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Exposure to the Pseudomonas aeruginosa secretome alters
the proteome and secondary metabolite production of
Aspergillus fumigatus
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Graphical abstract

The secretome of P aeruginosa or A. fumigatus alters the pH of the A. fumigatus growth media and affects fungal growth. MS-
based proteomic analysis of fungal proteins reveals secretome-dependent changes to the A. fumigatus secondary metabolite
profile.
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Abstract

The fungal pathogen Aspergillus fumigatus is frequently cultured from the sputum of cystic fibrosis (CF) patients along with the
bacterium Pseudomonas aeruginosa. A. fumigatus secretes a range of secondary metabolites, and one of these, gliotoxin, has
inhibitory effects on the host immune response. The effect of P aeruginosa culture filtrate (CuF) on fungal growth and gliotoxin
production was investigated. Exposure of A. fumigatus hyphae to P aeruginosa cells induced increased production of gliotoxin
and a decrease in fungal growth. In contrast, exposure of A. fumigatus hyphae to P aeruginosa CuF led to increased growth and
decreased gliotoxin production. Quantitative proteomic analysis was used to characterize the proteomic response of A. fumiga-
tus upon exposure to P aeruginosa CuF. Changes in the profile of proteins involved in secondary metabolite biosynthesis (e.q.
gliotoxin, fumagillin, pseurotin A), and changes to the abundance of proteins involved in oxidative stress (e.g. formate dehydro-
genase) and detoxification (e.g. thioredoxin reductase) were observed, indicating that the bacterial secretome had a profound
effect on the fungal proteome. Alterations in the abundance of proteins involved in detoxification and oxidative stress highlight
the ability of A. fumigatus to differentially regulate protein synthesis in response to environmental stresses imposed by com-
petitors such as P aeruginosa. Such responses may ultimately have serious detrimental effects on the host.

INTRODUCTION

Aspergillus fumigatus is a ubiquitous saprophytic mould that releases airborne conidia, which may enter the human respiratory
tract through inhalation. Many of the biological determinants that contribute to the ubiquity of the fungus in nature also play a
role in establishing disease in humans and are associated with virulence and pathogenesis [1-6]. Among these attributes are the
wide range of biosynthetic gene clusters (>30) responsible for the production of secondary metabolites that confer advantages to
A. fumigatus in its natural habitat, including protection against UV stress, desiccation and competition with other microorgan-
isms [7-9]. Some of these secondary metabolites may play a role in evading or subverting the host immune response in vivo, and
consequently many secondary metabolites such as gliotoxin, fumagillin and dihydroxynapthalene (DHN) melanin, and their
effects on the host, have been well characterized [7, 9-12].

A. fumigatus is frequently detected in the airways of individuals with cystic fibrosis (CF) from an early age and contributes to
the structural damage and disease progression [13-15]. Allergic bronchopulmonary aspergillosis (ABPA) is a hypersensitivity
disorder characterized by the induction of a pro-inflammatory immune response triggered by the secretion of fungal toxins and
allergens in the airways. It is estimated that 1-2.5% of patients with persistent asthma and 1-15% of CF patients are affected by
ABPA [16-18], but this prevalence has probably been underestimated due to under-diagnosis [19].

The most common bacterial pathogen associated with CE, Pseudomonas aeruginosa, is a major cause of morbidity and mortality
and it is estimated that 60-80% of CF patients experience chronic P. aeruginosa infection by the age of 20years [20-22]. A.
fumigatus infection is associated with an increased risk of P. aeruginosa infection and co-infection is associated with a decline
in lung function [14, 21, 23, 24]. The prevalence of co-colonization with P. aeruginosa and A. fumigatus in the CF airways is
estimated to be between 3.1 and 15.8%, although this occurrence may be higher [20, 25, 26].

Co-infection studies have demonstrated that P. aeruginosa may inhibit A. fumigatus growth in vivo and in vitro [27-32]. Indirect
interaction studies have shown that gliotoxin, produced by A. fumigatus, inhibits P. aeruginosa growth [33]. However, there is
evidence to show that under nutrient-limiting conditions, A. fumigatus creates a nutrient-rich environment in which P, aeruginosa
can rapidly proliferate [34]. A number of studies have been performed to show the effect of volatile organic compounds (VOCs)
produced by P. aeruginosa on A. fumigatus growth [35-37]. The studies revealed contrasting results whereby P. aeruginosa-derived
sulphur-based VOCs, such as dimethyl sulphide, promote A. fumigatus growth [35], while another class of ketone-based VOCs
inhibit fungal growth [37]. Differences in growth media, bacterial strains and experimental design probably contribute to the
production of different VOCs, explaining the contrasting results of these studies [37]. Nevertheless, the manner in which one
pathogen impacts the metabolome of another may have serious implications for the host, as competition between microorganisms
can often lead to an altered secretion profile that can have the potential to increase damage to host tissue [38, 39].
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Although numerous interaction studies have been performed between these pathogens, the influence of the P. aeruginosa
secretome on the A. fumigatus proteome and secondary metabolite production has not been fully characterized to date. In this
study, label-free quantitative MS was used to investigate how A. fumigatus responds to P. aeruginosa culture filtrate (CuF) produced
under nutrient-limiting, nitrate-rich conditions. Understanding the interactions that occur between these pathogens is vital to
the development of therapeutic targets that will minimize the contribution of these pathogens, individually and collectively, to
disease progression.

METHODS
Pseudomonas aeruginosa cultures

P, aeruginosa (PAO1) was cultivated on nutrient agar (Oxoid) or in nutrient broth (Oxoid) at 37 °C. Bacterial cultures were grown
to stationary phase (48 h) at 37 °C in an orbital incubator (200 r.p.m.). The concentration of the bacterial suspension was measured
by obtaining the optical density at 600 nm (OD, ), and an OD of 1 equated to 3x10°c.f.u. ml™.

Aspergillus fumigatus cultures

A. fumigatus (ATCC 26933) was grown on Sabouraud dextrose agar (Oxoid) at 37 °C. Conidia were harvested using 0.01% (v/v)
Tween-80 and washed twice with PBS. Conidial density was ascertained by haemocytometry and conidia were added to Czapek-
Dox liquid media to give a density of 5x10° ml ™. The cultures were incubated for 48 h at 37 °C in an orbital incubator at 200 r.p.m.

Preparation of P. aeruginosa culture filtrates

Czapek-Dox liquid media (pH 6.8) (Duchefa, Biochemi) was inoculated with P. aeruginosa and incubated for 48 h at 37°C in an
orbital incubator, at 200 r.p.m. The bacteria were harvested by centrifugation (15min, 2000g). P. aeruginosa CuF was sterilized
using 0.2 um filtropur S filters (Sarstedt) and the pH was measured (pH 7.2).

Preparation of A. fumigatus culture filtrate

A. fumigatus conidia (5x10° ml™') were added to Czapek-Dox liquid media (pH 6.8). The cultures were incubated for 48 h at 37°C
in an orbital incubator at 200 r.p.m. The hyphal mass was harvested and the wet weight was recorded. The A. fumigatus CuF was
sterilized using 0.2 um filtropur S filters (Sarstedt) and the pH was measured (4.5).

Exposure of A. fumigatus to culture filtrates

A. fumigatus conidia (5x10° conidia ml™ in 25 ml Czapek-Dox liquid media) were cultured for 4h in Czapek-Dox liquid media
until germination occurred (verified microscopically). A. fumigatus CuF or P. aeruginosa CuF (50 ml) were added to the fungal
cultures (n=4) to give a final volume of 75ml (66% CuF to 33% starting culture). The fungal cultures were incubated for 24 h at
37°C in an orbital incubator (200 r.p.m.).

Extraction of gliotoxin from P. aeruginosa-exposed and CuF-exposed A. fumigatus cultures

Filtrates obtained from A. fumigatus cultures that had been exposed to various concentrations of P. aeruginosa, A. fumigatus or
P, aeruginosa CuF (n=4) were mixed with an equal volume (20 ml) of chloroform (Fisher Chemical) for 2 h at room temperature.
The chloroform fraction was collected and dried by rotary evaporation in a Biichi rotor evaporator (Brinkmann Instruments).
Dried extracts were dissolved in 500 pl methanol (Fisher Chemical) and stored at —20°C.

Quantification of gliotoxin by RP-HPLC

Gliotoxin was detected by reversed phase-HPLC (RP-HPLC; Shimadzu). The mobile phase was 34.9% (v/v) acetonitrile (Fisher
Scientific), 0.1% (v/v) trifluoroacetic acid (TFA) (Sigma Aldrich) and 65% (v/v) HPLC-grade water (ddH,O). Gliotoxin extract
(20 ul) (Sigma Aldrich) was injected onto a Lunar Omega, 5 um polar C18, LC column (Phenomenex). A standard curve of peak
area versus gliotoxin concentration was constructed using gliotoxin standards (0.1, 0.25, 0.5 and 1.0 pg per 10 pl) dissolved in
methanol (Sigma Aldrich).

Protein extraction from A. fumigatus hyphae

A. fumigatus hyphae from each CuF-exposed treatment (n=4) were crushed to a fine dust with liquid nitrogen in a mortar using
a pestle. Lysis buffer (4mlg™ hyphae) [8 M urea, 2 M thiourea, and 0.1 M Tris-HCI (pH 8.0) dissolved in HPLC-grade dH,0],
supplemented with protease inhibitors [aprotinin, leupeptin, pepstatin A, and Tosyllysine Chloromethyl Ketone hydrochloride
(TLCK) (10 ugml™') and PMSF (1mM ml )] was added to the crushed hyphae. Cell lysates were sonicated (Bendelin Senopuls),
three times for 10s at 50% power. The cell lysate was subjected to centrifugation (Eppendorf Centrifuge 5418) for 8 min at 14500 g
to pellet cellular debris. The supernatant was removed and quantified using the Bradford method. Samples (100 ug) were subjected
to overnight acetone precipitation.
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Label-free MS (LF/MS)

A. fumigatus proteins were pelleted by centrifugation for 10 min at 14500 g. The acetone was removed and the protein pellet was
re-suspended in 25 pl sample resuspension buffer [8 M urea, 2 M thiourea, 0.1 M Tris-HCI (pH 8.0) dissolved in HPLC-grade
dH,0]. An aliquot (2pl) was removed from each sample and quantified using the Qubit quantification system (Invitrogen),
following the manufacturer’s instructions. Ammonium bicarbonate (125 pl, 50mM) was added to the remaining 20 ul of each
sample. The protein sample was reduced by adding 1ul 0.5 M DTT and incubated at 56 °C for 20 min, followed by alkylation
with 0.55 M iodoacetamide at room temperature, in the dark for 15min. Protease Max Surfactant Trypsin Enhancer (Promega)
(1pl, 1% w/v) and Sequence Grade Trypsin (Promega) (0.5 pg pl™) was added to the proteins and incubated at 37°C for 18 h.
Digestion was terminated by adding TFA (1 pl, 100%) to each tryptic digest sample, and incubated at room temperature for
5min. Samples were centrifuged for 10 min at 14500 g and purified for MS using C18 Spin Columns (Pierce), following the
manufacturer’s instructions. The eluted peptides were dried using a SpeedyVac concentrator (Thermo Scientific Savant DNA120)
and resuspended in 2% (v/v) acetonitrile and 0.05% (v/v) TFA to give a final peptide concentration of 1 ug pl™'. The samples were
sonicated for 5min to aid peptide resuspension, followed by centrifugation for 5min at 14500 g. The supernatant was removed
and used for MS. Three independent biological replicates for each group were analysed in this study.

Protein extraction from P. aeruginosa culture filtrates

Aliquots of P. aeruginosa culture filtrates were subjected to overnight acetone precipitation. Precipitated proteins were pooled
together and resuspened with lysis buffer (total 250 ul) containing protease inhibitors as described above. An aliquot (2 ul) was
removed from the lysate and quantified using the Qubit quantification system (Invitrogen). Samples (50 ug) were subjected to a
further overnight acetone precipitation step and prepared for analysis by LC-MS as described above.

MS: LC/MS Xcalibur Instrument parameters for A. fumigatus proteomic data acquisition

Each digested A. fumigatus protein sample (750 ng) and P. aeruginosa CuF sample (500 ng) was loaded onto a QExactive (Ther-
moFisher Scientific) high-resolution accurate MS device connected to a Dionex Ultimate 3000 (RSLCnano) chromatography
system. Peptides were separated by an increasing acetonitrile gradient on a 50 cm EASY-Spray PepMap C18 column of 75 um
diameter (2 pum particle size), using a 133 min (A. fumigatus proteins) and 65min (P. aeruginosa CuF proteins) reversed-phase
gradient at a flow rate of 300 nl min~". All data were acquired with the MS device operating in an automatic-dependent switching
mode. A full MS scan at 70000 resolution and a range of 400-1600 1/z was followed by an MS/MS scan at 17500 resolution, with
a range of 200-2000 m/z to select the 15 most intense ions prior to MS/MS.

Quantitative analysis (protein quantification and LFQ normalization of the MS/MS data) of the A. fumigatus proteome arising
from exposure to the different CuFs was performed using MaxQuant version 1.5.3.3 (http://www.maxquant.org) following the
general procedures and settings outlined previously [40]. The Andromeda search algorithm incorporated in the MaxQuant
software was used to correlate MS/MS data against the Uniprot-SWISS-PROT database for A. fumigatus Af293 (downloaded
11 September 2018; 9648 entries). The following search parameters were used: first search peptide tolerance of 20 ppm, second
search peptide tolerance of 4.5 ppm with cysteine carbamidomethylation as a fixed modification and N-acetylation of protein
and oxidation of methionine as variable modifications and a maximum of two missed cleavage sites allowed. The false discovery
rate (FDR) was set to 1% for both peptides and proteins, and the FDR was estimated following searches against a target-decoy
database. Peptides with minimum length of 7 aa were considered for identification and proteins were only considered identified
when observed in three replicates of one sample group.

Data analysis of the A. fumigatus proteome

Perseus v.1.5.5.3 (www.maxquant.org/) was used for data analysis, processing and visualization. Normalized LFQ intensity values
were used as the quantitative measurement of protein abundance for subsequent analysis. The data matrix was first filtered to
remove contaminants and peptides identified by site. LFQ intensity values were log,-transformed and each sample was assigned
to its corresponding group, i.e. A. fumigatus exposed to A. fumigatus CuF versus P. aeruginosa CuF. Proteins not found in three
out of three replicates in at least one group were omitted from the analysis. A data-imputation step was conducted to replace
missing values with values that simulate signals of low-abundance proteins chosen randomly from a distribution specified by
a downshift of 1.8 times the mean standard deviation (sp) of all measured values and a width of 0.3 times this sp. Normalized
intensity values were used for a principal component analysis (PCA). Exclusively expressed proteins (those that were uniquely
expressed or completely absent in one group) were identified from the pre-imputation dataset and included in subsequent analyses.
Gene ontology (GO) mapping was also performed in Perseus using the UniProt gene ID for all identified proteins to query the
Perseus annotation file (downloaded September 2018) and extract terms for biological process, molecular function and Kyoto
Encyclopaedia of Genes and Genomes (KEGG) name.

To visualize differences between two samples, pairwise Student’s t-tests were performed for all using a cut-off of P<0.05 on
the post-imputated dataset. Volcano plots were generated in Perseus by plotting negative log P-values on the y-axis and log2
fold-change values on the x-axis for each pairwise comparison. The ‘categories” function in Perseus was utilized to highlight and
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Fig. 1. The effect of P aeruginosa cells on A. fumigatus hyphal growth and gliotoxin production. (a) A. fumigatus hyphae (wet weight mgml™") after co-
incubation for 24 h with nutrient broth (control, 1 ml) or P. aeruginosa cell suspension (0D, 0.1, 0.5, 1.0; 1 ml). (b) Gliotoxin (ug mg™" hyphae) produced
by A. fumigatus in Czapek-Dox liquid media supplemented with nutrient broth (control, 1 ml) or P. aeruginosa cell suspension (0D, 0.1, 0.5, 1.0; Tml)
measured by RP-HPLC. ***P<0.001, **P<0.01, *P<0.05, ns: non-significant.

visualize the distribution of various pathways and processes on selected volcano plots. Statistically significant (ANOVA, P<0.05)
and differentially abundant proteins [statistically significant differentially abundant (SSDA)], i.e. with fold change of plus or minus
1.5, were chosen for further analysis.

The MS proteomics data and MaxQuant search output files have been deposited with the ProteomeXchange Consortium [41]
via the PRIDE partner repository with the dataset identifier PXD030171.

Data analysis of the P. aeruginosa CuF secretome

Qualitative analysis of the proteome arising from the P. aeruginosa CuF was investigated using Proteome Discoverer 1.4 and
Sequest HT (SEQUEST HT algorithm; Thermo Scientific). Identified proteins were searched against the UniProtKB database
(Pseudomonas aeruginosa; 5564 entries). Search parameters applied for protein identification were as follows: (i) enzyme name
- trypsin, (ii) an allowance of up to two missed cleavages, (iii) peptide mass tolerance set to 10 ppm, (iv) MS/MS mass tolerance
set to 0.02 Da, (v) carbamidomethylation set as a fixed modification and (vi) methionine oxidation set as a variable modifica-
tion . Peptide probability was set to high confidence (with an FDR<0.01% as determined by Percolator validation in Proteome
Discoverer). Peptides with a minimum score of two and fewer than two unique peptides were excluded from further analysis
[42]. The MS proteomics data and Proteome Discoverer search output files have been deposited with the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXD031565.

Statistical analysis

The effect of P. aeruginosa on A. fumigatus growth was analysed using GraphPad Prism 5. One-way ANOVA with Tukey’s multiple
comparisons test was performed to compare the growth of hyphae exposed to different bacterial densities and CuFs, and the
effect on gliotoxin production. P values <0.05 were considered significant.

RESULTS
Analysis of the effect of P. aeruginosa on A. fumigatus growth and gliotoxin production

The addition of P. aeruginosa cells to a culture of ungerminated conidia inhibited the growth of A. fumigatus, and as such, data
could not be obtained to examine the P. aeruginosa-A. fumigatus interaction. To measure the effect of P. aeruginosa cells on A.
fumigatus growth, different concentrations of P. aeruginosa (1 ml OD 1.0, which equates to approximately 3x10®cellsml™', OD
0.5and OD 0.1) were added to established (48h) A. fumigatus cultures grown in Czapek-Dox medium (100 ml). The co-cultures
were incubated for 24 h after which the effect on fungal growth was measured by obtaining the wet weight of the hyphae (Fig. 1a).
Gliotoxin was extracted from each group of bacteria-exposed A. fumigatus cultures and quantified by RP-HPLC (Fig. 1b). The
decrease in wet weight and an increase in gliotoxin production correlated with the increase in P. aeruginosa cell density. The
wet weights of fungal cultures exposed to the highest concentration of P. aeruginosa (OD 1) (9.1+0.3 mgml™") were 46% lower
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Fig. 2. The effect of P aeruginosa CuF on early stages of A. fumigatus growth and gliotoxin production. A. fumigatus germinating conidia grown in
Czapek-Dox media for 4h prior to exposure to non-supplemented media (sterile Czapek-Dox), A. fumigatus CuF or P aeruginosa CuF for 24 h. Fungal
growth was measured as wet weight (mgml™). Gliotoxin (ug ml™') was extracted from fungal cultures after 24 h and measured by RP-HPLC ***P<0.001,
**P<0.01.

than the controls (16.7+£3.1 mgml™"). The level of gliotoxin produced by A. fumigatus exposed to these bacterial densities was
2.82+0.3 pg mg™". In contrast, the level of gliotoxin produced by the control cultures was three-fold lower (0.96+0.03 ug mg™).

To investigate the effect of the P. aeruginosa secretome on growth of A. fumigatus, conidia were allowed to germinate in Czapek-
Dox liquid media for 4h, and then supplemented with the culture filtrate produced by P. aeruginosa grown in Czapek-Dox for
48h (P. aeruginosa CuF). A. fumigatus growth was greater after exposure to P. aeruginosa CuF (6.93+0.25 mgml™) compared to
growth in A. fumigatus CuF (3.5£0.21 mgml™") or non-supplemented media (2.58+0.05 mgml™) (Fig. 2). The highest concentra-
tions of gliotoxin were detected in the supernatants of the fungal cultures exposed to A. fumigatus CuF (2.1+0.27 ug mg™" hyphae)
followed by those exposed to non-supplemented media (0.88+0.027 ug mg" hyphae) and P. aeruginosa CuF (0.24+0.07 pg mg™
hyphae), respectively (Fig. 2).

To investigate whether the differences in fungal growth were caused by differences in pH of the A. fumigatus and P. aeruginosa
secretome, the pH of the CuFs was determined. The pH of sterile Czapek-Dox medium was adjusted to that of the A. fumigatus
secretome (pH 4.5) and P. aeruginosa secretome (pH 7.2). Conidia were cultured for 4h as described previously prior to being
exposed to the pH-adjusted Czapek-Dox medium. The pH and the wet weight of the fungus were measured after 24 h (Fig. S1,
available in the online version of this article), and indicate that pH did not affect the growth of A. fumigatus.

Analysis of the P. aeruginosa secretome by MS

The protein content of the culture filtrates produced by P. aeruginosa was analysed by high-resolution MS. In total, 402 proteins
were detected, of which 134 remained after filtering. The proteomic analysis revealed a range of enzymes involved in amino acid
metabolism (glutamine synthetase, malate synthase G, arginine deiminase) and ATP synthesis (ATP synthase subunit alpha and
beta, ubiquinol-cytochrome ¢ reductase) protein chaperones (chaperone protein DnaK, chaperone SurA, 10kDa chaperonin,
chaperone protein ClpB, trigger factor) and with the uptake of nutrients including iron (ferric iron-binding periplasmic protein
HitA) and amino acids [amino acid (lysine/arginine/ornithine/histidine/octopine) ABC transporter periplasmic binding protein,
leucine-, isoleucine-, valine-, threonine- and alanine-binding protein]. Proteins involved with the glyoxylate shunt were also
detected, including malate synthase G and isocitrate lyase. Several proteins associated with detoxification (catalase, thioredoxin,
glutathione peroxidase, xenobiotic reductase and thiol:disulphide interchange protein DsbA) and redox regulation (isocitrate
dehydrogenase, citrate synthase and oxoglutarate dehydrogenase) were identified in the dataset (Dataset S1).
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Fig. 3. (a) PCA of A. fumigatus protein groups. PCA of A. fumigatus exposed to A. fumigatus CuF (blue) and P, aeruginosa CuF (orange). A clear distinction
can be observed between each of the groups exposed to P aeruginosa CuF and A. fumigatus CuF. (b) Differential abundance of proteins in the A.
fumigatus proteome. Volcano plots derived from pairwise comparisons between A. fumigatus cultured in P aeruginosa CuF and A. fumigatus CuF. The
distribution of quantified proteins according to P value (~log,, P-value) and fold change (log, mean LFQ intensity difference) is shown. Proteins above
the line are considered statistically significant (P<0.05). The top 10 statistically significant proteins that increased in abundance are highlighted in red.
The top 10 statistically significant proteins that decreased in abundance are highlighted in blue. The gene names are included beside each protein.

The proteomic response of A. fumigatus to P. aeruginosa CuF

Changes to the proteome of A. fumigatus in response to P. aeruginosa CuF were investigated by LFQ proteomics, which
was performed on A. fumigatus exposed to P. aeruginosa CuF, and A. fumigatus CuF (control) (n=4). In total, 2414
proteins were identified, of which 1373 remained after filtering and processing (Dataset S2). Of the 1373 proteins
identified post-imputation, a comparison between the two groups yielded 272 proteins which were determined to be
statistically significant (P<0.05) differentially abundant (SSDA) with a fold change of +1.5 (Dataset S3). A PCA was
performed on all filtered proteins and identified distinct proteomic differences between the groups (Fig. 3a). Components
1 and 2 accounted for 64.5% of the total variance within the data, and all replicates resolved into their corresponding
samples. The groups exposed to A. fumigatus CuF (control) displayed a clear difference from those that were challenged
with P. aeruginosa CuF.

Volcano plots were produced by pairwise Student’s ¢-tests (P<0.05) to determine the differences in protein abundance between
two samples and to depict the changes in pathways and processes in which those proteins are involved (Fig. 3b). The top 10
proteins that most increased and decreased in relative abundance are highlighted in the volcano plot and listed in Table 1.
SSDA protein names arising from the pairwise t-tests were inputted into Uniprot (uniprot.org) and used to identify the GO
terms and metabolic pathways to which proteins belonged.
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Table 1. Relative fold differences of the top 20 SSDA (t-test, P<0.05) proteins detected in the proteomic dataset arising from A. fumigatus groups
exposed to A. fumigatus CuF and P, aeruginosa CuF

Gene Protein name Fold change
hhtA Histone H3 +53.81
AFUA_1G17440 (psoC) ftmOx1 Methyltransferase psoC +49.55
AFUA_5G03540 Verruculogen synthase +44.10
AFUA_2G15290 Thioredoxin reductase, putative +43.91
NRPS14 DUF636 domain protein +37.79
AFUA_7G04490 Non-ribosomal peptide synthetase 14 +24.69
AFUA_6G04920 Ribosomal protein S28e +18.90
AFUA_8G00440 (psoF) Formate dehydrogenase +18.64

Dual-functional monooxygenase/methyltransferase psoF +18.35
(AFUA_6G09740) gliT Thioredoxin reductase gliT _53.23
AFUA_1G17440 ABC multidrug transporter A-1 734'45
AFUA_6G09730 (gliF) Cytochrome P450 monooxygenase gliF —28' e
AFUA_6G09720 (gliN) N-Methyltransferase gliN 72 1' 13
AFUA_2G11120 Uncharacterized protein -1 4' 49
AFUA_6G09690 (gliG) Glutathione S-transferase gliG 712'55
AFUA_6G12780 Uncharacterized protein )

. -10.58

crf2 Probable glycosidase crf2 1034
AFUA_5G09680 Succinate dehydrogenase cytochrome b560 subunit 8 ;15
AFUA_6G09745 Uncharacterized protein 77‘ 2%
AFUA_5G01880 Uncharacterized protein ~ 6‘ 75

The data arising from Student’s ¢-tests (P<0.05) revealed distinct differences in the proteomic response of A. fumigatus when
exposed to the P. aeruginosa culture filtrate compared with that of its own (Dataset S3). These differences were most evident
in the changes to the proteomic profile of secondary metabolites. The relative abundance of proteins involved in pseurotin
A biosynthesis [methyltransferase psoC (+49.55-fold), PKS-NRPS hybrid synthetase psoA (+24.69-fold), methyltransferase
psoF (+18.35-fold), glutathione S-transferase psoE (+5.37-fold)], verruculogen [verruculogen synthase (+44.10-fold)] and
fumitremorgin biosynthesis [6-hydroxytryprostatin B O-methyltransferase (+11.45-fold)] and brevianamide F [tryprostatin B
synthase (+3.69-fold)] were increased significantly (Table 2). In contrast, the relative abundances of several proteins involved
in gliotoxin biosynthesis were significantly decreased in A. fumigatus cultures exposed to P. aeruginosa CuF compared to A.
fumigatus CuF. These included the protein products of gliF (-28.47-fold), gliG (-12.55-fold), gliN (-21.13-fold) and gliT
(—52.23-fold) (Table 2). Other proteins involved in detoxification pathways included GST N-terminal domain-containing
protein (—1.81-fold), Peptide-methionine (S)-S-oxide reductase (—4.86-fold) and DNA damage response protein (Dapl)
(-3.32-fold).

Table 2. Changes in the abundance of proteins associated with secondary metabolite biosynthesis: relative fold differences of SSDA (t-test, P<0.05)
proteins associated with secondary metabolite biosynthesis between A. fumigatus groups exposed to A. fumigatus CuF and P, aeruginosa CuF

Gene Protein name Fold change
AFUA_1G17440 (psoC) Methyltransferase psoC +49.55
ftmOx1 Verruculogen synthase +44.10
NRPS14 PKS-NRPS hybrid synthetase psoA +24.69
AFUA_8G00440 (psoF) Methyltransferase psoF +18.35
ftmMT 6-Hydroxytryprostatin B O-methyltransferase +11.45
af390-400 O-Methyltransferase af390-400 +7.18
(AFUA_8G00580) psoE Glutathione S-transferase psoE +5.37
af380 Polyketide transferase af380 +4.24
ftmPT1 Tryprostatin B synthase +3.69
AFUA_5G04080 Terpene cyclase +1.54
(AFUA_6G09740) gliT Thioredoxin reductase gliT -53.23
(AFUA_6G09730) gliF Cytochrome P450 monooxygenase gliF -28.47
(AFUA_6G09720) gliN N-Methyltransferase gliN -21.13
(AFUA_6G09690) gliG Glutathione S-transferase gliG -12.55
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Table 3. Changes to the A. fumigatus stress response pathway: relative fold differences of SSDA (t-test, P<0.05) proteins associated with a general
stress response and mitochondria-related oxidative stress between A. fumigatus groups exposed to P. aeruginosa CuF and A. fumigatus CuF

Gene Protein Fold change
AFUA_5G03540 Thioredoxin reductase +43.91
AFUA_6G04920 Formate dehydrogenase +18.64
AFUA_3G14540 Heat shock protein Hsp30/Hsp42 +6.67
AFUA_5G09330 CipC-like antibiotic response protein, putative +6.08
AFUA_8G06080 Nitric oxide dioxygenase +3.75
katG Catalase-peroxidase +3.64
AFUA_3G12560 Allantoicase Alc +3.27
AFUA_1G08880 Iron/copper transporter Atx1 +3.22
AFUA_4G03120 Mitochondrial cytochrome b2, putative +2.93
AFUA_4G11250 Carbonic anhydrase +2.27
AFUA_7G02070 ATF-like mitochondrial oxidoreductase +2.25
AFUA_2G05060 Alternative oxidase +1.95
Pmp20 Putative peroxiredoxin pmp20 +1.89
AFUA_4G03900 Peroxisomal multifunctional beta-oxidation protein +1.83
Atg8 Autophagy-related protein 8 +1.80
AFUA_1G11180 Heat shock protein/chaperonin HSP78, putative +1.56
svfl Survival factor 1 +1.54
AFUA_5G09680 Succinate dehydrogenase cytochrome b560 subunit -8.45
AFUA_4G11390 Ubiquinol-cytochrome ¢ reductase complex 17 kd protein -5.85
AFUA_2G13110 Cytochrome ¢ -1.94
AFUA_4G06790 Cytochrome b-c1 complex subunit 7 -1.83
AFUA_3G06190 Cytochrome ¢ oxidase subunit VIa, putative -1.54
AFUA_2G11750 Mitochondrial DnaJ chaperone (Mdjl), putative -1.51

The proteomic data revealed several differentially abundant proteins typically associated with the cellular response to stress
in A. fumigatus cultures exposed to P. aeruginosa CuF. There were clear differences in the type of stress-response proteins,
with one group showing an increase in the abundance of proteins involved in a general stress response [e.g. thioredoxin
(+43.91-fold), catalase (+3.64-fold), formate dehydrogenase (+18.64-fold)] in A. fumigatus exposed to P. aeruginosa CuF.
The other group of stress-related proteins were involved in mitochondrial-induced stress and included decreased levels of
cytochrome proteins in the fungal cultures exposed to P. aeruginosa CuF compared to those exposed to A. fumigatus CuF
(Table 3).

The proteomic dataset revealed significant changes in the abundance of proteins involved with transcriptional and transla-
tional regulation. These included ribosomal proteins belonging to the large and small ribosome (ribosomal protein S28e;
+18.9fold), 60S ribosomal protein L36; +15.59-fold), proteins involved in splicing (U6 snRNA-associated Sm-like protein
LSmé6; +2.84-fold, pre-mRNA-splicing factor rsel; +2.07-fold), histone proteins (histone H3; +53.81-fold, histone H2B;
+2.29-fold), and regulatory proteins such as translation initiation (eukaryotic translation initiation factor 4C; +4.63-fold)
and elongation factors (eukaryotic translation elongation factor 1 subunit Eef1-beta; +1.70-fold). While the greatest changes
were detected in the groups that had increased in relative abundance, there were a large proportion of proteins belonging to
this group that had also decreased in relative abundance in A. fumigatus exposed to P. aeruginosa CuF (40S ribosomal protein
S2; —4.31-fold, 60S acidic ribosomal protein P2; —4.15-fold, 50S ribosomal protein L13; —3.16-fold, eukaryotic translation
initiation factor 3 subunit K; —3.31-fold) (Table S1, Dataset S3).
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DISCUSSION

The inhibitory effects of P. aeruginosa cells and P. aeruginosa secondary metabolites on A. fumigatus biofilm formation and
fungal growth and development are well established [27, 28, 37, 43, 44]. However, the proteomic response of A. fumigatus to the
P, aeruginosa secreteome remains largely uncharacterized. The results presented in this study demonstrate distinct differences
in fungal growth and gliotoxin production where A. fumigatus is exposed to P. aeruginosa cells, compared to its exposure to P
aeruginosa CuE. We chose to use a nutrient-poor, nitrate-rich liquid medium, Czapek-Dox, in which to culture A. fumigatus
and to produce the P. aeruginosa culture filtrates. Czapek-Dox is used to promote the production of redox-active secondary
metabolites such as gliotoxin [34, 45, 46] and provides a nitrate-rich environment, which is a feature of CF airways [34, 45-47].

Exposure of A. fumigatus to P. aeruginosa cells resulted in reduced fungal growth and an increase in gliotoxin production. The
growth-inhibiting effect of P. aeruginosa on A. fumigatus has been reported previously [28, 29, 39, 48, 49]. Rhamnolipids are a
family of glycolipids produced by P. aeruginosa and other Pseudomonas species [50]. Dirhamnolipids produced by P. aeruginosa
inhibit § 1, 3-glucan synthase, thereby interfering with fungal cell-wall architecture [43]. Other mediators of fungal growth
inhibition include pyoverdin, a bacterial siderophore that sequesters iron from the environment, and pyocyanin which disrupts
the redox balance in the environment [28, 29]. Exposure of A. fumigatus to siderophore-deficient P. aeruginosa strains does not
negatively impact fungal growth [48]. We used a siderophore-sufficient strain of P. aeruginosa, PAO1, which may in part explain
the ability of these bacteria to inhibit fungal growth under the conditions we applied in this experiment. Analysis of the dataset
arising from MS analysis of the bacterial secretome detected one protein associated with iron acquisition, ferric iron-binding
periplasmic protein HitA.

Since gliotoxin is responsible for maintaining redox homeostasis in the fungus, an increase in gliotoxin production may be
indicative of bacterial-mediated induction of reactive oxygen species, which is known to compromise fungal growth and survival
[28]. Gliotoxin displays immunosuppressive effects on host cells [51-53] and thus, in the context of co-infection, the propensity
of P. aeruginosa to promote gliotoxin production in A. fumigatus may have serious implications for host health.

To characterize the effect of the P. aeruginosa secretome on A. fumigatus growth and gliotoxin production, A. fumigatus cultures
were exposed to P. aeruginosa CuF or A. fumigatus CuF for 24 h. The growth of fungal cultures when incubated with A. fumigatus
CuF or P, aeruginosa CuF increased 1.36- and 2.8-fold respectively, relative to the control. Conversely, gliotoxin production was
lower in fungal cultures exposed to P. aeruginosa CuF.

These results indicate that the response of A. fumigatus to P. aeruginosa may be regulated through direct (via bacterial cells) and
indirect (via bacterial secretome) interactions with the bacteria, and that such interactions can determine hyphal formation and
the secretory profile of the fungus, which may in turn have clinical significance for the host, depending on the proximity of the
two pathogens to each other. Competition for nutrients such as iron, which occur when two organisms share an environment
with limited resources, lead to growth inhibition of the weaker species, which, in the context of P. aeruginosa and A. fumigatus,
is often the latter [28, 32, 48].

The results observed in this study contradict those observed in previous studies, in which the culture filtrates produced by P
aeruginosa PAO1 inhibited fungal growth [48]. However, given that the growth media used in the two studies differ in composition,
this probably has implications for the biochemical profile of the secretome, and hence the effect on the fungal response in terms
of growth. The positive effect of P. aeruginosa-mediated fungal growth has been described previously [35, 36] and the promotion
of fungal growth was attributed to volatile sulphur compounds (VSCs), produced by P. aeruginosa on a spatially separate part of
sulphur-deficient agar plates. However, bacterial VOCs can also be growth inhibitors [37]. Because VOCs can be emitted into
liquid media [54], it is possible that these compounds may have had some effect on the growth of A. fumigatus under the culture
conditions described here, but our experimental design did not allow for analysis of VOCs.

To characterize the protein profile of the P. aeruginosa CuF, we analysed the secretome by LFQ proteomics using high-resolution
MS. Czapek-Dox liquid media can support the growth of P. aeruginosa, although poorly compared to other growth media due
to its low nutritional content [34]. We have shown previously that the growth of P. aeruginosa in this medium can be promoted
when conditioned in the culture filtrates produced by A. fumigatus in Czapek-Dox. We used MS-based proteomics to analyse
the secretome of the A. fumigatus CuF and concluded that A. fumigatus creates a nutrient-rich environment which supplies P
aeruginosa with the nutritional components it requires to proliferate in an otherwise hostile environment [34]. Here, we used
the same proteomics technique to investigate the profile of the P. aeruginosa secretome produced in Czapek-Dox, with a view to
understanding how the bacterial culture filtrates alter the A. fumigatus growth and proteomic profile. We discovered a number of
proteins in the dataset which provide insight as to how P. aeruginosa conditions this growth medium which alters fungal growth.

The glyoxylate shunt (GS) is a metabolic process whereby bacteria metabolize acetate and fatty acids as carbon sources, and which
may be used as an alternative to the TCA cycle [55, 56]. This two-step pathway involves isocitrate lyase and malate synthase,
and is upregulated under conditions of oxidative stress [55, 56]. Both enzymes involved in this pathway were detected in the P
aeruginosa CuF. The CF airways contain higher levels of fatty acids than normal airways [57] and there are indications that in
the CF airways fatty acids are the main source of carbon used by P. aeruginosa [58].
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A range of proteins involved in detoxification including catalase and thioredoxin, key components of the antioxidant system,
were also detected in the culture filtrates, indicating an environmental stress response was adopted by the bacterial cells in
this growth medium. Oxidative stress may be caused, in part, by low environmental pH. Bacteria can regulate the pH of their
external environment to facilitate their survival [59, 60]. One way in which this may be accomplished is through the produc-
tion of ammonia ions which, when combined with protons, form ammonium ions, thereby raising the pH of the environment.
To achieve this, bacteria may utilize the arginine deiminase pathway, which involves the conversion of arginine to ornithine,
ammonia and carbon dioxide [59, 61]. Among the enzymes involved in this process are arginine deiminase and ornithine
carbamoyltransferase, both of which were detected in the dataset arising from P. aeruginosa CuF MS analysis. The presence
of proteins involved in oxidative stress and pH regulation indicate that the bacteria modified the environment to become
more conducive to growth and in doing so increased the pH of the growth media from 6.8 (pre-inoculation) to 7.2 (48 h post-
inoculation). It is the higher pH and the abundance of detoxifying enzymes present in the P. aeruginosa CuF that may have
created an environment more conducive to the growth of A. fumigatus, and hence greater fungal growth, compared to that
created by the A. fumigatus CuF which had a much lower pH (4.5) and which ultimately resulted in lower fungal growth, and
a significantly different proteomic profile.

To gain a better insight into the biological pathways and processes that contribute to the response of A. fumigatus to the P
aeruginosa CuF, a whole-cell proteomic approach was adopted. Modifications to histones have been extensively studied and
have major implications in fungal growth and development [62, 63]. Proteomic data analysis in this study identified histone
3 as the most differentially abundant protein associated with transcriptional regulation in A. fumigatus cultures exposed to P
aeruginosa CuF (+53.81-fold). Another core component of the nucleosome, histone H2B, was detected in the group exposed to
P aeruginosa CuF and was increased by 2.29-fold compared to groups exposed to A. fumigatus CuF. In contrast, histone H2A.Z
was reduced by —2.54-fold. Also reflective of changes to transcriptional and translational activity between groups was the increase
in levels of proteins involved with the generation of mRNA transcripts and ribosomal activity, including ribosomal protein S28e
(+18.90-fold), ribonucloprotein (+17.04-fold), 60S ribosomal protein L36 (+15.59-fold), eukaryotic translation initiation factor 4C
(+4.51-fold) and RNA polymerase II subunit 3 (+2.39-fold). A decrease in the relative abundance of several ribosomal-associated
proteins was also evident in the groups exposed to P. aeruginosa CuF. These included 40S ribosomal protein S2 (-4.31-fold) and
eukaryotic translation initiation factor 3 subunit K (-3.31-fold). The increases and decreases in the relative abundance of this
category of proteins highlight the changes to protein synthesis apparatus and transcriptional/translational processes that are
driven by exposure to the bacterial CuF.

One of the most remarkable findings in the proteomic dataset was a significant decrease in the relative abundance of four proteins
associated with the gliotoxin biosynthetic gene-cluster in A. fumigatus that had been exposed to P. aeruginosa CuF compared to
A. fumigatus CuF. These proteins, thioredoxin reductase gliT (—53.23-fold), cytochrome P450 monooxygenase gliF (—28.47-fold),
N-methyltransferase gliN (-21.13-fold) and glutathione S-transferase gliG (-12.55-fold), the gene products of gliT, gliF, gliN
and gliG, respectively, were dramatically decreased in A. fumigatus exposed to the P. aeruginosa CuF. These findings correlate
with those detected by RP-HPLC whereby gliotoxin production was decreased in fungal cultures grown in the presence of P
aeruginosa CuFs.

In contrast, analysis of the fungal proteome where A. fumigatus was exposed to P. aeruginosa CuF revealed a significant increase
in the relative abundance of proteins associated with the biosynthesis of other secondary metabolites including pseurotin A
(methyltransferase psoC, +49.55-fold; PKS-NRPS hybrid synthetase psoA, +24.69-fold; methyltransferase psoF; +18.35-fold,
glutathione S-transferase psoE, +5.37-fold), verruculogen (verruculogen synthase, +44.10-fold), fumagillin (O-methyltransferase
af390-400, +7.18-fold), and fumitremorgins (6-hydroxytryprostatin B O-methyltransferase, +11.45-fold; tryprostatin B synthase,
+3.69-fold).

Pseurotin A is a competitive inhibitor of chitin synthase and has been reported to have cytotoxic activity, thereby highlighting its
potentially cytotoxic effect on host cells [64-66]. Verruculogen and fumitremorgin b are known to affect the central nervous system in
vivo and in vitro; verruculogen alters the electrophysiological properties of human nasal epithelial cells, suggesting this metabolite may
participate in fungal colonization of the airways [67, 68]. Fumagillin affects the ability of neutrophils to produce superoxide anions by
inhibiting the function of NADPH oxidase and prevents degranulation by interfering with the structural rearrangements required for
these processes to occur [69]. An increase in the relative abundance of proteins associated with the biosynthesis of these metabolites
in A. fumigatus coupled with a decrease in the relative abundance of gliotoxin biosynthetic proteins indicate that P, aeruginosa creates
an environment that causes A. fumigatus to alter secondary metabolite production to adapt to the conditions created by the bacteria.

Contrasting results were observed in a previous study, whereby attenuation of gliotoxin biosynthesis by deletion of the gliotoxin
bis-thiomethyltransferase gene, GtmA, corresponded to a decrease in the levels of pseurotinA, fumagillin, tryprostatin B and
fumitremorgin C [70]. The findings of both studies highlight the complexities involved in the regulation of secondary metabolite
biosynthesis, and demonstrate that their induction at a molecular level may be controlled by multiple environmental stimuli.

An increase in the relative abundance of proteins associated with an oxidative stress response and detoxification (formate dehydro-
genase, +18.64-fold; thioredoxin reductase, +43.91-fold; AhpC/TSA family protein, +6.51-fold; catalase-peroxidase, +3.64-fold) was
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detected in the A. fumigatus proteome where the fungus was exposed to the P. aeruginosa CuF [71-73]. This suggests that the contents
of P. aeruginosa CuF induce oxidative stress in A. fumigatus.

The proteomic data also revealed a decrease in the relative abundance of several proteins associated with the mitochondria in A.
fumigatus exposed to P. aeruginosa CuF compared with that exposed to A. fumigatus CuF. Alterations to the mitochondria are
indicative of an increase in energy production and oxidative stress. The proteins detected here were involved with complex III of the
respiratory transport-chain and included succinate dehydrogenase cytochrome b560 subunit (—8.45-fold), ubiquinol-cytochrome
¢ reductase complex 17 kd protein (—5.85-fold), cytochrome C (—1.94-fold) and cytochrome b-c1 complex subunit 7 (~1.83-fold).
Oxidative stress induces the release of cytochrome ¢ from the mitochondria and is a signature of mitochondrial dysfunction [74].
The increased levels of proteins associated with cytochrome complexes in the group exposed to A. fumigatus CuF correlate with the
increased levels of proteins associated with gliotoxin biosynthesis in these fungal cultures. Gliotoxin is a driver of oxidative stress in the
microenvironment and a known contributor to mitochondrial stress, which may explain why indicators of mitochondrial dysfunction
are observed in the group exposed to A. fumigatus CuF to a greater extent than those exposed to P. aeruginosa CuF [75-78]. These
data indicate that the stress response induced by P. aeruginosa CuF differs to that which is induced by A. fumigatus CuF and, given
that certain virulence factors are often dependent upon the type of stress response endured by the pathogen [79], suggests potential
implications during instances of co-infection.

A. fumigatus secretes a range of degradative enzymes that contribute to the ubiquity of the fungus in nature by supporting fungal growth
on plant matter [4, 5]. Many of these biological determinants also play a role in establishing disease in humans and are associated with
virulence and pathogenesis. Several proteases involved in conidial development, and also thought to play a role in ABPA were detected
in the data set presented here, including alkaline protease 2 (+2.42-fold), major allergen Asp f 2 (+2.26-fold) and vacuolar protease
A (+2.09-fold) [80, 81]. The increase in relative abundance of these enzymes, due to exposure by P. aeruginosa CuF, suggests that the
presence of bacterial-derived molecules in the environment potentially promote the expression of the genes encoding such proteins.

CONCLUSION

In the CF airways, A. fumigatus rarely becomes invasive as germinating conidia are rapidly targeted by cells of the immune system
[82, 83]. However, if hyphae are produced, antigens, proteases and other factors that induce an inflammatory response can be released
[83]. Because P, aeruginosa is prevalent in the CF airways, it is important to understand the role of bacteria in influencing fungal growth
and development. The data presented here indicate that the secreted products of P. aeruginosa can influence the proteomic response of
A. fumigatus and, consequently, the effect of the fungus on the host, by way of modulating secondary metabolite production. The role of
A. fumigatus proteases in exacerbating pulmonary disorders such as ABPA have been established, but with the exception of gliotoxin,
less is known about the effects of other secondary metabolites (e.g. pseurotin A) on the immune system. Given the prevalence of A.
fumigatus as an infectious agent and its propensity to co-infect the airways with other pathogens, it may be of interest to investigate
whether other bacteria induce similar responses in terms of mycotoxin production.
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