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Abstract 

The polyene antimycotic amphotericin B (AmB) and its liposomal formulation AmBisome belong to the treatment options of invasive 
aspergillosis caused by Aspergillus fumigatus . Increasing resistance to AmB in clinical isolates of Aspergillus species is a growing con- 
cern, but mechanisms of AmB resistance remain unclear. In this study, we conducted a proteomic analysis of A. fumigatus exposed 

to sublethal concentrations of AmB and AmBisome. Both antifungals induced significantly increased levels of proteins involved in 

ar omatic acid meta bolism, tr ansmembr ane tr ansport, and secondar y meta bolite biosynthesis. One of the most upr egulated pr oteins 
was RtaA, a member of the RTA-like protein family, which includes conserved fungal membrane proteins with putative functions as 
transporters or translocases. Accordingly, we found that RtaA is mainly located in the cytoplasmic membrane and to a minor extent 
in v acuolar-like structur es. Deletion of rtaA led to incr eased pol yene sensiti vity and its ov er expr ession r esulted in modest r esistance. 
Inter estingl y, rtaA expr ession w as onl y induced by exposur e to the pol yenes AmB and n ystatin, but not b y itraconazole and caspofun- 
gin. Orthologues of rtaA were also induced by AmB exposure in A. lentulus and A. terreus . Deletion of rtaA did not significantly change 
the ergosterol content of A. fumigatus , but decreased fluorescence intensity of the sterol-binding stain filipin. This suggests that RtaA 

is inv olv ed in ster ol and lipid tr affic king, possib l y by transporting the tar get er goster ol to or fr om lipid dr oplets. These findings r ev eal 
the contribution of RtaA to polyene resistance in A. fumigatus , and thus provide a new putative target for antifungal drug development. 

Ke yw ords: Aspergillus fumigatus ; drug resistance; proteomics; antifungals; membrane protein; amphotericin B 
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Introduction 

Human health is seriousl y thr eatened by fungal infections . T hese 
eukaryotic pathogens kill about 2.5 million people per year and 

infect billions of people globall y, r anking on par with w ell-kno wn 

bacterial or protozoan pathogens like those that cause tubercu- 
losis or malaria (Brown et al. 2012 , Denning 2024 ). Fungal infec- 
tions are notoriously challenging to treat. Amphotericin B (AmB),
a pol yene macr olide antibiotic initiall y isolated fr om the soil bac- 
terium Streptomyces nodosus , has been the pr eferr ed antifungal 
medication for treating various systemic mycotic infections over 
the past six decades (Carolus et al. 2020 ). The drug is adminis- 
ter ed intr av enousl y, either as a conv entional form complexed to 
sodium deoxycholate or as a liposomal formulation called AmBi- 
Recei v ed 20 June 2024; revised 19 November 2024; accepted 4 December 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
ome, which enhances its solubility and availability. AmB exerts 
ts antifungal activity by binding to er goster ol, a k e y component of
ungal cell membr anes, whic h leads to por e formation, er goster ol
equestr ation, and ultimatel y cell death due to o xidati v e str ess
nd loss of membrane integrity (Cavassin et al. 2021 ). Compared
o other antifungal agents, AmB has demonstrated lo w er rates of
esistance due to its fungicidal properties and its ability to tar-
et er goster ol, a metabolic pr oduct, r ather than specific enzymes
nvolved in its biosynthesis (Goncalves et al. 2016 , Carolus et al.
020 ). The de v elopment of r esistance to AmB often incurs a sig-
ificant cost to fungal fitness, as seen in pr e vious studies (Vin-
ent et al. 2013 ). The most frequent cause of acquir ed AmB r e-
istance is alterations in the sterol composition of the fungal cell
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embr ane, whic h r esults in the loss of the drug tar get er goster ol.
n Candida species, resistance has been linked to genetic muta-
ions in enzymes involved in er goster ol biosynthesis (Martel et al.
010 , Vincent et al. 2013 , Ahmad et al. 2019 ). 

AmB and AmBisome are widely used for empirical and salv a ge
r eatment of inv asiv e pulmonary asper gillosis (IPA), one of the

ost se v er e fungal infections, with mortality r ates that can r eac h
p to 90% (Arastehfar et al. 2021 ). IPA is predominantly caused by

nhalation of Aspergillus fumigatus spores (conidia), a saprophytic
old commonly found in the environment. In immunocompro-
ised individuals, inhaled conidia can germinate and cause fa-

al inv asiv e disease. Despite r ecent r eports indicating high r esis-
ance rates in clinical isolates of Aspergillus species ( A. terreus , A.
avus , A. niger , A. lentulus , and A. fumigatus ), the mechanisms of
mB resistance in Aspergilli are not well understood, raising con-
erns about the efficacy of AmB as a ther a peutic option for IPA
Ashu et al. 2018 , Reichert-Lima et al. 2018 , Imbert et al. 2020 ,
akhim et al. 2022 ). Ther efor e, understanding the mec hanisms of
mB resistance in A. fumigatus is a pressing need to enable the
reation of novel resistance-evading treatment approaches. How-
 v er, r esearc h on this issue has been limited. Manavathu et al.
 1998 ) generated A. fumigatus AmB-resistant isolates by UV irra-
iation but did not identify the responsible genetic drivers. Fu-
ukawa et al. ( 2020 ) r ecentl y demonstr ated that deletion of the
egative cofactor 2 transcriptional regulators encoded by nctA and
ctB leads to AmB resistance, but the underlying mechanisms are
ot fully understood. Gautam et al. ( 2008 ) used a transcriptomic
nd 2D gel-based proteomic approach to identify differentially ex-
ressed genes and proteins, respectively, in A. fumigatus following
4 h exposure to AmB. Ho w ever, the obtained findings, such as an
ncr ease of er goster ol biosynthetic enzymes, wer e not further ex-
mined for their potential to confer resistance. 

To address this kno wledge gap, w e emplo y ed advanced ana-
ytical tools to investigate the proteomic response of A. fumiga-
us to both AmB and AmBisome, since we were also interested in
hether the drug formulation affects the proteomic response. We

hen emplo y ed genetic and molecular methods to examine the
ost str ongl y ele v ated pr oteins. Our a ppr oac h led to the identi-

cation of a novel resistance gene, Afu3g12830 ( rtaA ), encoding
 member of the RTA-like protein family putatively belonging to
ungal lipid-translocating exporter proteins (Manente and Ghis-
ain 2009 ). Our findings r e v eal that this gene plays a hitherto un-
nown role in generating AmB resistance , pro viding a new target
or future antifungal drug development and shedding new light
n a protein family that has hardly been studied in filamentous
ungi. 

aterials and methods 

trains and growth conditions 

spergillus fumigatus strains w ere gro wn on Yeast Extract (YAG)
olid medium [0.5% (w/v) yeast extract, 1% (w/v) dextrose, 0.01 M
gSO 4 , trace elements solution, vitamin mix, 1.5% (w/v) agar]

r solid Aspergillus minimal medium (AMM), for 48–72 h at
7 ◦C. Conidia wer e harv ested after 72 h in 0.02% (v/v) Tween
0 in water, then resuspended in double distilled water (DDW),
nd counted with a hemocytometer. Minimal inhibitory con-
entr ations (MICs) wer e determined by CLSI M38-A2 broth mi-
rodilution methodology in Roswell Park Memorial Institute-3-
N-Mor pholino)pr opansulfonsäur e (RPMI–MOPS) br oth [10% (v/v)
PMI × 10, 3.45% (w/v) MOPS], or in AMM (Br akha ge and Van den
rulle 1995 ). Spot assays were performed on AMM or RPMI–MOPS
 gar plates. Tr ansformation of A. fumigatus pr otoplasts was per-
ormed on Yeast extract Peptone Glucose Sacc har ose (YPGS) a gar
lates using hygromycin B selection [2% (w/v) yeast extract, 0.5%

w/v) peptone, 2% (w/v) d -glucose, 1 M sucrose, 1.5% (w/v) agar
or plates or 0.7% (w/v) for top agar, 200 μg/ml hygromycin B, and
H = 6]. 0.5% (w/v) xylose (Sigma-Aldric h, Rehovot, Isr ael) was
dded to MIC and spot experiments to induce the ov er expr ession
f rtaA in the RtaA 

PXylP and 1% (w/v) xylose (AppliChem, Darm-
tadt, Germany) to induce the overexpression of rtaA - gfp in the
taA-GFP PXylP strain. The A. fumigatus strains used in this study
ere all constructed in strain �KU80 (da Silva Ferreira et al. 2006 ),
er e r eferr ed to as wild type (WT). Str ains ar e listed in Tables S1
nd S2 , and their construction and verification are displayed in
ables S3 and S4 , and Figs S1 –S3 . 

The A. terreus strains 2023–0030, with low AmB MIC and 2023–
134 with high AmB MIC wer e gr own on solid AMM for 72 h at
7 ◦C. Aspergillus lentulus strains 2018–031 and 2019–599 with low
r high AmB MIC were grown on solid AMM for 7 days at 37 ◦C. All
tr ains wer e pr ovided by the NRZMyk (National Refer ence Cen-
re for Invasive Fungal Infections , J ena, Germany) and MIC values
ere tested and are listed in Table S2 . Conidia from all A. terreus
nd A. lentulus str ains wer e harv ested as described abov e. For ex-
r ession anal ysis, A. terreus str ains wer e gr own in liquid AMM for
0 h and A. lentulus strains were grown for 24 h in liquid AMM. 

Scattering-based gr owth curv es wer e measur ed using the Cell
rowth Quantifier (CGQ; Aquila Biolabs , Baes weiler, Germany) in
rder to identify concentrations of AmB and AmBisome, which did
ot lead to a total gr owth arr est, but significantl y inhibited gr owth.
cattering was measured continuously by the CGQ and the cells
er e tr eated with compounds, or solv ent for contr ols, at 20 h of

r owth. Gr owth measur ements wer e continued until the cultur e
 eac hed the stationary growth phase. 

roteomic analysis 

ungal mycelium was harvested by filtration with miracloth
Merc k Millipor e, Darmstadt, German y), washed with ultr a pur e
ater, frozen in liquid N 2 and disrupted by grinding with mortar
nd pestle. Protein was extracted from the ground mycelium by
ixing and sonication in lysis buffer [1% (w/v) SDS, 150 mM NaCl,

00 mM TEAB with cOmplete Ultr a Pr otease Inhibitor Coc ktail and
hosSTOP (one tablet per 10 ml, Roche Diagnostics, Mannheim,
ermany) and 0.33 U/ μl Benzonase (Nov a gen, Merc k, Darmstadt,
ermany)] for 30 min at 37 ◦C. Cell debris was r emov ed by centrifu-
ation at 14 000 × g for 15 min at 4 ◦C. The pr otein concentr ation of
he supernatant was determined using the Direct Detect System
Merc k Millipor e). 100 μg of pr otein in 100 μl of l ysis buffer wer e
educed with 2 μl of 500 mM TCEP in 100 mM TEAB for 1 h at 55 ◦C
nd alkylated with 2 μl alkylation buffer (625 mM iodoacetamide
n 100 mM TEAB) for 30 min at r oom temper atur e (RT) in the
ark. Pr otein samples wer e further purified by MeOH–c hlor oform–
ater precipitation using the protocol of Wessel and Flügge ( 1984 ).
ried protein pellets were solubilized in 100 mM TEAB and subse-
uently digested with 4 μg Trypsin/LysC protease mix (Promega,
alldorf, Germany) for 18 h at 37 ◦C. Peptides were resolubilized in

.05% trifluoroacetic acid (TFA)/2% acetonitrile (ACN) in water, fil-
er ed thr ough a 10-kDa molecular weight cut-off spin filter (PTFE;
erc k Millipor e) and stor ed at −20 ◦C until anal ysis. 
Tryptic peptides wer e anal ysed on an UltiMate 3000 RSLCnano

ystem with a QExactive HF mass spectrometer (Thermo Fisher
cientific, Waltham, MA, USA). The peptides were trapped on an
cclaim Pep Map 100 column (2 cm × 75 μm, 3 μm; Thermo Fisher
cientific) for 4 min with a flow rate of 5 μl/min and separated on

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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an Acclaim Pep Map RSLC nano column (50 cm × 75 μm, 2 μm; 
Thermo Fisher Scientific). Mobile phase gradient elution was per- 
formed as follows, with solvent A consisting of 0.1% (v/v) formic 
acid in water and solvent B of 0.1% (v/v) formic acid in 90:10 ace- 
tonitrile/water: 0 −5 min at 4% B, 20 min at 7% B, 60 min at 10% 

B, 100 min at 15% B, 140 min at 25% B, 180 min at 45% B, 200 min 

at 65% B, 210 −215 min at 96% B, and 215.1 −240 min at 4% B. A 

Nanospray Flex Ion Source (Thermo Fisher Scientific) with a stain- 
less steel emitter with 2.2 kV spr ay volta ge was used to generate 
positiv el y c har ged ions . T he ions wer e measur ed in Full MS/data- 
dependent MS2 (Top 15) mode. Precursor ions were scanned at m/z 
300–1500 at a resolution of up to 120 000 full width at half max- 
imum (FWHM), with a maximal injection time of 120 ms and an 

AGC target of 3 × 10 6 . Precursor ions with a charge state of z = 2–5 
wer e filter ed at an isolation width of m/z 1.6 am u and fr a gment 
ions were generated using N 2 in the higher-energy C-trap dissoci- 
ation cell at 30% normalized collision ener gy. Fr a gment ions wer e 
scanned in a data-dependent manner with a dynamic exclusion 

of 30 s at 15 000 FWHM and an automated gain control target of 
2 × 10 5 ; with a maximal injection time of 120 ms. A fixed first mass 
of m/z 120 amu was used. 

MS/MS data were searched against the A. fumigatus Af293 
genome of the Aspergillus Genome Database using Proteome Dis- 
cov er er (PD) 2.2 and the algorithms of Mascot 2.4.1, Sequest 
HT (PD2.2 version), and MS Amanda 2.0. Two missed cleav a ges 
w ere allo w ed for tryptic peptides, the precursor mass tolerance 
was set to 10 ppm, and the fr a gment mass tolerance was set 
to 0.02 Da. The dynamic modification was oxidation of Met and 

acetylation of the N-terminus; static modification was cysteine 
carbamidomethylation. At least two peptides per protein and a 
strict target false discovery rate (FDR) of < 1% were required for 
positiv e pr otein hits. Label-fr ee pr otein quantification was based 

on the Minora algorithm of PD2.2 using a signal-to-noise ratio > 5.
Normalization was performed by using the total peptide amount 
method. 

Positiv e pr otein hits identified in at least two out of thr ee biolog- 
ical replicates of an experiment were further analysed. Proteins 
with altered abundances in AmB- or AmBisome-treated versus 
untr eated cultur es wer e compar ed using Inter actiVenn (Heberle 
et al. 2015 ). Functional annotation assignment, gene ontology 
(GO) categorization and enric hment anal ysis of identified proteins 
were conducted in FungiFun 2.2.8 BETA (Priebe et al. 2015 ). Vol- 
cano plots were created with the aid of the web app VolcaNoseR 

(Goedhart and Luijsterburg 2020 ). 
For the comparison of the proteome of the WT (CEA17 

�akuB KU80 ) with the �rtaA str ain, the pr otocol was modified in the 
follo wing w ay: 

Sample pr epar ation was performed as mentioned abov e, ex- 
cept cysteine thiols wer e r educed and carbamidomethylated in 

one step for 30 min at 70 ◦C by addition of each 2 μl of 500 mM TCEP 
[tris(2-carboxyethyl)phosphine] and 625 mM 2-c hlor oacetamide 
per 100 μg of total protein in 100 μl. Liquid c hr omatogr a phy tan- 
dem mass spectometry (LC–MS/MS) analysis was performed on 

an UltiMate 3000 RSLCnano system connected to a Orbitr a p Ex- 
ploris 480 mass spectrometer (both Thermo Fisher Scientific) with 

FAIMS. Peptide tr a pping for 5 min on an Acclaim Pep Map 100 col- 
umn (2 cm × 75 μm, 3 μm) at 5 μl/min was followed by separation 

on an μPACneo 110 column. Mobile phase gradient elution of elu- 
ent A [0.1% (v/v) formic acid in water] mixed with eluent B [0.1% 

(v/v) formic acid in 90/10 acetonitrile/water] was performed using 
the following gradient: 0 min at 4% B and 750 nl/min, 10 min at 
6.5% B and 750 nl/min, 12 min at 7% B and 300 nl/min, 85 min at 
25% B and 300 nl/min, 130 min at 50% B and 300 nl/min, 135 min 
t 96% B and 300 nl/min, 138–140 min at 96% B and 750 nl/min,
nd 140.1–150 min at 4% B and 750 nl/min. Positiv el y c har ged ions
er e gener ated at spr ay volta ge of 2.2 kV using a stainless steel
mitter attached to the Nanospray Flex Ion Source (Thermo Fisher
cientific). The quadrupole/orbitr a p instrument was oper ated in
ull MS/data-dependent MS2 mode. Precursor ions were moni- 
ored at m/z 300–1100 at a resolution of 120 000 FWHM using a

aximum injection time (ITmax) of 50 ms and 300% normalized
utomatic gain control (AGC) target. Precursor ions with a charge
tate of z = 2–5 wer e filter ed at an isolation width of m/z 4.0 amu
or further fr a gmentation at 28% HCD collision energy. MS2 ions
ere scanned at 15 000 FWHM (ITmax = 40 ms, AGC = 200%). Each

ample was measured in triplicate with a different compensation 

oltage ( −42, −57, and −72 V). 
Tandem mass spectr a wer e searc hed a gainst the

niProt pan proteome database of A. fumigatus 
 https://ftp.unipr ot.or g/pub/databases/unipr ot/curr ent_r elease/ 
nowledgebase/pan_proteomes/UP000002530.fasta.gz; 
024/07/04, YYYY/MM/DD) using PD 3.1 (Thermo) and the 
atabase search algorithms (threshold search engine scores in 

arenthesis) Mascot 2.8 ( > 30), Comet ( > 3), MS Amanda 3.0 ( > 300),
equest HT ( > 3) with Precursor Detector node with and without
NFERYS Rescoring, and Chimerys ( > 2). Two missed cleav a ges
 ere allo w ed for the tryptic digestion. The precursor mass

olerance was set to 10 ppm and the fr a gment mass toler ance
as set to 0.02 Da. Modifications were defined as dynamic Met
xidation, phosphorylation of Ser, Thr, and Tyr, protein N-term 

cetylation with and without Met-loss as well as static Cys car-
amidomethylation. A strict FDR < 1% (peptide and pr otein le v el)
as r equir ed for positiv e pr otein hits . T he P er colator node of PD
.1 and a r e v erse decoy database was used for q -value validation
f spectr al matc hes. Onl y r ank 1 pr oteins and peptides of the top
cor ed pr oteins wer e counted. Label-fr ee pr otein quantification
as based on the Minora algorithm of PD 3.1 using the precursor
bundance based on intensity and a signal-to-noise ratio > 5.
ormalization was performed by using the total protein amount 
ethod. Imputation of missing quan values was applied by using

bundance values of 75% of the lo w est abundance identified per
ample. Differ ential pr otein abundance was defined as a fold
hange of > 2, P -value/ABS(log4ratio) < .05 ( P -value/log4ratio) and
t least identified in two of three replicates of the sample group
ith the highest abundance. Statistics and data visualization 

ere performed with R 4.4.0 and RStudio 2024.04.0. 

ntifungal susceptibility testing: determination 

f MICs 

ICs were determined by the CLSI M38-A2 broth microdilution 

ethodology of the CaLS Institute ( 2008 ). Briefly, stock solutions
f either voriconazole (VRZ), AmB, liposomal amphotericin B (Am- 
isome), or menadione (Mnd) were obtained fr om Sigma-Aldric h.
mB, Mnd, and VRZ wer e dissolv ed in dimethyl sulfoxide. AmBi-
ome was dissolved in sterile water. The antifungal agents were 
ested over a range of final concentrations (0.015–8 μg/ml for AmB,
RZ, and AmBisome, 0.39–200 μg/ml for MnD). MICs were defined
s the lo w est concentr ation of eac h tr eatment completel y inhibit-
ng fungal growth (observed by light microscopy). 

pot assay 

r eshl y harv ested conidia wer e seriall y diluted in DDW to concen-
rations of 10 7 , 10 6 , 10 5 , and 10 4 /ml. 10 μl of conidial dilutions were
potted on AMM or RPMI–MOPS agar plates (with/without xylose 
her e r equir ed) in the presence of the specified stress-inducing

https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/pan_proteomes/UP000002530.fasta.gz;
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 gents as indicated. Thermotoler ance was tested at 50 ◦C and hy-
oxic conditions were established at 0.2% (v/v) O 2 and 5% (v/v)
O 2 in an H35 Hypoxystation (Don Whitley Scientific, Bingley, UK).
ro wth w as documented after incubation for 48 or 60 h at 37 ◦C
epending on the growth rate. 

rgosterol and sphingolipid analysis by LC–TQ 

r goster ol was separ ated using the Pr ominence high performance
iquid c hr omatogr a phy system consisting of the contr oller CBM-
0A, autosampler SIL-20AC, column o ven CT O-20A, pump LC-
0AD, and degasser LC-20A5R (Shimadzu, Duisburg, Germany).
ollected biomass was inactivated in 2 ml HCCl 3 . After addition
f 1 ml H 2 O, 1 ml methanol and 10 μl 10 mM c holester ol as inter-
al standard (Merck KGaA, Darmstadt, Germany), samples were
ixed in a multitube vortexer (VWR, Darmstadt, Germany) for

0 min and subsequently centrifuged for 5 min at 3000 × g . The
o w er HCCl 3 phase was tr ansferr ed into a new glass centrifuge
ube . T he extraction was repeated with additional 2 ml HCCl 3 . The
ombined HCCl 3 phases were evaporated and redissolved in 1 ml
CCl 3 /methanol [1:4 (v/v)]. Triplicates of 10 μl portions were di-

uted to a final volume of 100 μl in sample vials. 10 μl were ap-
lied on a MultoHigh 100 RP18-3 60 × 2 mm column (CS Chro-
atogr a phie Service GmbH, Langerwehe, German y) maintained

t 35 ◦C. The column was equilibrated with 90% of a 1% aque-
us formic acid solution and 10% (v/v) methanol at a flow rate of
00 μl/min. The eluent changed to 100% methanol after injection.
he flow rate gradually increased to 800 μl/min between 3 and
 min. Mass spectrometric determination of ergosterol (m/z 379
 69) and the internal standard c holester ol (m/z 369 > 161) was
erformed using the QTr a p triple quadrupole mass spectrometer

Sciex, Darmstadt, Germany) run in the multiple reaction mon-
toring mode using positive atmospheric pressure chemical ion-
zation at 450 ◦C. Data analysis was performed using Analyst 1.6.3
Sciex). Sphingolipid metabolites were determined as described in
ode and Gräler ( 2012 ). 

ouse model of IPA 

ix-week-old ICR female mice were supplied by Envigo (Indi-
na polis, IN, USA). Mice wer e imm unocompr omised b y tw o sub-
utaneous injections with 300 mg/kg cortisone acetate (CA), given
 days before infection, and on the day of infection (CA model) or
njected subcutaneously with cyclophosphamide (CP; 150 mg/kg)
nd CA (150 mg/kg) 3 days prior to infection, and with CP
150 mg/kg) on the day of infection, 3- and 6-days postinfection
CP model). Mice were housed in sterile cages with sterile bedding
nd provided with sterile feed and drinking water. The mice were
naesthetized by intr a peritoneal injection with 100/10 mg/kg ke-
amine + xylazine and infected intr anasall y with 5 × 10 5 conidia
f WT, rtaA 

C , and �rtaA strains, suspended in 20 μl of 0.2% (v/v)
ween 20 in saline solution [0.9% (w/v) NaCl]. Endpoints for sac-
ifice were defined by a drop of > 15% in body weight and/or signs
f acute distress. Mice were monitored for 28 da ys . T he study was
arried out in accordance with the recommendations of the Min-
stry of Health (MOH) Animal Welfar e Committee, Isr ael. The pr o-
ocol was a ppr ov ed by the MOH Animal Welfare Committee, Israel
protocol number MOH 01–17-035). 

C–MS/MS analysis of natural products 

xtraction and detection of natural products were carried out as
escribed pr e viousl y (Str oe et al. 2020 ). Identification of fumicy-
lines (also r eferr ed to as neosartoricins) was ac hie v ed by com-
arison with the authentic r efer ence neosartoricin (Biomol, Ham-
ur g, German y). 

luorescence microscopy 

or fluor escence micr oscopy of filipin and Nile red-stained hy-
hae, ibidi channel slides (ibidi GmbH, Gräfelfing, Germany) were

noculated with 1 × 10 4 conidia in AMM in the presence or absence
f 0.04 or 0.08 μg/ml AmB and incubated overnight at 37 ◦C in a
O 2 incubator. On the next day, the mycelium was fixed for 20 min
t room temperature with 3.7% (v/v) formaldehyde/phosphate-
uffered saline (PBS) follo w ed b y a w ashing step. Afterw ar ds the
amples were stained with 50 μg/ml of the sterol stain filipin-III
Sigma-Aldric h, Taufkirc hen, German y) and 10 μg/ml of the flu-
rogenic lipid dye Nile red (Sigma-Aldrich) for 10 min at room
emper atur e. After a final washing step, the slides were analysed
sing a Zeiss LSM 780 confocal laser scanning microscope (Carl
eiss GmbH, Jena, Germany) and evaluated by a bioinformatic
eep learning (DL) a ppr oac h as described in the following. 

A DL-based a ppr oac h has been emplo y ed to identify A. fumi-
atus hyphae using transmitted light (TL) images. To train the DL
etwork, 3D images of A. fumigatus WT hyphae labelled with Con-
anav alin A-FITC wer e gener ated using a Zeiss LSM 780 confocal
aser scanning microscope (Carl Zeiss GmbH). In parallel, A. fumi-
atus was visualized via TL bright field micr oscopy. Ima ges wer e
cquired as z-stacks with a bit depth of 16. Each image covered an
rea of 224.92 μm 

2 × 224.92 μm 

2 at a pixel resolution of 0.109 μm
0.109 μm. Since the r equir ed number of z-layers of the stacks de-

ended on the vertical growth of the hyphae, eac h stac k consisted
f the proper number of slices to cover the entire structure, result-
ng in ∼13–46 slices per z-stack with 0.75 μm axial slice distance.
n total, 16 z-stacks of WT samples wer e pr ovided for tr aining the
L model. 
For the intensity-based anal ysis, 2D ima ges of Nile red-stained

ntracellular lipid vesicles and filipin-stained ergosterol were
ecorded alongside the TL images . T hree to five images were ac-
uir ed per sample, eac h originating fr om separ ate , nono v erla p-
ing regions of the sample . T he dimensions of each image were
24.92 μm 

2 × 224.92 μm 

2 , capturing details at a resolution of 0.219
m × 0.219 μm. 

The software Huygens Professional (SVI, Hilversum, Holland)
as used to correct for chromatic aberration in the 3D images,
ith an estimated aberration value of zero (for more details about

he DL a ppr oac h see the Supplementary material and below). 
For microscopy analysis of the RtaA-GFP PXylP strain, 8-well

 hamber μ-slides (ibidi GmbH) wer e inoculated with 1 × 10 3 A.
umigatus conidia in AMM containing 1% (w/v) xylose in the pres-
nce or absence of 0.04 μg/ml AmB and incubated overnight at
7 ◦C in ambient air. After incubation, the mycelium was either
tained with 10 μg/ml Nile r ed (Sigma-Aldric h) for 10 min at room
emper atur e or with 5 μg/ml FM 4–64 (Thermo Fisher Scientific,
r eieic h, German y) for 10 min on ice . T he stained slides were anal-
sed on a Zeiss LSM 780 confocal laser scanning microscope (Carl
eiss GmbH). 

ucleic acid hybridization 

ene deletion of rtaA as well as green fluorescent protein (GFP)
nd xylose-pr omoter integr ation of RtaA-GFP PXylP was v erified by
outhern hybridization. Briefly, genomic DNA of A. fumigatus was
xtr acted fr om gr ound mycelium using the MasterPur e Com-
lete DNA and RNA purification Kit (Lucigen, LGC group, Ted-
ington, UK) and digested by restriction enzymes as detailed

n the Supplementary material . Resulting DNA fr a gments wer e

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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separ ated by a gar ose gel electr ophor esis and tr ansferr ed onto 
Hybond-N + membr anes (GE Healthcar e Bio-Sciences, Munic h,
Germany) by capillary blotting. Gene-specific DNA probes were 
gener ated by pol ymer ase c hain r eaction (PCR), including digoxi- 
genin (DIG)-labelled dUTPs (Jena Bioscience, Jena, Germany). DIG- 
labelled probes were hybridized in 20 ml hybridization buffer 
[19 ml 5x SSC, 0.1% (w/v) SDS, 50 g/l dextrane sulfate, and 1 ml 
Western Bloc king Rea gent (Roc he Dia gnostics)] and detected us- 
ing anti-DIG AP fab fr a gments (Roc he Dia gnostics) and CDP-Star 
as c hemiluminescence substr ate (Roc he Dia gnostics). The blot 
was imaged by an Octoplus QPLEX CCD camera (NH DyeAGNOS- 
TICS, Halle, Germany). Oligonucleotides used for amplifying DNA 

pr obes ar e listed in Table S3 . 
For northern hybridizations, RN A w as isolated from A. fumiga- 

tus mycelium using the RNeasy Plant Mini Kit (Qiagen, Hilden, Ger- 
many). 10 μg of total RN A w ere separated on a denaturing agarose 
gel [1.2% (w/v) a gar ose, 40 mM MOPS, 10 mM sodium acetate,
2 mM EDTA, 2% (v/v) formaldehyde, pH 7)]. Blotting, hybridization,
and detection were done as described abo ve . T he primers used to 
generate the DNA probe specific to the 5 ′ region of the gene rtaA 

are listed in Table S3 . 

RT-qPCR 

For real time quantitative PCR (RT-qPCR) analysis of rtaA expres- 
sion in different Asper gillus species , A. terreus , A. lentulus with 

low or high AmB MIC as well as A. fumigatus WT and A. fumi- 
gatus RtaA 

PXylP strains were grown in the presence or absence of 
0.125 μg/ml AmB. RN A w as extr acted fr om gr ound mycelium us- 
ing the Universal RNA Kit (Roboklon, Berlin, Germany) follo w ed 

by DNase digest utilizing the TURBO DNA-free Kit (Thermo Fisher 
Scientific). cDN A w as synthesized using the Re v ertAid first str and- 
cDNA-Synthesis Kit (Thermo Fisher Scientific). All qPCR reactions 
were carried out on a CFX Duet Real-Time PCR System (BioRad,
Feldkirchen) equipped with the CFX Maestro Software 2.3, using 
the Luna Universal qPCR Master Mix (New England Biolabs, Frank- 
furt am Main). The A. fumigatus rtaA orthologues ATEG_04110 ( A.
terreus ) and IFM58399_04074 ( A. lentulus ) were used for species- 
specific primer design. Three biological replicates for e v ery str ain 

used were measured in three technical replicates each. All genes 
were normalized to the expression of the reference gene β-actin 

using the 2 −��Ct method (Livak and Schmittgen 2001 ). All RT- 
qPCR primers had an efficienc y betw een 90% and 110%. Primers 
for target amplification, as well as their efficiency, are listed in 

Table S3 . 

Amino acid alignments and phylogenetic 

analysis 

The amino acid sequence of RtaA (Afu3g12830) was analysed 

for pr otein famil y classification and domain prediction using In- 
terPr o (P aysan-Lafosse et al. 2023 ). P airwise sequence alignment 
with Sacc harom yces cerevisiae RTA1 was performed using EMBOSS 
Str etc her (Myers and Miller 1988 ) and tr ansmembr ane topology 
prediction using DeepTMHMM (Hallgren et al. 2022 ). F or ph yloge- 
netic analysis of orthologues of Afu3g12830 and all fungal pro- 
teins containing RTA1 domain were identified using OrthoMCL 
release 6.21 (Chen et al. 2006 ). F or the ph ylogenetic reconstruc- 
tion of all RTA1 domain-containing fungal pr oteins, orthogr oup 

sequences were included in the alignment if the orthogroup 

contained > 4 sequences and > 97% of the sequences in the or- 
thogroup contained an annotated RTA1 domain (PFAM number 
PF04479). Amino acid sequences were aligned using MUSCLE v3.8 
Edgar 2004 ). The resulting alignment was trimmed using ClipKit
2.3.0 (Steenwyk et al. 2020 ) in smart-gap mode. A maximum-
ikelihood phylogeny was inferred using IQ-TREE v2.2.0.3 (Minh et 
l. 2020 ). ModelFinder in IQ-TREE was used to identify Q.pfam + G4
s the best substitution model for both phylogenies based on
ayesian information criterion. Bootstr a pping was performed us- 

ng 1000 ultrafast bootstraps . T he phylogeny was visualized using
gtree 3.11.1 (Yu 2020 ). 

mage data analysis 

o identify hyphae based on the TL, a DL segmentation model
as trained on pairs of TL images and their corresponding Con-

anav alin A-stained c hannel ( Fig. S10A ). The dataset included 16
-stac k ima ges, totaling 400 2D ima ge slices. Of the 16 z-stac ks, 15
D ima ges (corr esponding to 357 2D slices) wer e used for tr aining
nd validation. The remaining one z-stack was reserved for model
esting and e v aluation. Giv en the c hallenges of working with a
imited dataset in training DL models, data augmentation meth- 
ds, suc h as ima ge r otation, flipping, translation, cropping, and
lurring wer e a pplied (Mik ołajczyk and Gr oc howski 2018 , Shorten
nd Khoshgoftaar 2019 ). This a ppr oac h expanded the training
ataset to 5712 2D images. 

To obtain the hyphal structure masks, several preprocessing 
teps wer e a pplied to the Concanav alin A-stained fungus, includ-
ng contrast enhancement and noise reduction. Subsequently, the 
nhanced images were converted into a binary mask ( Fig. S10B ).
or the training and validation stages, the EfficientNetB5-UNet ++ 

odel was chosen due to its known efficiency and precision in
egmentation tasks (Ronneberger et al. 2015 , Zhou et al. 2018 , Tan
nd Le 2019 , Lour enço-Silv a et al. 2022 ). The model sho w ed sig-
ificant accuracy, with a Dice score of 83.08% on the test data
 Fig. S10C ). 

The hyphal masks were generated from the TL channel by the
rained DL model ( Fig. S10D ). Subsequently, the binary masks were
sed to record the corresponding average intensity values of Nile
ed and filipin across the entire mask. Moreover, Otsu threshold-
ng was applied to filter out low-intensity values of the for egr ound
ixels, thereby emphasizing regions characterized by higher illu- 
ination associated with lipid concentration ( Fig. S10E ). More de-

ails are provided in the Supplementary material . 

ta tistical anal ysis 

ata and statistical analysis were analysed with the GraphPad 

rism 8 softwar e pac ka ge (Gr a phP ad Softwar e , Inc , San Diego, C A,
SA) or the Microsoft Excel softwar e pac ka ge (Micr osoft Cor por a-

ion, Redmond, WA, USA). The ANOVA test was used for signifi-
ance testing of two gr oups. Differ ences between the groups were
onsidered significant at P ≤ .05. Mortality results were analysed 

y the log-rank test for Kaplan–Meyer survival curve, but t -test
as used for significance testing of two gr oups. Differ ences be-

ween the groups wer e consider ed significant at P ≤ .05. Statistical
nalysis for intensity-based image analysis was conducted using 
ciPy v1.10.1 library in Python v3.10. To compare multiple inde-
endent samples, Kruskal–Wallis test with Benjamini–Hoc hber g 
djustment w as emplo y ed. Significance w as defined as a P -value
 .05. Statistical test results were included in the figure legends as

ollows: ∗P < .05, ∗∗P < .01, and 

∗∗∗P < .001. Effect sizes were calcu-
ated as Hedges’ g , where a value of ∼0.2 indicates a small effect,
.5 suggests a moderate effect, and 0.8 or higher indicates a large
ffect. 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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Figure 1. Pr oteomic c hanges in A. fumigatus after exposur e to AmB and liposomal amphotericin B (AmBisome/L-AmB). (A) Volcano plots showing 
expr ession v alues for A. fumigatus after exposur e for 4 h to AmB and AmBisome (L-AmB). The x -axis shows the log2-fold c hange, while the y -axis 
shows the −log10 transformed P -value. (B) Venn diagram of the proteomic response of A. fumigatus to AmB and AmBisome. 
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Figure 2. PSEA using GO terms to detect differ ences in the r esponse of A. 
fumigatus to (A) AmB and (B) AmBisome (L-AmB). Proteins with an 
abundance change of > 2- or < 0.5-fold were included in the analysis by 
the web tool FungiFun 2 ( https:// elbe.hki-jena.de/ fungifun/ ). Enriched 
GO terms for proteins with increased (2-fold) and decreased ( −2-fold) 
abundances are shown. (C) Detection of fumicycline A and fumicycline 
C by LC–MS in cultures of A. fumigatus exposed to AmB. Extracted-ion 
c hr omatogr ams (EIC) for (left) fumicycline A (m/z 423.5 [M −H] −), 
(middle) fumicycline B (m/z 441.5 [M −H] −), and (right) fumicycline C 

(m/z 483.5 [M −H] −) from LC–MS analysis of A. fumigatus culture with 
DMSO as control (top) or AmB (middle) are shown. The neosartoricin B 
and neosartoricin C standards are shown at the bottom with the same 
EIC as fumicycline B and C, r espectiv el y. 
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roteomic analysis of A. fumigatus response to 

mB and AmBisome 

o gain a better understanding of the proteomic response of A.
umigatus to AmB and its liposomal formulation AmBisome, we 
rst determined a suitable, sublethal concentration for both an- 
ifungals, which induced a robust growth inhibition, but did not
ead to a complete gr owth arr est. Ther efor e, gr owth curv es of A.
umigatus cultur es tr eated with differ ent concentr ations of AmB
nd AmBisome in comparison to Dimethyl sulfoxide (DMSO) con- 
r ols wer e measur ed, using bac kscatter ed light detection. Based
n the results, for subsequent proteomic analyses concentra- 
ions of 0.125 μg/ml AmB and 7 μg/ml AmBisome were selected,
hich met the criteria ( Fig. S4 ). To further investigate the pro-

eomic response of A. fumigatus to AmB, we conducted addi-
ional experiments in which we exposed the fungus to 0.125 mg/l
mB for different time intervals and analysed the resulting pro-

eomic c hanges. Specificall y, we performed thr ee tec hnical r epli-
ates each at time points of 1, 2, and 4 h and set a threshold of
4-fold due to the limited number of replicates . T he 4-h exposure

ime resulted in the highest number of proteins (97 out of 3604
roteins) with significant changes in abundance, whereas only a 
mall number of proteins sho w ed exclusiv el y significant c hanges
fter 1 and 2 h of AmB exposure, but not at 4 h. ( Fig. S5 ). For this
 eason, we inv estigated the pr oteomic r esponse of A. fumigatus to
mB and AmBisome after 4 h exposure . T he LC–MS/MS-based pro-

eomic analyses identified a total of 3680, 3683, and 3448 different
roteins in the AmB-treated, AmBisome-treated, and untreated A.

umigatus samples, r espectiv el y (pr oteins pr esent in at least two
ut of three biological replicates). We observed increased levels of
umer ous A. fumigatus pr oteins ( ≥2-fold) in r esponse to AmB, in-
luding 202 and 193 proteins upon AmB and AmBisome exposure,
 espectiv el y (Fig. 1 A, Table S7 ). The le v el of 94 pr oteins incr eased
ignificantly under both conditions in comparison to untreated A.
umigatus cultures (Fig. 1 B, Table S7 ). In contrast, the number of
r oteins showing r educed abundance in r esponse to antifungal
xposur e was consider abl y smaller, with 70 for AmB and 83 for
mBisome, and an ov erla p of 30 proteins for both drug formula-

ions (Fig. 1 A and B, Table S7 ). 
Pr otein set enric hment anal ysis (PSEA) indicated that enzymes

nvolv ed in oxidation–r eduction pr ocesses, secondary metabolite 
iosynthesis, and aromatic amino acid metabolism were signifi- 
antl y enric hed upon exposur e to AmB, wher eas nitr ate tr ansport
nd nitrate reduction activity were notably decreased (Fig. 2 A).
he addition of AmBisome resulted in a similar proteomic re-
ponse compared to that of AmB. Ho w e v er, in contr ast to AmB,
he addition of AmBisome also resulted in an enrichment of
r oteins involv ed in the response to ir on starv ation and er gos-
er ol biosynthesis (Afu2g00320, Er g3) among the pr oteins with in-
reased abundance (Fig. 2 B, Table S6 ). Interestingly, the level of re-
cti ve o xygen species (ROS)-deto xifying enzymes did not increase
nder both conditions with the exception of a predicted glu-
athione S-tr ansfer ase Afu2g17300. Catalase CatB e v en decr eased
n abundance by 1.5–2-fold in response to both amphotericin for-

ulations. 
The PSEA data r e v ealed that AmB and AmBisome induce the

roduction of secondary metabolites in A. fumigatus ( Table S6 ).
he le v el of four out of six proteins (FccB, FccC, FccA, and FccD) en-
oded by the fumicycline gene cluster, significantly increased by a
actor of 3–23-fold after AmB and AmBisome exposure ( Table S6 ).
he induction of fumicycline production by AmB was also verified
t the metabolome le v el by LC–MS/MS anal ysis (Fig. 2 C). Notably,

https://elbe.hki-jena.de/fungifun/
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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Figure 2. Continued . 
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he fumicycline gene cluster of A. fumigatus is known to be in-
uced by interaction with the Gr am-positiv e soil bacterium Strep-
om yces rapam ycinicus (König et al. 2013 ). Like wise, the expr ession
f enzymes involved in the biosynthesis of the copper-binding iso-
 y anide xanthocillin (XanA, XanB, XanE, XanF, and XanG) and the
r on(III)-c helating complex HAS (HasB, HasC, and HasH) was found
o be significantly upregulated ( Table S6 ) (Yin et al. 2013 , Lim et
l. 2018 ). Collectiv el y, these findings sho w ed that the antifungal
mB deriv ed fr om the secondary metabolite pr oduced by S. no-
osus triggers the activation of secondary metabolite biosynthesis
ene clusters in A. fumigatus . 

Conv ersel y, exposur e to AmB and AmBisome resulted in a sig-
ificant decrease in the levels of Pyr6 (Afu6g13980) and Pyr1

Afu6g13920), whic h ar e enzymes involv ed in the biosynthe-
is of the secondary metabolite p yrip yropene A (Itoh et al.
010 ) ( Table S7 ). The AMP-activ ated pr otein kinase Afu6g04500,
hich is part of the Snf1-complex involved in regulating
daptation to glucose limitation in S. cerevisiae , was also
ound to have significantly decreased in abundance (Shashkova
t al. 2015 ). 

Among the 14 proteins with the highest increase in abundance
ollowing exposure to AmB and AmBisome, it is evident that sev-
ral secondary metabolite biosynthesis enzymes were included,
uch as the xanthocillin biosynthesis enzymes XanB and XanE, as
ell as the alcohol dehydr ogenase Afu5g10220, whic h is part of
n unc har acterized NRP-like cluster (Table 1 , Table S7 ). In addi-
ion to secondary metabolite biosynthesis enzymes, the list of the
op 14 most abundant proteins included membrane transporters
Afu1g05010/Mfs56, Afu1g12620, and Afu6g03690/Ena1) and a pu-
ativ e gl ycosylphosphatidylinositol (GPI) tr ansamidase r esponsi-
le for attaching GPI-anchors to proteins (Afu4g08200/PIG-U). The
orresponding orthologous gene GAB1 has been demonstrated to
e essential in S. cerevisiae (Grimme et al. 2004 ). Mor eov er, the list
f the top 14 most abundant proteins also includes a putative an-
imicrobial peptide (Afu8g00710), the aforementioned glutathione
-tr ansfer ase (Afu2g17300), whic h is gener all y involv ed in detox-
fication of ROS and xenobiotics, and se v er al unc har acterized
roteins (Afu4g09230, Afu5g00800, and Afu6g11790). The gene
ppD , which encodes the enzyme 4-hydr oxyphen ylpyruv ate de-
ydrogenase (Afu2g04200), is part of a gene cluster ( Afu2g04200–
fu2g04262 ) known to be involved in the degradation of tyrosine

Sc hmaler-Ripc ke et al. 2009 ). Additionally, the enzymes HmgA,
ahA, and MaiA, whic h ar e further involv ed in this degr adation
athw ay, w ere also activated 3.6–10.1-fold after AmB treatment
 Table S7 ). A r emarkabl y substantial incr ease in abundance of

ore than 300-fold was observed for an RTA-like protein encoded
y the gene Afu3g12830 after AmB or AmBisome exposure and
esignated here as RtaA. To investigate the possible involvement
f these proteins in AmB resistance, we selected nine proteins
or further analysis (Table 1 , in bold) and generated knockout

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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Table 1. Top 14 AmB-upregulated proteins identified by proteomic analysis. Genes in bold were deleted in A. fumigatus . 

Number Gene ID + AmB (-fold) + AmBisome (-fold) Description 

1 Afu3g12830 332 .3 385 .3 RTA1 domain protein 
2 Afu4g08200 54 .3 147 .0 GPI transamidase component PIG-U involved in 

transfer of GPI to proteins 
3 Afu5g00800 54 .1 62 .0 Conserved hypothetical protein (crystallins 

superfamily) 
4 Afu1g12620 41 .9 39 .6 Putati ve to xin efflux pump 
5 Afu2g04200 39 .2 8 .1 4-Hydr oxyphen ylpyruv ate dioxygenase (HppD) 

involved in l -tyrosine degradation 
6 Afu5g02660 32 .0 10 .0 Isoc y anide synthase-dioxygenase XanB 
7 Afu5g02640 31 .2 12 .5 O -methyltr ansfer ase XanE 
8 Afu8g00710 29 .3 26 .2 Secr eted antimicr obial pe ptide, putati ve 
9 Afu5g10220 28 .5 9 .4 Alcohol dehydrogenase, zinc-containing, putative 
10 Afu1g05010 25 .9 49 .8 Putative MFS transporter Mfs56 
11 Afu2g17300 23 .3 30 .1 Predicted glutathione S-transferase 
12 Afu6g11790 22 .8 34 .2 Conserved hypothetical protein 
13 Afu4g09230 22 .4 17 .0 Conserved hypothetical protein 
14 Afu6g03690 22 .3 10 .5 Putative P-type ATPase sodium pump Ena1 

Table 2. MIC values of AmB, AmBisome, VRZ, and Mnd in WT and mutant strains. 

Strains AmB ( μg/ μl) AmBisome ( μg/ml) VRZ ( μg/ml) Mnd ( μg/ μl) 

WT 0 .5 0 .125 0 .5 31 .25 
�Afu3g12830 ( �rtaA) 0 .125 0 .03 0 .5 31 .25 
rtaA 

C 0 .5 0 .125 0 .5 31 .25 
�Afu5g00800 0 .5 0 .125 0 .5 31 .25 
�Afu1g12620 0 .5 0 .125 0 .5 31 .25 
�Afu5g02660 0 .5 0 .125 0 .5 31 .25 
�Afu5g02640 0 .5 0 .125 0 .5 31 .25 
�Afu8g00710 0 .5 0 .125 0 .5 31 .25 
�Afu1g05010 0 .5 0 .125 0 .5 31 .25 
�Afu6g11790 0 .5 0 .125 0 .5 31 .25 
�Afu4g09230 0 .5 0 .125 0 .5 31 .25 
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m utant str ains of the corresponding genes (for more details see 
the Supplementary material ). 

The �rtaA mutant strain is more sensiti v e to 

AmB and AmBisome 

To assess the susceptibility of the deletion strains to AmB and 

AmBisome, we conducted an initial e v aluation in comparison to 
VRZ and Mnd controls using the CLSI M38-A2 broth microdilu- 
tion methodology of the CaLS Institute ( 2008 ). Table 2 presents 
the MIC values in μg/ml of AmB, AmBisome, VRZ, and Mnd af- 
ter 48 h of incubation at 37 ◦C in RPMI–MOPS medium for both 

the WT strain and the deletion mutants . T he results show that 
only the �Afu3g12830 ( �rtaA ) mutant strain exhibited a 4-fold 

increased sensitivity to AmB and AmBisome, with MIC values of 
0.125 μg/ml and 0.03 μg/ml, r espectiv el y, compar ed to 0.5 μg/ml 
and 0.125 μg/ml for the WT strain. The complemented rtaA null 
mutant ( rtaA 

C ) exhibited WT MICs for AmB and AmBisome, indi- 
cating that the r eintr oduction of the rtaA gene r estor ed the WT 

phenotype. We further assessed the susceptibility of these strains 
to AmB by point inoculation after 60 h of incubation at 37 ◦C in 

AMM a gar (Fig. 3 ). In a gr eement with the br oth micr odilution r e- 
sults, �rtaA exhibited increased AmB susceptibility compared to 
the parental and reconstituted rtaA 

c strains . T hese findings sug- 
gest that RtaA contributes to the A. fumigatus stress response to 
AmB and its absence leads to AmB hypersensitivity. In contrast,
RtaA has no effect on the sensitivity of the fungus to other anti- 
ungal agents tested here. To further characterize the role of RtaA
n A. fumigatus , we assessed the growth of the �rtaA strain un-
er v arious str ess conditions, compar ed to the WT and the rtaA 

c -
omplemented strain (Fig. 4 ). For this purpose, the effects of cell
all- (Congo red, calcoflour white, caspofungin, and tunicamycin) 
nd membrane-interfering compounds [SDS, phytosphingosine,
-tomatin, miltefosine, and itraconazole (ITZ)], and of o xidati ve
tress (4 mM H 2 O 2 ), hypoxia [0.2% (v/v) O 2 ], alkaline growth con-
itions (pH 8.0), heat (50 ◦C), osmotic stress (1 M NaCl), iron de-
letion (-Fe plus 0.2 mM BPS), and r eductiv e str ess (10 mM DTT)
er e monitor ed. We did not observ e an y differ ences in gr owth
etween the �rtaA and the WT strain under any of these condi-
ions. Ho w e v er, a 2-fold increase in susceptibility to the polyene
ntifungal a gent n ystatin was visible for the �rtaA str ain (MIC
f 0.8 μg/ml) compared to the WT (MIC of 1.6 μg/ml), indicating
hat RtaA specifically protects A. fumigatus to some extent against
olyene antifungals such as AmB, AmBisome, and nystatin. 

he protein sequence of A. fumigatus RtaA 

ontains seven transmembrane domains and 

hows sequence similarity to the S. cerevisiae 
rotein Rta1 

taA belongs to the RTA-like protein family (PF04479/IPR007568),
hich consists of fungal proteins with multiple transmem- 
rane domains. Some members of this protein family are known
o pr ovide r esistance a gainst toxic compounds and are also

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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Figure 3. Analysis of mutant strains for AmB sensitivity by point inoculation. The parental WT strain, the deletion strains, and complemented rtaA 

C 

were point-inoculated on AMM agar plates with increasing concentrations of AmB (0–0.5 μg/ μl) for 48 h at 37 ◦C. Each droplet column (from left to 
right) contained 10 5 , 10 4 , 10 3 , or 10 2 conidia per 10- μl droplet. 
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esignated as fungal lipid-translocating exporter proteins (Ma-
ente and Ghislain 2009 ). To compare RtaA with another RTA-

ike protein, we performed a pairwise sequence alignment
ith the S. cerevisiae protein Rta1p/YGR213C using EMBOSS
tr etc her (Fig. 5 A). Rta1p is known to confer r esistance a gainst 7-
minoc holester ol (Soustr e et al. 1996 ). Our r esults sho w ed that
taA shared 42.4% sequence similarity with Rta1p, with an iden-
ity of 29.1%, and that both proteins contained seven transmem-
rane domains . T he paralogous S. cerevisiae protein YLR06C also
xhibited equal sequence similarity with the RtaA protein of A.
umigatus . Inter estingl y, the A. fumigatus genome encodes 23 dif-
erent members of the RTA-like protein family (InterPro entry
PR007568; https:// www.ebi.ac.uk/ inter pr o/) highlighting the po-
ential importance of this pr otein famil y for the physiology and
daptation ability of this fungus ( Fig. S6 ). Ne v ertheless, none of
he other 22 different RTA-like proteins of A. fumigatus was among
he 4329 proteins identified in our study, which suggests that they
r e mainl y pr oduced under specific str ess or gr owth conditions. 

To investigate the evolutionary relationship of RtaA, we iden-
ified 176 orthologues that wer e pr esent in the Ascomycota sub-
hylum Pezizomycotina and the classes Eurotiomycetes, Sordari-
m ycetes and Dothiom ycetes, including some of the most impor-
ant human- or plant-pathogenic fungi. Phylogenetic analysis re-
ealed that RtaA has the closest similarity to orthologues of other
sper gillaceae, namel y man y Aspergillus species and Penicilliopsis
onata (Fig. 5 B; Supplementary data ). No sequences from the Sac-
 har omycetes class wer e among the identified orthologues, indi-
ating that S. cerevisiae Rta1 is not an orthologue of the RtaA pro-
ein. To analyse the phylogenetic relationships of all 23 RTA-like
roteins of A. fumigatus , we constructed a phylogenetic tree from
ore than 2500 RTA-like domain-containing sequences in fungi

 Fig. S6 ; Supplementary data ). This tr ee clearl y sho w ed that S. cere-
isiae Rta1 and A. fumigatus RtaA are only distantly related to each
ther and that the RTA-like protein Afu6g09550 is the most closely
elated A. fumigatus protein to Rta1. 

taA localizes primarily to the cytoplasmic 

embrane 

o investigate the cellular distribution of RtaA–GFP, we generated
n A. fumigatus str ain, whic h expr esses an RtaA–GFP fusion pr o-
ein under the control of the xylose-inducible xylP -promoter PXylP
n the �rtaA bac kgr ound. Pr e vious attempts with the native rtaA
r omoter r esulted in str ains exhibiting onl y weak GFP signals,

https://www.ebi.ac.uk/interpro/
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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F igure 4. Gro wth analysis of the rtaA deletion mutant. Conidia of A. fumigatus strains WT, �rtaA , and rtaA 

C were spotted on AMM agar plates at a 
10-fold serial dilution and tested under different growth conditions for 2–3 days at 37 ◦C, as indicated. 
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Figure 5. Sequence similarity of A. fumigatus RtaA to homologous proteins of other fungal species and cellular localization. (A) Pairwise alignment of 
the A. fumigatus protein RtaA (Afu3g12830) with the protein Rta1 (YGR213C) of S. cerevisiae using Strecher EMBOSS (identity 29.1%, similarity 42.4%, 
and score 521). Predicted transmembrane helices are highlighted. The framedarea represents the postulated Rta1 family signature. (B) The 
maxim um-likelihood phylogen y of fungal Rta1 amino acid sequences. Orthologs fr om selected human pathogens , phytopathogens , and model 
or ganisms ar e highlighted. See the Supplement material for tr ee and alignment file. (C) RtaA is localized in membr anes. Hyphae of A. fumigatus strain 
RtaA-GFP PXylP wer e gr own in AMM medium containing 1% xylose. Visualization was carried out by confocal laser imaging of the GFP signal alone, with 
the endosome dye FM4-64 as well as Nile red staining (detection of lipid droplets). 
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Figure 5. Continued . 
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e v en with the addition of sublethal concentrations of AmB (data 
not shown). During hyphal growth, the RtaA–GFP fusion protein,
whose production was induced by xylose in the medium, was 
visible at the cell periphery of hyphae and septa and in larger 
r oundish structur es . T her e wer e occasional colocalizations of the 
GFP-signal with Nile red-stained lipid droplets (indicated by ar- 
rows in Fig. 5 C). Howe v er, ther e was no observable colocalization 

with FM4-64-stained endosomes (Fig. 5 C, arro ws sho w specific en- 
dosomes), what speaks against the involvement of RtaA in endo- 
cytic membrane transport processes . T he addition of 0.04 μg/ml 
AmB did not have a significant impact on the distribution of RtaA 

( Fig. S7 ). These data confirmed the cytoplasmic membrane local- 
ization of RtaA, but also indicate a partial accumulation around 

structures that represent lipid droplets (Fig. 5 C). 

Inducible overexpression of rtaA results in AmB 

resistance 

To investigate the effect of rtaA ov er expr ession on the susceptibil- 
ity of r espectiv e str ains on antifungal drugs, we gener ated an rtaA - 
nducible strain of A. fumigatus using the xylose-inducible pro- 
oter PXylP . RtaA expr ession le v els wer e v erified b y R T-qPCR. The

xpression of rtaA was significantly higher in the RtaA 

PXylP strain
fter the addition of xylose to the medium in comparison to the
mB-induced expression of rtaA in the WT ( Fig. S2C ). Additional
upplementation with AmB led to expression levels comparable 
o the rtaA expression level in the WT exposed to AmB ( Fig. S2C ).
fter 48 h of incubation at 37 ◦C in RPMI–MOPS medium with or
ithout xylose, we determined the MIC values ( μg/ml) of AmB,
mBisome, VRZ, and Mnd for the RtaA 

PXylP strain, the �rtaA strain,
nd the WT strain. The results are summarized in Fig. 6 (C). Over-
xpression of rtaA in the presence of 0.5% (w/v) xylose resulted
n a 2-fold increase in MIC to AmB and AmBisome (MIC values
 μg/ml and 0.25 μg/ml, r espectiv el y) compar ed to the par ental
train (0.5 μg/ml and 0.125 μg/ml, r espectiv el y), with no alter ation
n sensitivity to VRZ and Mnd. Consistent with our expectations,
taA 

PXylP behav ed similarl y to �rtaA in the absence of xylose. 
To further assess the susceptibility of the strains to AmB, point

noculation assays were performed as described before, and the 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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Figure 6. Reduced AmB susceptibility of A. fumigatus ov er expr essing rtaA . (A) Spot assay on RPMI–MOPS agar plates with increasing concentrations of 
AmB (0–1.5 μg/ml) and with (lo w er)/without (upper) 0.5% (w/v) xylose added to the medium for 60 h at 37 ◦C. Each droplet column (from left to right) 
contained 10 5 , 10 4 , 10 3 , or 10 2 conidia per 10- μl dr oplet. (B) Micr oscopic anal ysis of gr owth in AMM without (left) or with (right) 0.5% (w/v) xylose added 
to the medium. Images were taken after incubation for 48 h at 37 ◦C. 
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Figur e 7. T he expression of rtaA and rtaA orthologues is induced by AmB in different Aspergillus species. (A) Expression of rtaA in A. fumigatus (strain 
CEA17 �KU80 ) is induced by sublethal AmB concentrations. (B) Expression of IFM58399_04 074 , an rtaA orthologue, in two A. lentulus strains with low 

and high MIC of AmB is induced by sublethal concentrations of AmB. (C) Expression of ATEG_04 110 , an rtaA orthologue, in two A. terreus strains with 
low and high MIC of AmB is induced by sublethal concentrations of AmB. The rtaA expression levels of not AmB-induced cultur es serv ed as contr ols in 
(A), (B), and (C). Expr ession le v els of rtaA and orthologues wer e normalized on the expr ession of β-actin and anal ysed by using the 2 ( −��Ct) method. 
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r esults ar e pr esented in Fig. 6 . After 60 h of incubation at 37 ◦C 

in RPMI–MOPS medium with/without xylose, the susceptibility 
of RtaA 

PXylP was compared to that of �rtaA and the WT strain 

in both solid (Fig. 6 A) and liquid (Fig. 6 B) media. Notably, the 
ov er expr ession of rtaA in the presence of 0.5% (w/v) xylose re- 
sulted in an increased resistance to AmB in the RtaA 

PXylP strain,
as compared to the parental strain. As expected, in the absence 
of xylose, the AmB susceptibility of strain RtaA 

PXylP was similar 
to that of �rtaA . These findings provide further evidence that 
the ov er expr ession of rtaA confers modest AmB resistance in 

A. fumigatus . 

The expression of rtaA orthologues in the 

Aspergillus species A. terreus and A. lentulus is 

also activ a ted b y AmB 

To determine if other Aspergillus species with more frequently 
observ ed AmB r esistance also induce the expression of rtaA 

orthologues upon AmB treatment, we quantified the expres- 
sion le v els of the rtaA orthologues ATEG_04 110 (A. terreus) and 

IFM58399_04 074 ( A. lentulus) via RT-qPCR in patient isolates of A.
terreus and A. lentulus (Fig. 7 ). We used both susceptible strains 
with low AmB MIC and strains with elevated AmB MICs. In all 
strains, independent of the AmB susceptibility exhibited a sig- 
nificantl y higher le v els of the r espectiv e rtaA orthologue when 

treated with 0.125 μg/ml AmB as compared to untreated con- 
trols of the different strains . T he highest change in abundance 
was observed in the A. lentulus strains (Fig. 7 B). The fold change 
was comparable to the fold change seen in A. fumigatus (Fig. 7 A).
This indicates that closely related Aspergillus species like A. lentu- 
lus utilize similar mechanisms in the response to AmB, and e v en 

the mor e distantl y r elated Aspergillus species A. terreus sho w ed a 
similar regulation pattern. No significant difference in the expres- 
sion of rtaA was determined between susceptible and resistant 
strains. 
taA expression is specifically induced by 

xposure to AmB and n ysta tin 

s described abo ve , the spotting assays conducted with the �rtaA
 utant demonstr ated that RtaA confers r esistance to AmB while

xhibiting no resistance to other clinically significant antifungal 
 gents. To corr obor ate these observ ations , we in vestigated the in-
uction of rtaA gene expression by sublethal concentrations of 
mB, ITZ, and caspofungin using northern blot analysis. (Fig. 8 ).
nder standard growth conditions in AMM (control, Ctrl), the ex- 
r ession of rtaA tr anscript w as belo w the detection limit. Ho w-
 v er, exposur e to sublethal concentrations of AmB (0.125 μg/ml)
or 4 h resulted in a significant increase in the expression of rtaA ,
hile no changes in the expression levels of rtaA were observed
hen exposed to sublethal concentrations of ITZ (0.25 μg/ml) or

aspofungin (0.1 μg/ml) (Fig. 8 A). We also tested two other antifun-
al polyene macrolides, namely natamycin (2 μg/ml) and nystatin 

0.25 μg/ml), of which only nystatin induced the expression of
taA . As a control, we determined the expression of rtaA in A. fumi-
atus upon exposure to the antibacterial macrolide erythromycin 

64 μg/ml), the polyene antibiotic linearmycin (8 μg/ml), and the
OS-inducing compound Mnd (2 μg/ml). None of these three com-
ounds led to an increased expression of rtaA (Fig. 8 B). This finding
onfirms that RtaA specifically mediates resistance to AmB and 

he structur all y similar gl ycosylated pol yene macr olide n ystatin
nd that its expression is induced by sublethal concentrations of
hese two antifungal drugs, which are both produced by Strepto-
yces bacteria. 

eletion of rtaA alters modestly the lipid content 
f fungal hyphae 

ipid flippases are membrane proteins that play a crucial role in
aintaining the lipid asymmetry of cellular membranes by se- 

ectiv el y tr anslocating specific lipids betw een the tw o membrane
eaflets . T his lipid asymmetry is critical for a wide range of
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Figure 8. Analysis of expression of rtaA after exposure to AmB and nystatin. (A) Northern blot analysis of the expression of rtaA in A. fumigatus 
( �rtaA 1, rtaA 

C , and WT) after exposure to sublethal concentrations of the antifungals AmB, ITZ, or caspofungin. (B) Expression of rtaA in A. fumigatus 
after exposure to the Streptomyces -derived antibiotics erythromycin and linearmycin, ROS-forming Mnd, and the polyene macrolides natamycin and 
nystatin. Ribosomal RNA served as loading control in (A) and (B). 
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ellular pr ocesses, including membr ane tr affic king, lipid
etabolism, and signalling (Rizzo et al. 2019 ). There are var-

ous models that attempt to explain how fungal flippases may
e involved in drug resistance. One proposed mechanism in-
olves the S. cerevisiae protein Rta1p, which confers resistance
o 7-aminoc holester ol. According to this model, Rta1p induces

embrane internalization via the endocytic pathway and further
ransports the drug to vacuoles (Manente and Ghislain 2009 ).
nother possibility is that deletion of a flippase gene leads to
hanges in the membrane composition resulting in an incorrect
ocalization of the drug tar get, whic h incr eases sensitivity to
he corresponding antifungal compound or disrupts membrane
e pair. Ad ditionally, lipid flippases are necessary for intracellular
 esicle tr affic king, and an y alter ations in their activity or expr es-
ion may affect various cellular processes such as membrane
r affic king, lipid metabolism, and signalling (Shor et al. 2016 ).
o w e v er, clear experimental evidence for a flippase function of
ta1p is still lacking. 

To investigate whether A. fumigatus RtaA confers drug resis-
ance to AmB via a mechanism similar to that proposed for the
. cerevisiae protein Rta1p, we stained the mycelium of A. fumiga-
us WT and �rtaA mutant hyphae with filipin, a fluorescent sterol

arker used to monitor er goster ol content, and Nile red (Fig. 9 ,
ig. S8 ). Confocal laser scanning microscopy of both AmB-treated
0.04 and 0.08 μg/ml AmB) and untreated mycelia of A. fumigatus
 e v ealed a patc hy distribution of filipin-deriv ed fluor escence with
igher intensity at septa and some hyphal tips ( Fig. S8 ). A drastic
ifference in fluorescence intensity between WT and �rtaA hy-
hae could not be visually recognized (Fig. 9 A). Ho w ever, intensity-
ased image analysis (Fig. 9 B) revealed a trend to w ar ds reduced
lipin staining of �rtaA hyphae compared to the WT, which was,
o w e v er, onl y significant in the presence of 0.04 μg/ml AmB ( P =

01, Hedges’ g = 0.42). We further performed LC–TQ–MS analysis to
etermine total cellular er goster ol le v els. In accordance with the
icroscopic data, the �rtaA strain exhibited a decreased ergos-

er ol content compar ed to the WT, and er goster ol was incr eased
n the RtaA 

PXylP strain upon xylose induction. Nevertheless, these
iffer ences wer e not statisticall y significant (Fig. 9 C). In addition,
e analysed the content of phytosphingosin and related sphin-
olipids , that ha v e been discussed to contribute to AmB r esistance
Madaan and Bari 2023 ). Ho w e v er, no significant differ ences wer e
bserved between the WT and the �rtaA mutant strain exposed
o 0.125 mg/l AmB for 4 h or without treatment ( Fig. S9 ). 

As anticipated, Nile red staining highlighted intracellular lipid
r oplets, whic h wer e uniforml y dispersed thr oughout the fungal
yphae . T he treatment of hyphae with AmB led to a decrease in
he median intensity of Nile r ed fluor escence at a higher drug con-
entration of 0.08 μg/ml AmB, and WT hyphae seemed to exhibit

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data


Abou-Kandil et al. | 17 

Figure 9. Filipin staining of the rtaA deletion mutant. (A) Hyphae of A. fumigatus WT and �rtaA treated or untreated with sublethal concentrations of 
AmB (0.04 and 0.08 μg/ml) were stained with filipin (detection of ergosterol) and Nile red (detection of lipid droplets) and investigated by confocal laser 
scanning microscopy. Scale bar = 20 μm. (B) Automated image analysis was used to quantify the average intensity values of Nile red and filipin in WT 

and �rtaA strains . T he boxes in the graph represent quartiles centred around the median, where the median is represented by the line inside the box. 
The whiskers extend to the minimum and maximum values within a specific range, defined as 1.5 times the interquartile range above the upper 
quartile and below the lower quartile. Mean values are indicated by white diamonds on the graph. (C) LC–TQ–MS analysis of the ergosterol content by 
dry weight of the A. fumigatus WT strain and the mutant strains �rtaA , rta C , and RtaA 

PXylP [cultivated under inducing (xylose)- and noninducing 
(glucose) conditions]. Values are based on three biological replicates. 
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Figure 10. GO categorization of proteins with altered abundance in 
strain �rtaA in comparison to the WT after exposure to AmB 
(0.125 μg/ml) for 4 h. Proteins with abundance changes of > 2- or 
< 0.5-fold were included in the analysis using the web tool FungiFun 2 
( https:// elbe.hki-jena.de/ fungifun/ ). Enriched GO terms are marked with 
an asterisk. 
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igher Nile red fluorescence signals in comparison to the �rtaA
utant, but all differences in Nile red staining were not significant

n the intensity-based ima ge anal ysis (Fig. 9 A and B). A potential
ole of RtaA in lipid storage of mainly triacylglycerols and sterol
sters and lipid tr affic king is likel y but needs further investiga-
ions. Alternativ el y, RtaA could be involved in a vesicle-dependent
ransport of AmB, the deletion of rtaA may alter the AmB drug re-
ponse or RtaA simply stabilizes the membrane structure. 

eletion of rtaA alters the proteomic response of 
. fumigatus to AmB 

o investigate the impact of RtaA on the AmB stress response and
o shed light on its possible pr otectiv e functions, we compar ed the
roteome of strain �rtaA exposed to 0.125 μg/ml AmB with the
roteome of the WT strain. 399 different proteins decreased, and
64 pr oteins incr eased in abundance in comparison to the WT.
SEA r e v ealed no GO term for proteins with higher abundance,
ut the terms fumagillin biosynthetic pr ocess, pr en yltr ansfer ase
ctivity, signal transduction, and hydr ogen per oxide catabolic pr o-
ess for lo w er abundant proteins (Fig. 10 , Table 3 , and Table S8 ).
hese data suggest that the lack of RtaA leads to an increased dis-
rganization of the cellular membrane resulting in impaired sig-
alling processes and altered secondary metabolite production.
roteins with higher abundance included those which perform
heir function in the nucleus. In particular, proteins involved in
NA repair should be mentioned here (e.g. DNA repair proteins
wi10/Rad10 and Dds20/Mei5), which suggests that AmB may also
nduce dir ectl y or indir ectl y DNA dama ge. 

eletion of rtaA does not affect virulence in 

nfected mice 

o e v aluate the impact of rtaA deletion on virulence, w e emplo y ed
wo distinct pulmonary models of infection in imm unocompr o-

ised mice . T hr ee gr oups, eac h consisting of 10 mice, were in-
ected with either WT, �rtaA , or rtaA 

c conidia. In the first model,
ice wer e imm unocompr omised with C A (C A model), while in

he second model, mice were rendered neutropenic via admin-
stration of CP (CP model). Subsequently, mice were infected in-
r anasall y with A. fumigatus conidia. We monitored mouse sur-
iv al ov er the course of 28 da ys . T he results indicate that there was
o significant difference in virulence between the three strains ( P
 .10), as sho wn b y the survival curve (Fig. 11 ). T herefore , it can
e concluded that RtaA does not play a role for the virulence of A.
umigatus . 

iscussion 

spergillus fumigatus poses a significant threat to individuals with
 weakened immune system and underlying pulmonary condi-
ions such as cystic fibrosis or chronic obstructive pulmonary dis-
ase (COPD). While triazoles are commonly used for initial treat-
ent of IPA, an incr easing r ate of azole resistance has led to a

hift to w ar ds fallbac k ther a py with AmB, despite its associated
ide effects. Recent reports have shown a rise in clinical isolates
f A. fumigatus exhibiting resistance to AmB (Ashu et al. 2018 ,
eichert-Lima et al. 2018 , Fakhim et al. 2022 ), but r esearc h into
he r esistance mec hanisms of A. fumigatus has been limited (Man-
vathu et al. 1998 , Gautam et al. 2008 , Furukawa et al. 2020 ). To
ddr ess this ga p, we hypothesized that conducting a detailed pro-
eomic analysis following exposure to sublethal concentrations
f AmB and AmBisome would r e v eal pr oteins involv ed in mediat-
ng r esistance a gainst these drugs . We disco v er ed that exposur e
o sublethal concentrations of AmB or AmBisome is associated
ith changes in the abundances of proteins involved in oxidation–
 eduction pr ocesses , secondary metabolite biosynthesis , aromatic
cid metabolism, and tr ansmembr ane tr ansport. Similar effects
av e pr e viousl y been documented for other fungi. The activation
f tr ansmembr ane tr ansport pr ocesses upon exposur e to antifun-
als appears to be a common adaptive stress response in many
ungi (Ribeiro et al. 2022 ). Similarly, the modification of amino acid

etabolism during AmB adaptation has been reported in yeast
Ribeiro et al. 2022 ), while the induction of oxidation–reduction
rocesses has been observed in fungi belonging to the Fusarium
pecies complex (Castillo-Castaneda et al. 2020 ). The only pub-
ished analysis of the A. fumigatus proteomic response to AmB to
ate was based on 2D-gel electr ophor esis (2D-GE) and onl y shows
 small ov erla p with our data. T his ma y be explained by the dif-
erent methods used (2D-GE versus LC–MS/MS) and the much
onger incubation time of 24 h instead of 4 h (Gautam et al. 2008 ).
oteworthy is that the RtaA protein was not detected in this 2D-
E-based study, most pr obabl y due to the strong bias of 2D-GE
 gainst membr ane pr oteins (Santoni et al. 2000 ). Ne v ertheless,
r ansport pr oteins wer e also identified as an enriched category
n this study. Furthermore, the level of l -ornithine aminotrans-
er ase Afu4g09140, whic h is involv ed in ar ginine degr adation, in-

https://elbe.hki-jena.de/fungifun/
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae024#supplementary-data
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Table 3. Proteins with the highest changes in abundance in strain �rtaA versus WT upon AmB exposure. 

Locus tag 
-fold change 
( �rtaA /WT) Description 

GO category (biological process/molecular 
function) 

AFUA_1G12560 1 348 002 Endo-beta-1,4-glucanase d (cellulose 
catal ytic pr ocess) 

Cellulose catabolic process 

AFUA_1G03780 1 048 733 C6 finger domain protein Regulation of DNA-templated transcription 
AFUA_7G04120 558 215 DUF636 domain protein –
AFUB_096690 442 369 C2H2-type domain-containing protein –
AFUA_5G00710 341 911 GABA permease, putative Tr ansmembr ane tr ansporter activity 
AFUA_8G03960 337 524 Unc har acterized pr otein Ana phase-pr omoting complex-dependent 

catabolic process 
AFUA_4G12530 318 829 Calcium tr ansporter, putativ e Intracellular ion homeostasis 
AFUA_2G15240 286 021 Small oligopeptide transporter, OPT family Peptide transport 
AFUA_4G06260 269 878 Mating-type switch/DNA repair protein 

Swi10/Rad10 
Double-str and br eak r epair via single-str and 
annealing 

AFUA_1G17460 205 354 C6 transcription factor, putative Positiv e r egulation of tr anscription b y RN A 

pol ymer ase II 
AFUA_4G10860 188 182 Velvet domain-containing protein Sporulation resulting in formation of a 

cellular spore 
AFUA_5G09170 139 674 C2H2 finger domain protein Regulation of transcription by RNA 

pol ymer ase II 
AFUA_5G05800 127 342 Signal peptidase complex subunit Signal peptidase processing 
AFUA_6G03160 90 888 NACHT domain protein –
KXV57_001507 50 678 RING-type domain-containing protein Protein ubiquitination 
AFUA_1G12690 43 219 ABC multidrug transporter mdr4 Tr ansmembr ane tr ansport 
AFUA_6G03500 41 381 Fungal N-terminal domain-containing 

protein 
Regulation of DNA-templated transcription 

AFUA_4G08830 39 325 Telomere length regulator protein (Rif1), Telomere maintenance 
AFUA_4G01130 38 509 Dienelactone hydrolase family protein –
AFUA_1G14695 38 427 DNA repair protein Dds20/Mei5, putative DNA recombination 
AFUA_2G13620 −62 806 Thiamine pyrophosphate enzyme, putative Isoleucine/valine biosynthetic process 
AFUA_8G00170 −79 071 Nonribosomal peptide synthetase 13 Fumitr emor gin biosynthetic process 
AFUA_3G08710 −102 354 Protein kinase domain-containing protein Pr otein serine/thr eonine kinase activity 
AFUA_4G14130 −107 595 ABC multidrug transporter, putative Tr ansmembr ane tr ansport 
AFUA_5G14740 −118 837 Fucose-specific lectin Carbohydrate binding 
AFUA_7G04870 −128 175 Glutamine–serine–pr oline ric h pr otein, 

putative 
Outer membrane 

KXV57_003843 −158 260 Unc har acterized pr otein –
AFUA_5G08740 −186 451 P almitoyltr ansfer ase pfa5 Pr otein tar geting to membr ane 
AFUB_090520 −206 285 N -acetyltr ansfer ase, GNAT famil y, putativ e Acyltr ansfer ase activity 
AFUA_2G03990 −242 370 F-box domain-containing protein –
AFUA_1G05510 −250 859 Vacuolar import and degradation protein Pr otein tar geting to v acuole 
AFUA_6G05330 −258 166 Small ribosomal subunit protein uS10 m Translation 
AFUA_6G13110 −274 094 Dynactin subunit 6 Mitotic spindle organization 
AFUA_1G01540 −281 007 Endon uclease/exon uclease/phosphatase 

famil y pr otein 
Endon uclease acti vity 

AFUA_8G00520 −290 191 Fuma gillin beta-tr ans-ber gamotene 
synthase af520 

Fumagillin biosynthetic process 

AFUA_3G05780 −292 237 GA T A transcription factor LreA Regulation of DNA-templated transcription 
AFUA_3G00660 −409 952 Unc har acterized pr otein –
AFUA_2G15790 −605 287 RNA pol ymer ase II holoenzyme cyclin-like 

subunit Ssn8 
Positiv e r egulation of tr anscription b y RN A 

pol ymer ase II 
AFUA_3G11170 −652 653 CP2 transcription factor, putative Regulation of transcription by RNA pl 
AFUA_3G12830 −1 563 620 RTA1 domain pr otein, putativ e Membrane 
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creased in both studies. In contrast, Gautam et al. ( 2008 ) reported 

the upregulation of genes and proteins involved in the ergosterol 
biosynthesis pathway, which is considered as a resistance mecha- 
nism. Ho w e v er, in our study, we only observed a 5.7-fold increase 
in Er g3 expr ession specificall y for AmBisome (Cav assin et al. 2021 ).
Sur prisingl y, we did not find clear evidence of increased intracel- 
lular R OS production follo wing AmB exposur e, in contr ast to the 
findings of Gautam et al. ( 2008 ) and other studies (Shekhova et 
al. 2017 ). The onl y incr eased R OS-detoxifying enzyme w as a pre- 
dicted glutathione S-tr ansfer ase Afu2g17300. It is possible that 
 xidati v e str ess may become mor e pr ominent after a longer ex-
osure time or at higher concentrations of the drug. In a gr eement
ith this assumption, by using a fluor ogenic ROS pr obe, significant

e v els of intracellular R OS w ere detected after a 45-min exposure
o AmB concentr ations abov e the MIC (Shekhov a et al. 2017 ). Col-
ectiv el y, this suggests that ROS-induction of AmB is in particular
oncentration-dependent. 

Inter estingl y, the pr oteomic r esponse of A. fumigatus to AmB
nd AmBisome did not completely o verlap. T his is demonstrated
y the specific increase in the levels of proteins involved in iron
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Figure 11. Analysis of virulence of the rtaA deletion mutant strain in mouse infection models. Survival rates of mice immunocompromised with CA 

alone (top gr a ph) or CA and cyclophosphamide (CP, lower gr a ph), and infected with A. fumigatus WT, �rtaA , or rtaA 

C conidia, r espectiv el y. Ther e wer e no 
statistically significant differences between the survival rates of the three groups. 10 mice were in each group. 
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omeostasis observ ed onl y upon exposur e to AmBisome . T his
iffer ence in pr oteomic r esponse is likel y due to the distinct de-

iv ery mec hanisms of AmB and AmBisome. AmBisome penetrates
he fungal cell wall, enabling direct delivery of AmB to the cell

embrane (Walker et al. 2018 ). By contrast, AmB diffuses through
he cell wall matrix, which influences the dynamics of membrane
estabilization. 

It is noteworthy that in our study, AmB and AmBisome specif-
call y activ ated enzymes involv ed in the biosynthesis of sec-
ndary metabolites, such as the prenylated polyphenol fumicy-
line (also described as neosartoricins), as well as xanthocillin
nd hexadehydr o-astec hr ome (HAS). The latter two secondary
etabolites are known to form complexes with transition met-

ls, and in case of HAS, contribute to the virulence of the fun-
us (Yin et al. 2013 ). A similar induction of secondary metabo-
ite production by a natural product-based antifungal has also
een reported in response to the lipopetide caspofungin, which
riggers the production of fumagillin in A. fumigatus (Conrad et
l. 2018 ). Ther efor e, it can be hypothesized that bacterial natu-
 al pr oducts with antifungal activity, suc h as AmB, hav e the po-
ential to serve as specific inducers of secondary metabolite pro-
uction in filamentous fungi. It provides another example that
icr obial natur al pr oducts serv e as comm unication signal dur-

ng cr oss-kingdom inter actions (Netzker et al. 2018 , Sc herlac h and
ertweck 2020 ). AmB might even trigger the activation of an an-

imicr obial r esponse pr ogr am in A. fumigatus . For instance, the
opper chelator xanthocillin has antibacterial activity (Raffa et al.
021 ), suggesting that it may exert similar effects in response to
mB. Similarl y, the ir on c helator HAS (Yin et al. 2013 ) could poten-

ially elicit comparable effects as well. Additionally, the putative
ntimicrobial peptide Afu8g00710 increased by 20–30-fold. More
peculative is the assumption that the activation of the tyrosine
nd phen ylalanine degr adation pathway leads to the formation
f p y omelanin that confers resistance to ROS and could enhance
ompetitive fitness (Schmaler-Ripcke et al. 2009 ). 

To identify genes involved in mediating resistance to AmB and
mBisome, we prioritized nine proteins with the highest upreg-
lation in response to these drugs . T hese pr oteins wer e c hosen
s the y lik ely play an acti v e r ole in r esistance a gainst the str ess
aused by drug exposure, and their deletion may result in in-
reased susceptibility. Of the nine genes studied, only the deletion
f rtaA , encoding a putative fungal lipid-translocating exporter
r otein, r esulted in increased susceptibility to AmB and AmBi-
ome. 
m  
Our study thus highlights the potential role of RtaA in mediat-
ng modest resistance to AmB and AmBisome . T he increased sus-
eptibility to these drugs following rtaA deletion, as well as the
ncr eased r esistance observ ed with rtaA ov er expr ession, str ongl y
uggest that RtaA is activ el y involv ed in conferring modest re-
istance to these drugs. Notably, this effect appears to be highly
electiv e, as we observ ed no significant c hanges in sensitivity
o other drugs or str essors. Additionall y, our findings r egarding
he involvement of RTA-family member proteins in polyene re-
istance appear to be unique in A. fumigatus and related species
hen compared to other, phylogenetically distinct fungal species.

or instance, rta1 deletion in S. cerevisiae and Cryptococcus neo-
ormans increased sensitivity to 7-amino c holester ol, a putativ e
r goster ol biosynthesis inhibitor, without affecting sensitivity to
ther antifungals targeting sterol biosynthesis, including azoles
nd morpholine deri vati ves (Soustre et al. 1996 , Smith-Peavler et
l. 2022 ), while in Candida albicans RTA2 and RTA3 deletion led to
zole susceptibility (Jia et al. 2008 , Whaley et al. 2016 ). 

Studies on rta -like family gene expression have been conducted
n various fungal species including S. cerevisiae , C. albicans , and
. glabrata . In S. cerevisiae , rta1 expr ession is trigger ed by hypoxia
nd cytotoxic stress (Kolaczkowska et al. 2012 ). In C. albicans , RTA2
s induced by a wide range of cell membrane stressors including
zoles , polyenes , and allylamines (T homas et al. 2015 ), while in C.
labrata , RTA1 induction was shown to be caused by hypoxia and
zoles (Kolaczkowska et al. 2013 ). By contrast, we observed that
taA expression was specifically induced by AmB and the sim-
lar polyene nystatin and not by other antifungal agents, such
s ITZ or caspofungin. The lack of induction with the polyene
atamycin may be explained with the possible different mode of
ction by binding specifically to ergosterol without permeabilizing
he membrane (te Welscher et al. 2008 ). 

To date, the mechanistic understanding of the RTA-like protein
amil y function r emains unclear , although, based on their similar -
ty to the Rsb1 protein in yeast, it is assumed that they function
s lipid translocases (Kihara and Igarashi 2004 ). Our work sug-
ests that RtaA-dependent modulation of AmB sensitivity and re-
istance may result from changes in the membrane composition
ediated via vesicular transport between lipid droplets and cell
embr ane. Lipid dr oplets may potentiall y act as a sink to r emov e
mB from the cytoplasmic membrane . Alternatively, RtaA ma y
ediate the transport of the AmB target ergosterol or other mem-

rane components between lipid droplets and the cellular mem-
rane . T he observation that RtaA localized to the cytoplasmic
embrane was also shown for S. cerevisiae (Kolaczkowska et al.
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2012 ), and partly one could observe an association of the RtaA-GFP 
signal with lipid droplets. No correlation was observed between 

the GFP signal and endosomal v acuoles, whic h contr adicts the as- 
sumption that RtaA is involved in endocytic membrane transport 
processes. It cannot be ruled out that RtaA has also a pr otectiv e 
function for other intr acellular membr anes (Higuc hi 2021 ) or the 
ov er expr ession of the GFP-fusion protein leads to mislocalization 

and degradation in vacuoles. In this context, it is noticeable that 
the treatment of A. fumigatus with the antifungal compound olo- 
rofim caused the formation of vesicle-like structures, which were 
not stainable with membrane- or v acuole-selectiv e dyes (du Pre 
et al. 2020 ). It cannot be ruled out that RtaA accumulates in such 

structures besides its association with the cell membrane. 
Taken together, in this study we conducted a detailed pro- 

teomic analysis to investigate the response of A. fumigatus to two 
commonly used antifungal drugs, AmB and AmBisome. Our re- 
sults demonstrate that RtaA is the most upregulated protein in re- 
sponse to drug exposure and plays a role in resistance to polyenes,
which is supported by the observation of a specific induction of 
rtaA expression by AmB and n ystatin. Specificall y, ov er expr ession 

of RtaA confers resistance to AmB, AmBisome, and nystatin, while 
deletion of its encoding gene leads to increased sensitivity to these 
drugs. Our findings also suggest that RtaA is involved in lipid traf- 
ficking and storage to maintain lipid homeostasis . Furthermore ,
our study highlights the general importance of fungal RTA-like 
proteins in mediating resistance to compounds disturbing the in- 
tegrity of the cell membrane. 

The effect of RtaA deletion or ov er expr ession on AmB drug sus- 
ceptibility may be considered as modest (4-fold increase in sus- 
ceptibility), but e v en small c hanges in MIC v alues can hav e a high 

impact on the success of an antifungal ther a p y as sho wn b y a 
murine model of systemic aspergillosis with clinical isolates of 
A. flavus exhibiting different susceptibilities to AmB. Her e, e v en 

small, incr eased AmB MIC le v els of 2–4-fold r esulted in failur e of 
AmB and L-AmB treatment (Barchiesi et al. 2013 ). 

An open question remains about how rtaA is regulated. Fu- 
rukawa et al. ( 2020 ) showed that the negative cofactor 2 complex 
proteins NctA and NctB are k e y regulators of drug resistance and 

their loss leads to resistance against antifungal azoles , terbinafine ,
and AmB. Ho w e v er, it is unlikel y that RtaA contributes to the ob- 
serv ed AmB r esistance, since both knoc k str ains, �nctA and �nctB ,
sho w ed reduced transcript levels of rtaA upon exposure to a sub- 
lethal concentration of ITZ. 

It will be important to assess the clinical r ele v ance of our 
findings by analysing the rtaA sequence and its expression in 

emer ging AmB-r esistant str ains of A. fumigatus (Ashu et al. 2018 ,
Reichert-Lima et al. 2018 , Fakhim et al. 2022 ). In a recent study 
of A. fumigatus Single Nucleotide Pol ymor phisms in intr ons and 

exons of genes and their up- and downstream regions associated 

with AmB resistance, no correlation was found for the rtaA gene 
described here (Chen et al. 2023 ). In addition, we did not find differ- 
ence in the expression levels of rtaA orthologues between strains 
of A. lentulus and A. terreus with different AmB-MIC values. 

In summary, our data illustrates that RTA-like proteins fulfil 
an important function in specifically providing fungi with protec- 
tion a gainst membr ane-interfering compounds and ther e is cer- 
tainl y mor e to discov er. For example, it was r ecentl y shown that 
Botrytis cinerea employs an RTA-like protein to combat membrane- 
induced stress by plant-derived saponins (You et al. 2024 ). 
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