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Fungi have evolved specific export activities to balance intracellular levels of the toxic ion fluoride, while 

the first-line antimycotic voriconazole contains fluorine. This study aimed to explore whether impaired 

fluoride export might result in altered susceptibilities of the human pathogenic mould Aspergillus fumi- 

gatus towards this antifungal compound. Functional characterization of the putative fluoride exporter in 

A. fumigatus was performed in the context of azole resistance by generating deletion strains that were 

assessed for their resistance against fluoride and voriconazole. The FexA fluoride exporter of A. fumigatus 

appears to be expressed constitutively, and targeting its encoding gene results in significantly increased 

sensitivity towards this halide. Impaired fluoride export correlates with increased susceptibility of an 

azole-resistant fexA � strain. These results demonstrate that the fexA -encoded gene product is the major 

fluoride export activity of A. fumigatus , and that voriconazole serves as a source of fluoride. However, 

these data do not support the application of voriconazole based on fluoride toxicity. 

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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. Introduction 

Infections by human pathogenic fungi pose a permanent threat,

ot only in endemic areas but also in distinct clinical settings [1] .

iven the eukaryotic nature of the infectious agent, validated tar-

ets for antifungal therapy are relatively rare, and established com-

ounds to treat fungal infections are limited, may have severe side

ffects, or might become ineffective due to emerging resistance

2–4] . The pharmaceutical pipeline of antifungal substances is

parsely filled, and considering timelines of target and drug evalu-

tion, there is an urgent need for the identification of novel strate-

ies in antifungal therapy [5] . Repurposing existing substances can

e a feasible approach, based on the exploitation of pre-established

ubstances that might exert a previously unexploited activity in a

ovel context or indication, shortening the drug development pro-

ess significantly [6] . In addition, using existing compounds in dif-

erent contexts or combining them with unrelated modes of action

ight open further avenues for the development of antifungal sub-
tances. 
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Fungi have evolved mechanisms to withstand the toxicity of

nvironmental compounds and ions by means of detoxification,

educed uptake or increased export. At high concentrations, the

biquitous and abundant halide ion fluoride interferes with the ba-

ic physiology of living organisms, and therefore intracellular levels

f this anion need to be carefully adjusted and maintained [7–9] .

s an antimicrobial agent, fluoride has been characterized to in-

ibit growth of several micro-organisms, including fungi. In many

ukaryotes, but not in mammals, resistance towards fluoride relies

n its export by conserved efflux pumps that constitute the FEX

 f luoride ex porter) family [10] . Functional characterization of the

EX -encoded proteins has been undertaken in the fungal model

rganisms Saccharomyces cerevisiae and Neurospora crassa , and in

he human commensal and opportunistic pathogen Candida albi-

ans , demonstrating a significant increase in fluoride sensitivity

f the corresponding deletion strains [7,10] . Furthermore, a posi-

ive effect of fluoride on antifungal compounds has been described

ased on synergies that interfere with the integrity of the cell

embrane [11] . Given that the first-line azole to treat aspergillo-

is voriconazole (VFend) contains fluorine which serves as a source

f fluoride [12] , this study investigated whether impaired fluo-

ide export might result in altered susceptibilities of the human

athogenic mould Aspergillus fumigatus towards this antifungal

ubstance. 
rved. 
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2. Materials and methods 

2.1. Strains and culture conditions 

Fungal strains were cultured at 37 °C in/on supplemented

nitrate-based minimal medium. Selection for the presence of the

chlorimuron-ethyl resistance marker was performed by adding 50

μg/mL of this compound. The absence of any influence of the re-

sistance marker on the response of A. fumigatus to fluoride was

tested and confirmed with independent isolates carrying the resis-

tance marker integrated ectopically (data not shown). 

2.2. Generation of recombinant fungal strains 

Recombinant plasmids harbouring replacement cassettes for

gene targeting were cloned following standard protocols. A de-

tailed description of plasmids and strains generated in the course

of this study is presented as online supplementary material, as are

protocols for nucleic acid manipulation. 

2.3. Expression analyses 

Protocols including primer sequences for transcript quantifica-

tion by quantitative real-time polymerase chain reaction are de-

scribed in the online supplementary material, accompanied by

specifics of protein expression analysis by Western blot hybridiza-

tion. 

2.4. Determination of minimum inhibitory concentrations 

For quantifications in liquid or on solid culture media, serial di-

lutions of the respective substance were prepared in 96-well plates

in volumes of 200 μL each and inoculated with 10 0 0 conidia of the

relevant A. fumigatus strains. After incubation at 37 °C for 24 h and

48 h, wells were inspected and scored for germination and fun-

gal growth. Minimum inhibitory concentrations (MICs) of antimy-

cotic substances on solid media were quantified using E-test strips

(bioMérieux, Marcy l’Etolie, France) placed on agar plates inocu-

lated with 10 6 freshly harvested spores of the strains in question.

MIC values for voriconazole in liquid culture were quantified in

Micronaut antimicrobial susceptibility testing microplates (Mer-

lin GmbH, Forchtenberg, Germany) in accordance with the EUCAST

protocol. 

3. Results 

Genome sequence analysis was used to search for the closest

orthologue of fungal FEX proteins in A. fumigatus , and the anno-

tated gene locus Afu2g16210 of 1.3 kb, accordingly named ‘ fexA ’,

was identified. The deduced protein sequence of 436 amino acids

with a calculated mass of 46.9 kDa shows significant similarity to

fungal FEX proteins, such as from S. cerevisiae (YOR390W: 26.7%

identity and 41.4% similarity; YPL279C: 26.7% identity and 41.2%

similarity), N. crassa (NCU06262: 48.7% identity, 59.1% similarity)

or C. albicans (CaO19.7095: 35.9% identity, 48.5% similarity). The

presumed FexA protein contains domains characteristic for eukary-

otic fluoride exporters, such as a tandem arrangement of Fluc/FEX

domains – formerly coined ‘CRCB domain’ (Pfam family PF02537)

– of 150 and 123 residues length, respectively, and each of these

comprising four transmembrane segments ( Fig. 1 A). Expression of

the fexA gene was investigated by monitoring transcript steady-

state levels after a shift to intermediate and high concentrations

of fluoride, which revealed constitutive transcription of the en-

coding locus ( Fig. 1 B and C). To check for any post-transcriptional

means of regulation, expression levels of an fexA allele in which

the gene product is tagged by the HA epitope were determined
 Fig. 1 D). While the membrane protein fraction isolated from

he untagged wild-type progenitor strain or its fexA � derivative

id not yield any distinct signal in Western blot analyses, two

ross-reacting proteins could be detected for the HA 3 ::FexA strain

ith an apparent molecular mass of approximately 50 kDa and 60

Da. While the former is likely to represent the HA-tagged fexA

ene product, the nature of the latter is elusive and might relate

o post-translational modification. Correlating with equimolar

reatment with sodium chloride as control, no fluoride-specific

egulation of FexA expression on the protein level was identified

 Fig. 1 D). However, decreased levels of the 50-kDa protein became

vident after prolonged incubation, independent from the absence

r presence of sodium chloride or fluoride, while the detected

rotein of higher mass was constitutively expressed, albeit at

lightly lower levels in comparison with earlier samples. 

In contrast to the bakers’ yeast, only one FEX domain-encoding

ene appears to present in A. fumigatus , making its product a

alid target for further investigations. In order to reveal its cellular

unction, the fexA gene was deleted in an non-homologous-end-

oining-deficient derivative of the clinical isolate ATCC 46645,

erving as a wild-type reference strain, by gene replacement

ith a selection marker conferring resistance to the sulfonylurea

hlorimuron-ethyl [13] , accompanied by generation of a recon-

tituted fexA 

+ isolate for comparison ( Fig. 2 A). Any influence of

he resistance gene on the response of A. fumigatus to fluoride

as tested and excluded with independent isolates carrying the

arker integrated ectopically (not shown). Phenotyping this set of

trains revealed no obvious deficiencies in growth or sporulation

n standard media, with the exception of significantly increased

ensitivity towards fluoride ions ( Fig. 2 B). Quantification of flu-

ride MICs revealed an approximately 100-fold reduction in F −

esistance on solid (MIC of 1 vs 100 mM) and 80-fold reduction

n liquid (0.4 vs 32.5 mM) growth medium for the fexA � deletion

train AfS197, which was completely reversed to wild-type levels

n the reconstituted strain AfS198. Sensitivity towards fluoride is

H dependent due to the formation of hydrofluoric acid which has

onsiderably higher membrane permeability [10,14] . Accordingly,

IC values were significantly lower at acidic pH for both the

ild-type and the fexA � strain, with a more pronounced effect

or the latter as indicated by an increase of the MIC ratio wild-

ype vs fexA � ( Fig. 2 C). Given the prominent phenotype of the

eletion strain, this identified the major fluoride exporting activity

xpressed by this human pathogenic mould. To test whether the

ignificant sensitivity of an fexA -deleted strain towards fluoride

ight be translated to increased susceptibility for the fluorine-

ontaining antimycotic voriconazole, the MIC values for this azole

n the deletant were determined in comparison with its wild-type

rogenitor. In the absence of additional fluoride, there was no sig-

ificant difference between the fexA � mutant and the wild-type

train as monitored by E-tests. However, the addition of 400 μM

aF resulted in increased sensitivity of the mutant strain towards

oriconazole ( Fig. 2 D). This effect was further elaborated by deter-

ining the fractional inhibitory concentration index (FICI) [15] for

imultaneous treatment of the fexA � mutant with increasing

evels of fluoride and voriconazole in a 9 × 7 chequerboard design

nd visual inspection after 48 h. When scoring hyphal growth

ccompanied by sporulation on culture medium containing F −

oncentrations in the range of 0.03125 to 2 mM and voriconazole

etween 0.0156 and 4 mM as established by serial two-fold dilu-

ions, halved MIC values became evident for each agent to result

n a calculated FICI of 1, which indicates no significant interaction

or the antifungal activities exerted by fluoride and voriconazole. 

Resistance towards azole antimycotics such as voriconazole is

ased on various molecular mechanisms [16] . The most prominent

echanism is mediated by overexpression of the target enzyme,

hich is predominantly achieved by mutations in the cyp51A
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Fig. 1. Aspergillus fumigatus expresses one single Fex orthologue, FexA. (A) The A. fumigatus fluoride exporter FexA contains two CRCB domains that are characteristic for 

FEX fluoride exporter proteins, as revealed by protein sequence alignment with the corresponding gene products of Saccharomyces cerevisiae (YOR390W and YPL279C), 

Neurospora crassa (NCU06262), Candida albicans (CaO19.7095) and Escherichia coli (CrcB). (B) Transcript levels determined after a shift of wild-type strain AfS77 to fresh 

culture medium containing sodium fluoride at intermediate (1 mM) and high (25 mM) concentrations and incubated for different time periods do not reveal regulation of 

fexA transcription. (C) Fluoride-independent transcription of fexA is supported by quantification of transcript levels from cultures in medium supplemented with various salts 

at 1 mM concentration. (D) Expression analysis of FexA shows no fluoride-specific regulation of FexA protein levels after a shift to intermediate (1 mM) and high (25 mM) 

concentrations of fluoride, as evidenced by Western blots derived from the fungal cell wall and membrane protein fraction using a functional fexA allele to tag the gene 

product with the HA epitope and a corresponding anti-HA antibody. Samples were loaded according to equal protein content due to the lack of a validated, constitutively 

expressed control protein. 
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ene in A. fumigatus . Several mutations in its promoter region

nd coding sequence have been identified in this respect, with

he promoter tandem repeat duplication TR34 combined with the

ingle nucleotide substitution that results in a leucine-to-histidine

xchange at position 98 (L98H) representing the most promi-

ent pan-azole resistance mechanism [17] . When comparing a

oriconazole-resistant A. fumigatus strain carrying the TR34/L98H

llele of the cyp51A gene [18,19] with its fexA -deleted counterpart,

 decrease in the voriconazole MIC became evident in E-tests

 Fig. 2 E), which could be supported by growth monitored for serial

0-fold dilutions of conidial suspensions as well as by suscep-

ibility tests using EUCAST-compliant Micronaut microtitration

lates at conidial densities of 2.5 ·10 6 /mL: the MIC of voriconazole

etermined for the cyp51A 

TR34/L98H strain was 2 mg/L, and this

educed to 1 mg/L for the cyp51A 

TR34/L98H ; fexA � strain. Inter-

stingly, this effect became diminished using less dense inocula
n the range of 10 5 /mL. Taken together, these data indicate that

he fluorine-containing molecule voriconazole exerts a growth

nhibitory effect in the absence of proper fluoride export, which

ecomes apparent when its actual mode of action (i.e. interference

ith ergosterol biosynthesis) is not functional. 

. Discussion 

This paper presents functional characterization of a fluoride ex-

orter from a human pathogenic mould in the context of antifun-

al therapy. In A. fumigatus , the fexA -encoded efflux pump appears

o be the major fluoride-transporting activity, although the possi-

ility of additional, less effective transport mechanisms cannot be

xcluded. Pathogenesis of aspergillosis strictly depends on growth

f the opportunistic pathogen, which needs to acquire nutrients,

nd macro- and micro-elements at the site of infection and during
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Fig. 2. Absence of fexA in Aspergillus fumigatus results in significant fluoride sensitivity that mitigates voriconazole resistance. (A) Schematic outline of the genomic situation 

for the fexA � and wild-type strain AfS198 and AfS77, respectively, accompanied by Southern hybridization analyses demonstrating successful deletion of fexA . (B) Growth 

analysis of fexA � on a sodium fluoride gradient reveals its increased sensitivity towards fluoride. (C) Fluoride sensitivity of fexA �, fexA + and wild-type strains increases at 

low pH (left panel), and this effect is significantly more pronounced for the fexA � deletant to result in an increase in the minimum inhibitory concentration (MIC) ratio 

monitored for the wild-type vs the mutant as presented in the table on the right. (D) The inhibitory effect of voriconazole on the fexA � strain increases in the presence 

of 400 μM fluoride when assessed by E-test (left), while the MIC of voriconazole in a resistant isolate deleted for fexA [ fexA �; cyp51A TR/L98H ] decreased from 8 to 6.25 mg/L 

compared with its [ fexA; cyp51A TR/L98H ] counterpart in this assay (E). This alleviation of voriconazole resistance is further evidenced in spot growth tests of serially diluted 

conidial suspensions in the presence of 1.5 mg/L voriconazole (VOR). 
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dissemination. In this respect, A. fumigatus as a prime saprobe

has proven to be versatile by mobilizing the growth substrate in

a highly efficient manner by extracellular hydrolytic activities and

transporters for uptake [20] . This dietary flexibility counteracts

the host’s nutritional immunity to some degree and contributes to

virulence. In line with this, A. fumigatus needs to secure efficient

efflux of toxic compounds and ions, including fluoride. The fact

that fluoride export appears to be mediated predominantly in A.

fumigatus by a single FEX protein, which is in contrast to the highly

redundant arsenal of nutrient uptake activities, underscores this

cellular activity as a potential target for antifungal therapy. This

is even more evident given the absence of orthologous exporters

in mammals [10] , while the majority of Aspergillus spp., with the

non-fumigatus pathogen A. terreus as a rare exception, appear to

encode an orthologue as deduced from BLAST analyses (authors’

unpublished results). However, the notion that fluoride has a

fungistatic effect on A. fumigatus conidia, as growth was resumed

after prolonged cultivation in the presence of fluoride at multi-fold

MIC (authors’ unpublished observation), limits its therapeutic po-

tential. Considering that numerous therapeutic substances contain

fluorine, the aspect of drug repositioning might become of interest
n the context of impaired fluoride export. This study has taken

he first step in that direction by testing voriconazole, a first-line

ntimycotic containing three fluorine atoms. In line with the di-

ergent concentration ranges, no significant effect on voriconazole

ensitivity of an fexA � deletant strain became evident. Introducing

 widespread resistance allele of the target-encoding cyp51A gene

evealed an increase in sensitivity, demonstrating that the catabo-

ized azole could serve as a source of fluoride. This is in line with

linical observations of fluorosis under long-term voriconazole

reatment [12] . However, due to the different concentration ranges

f fluoride and voriconazole that would interfere with fungal

rowth, the study data do not support antimycotic application

f voriconazole based on fluoride toxicity given the mild effect

etected upon limiting efflux of this halide. For the mucorales,

nother relevant group of human pathogenic fungi, alignment

f the FexA sequence with the annotated genomes of Mucor

pp., Rhizopus spp. and Lichtheimia spp. revealed the presence of

educed orthologues in several species (data not shown). Given

hat these moulds are considered to be voriconazole resistant, in-

erfering with fluoride export might be an approach to extend the

ction spectrum of this fluorine-containing compound. Combining
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[  
mpaired fluoride export with fluorine-containing drugs has been

uggested previously for antimicrobial therapy [10] , but given the

ather high MIC of fluoride for fungi, it seems unlikely that this

ill provide a solution to bolstering the antifungal pipeline. 

cknowledgements 

The authors wish to thank Michaela Dümig for excellent tech-

ical assistance, and all other members of the department for

upport. The authors also wish to thank Oliver Bader (Institute

or Medical Microbiology, University Medical Center Göttingen,

ermany) and Emilia Mellado (Servicio de Micologia, Centro Na-

ional de Microbiologia, Instituto de Salud Carlos III, Majadahonda,

adrid, Spain) for providing the voriconazole-resistant A. fumiga-

us isolate CR019, and Volker Rickerts (Robert Koch Institute, Berlin,

ermany) for providing the Micronaut microplates. 

unding 

This work was financially supported by the German Research

oundation (KR 2294/3-1), the Microbiology Institute at the Uni-

ersity Hospital of Erlangen, the University of Erlangen-Nürnberg

ELAN-12-08-17-1), and the German Federal Ministry of Education

nd Research (FKZ 031A408A). 

ompeting interests 

None declared. 

thical approval 

Not required. 

upplementary materials 

Supplementary material associated with this article can be

ound, in the online version, at doi: 10.1016/j.ijantimicag.2019.02.

03 . 

eferences 

[1] Brown GD , Denning DW , Gow NA , Levitz SM , Netea MG , White TC . Hidden
killers: human fungal infections. Sci Transl Med 2012;4:165rv13 . 
[2] Denning DW , Hope WW . Therapy for fungal diseases: opportunities and prior-
ities. Trends Microbiol 2010;18:195–204 . 

[3] Kathiravan MK , Salake AB , Chothe AS , Dudhe PB , Watode RP , Mukta MS ,
et al. The biology and chemistry of antifungal agents: a review. Bioorg Med

Chem 2012;20:5678–98 . 
[4] Nett JE , Andes DR . Antifungal agents: spectrum of activity, pharmacology, and

clinical indications. Infect Dis Clin N Am 2016;30:51–83 . 
[5] Denning DW , Bromley MJ . Infectious disease: how to bolster the antifungal

pipeline. Science 2015;347:1414–16 . 

[6] Imperi F , Massai F , Facchini M , Frangipani E , Visaggio D , Leoni L , et al. Repur-
posing the antimycotic drug flucytosine for suppression of Pseudomonas aerug-

inosa pathogenicity. Proc Natl Acad Sci USA 2013;110:7458–63 . 
[7] Smith KD , Gordon PB , Rivetta A , Allen KE , Berbasova T , Slayman C , et al. Yeast

Fex1p is a constitutively expressed fluoride channel with functional asymme-
try of its two homologous domains. J Biol Chem 2015;290:19874–87 . 

[8] Stockbridge RB , Kolmakova-Partensky L , Shane T , Koide A , Koide S , Miller C ,

et al. Crystal structures of a double-barrelled fluoride ion channel. Nature
2015;525:548–51 . 

[9] Stockbridge RB , Robertson JL , Kolmakova-Partensky L , Miller C . A fam-
ily of fluoride-specific ion channels with dual-topology architecture. Elife

2013;2:e01084 . 
[10] Li S , Smith KD , Davis JH , Gordon PB , Breaker RR , Strobel SA . Eukaryotic resis-

tance to fluoride toxicity mediated by a widespread family of fluoride export

proteins. Proc Natl Acad Sci USA 2013;110:19018–23 . 
[11] Li S , Breaker RR . Fluoride enhances the activity of fungicides that destabilize

cell membranes. Bioorg Med Chem Lett 2012;22:3317–22 . 
[12] Gerber B , Guggenberger R , Fasler D , Nair G , Manz MG , Stussi G , et al. Re-

versible skeletal disease and high fluoride serum levels in hematologic patients
receiving voriconazole. Blood 2012;120:2390–4 . 

[13] Valent B , Chumley FG . Molecular genetic analysis of the rice blast fungus, Mag-

naporthe grisea . Annu Rev Phytopathol 1991;29:443–67 . 
[14] Ji C , Stockbridge RB , Miller C . Bacterial fluoride resistance, Fluc channels, and

the weak acid accumulation effect. J Gen Physiol 2014;144:257–61 . 
[15] Berenbaum MC . A method for testing for synergy with any number of agents.

J Infect Dis 1978;137:122–30 . 
[16] Sharma C , Chowdhary A . Molecular bases of antifungal resistance in filamen-

tous fungi. Int J Antimicrob Agents 2017;50:607–16 . 

[17] Chowdhary A , Kathuria S , Xu J , Meis JF . Emergence of azole-resistant As-
pergillus fumigatus strains due to agricultural azole use creates an increasing

threat to human health. PLoS Pathog 2013;9:e1003633 . 
[18] Camps SM , Rijs AJ , Klaassen CH , Meis JF , O’Gorman CM , Dyer PS , et al. Molec-

ular epidemiology of Aspergillus fumigatus isolates harboring the TR34/L98H
azole resistance mechanism. J Clin Microbiol 2012;50:2674–80 . 

[19] Mellado E , Garcia-Effron G , Alcazar-Fuoli L , Melchers WJ , Verweij PE , Cuen-

ca-Estrella M , et al. A new Aspergillus fumigatus resistance mechanism confer-
ring in vitro cross-resistance to azole antifungals involves a combination of

cyp51A alterations. Antimicrob Agents Chemother 2007;51:1897–904 . 
20] Amich J , Krappmann S . Deciphering metabolic traits of the fungal pathogen

Aspergillus fumigatus : redundancy vs. essentiality. Front Microbiol 2012;3:414 . 

https://doi.org/10.1016/j.ijantimicag.2019.02.003
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30026-3/sbref0020

	Impairing fluoride export of Aspergillus fumigatus mitigates its voriconazole resistance
	1 Introduction
	2 Materials and methods
	2.1 Strains and culture conditions
	2.2 Generation of recombinant fungal strains
	2.3 Expression analyses
	2.4 Determination of minimum inhibitory concentrations

	3 Results
	4 Discussion
	Acknowledgements
	Funding
	Competing interests
	Ethical approval
	Supplementary materials
	References


