxR gene for A. fumigatus and describe its
characterization by a conditional promoter replacement strategy
with respect to oxidative stress resistance, trxR transcription,
and virulence, making a case for the sulfur-based redox-active
Trx/TrxR system to be recognized as potential antifungal target.

RESULTS

Thioredoxin Reductase of Aspergillus
fumigatus Is Encoded by the Essential
trxR Gene
Making use of the Aspergillus genome database AspGD1 to
query the A. fumigatus sequence, a clear and single ortholog of
fungal TrxR-encoding genes could be identified. The encoding
Afu4g12990 locus had been annotated as trr1 based on the
similarity of its gene product to the yeast TrxR. In line with the
genetic nomenclature and resembling the designation established
in A. nidulans (Thön et al., 2007), the gene alias used in this study
is trxR. This gene spans a coding sequence of 1272 base pairs to
comprise three exons that are interrupted by two introns. The
deduced protein is 392 amino acids in length with a calculated
molecular mass of 42.2 kDa. Submitting its primary sequence to
BLAST revealed limited similarity of the A. fumigatus trxR gene
product to the human orthologous TrxR or its isoforms, with a
maximum identity of 28% (data not shown).

Based on former priorization studies complemented by
preliminary data from an essential gene identification survey, we
made further efforts to characterize the TrxR-encoding gene in
A. fumigatus by a gene targeting approach. First and to confirm its
essentiality, a gene replacement cassette was constructed to delete
the trxR coding sequence by fusing 5′ and 3′ flanking regions to a

1www.aspgd.org
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resistance-conferring genetic marker. From the resulting plasmid
pSK654, a DNA fragment could be excised and transformed
into the recipient strain AfS35. From the resulting pool of
primary transformants that had been selected in the presence of
hygromycin B, conidia were transferred onto medium without
selection pressure and scored for growth. For the few picks
that were able to germinate and form a mycelium on minimal
medium lacking the antifungal, diagnostic PCR confirmed the
maintenance of the targeted gene in the transformants’ genome
and therefore ectopic integration of the genetic marker cassette
into the recipient’s genome (data not shown). Assuming that
integration of the marker in an essential gene locus would cause
inviability of the resulting conidia, accompanied by growth of
only heterokaryotic mycelia, essentiality of the trxR gene for
A. fumigatus could be validated by this heterokaryon rescue
approach (Osmani et al., 2006).

To conduct further analyses with respect to the cellular
function of the A. fumigatus TrxR, a recombinant strain
expressing the trxR gene in a conditional manner was constructed
by replacing its endogenous promoter by a TetOFF module.
The corresponding replacement cassette was synthesized by
generating a derivative of the conditional expression module
from plasmid pSK606 in which a part of the trxR coding region
was fused to the tet operator-containing minimal promoter
sequence and its 5′ untranslated region upstream to the ptrA
resistance marker. The resulting fragment of plasmid pSK655 was
transformend into AfS35 to replace the endogenous trxR locus

(Figure 1A) and the genotype of the resulting strain AfS227 was
confirmed by means of diagnostic PCR. Furthermore, conditional
transcription of the trxR gene could be validated by Northern
blot hybridization, which revealed increased transcript levels in
the absence of doxycycline but only a faint signal upon exposure
to this compound (Figure 1B). In agreement with this, growth
of the TetOFF:TrxR strain AfS227 was completely blocked in
the presence of doxycycline (Figure 1C), thereby confirming
essentiality of the trxR gene in A. fumigatus. Inoculating the
strains on the complex and rich Sabouraud culture medium
further corroborated this conditional phenotype.

Considering a link of the Trx/TrxR system to sulfur
metabolism, we tested whether TrxR-deficiency of A. fumigatus
might be rescued by organic sulfur sources or, as described
for a thioredoxin-deficient strain of A. nidulans (Thön et al.,
2007), by glutathione supplementation. Growth was monitored
for the conditional promoter tetOFF:trxR strain and its wild-
type progenitor on minimal culture medium supplemented with
cysteine or methionine or reduced glutathione in the presence
and absence of doxycycline (Figure 2). Interestingly, a severe
retardation of radial hyphal extension became evident when
trxR transcription was shut down, even in the presence of these
sulfur-containing compounds. This observation is in contrast to
the documented rescue of thioredoxin deficiency in A. nidulans
by reduced glutathione (Thön et al., 2007) and furthermore
indicates a cellular relevance of the Trx/TrxR system beyond
sulfur assimilation.

FIGURE 1 | Generation of a conditional promoter replacement (CPR) strain to modulate trxR expression validates essentiality of the thioredoxin reductase-encoding
gene for A. fumigatus. (A) Schematic outline of the CPR procedure employing the tetOFF:trxR module of pSK655. (B) Steady state trxR transcript levels in the
wild-type strain AfS35 and its tetOFF:trxR derivative AfS227 illustrate a significant down-regulation of trxR transcription for the latter in the presence of doxycycline
(+Dox). (C) Growth of AfS227 on minimal (left panel) and rich Sabouraud (right panel) culture medium is strongly inhibited by doxycycline, thereby validating
essentiality of the trxR gene.
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FIGURE 2 | Growth impairment by TrxR deficiency is not rescued substantially
by supplementation of glutathione or other organic sources of sulfur like
cysteine or methionine. Shown are sporulating mycelia documented after
three days of growth on culture medium supplemented with 20 mM
glutathione (GSH) or 5 mM cysteine or methionine in the presence or absence
of doxycycline.

The trxR Gene Product Contributes to
Oxidative Stress Resistance of
A. fumigatus
An established cellular function of the thioredoxin system is to
neutralize reactive oxygen species and therefore to contribute
to oxidative stress resistance. To address this aspect, varying
concentrations of doxycycline were used to dampen transcription
of the trxR gene and resistance toward hydrogen peroxide was
monitored by halo formation on solid culture plates. Whereas
no influence of doxycycline on resistance of the progenitor

strain AfS35 against H2O2 was seen, a clear positive correlation
between doxycycline concentrations and sensitivity against
hydrogen peroxide became evident (Figure 3A). Interestingly
in the absence of doxycycline, oxidative stress resistance of the
wild-type reference isolate was apparently higher than the one
of the TetOFF strain, although steady state transcript levels
had been monitored to be elevated for the latter. To monitor
transcriptional regulation of the trxR gene under oxidative stress
conditions which could account for this phenotypical behavior,
transcript levels were quantified by quantitative real-time PCR
(qRT-PCR) after shifting the strains from synthetic minimal
medium to cultures lacking doxycycline but containing 5 mM
H2O2 (Figure 3B). Analyses of samples taken after different
time periods of incubation, 30 min and 2 h, did not reveal a
significant variation in trxR transcript levels in AfS35 upon H2O2
exposure, while – for unknown reasons – trxR transcript levels
increased significantly in the recombinant TetOFF strain AfS227
after 2 h. Thus, transcriptional upregulation of trxR was ruled
out as underlying mechanism for the observed difference between
AfS35 and the TetOff strain AfS227 in the presence of H2O2 only.

Metronidazole interferes with the cellular redox status, and
TrxR of the parasite E. histolytica has been shown to form
adducts with its metabolites (Leitsch et al., 2007). To assess
the action of this nitroimidazole drug in A. fumigatus, the
reference strain AfS35 and its tetOFF:trxR derivative AfS227
were exposed to varying concentrations and inhibition of growth
was quantified in the presence of H2O2 in correlation to halo

FIGURE 3 | The trxR gene product contributes to oxidative stress resistance of A. fumigatus. (A) Growth inhibition by H2O2 correlates with increasing concentrations
of doxycycline as monitored by halo formation in agar diffusion tests (left panel, plate assays; right panel, quantification from three replicates). (B) Transcription of trxR
in the wild-type isolate AfS35 is not significantly influenced by oxidative stress conditions as triggered by 5 mM H2O2, whereas trxR transcript levels increase upon
prolonged incubation of AfS227 in the presence of the oxidative stressor. All samples were generated from mycelia grown in the absence of doxycycline to exclude
interference with trxR transcription in the TetOFF strain. (C) Oxidative stress resistance is influenced by metronidazole in a trxR-dependent manner, as deduced from
a positive correlation of H2O2 sensitivity with increasing metronidazole concentrations for the conditional tetOFF:trxR expression strain AfS227.
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formation. No significant effect of metronidazole on oxidative
stress resistance of AfS35 became evident, while the conditional
promoter strain AfS227 displayed increasing sensitivity against
H2O2 at higher metronidazole concentrations (Figure 3C). This
phenotype underscores the requirement of a fine-tuned redox
homeostasis that is supported by the thioredoxin system for
resistance against oxidative stress conditions.

In a further step, we explored a possible interaction of
TrxR inhibition by ebeselen and antifungal treatment as by the
established first-line drug voriconazole. A corresponding broth
microdilution checkerboard analysis covering concentration
ranges from 1.0 to 0.016 µg/ml for voriconazole and 4.0 to
0.0625 µg/ml for ebselen revealed no synergistic interaction
of these compounds: the minimal inhibiting concentrations
(MICs) of voriconazole and ebselen against A. fumigatus strain
AfS35 were 0.5 and 2.0 µg/ml, respectively, and these were
not significantly altered when both compounds were present at
varying concentrations in the culture medium.

AfTrxR Is a Virulence Determinant of
A. fumigatus
To address the vital question whether the trxR-encoded TrxR
may serve as suitable target for antifungal therapy, we made use

of our conditional promoter replacement strain in established
models of infection. As preliminary surrogate hosts, larvae
of the greater wax moth were infected with conidia of the
respective strains, AfS35 and AfS227, as wild-type control and
for conditional trxR expression, respectively. In addition, groups
of larvae were treated with doxycycline at the day of infection
and subsequently at every other day after infection. As expected,
a significant proportion (95%) of the AfS35-treated larvae
succumbed to the infection within seven days, irrespectively
of the presence or absence of doxycycline (Figure 4A). The
tetOFF:trxR strain mirrored virulence capacities of the wild-type
progenitor in the absence of doxycycline, while doxycycline
treatment resulted in a significantly elevated survival rate of
40% for the infected cohort. Correspondingly, the conditional
knock down of trxR expression by doxycycline translates into
a significantly reduced virulence of the recombinant TetOFF
strain, supporting the idea that the fungal TrxR is required
for the infectious process. Encouraged by these promising
results, intranasal infections of susceptible, cortisone-acetate
immunosuppressed mice were carried out to mimic the actual
situation of invasive pulmonary aspergillosis (Figure 4B). In
order to manipulate trxR transcription in the recombinant
TetOFF strain AfS277, doxycycline was added to the drinking
water of one cohort of AfS277-infected mice. The survival

FIGURE 4 | Pathogenicity of A. fumigatus is influenced by trxR transcription. (A) Infections of larvae of the greater wax moth Galleria mellonella (n = 20 for every
cohort) with the CPR strain AfS227 reveal a highly significant (p = 0.0071) attenuation of virulence in the presence of doxycycline. (B) In a murine infection model of
pulmonary invasive aspergillosis, animals fed with doxycycline show increased survival after infection with the conditional tetOFF:trxR expression strain (n = 10 for
every cohort).
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rate monitored for these animals was significantly increased in
comparison to the wild-type strain AfS35 serving as control (50%
vs. 20%, p = 0.0278), and a clear trend toward reduced virulence
could be deduced when matching the course of infection to the
non-treated cohort.

In essence, our study validates the postulated and
demonstrated essentiality of the TrxR-encoding gene trxR
in A. fumigatus and confirms for the first time that this trait
translates into reduced virulence of this human pathogenic
mold, making the thioredoxin system a valid target for
antifungal therapy.

DISCUSSION

Fungal virulence is a multi-factorial trait, which is especially true
for the opportunistic pathogen A. fumigatus, an environmental
saprobe that appears to lack bona fide virulence factors (Tekaia
and Latgé, 2005). Among general fitness determinants, such
as osmotrophy, nutritional versatility, or thermotolerance, its
pronounced resistance against a variety of stressors has to be
regarded as determinant of virulence. In the context of host
immunity, reactive oxygen species are generated by innate
effector cells and numerous studies have demonstrated the
importance of these agents for antifungal defense (Gallin and
Zarember, 2007). Fungal-intrinsic, detoxifying activities such
as catalases, peroxidases, or the glutathione system, however,
counteract conditions of oxidative stress, and there appears to
exist some degree of redundancy among the encoding genes
(Paris et al., 2003). Yet, oxidative stress resistance has been a
focus of attention with respect to establishing novel therapeutic
targets. Such are urgently needed, considering the increasing
incidence of fungal infections, the emergence of resistance, and
the draining pharmaceutical pipeline of antifungal compounds.
There have been several attempts to develop novel options
of treatment accompanied by innovative delivery approaches,
but given the apparent rise in fungal infections, a significant
lack of knowledge, innovation, and investment becomes evident
(Denning and Bromley, 2015; Osherov and Kontoyiannis, 2017).

Several approaches to identify and characterize target
candidates in A. fumigatus have been pursued in the past, among
them signature-tagged mutagenesis (Brown et al., 2000), gene
replacement and conditional expression (GRACE) (Hu et al.,
2007), in silico analyses (Thykaer et al., 2009; Abadio et al., 2011;
Lu et al., 2014), or metabolic network modeling (Kaltdorf et al.,
2016). Among these, one particular aspect of the fungal cell
was identified repeatedly: redox homeostasis as conferred by the
thioredoxin system. First evidence stems from a comprehensive
candidate approach testing essential genes of A. fumigatus by
conditional promoter replacement (Hu et al., 2007). There, one
recombinant mutant could be recovered that displayed a strong
static phenotype in vitro under repressive growth conditions. In
a further study based on a metabolic flux model of Aspergillus
niger and a systematic in silico deletion approach, essential genes
of A. fumigatus have been postulated (Thykaer et al., 2009),
among them the trr1 gene, that is here denoted as trxR. This
was in support of a recent study following a metabolic network

strategy combined with orthology analysis and infection relevant
transcriptome profiling data (Kaltdorf et al., 2016): Among
the candidates resulting from the corresponding bioinformatic
pipeline, the TrxR-encoding gene was retrieved.

The fact that the TrxR-encoding gene is, as demonstrated
here, indeed essential for growth of A. fumigatus under in vitro
conditions and shows only weak homology to its human
ortholog, heightens its potential as an antifungal target. While
there have been preliminary data about the essentiality of the trxR
gene for A. fumigatus survival, a definitive proof-of-concept in
models of infections has been lacking. Due to the essential nature
of this gene, we made use of an effective conditional expression
system based on doxycycline-dependent transcription of the gene
of interest, driven by a TetOFF-responsive promoter (Wanka
et al., 2016). While the alternative TetON version of this approach
had been validated successfully before (Sasse et al., 2016), the
conditional shut-down of transcription by the TetOFF module
appears to be less strict under in vivo conditions, as deduced
from a significant attenuation but not absence of virulence for the
recombinant tetOFF:trxR strain in the presence of doxycycline.
The insight that conditional repression of transcription varies
with respect to the genes targeted and also depends on the
regime of doxycycline administration became recently evident
(Peng et al., 2018). In our studies, we refrained from optimizing
the concentration or dosage of doxycycline, as the significant
virulence attenuation in two alternative models of infection
makes a strong case for the trxR-encoded TrxR of A. fumigatus
to serve as an antifungal target. Supporting evidence might
be generated by replacing the conditional TetOFF module by
the metabolite-inducible xylP promoter as it has recently been
validated in vivo (Bauer et al., 2019). Moreover, the conditional
phenotypes displayed by the TetOFF strain underscore the
importance of cellular redox homeostasis for fungal viability,
becoming evident under permissive conditions that result in
elevated trxR transcript levels.

Thioredoxin and its reductase were implied to be of
relevance for fungal sulfur metabolism (Grant, 2001), while
a corresponding A. nidulans trxA1 deletion strain could be
rescued by addition of glutathione to the growth medium
(Thön et al., 2007). The observed phenotypes of our TetOFF
strain under restrictive conditions might therefore be linked to
limited sulfur supply. This consideration is of special interest
given that a limited supply of sulfur-containing amino acids
appears to be present in the course of pulmonary infection,
while sulfate assimilation is not relevant for A. fumigatus
virulence (Amich et al., 2016; Dietl et al., 2018). Yet, neither
reduced glutathione nor cysteine or methionine supported
growth of AfS227 to a significant extent and we therefore
hypothesize that the phenotype from TrxR deficiency is rather
linked to a more comprehensive cellular trait apart from sulfur
supply and metabolism.

The pleiotrophic cellular functions that are associated with
the thioredoxin system and apparently its reductase are likely
to explain the severe phenotype resulting from shutting down
trxR transcription that manifests in the absence of growth under
standard culture conditions. The recombinant strain expressing
the encoding gene in a conditional manner, however, allows
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to scrutinize specific phenotypes, such as altered oxidative
stress resistance. There, our data revealing differences between
the wild-type isolate AfS35 and the TetOFF strain AfS227
indicate a strong requirement for balanced TrxR expression for
redox homeostasis.

Our study validates the trxR gene of A. fumigatus to be
essential and makes a strong case for the encoded protein to serve
as a cellular target for antifungal therapy. This is corroborated by
the observation that TrxR activities are essential in other fungi as
well (Missall and Lodge, 2005), suggesting that it is a pan-fungal
candidate. While the number of distinct and specific inhibitors
of TrxRs of fungal origin is limited, aspects of ligandability and
druggability might be addressed for the A. fumigatus enzyme
based on its recently solved X-ray structure (Marshall et al., 2019).
In line with this, our study adds to the growing body of knowledge
on fungal TrxRs and specifically supports the hypothesis that it
represents a promising target for antifungal therapy.

MATERIALS AND METHODS

Strains, Culture Media, and Growth
Conditions
The A. fumigatus isolate AfS35, a non-homologous
recombination-deficient derivative of the clinical isolate
D141 (Reichard et al., 1990) served as reference recipient for the
generation of recombinant fungal strains. Growth at 37◦C was
supported by minimal medium with 1% glucose as sole source
of carbon and further supplements (0.52 g·l−1 KCl, 0.52 g·l−1

MgSO4, 1.52 g·l−1 KH2PO4, 0.1%trace element solution (Scott
and Käfer, 1982), 5 mM ammonium tartrate or 10 mM sodium
nitrate, pH 6.5), while selection for resistance conferred by the
ptrA genetic marker (Kubodera et al., 2000) was carried out in
the presence of 0.05 µg·ml−1 pyrithiamine.

Generation of Recombinant Fungal
Strains
Generating fungal protoplasts and their transformation were
essentially performed as described previously (Dümig and
Krappmann, 2015); Escherichia coli transformations were carried
out using calcium/manganese-treated cells according to the
protocol of Hanahan et al. (1991).

Cloning of gene replacement cassettes followed standard
protocols of recombinant DNA technology (Sambrook
et al., 1989). The tetOFF:trxR promoter replacement
cassette of pSK655 was constructed by amplifying segments
of the trxR 5′ and coding region by polymerase chain
reactions using the oligonucleotide pairs JB169 (5′-AA
TTCGAGCTCGGTACTTTAAAGGTTGGAAGAAATGGTTG
G-3′) and JB170 (5′-GCCATCTAGGCCATCATCTGGAAGCAG
AGGTTGAATTGAC-3′), and JB171 (5′-GCCTGAGTGGC
CGTTTATGGTGCACACAAAAGTTGTCAG-3′) and JB172 (5′-
GCCAAGCTTGCATGCCTTTAAACTTTTCGGCCTCGAGAG
C-3′), respectively. The resulting fragments were assembled with
the TetOFF module (Wanka et al., 2016) excised from pSK606
by PmeI and HindIII into the cloning vector pUC19L by

seamless cloning, and from the resulting plasmid a 6.5 kb
AatII fragment could be released for transformation of the
A. fumigatus recipient.

Extraction of Nucleic Acids
Aspergillus fumigatus genomic DNA was prepared from ground
mycelia as described (Wu et al., 1998) and plasmid DNA isolated
from E. coli by employing the Machery-Nagel NucleoSpin
plasmid DNA purification kit or the NucleoBond Xtra Midi
plasmid DNA purification kit.

Small amounts of total RNA for qRT-PCR were extracted
from ground mycelia by applying the innuPREP Plant RNA
kit (Analytik Jena). Larger amounts of total RNA for Northern
hybridization were extracted from ground mycelia with the
TRI Reagent R© (Sigma-Aldrich) and cleaned with the peqGOLD
Phase Trap Eppendorf tube (Peqlab). DNase I (Thermo
Fisher Scientific) treatment was carried out according to the
manufacturer’s instructions, followed by purification with the
Qiagen RNeasy mini kit.

Quantification of Transcript Levels
For Northern blot hybridizations, 10 µg of total RNA samples
were separated in formaldehyde-containing agarose gels
by electrophoresis, blotted onto Amersham Hybond-N
nylon membranes (GE Healthcare), and hybridized
with digoxigenin (DIG)-labeled probes. To monitor the
transcript level of the trxR gene, the hybridizing probe was
amplified from D141 genomic DNA with the primer pair
JB064/065 (5′-TGTTCTCTATGAGGGTATGC-3′ and 5′-
TTCGACTTGTATTCTGGAACG-3′) and labeled during
amplification by applying the PCR DIG labeling mix (Roche).

Reverse transcription of DNase I-digested and purified RNA
into cDNA was performed using the SuperScript III first-
strand synthesis SuperMix for qRT-PCR (Invitrogen) according
to the manufacturer’s protocol. Five hundred nanogram RNA
template was used by default for each reaction in a total
volume of 20 µl. qRT-PCR was applied for the quantification
of transcript levels by the 7900HT fast real-time PCR system
with a 384-well block module (Applied Biosystems) according
to the manufacturer’s instructions with reactions performed in
MicroAmp optical 384-well reaction plates (Applied Biosystems)
with qPCR adhesive seal sheets (4titude). The standard
volume of each individual reaction was 10 µl containing
10 ng cDNA as a template, primers at a concentration of
250 nM each, and 2 µl of the 5×EvaGreen qPCR mix
(Rox, Bio&Sell). The primer pair used for quantification of
trxR transcript levels under conditions of oxidative stress
was JB302 and JB303 (5′-GACGCCAACGGTCTCTTCTA-3′
and 5′-GCTTTCGGCTTCGGCAATAAA-3′). All reactions were
performed in technical triplicates, and dissociation curves were
plotted to determine the specificity of PCR runs. For analyses
of the qRT-PCR results, the SDS software (version 2.4, Applied
Biosystems) was used and transcript levels were calculated
following the comparative threshold cycle procedure (2−11CT

method, Livak and Schmittgen, 2001) with transcript levels of
the β-tubulin-encoding tubA gene (AFUA_1G10910) serving as
internal, constitutive reference.
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Models of Infection
Infections of larvae of the greater waxmoth Galleria mellonella
(Mous Live Bait, Netherlands) were performed as described
(Kavanagh and Reeves, 2004; Maerker et al., 2005). Larvae
were injected with 1.5·106 freshly harvested and washed conidia
in a saline solution supplemented with 0.02% Tween 80 and
10 µl·ml−1 rifampicin to avoid bacterial infections and incubated
at 30◦C in the dark for up to 7 days.

Infection studies in a non-neutropenic murine model of
pulmonary aspergillosis were essentially carried out as described
(Bauer et al., 2019) in 6 week-old female ICR mice treated
with subcutaneous injections of 300 mg/kg cortisone acetate
3 days prior to infection, at the day of infection, and
every 3 days after. Infections were carried out by intranasal
instillation of 2 × 105 conidiospores suspended in 20 µl of
saline plus 0.02% Tween 20. For some cohorts infected with
the TetOFF:TrxR strain AfS227, doxycycline had been added
to the drinking water at 0.2% before and throughout the
period of infection.

Statistical analyses for comparison of survival curves
among cohorts of infected animals were performed using the
GraphPad Prism 6 software to be compared by the Log-rank
(Mantel-Cox) test.

Assessment of Growth and Minimal
Inhibiting Concentrations
Fungal growth was monitored on solid culture plates point
inoculated with 103 conidia and incubated at 37◦C for up to
4 days to follow radial extension of the hyphal mycelia. MICs
for ebselen and voriconazole and combinations thereof were
determined in a checkerboard approach following the EUCAST
protocol by scoring conidial germination over three days in
liquid RPMI cultures of a volume of 300 µl with inocula of
103 conidia.
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