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Chronic pulmonary aspergillosis involves the formation of a fungal ball (aspergilloma) in lung cavities. Pseudomonas aeruginosa com-
monly co-colonizes these lesions; however, the in vivo mechanisms underlying its persistence are unknown. Using a multi-omics ap-
proach on resected aspergillomas, we defined the genomic, transcriptional, and metabolic adaptations of P. aeruginosa within this
polymicrobial niche. We reconstructed high-quality P. aeruginosa genomes and identified a conserved core genome, along with acces-
sory genes for secondary metabolism, virulence, and antimicrobial resistance. Phylogenomics revealed heterogeneous evolutionary
paths among co-colonizing strains. Metatranscriptomics showed stark physiological heterogeneity, from metabolically aggressive to
stress-adapted states. High expression of phenazine, quorum-sensing (PQS), siderophore, and secretion-system operons was corrobo-
rated by metabolomic detection of phenazine-1-carboxylic acid and 2-heptylquinolin-4(1H)-one, confirming active bacterial antagonism
in vivo. Concurrent Aspergillus fumigatus transcriptomics revealed the activation of oxidative stress responses, secondary metabolism
(eg fumagillin), and iron scavenging, demonstrating reciprocal competition. Host transcriptomics revealed patient-specific immune sig-
natures that correlated with the metabolic activity of the co-colonizers. This work provides an integrated systems-level analysis of the tri-
kingdom aspergilloma ecosystem. P. aeruginosa persistence is driven by genomic plasticity and context-dependent expression of com-
petitive pathways, shaped within a chronic inflammatory environment. These findings redefine aspergillomas as active polymicrobial
consortia, establishing a framework for targeting resilient microbial communities in chronic lung disease.
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intensified airway inflammation, and increased mortality
(Kosmidis and Denning 2015; Reynolds and Kollef 2021).
Co-colonization is remarkably frequent, with up to 60% of indivi-
duals chronically infected with P. aeruginosa also harboring A. fu-
migatus. The simultaneous detection of these bacteria in sputum
and bronchoalveolar lavage fluid underscores the prevalence

Introduction

Cystic fibrosis (CF) is a life-limiting autosomal recessive disorder
caused by mutationsin the CFTR gene, leading to impaired epithe-
lial ion transport and the accumulation of dehydrated, highly vis-
cous mucus in the airways. This altered mucosal environment
promotes persistent inflammation and recurrent infections that
progressively damage the lung. Affecting an estimated 89,000 in-
dividuals worldwide (Ong and Ramsey 2023), CF remains domi-
nated clinically by chronic respiratory infection, which is the
primary driver of morbidity and mortality. Over time, the CF

and likely clinical significance of bacterial-fungal coexistence in
CF (Margalit et al. 2021; de Castro et al. 2025).

The interaction between these pathogens is multifaceted,
context-dependent, and deeply influenced by the host environ-

lung evolves into a heterogeneous and dynamic ecological niche
shaped by chronic neutrophilic inflammation, hypoxia, and nutri-
ent limitation, conditions that enable colonization by diverse and
adaptive microbial communities (Blanchard et al. 2022). In this
context, Pseudomonas aeruginosa and Aspergillus fumigatus stand
out as 2 of the most consequential pathogens. Each is independ-
ently associated with accelerated lung-function decline,

ment. P. aeruginosa secretes a repertoire of inhibitory molecules,
phenazines such as pyocyanin, phenazine-1-carboxylic acid,
and phenazine-1-carboxamide generate reactive oxygen species
that damage A. fumigatus hyphae (Price-Whelan et al. 2006), while
rhamnolipids disrupt fungal biofilms and cell wall integrity, im-
pairing hyphal development and altering melanin deposition
(Briard et al. 2017). Conversely, A. fumigatus counters these
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antagonistic pressures through high-affinity siderophore-
mediated iron acquisition, ferricrocin, hydroxyferricrocin, fusari-
nine C, and triacetylfusarinine C, which offset P. aeruginosa
pyoverdine-mediated iron sequestration and promote fungal
competitiveness in polymicrobial environments (Sass et al.
2018). Additionally, P. aeruginosa quinolone signals such as PQS
can suppress or enhance fungal metabolism depending on iron
availability, highlighting the environmental contingency of inter-
kingdom interactions (Williams 2007).

These microbial exchanges unfold within a host environment
dominated by persistent inflammation, hyperviscous mucus,
and steep oxygen gradients. Such pressures drive rapid microbial
diversification and genetic adaptation. P. aeruginosa commonly
evolves mucoid, biofilm-associated phenotypes, while A. fumiga-
tus forms dense mycelial aggregates (aspergillomas) that exacer-
bate airway obstruction and hypoxia. The resulting
polymicrobial biofilms become resilient ecosystems structured
by micronutrient competition, metabolic cross-feeding, and inter-
species signaling. While in vitro studies have uncovered essential
mechanisms of antagonism and coexistence (Mowat et al. 2010;
Shirazi et al. 2016), the in vivo genomic, metabolic, and transcrip-
tional architecture that enables P. aeruginosa to persist within
fungal-dominated niches remains incompletely defined.

Chronic pulmonary aspergillosis (CPA), a progressive and de-
bilitating infectious disease, affects approximately 1.8 million in-
dividuals globally each year due to the widespread presence of
Aspergillus (Reynolds and Kollef 2021; Sengupta et al. 2025).
This condition typically develops in patients with underlying
structural lung damage, including the residual cavities from tu-
berculosis or COPD (chronic obstructive pulmonary disease)
(Smith and Denning 2011). A key distinction of CPA is that, unlike
the invasive form of the disease, it primarily occurs in patients
who are immunocompetent or only mildly immunocompromised,
rather than in those with severe immunosuppression (Denning
and Chakrabarti 2017; Jaggi et al. 2024). CPA is notably character-
ized by the development of fungal balls, or aspergillomas, within
lung cavities. These formations are more than simple clusters of
hyphae; they are intricate, organized biofilms. Each is a defined
mass encased in a dense extracellular matrix that traps fungal fi-
laments, immune cells, and cellular debris from the host
(Kosmidis and Denning 2015). This biofilm configuration is central
to the disease’s severity, fueling ongoing inflammation, gradual
lung tissue breakdown, and potentially fatal pulmonary hemor-
rhage (Evans et al. 2024). The protective matrix fosters a high de-
gree of treatment resistance, serving as a shielded environmentin
which antifungal resistance can develop and relapse become
common, thereby severely complicating efforts to manage the
disease over the long term (Howard et al. 2009, 2013; Bongomin
et al. 2020).

Previously, we investigated the multi-omic characterization of
aspergillomas resected from 61 patients with CPA (Liu et al. 2026).
This work defined the aspergilloma as a complex polymicrobial
biofilm ecosystem, revealing key metabolic adaptations and vul-
nerabilities of clinical A. fumigatus strains within their native en-
vironment (Liu et al. 2026). It provided a new conceptual
framework for developing therapies that target the pathogenic
consortium and its resistant biofilm state, rather than the fungus
inisolation. Here, we extended these observations by reconstruct-
ing the P. aeruginosa genomes of the strains that colonized the fun-
gal balls of 3 CPA patients. By reconstructing high-quality
metagenome-assembled genomes (MAGs), characterizing sec-
ondary metabolite clusters, virulence factors, and antimicrobial
resistance genes, and integrating comparative pangenomics

with P. aeruginosa reference strains, together with bacterial, fun-
gal, and host transcriptomics and untargeted metabolomics, we
delineate the metabolic, genetic, and regulatory strategies that
sustain bacterial-fungal coexistence. This systems-level ap-
proach provides new mechanistic insight into chronic lung dis-
ease and offers a foundation for developing targeted therapeutic
interventions against polymicrobial biofilms.

Materials and methods
Sample collection and processing

Fungal ball specimens were obtained intraoperatively from pa-
tients undergoing pulmonary lobectomy performed by specialized
thoracic surgeons. All procedures were carried out under sterile
conditions to minimize external contamination. Within 30 min
of resection, fungal masses were macroscopically identified, care-
fully dissected from the surrounding lung tissue, and immediately
aliquoted into sterile nuclease-free cryovials. Samples were flash-
frozen in liquid nitrogen and stored at —80 °C until multi-omics
analyses.

Total genomic DNA extraction

Approximately 50 mg of the central and peripheral areas of the
fungal ball material were used for total genomic DNA extraction
following a modified CTAB protocol. Tissue was homogenized in
CTAB extraction buffer and incubated with lysozyme for 2h at
65 °C, followed by purification with phenol:chloroform:isoamyl al-
cohol (25:24:1) and chloroform:isoamyl alcohol (24:1). DNA was
precipitated with isopropanol, washed with 75% ethanol, and re-
suspended in nuclease-free water. RNA contaminants were re-
moved by RNase A treatment. DNA concentration and purity
were measured with a NanoDrop One spectrophotometer, and in-
tegrity was confirmed by electrophoresis on a 1% agarose gel.

Total RNA extraction

Total RNA was isolated from ~50 mg of fungal ball tissue using
TRIzol Reagent (Invitrogen) and mechanical disruption in a
FastPrep-24 instrument. RNA precipitation efficiency was en-
hanced with GlycoBlue, and RNA was eluted in RNase-free water.
Concentration and purity were evaluated using a NanoDrop One,
and RNA integrity was assessed using an Agilent 2100 Bioanalyzer.
Only samples with RIN > 7.0 were used for library construction.

Metagenomic sequencing

DNA samples containing >0.2 pg were selected for library prepar-
ation. DNA was enzymatically fragmented to ~300 bp, then end-
repaired, A-tailed, adapter-ligated, and PCR-amplified. Library
size distribution was assessed with a Qsep400 Bioanalyzer and
quantified with Qubit 4.0. Equimolar pools were sequenced on
an [llumina NovaSeq 6000 platform (paired-end 150 bp).

Metatranscriptomic sequencing

Metatranscriptomic libraries were prepared from 10 to 100 ng of
total RNA using the AccuNext Stranded Single Cell & Low Input
RNA-seq Kit (AccuraBio), including depletion of both prokaryotic
(16S/23S) and eukaryotic (185/28S) rRNAs. The enriched RNA
was fragmented and reverse-transcribed, with strand specificity
maintained by dUTP incorporation during second-strand cDNA
synthesis. Indexed libraries were amplified (12 to 15 PCR cycles),
evaluated using a Bioanalyzer 2100, pooled equimolarly, and se-
quenced on an [llumina NovaSeq 6000 (PE150).
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Quality control and host read removal

Raw DNA and RNA reads were processed with Fastp v0.23.4 for
adapter trimming, removal of low-quality bases, and filtering of
reads <50 bp (Chen et al. 2018). Host-derived sequences were re-
moved using Kraken2 v2.1.3 (Wood et al. 2019) with the SILVA
rRNA database release 138 (Quast et al. 2013). High-quality filtered
reads were retained for genome reconstruction and transcrip-
tomic analysis.

MAG reconstruction

Metagenome assembly and binning were performed using
MetaWRAP v1.3.2 (Uritskiy et al. 2018). Assemblies were generated
using metaSPAdes (Nurk et al. 2017), and binning was conducted
with MaxBin2 (Wu et al. 2016), MetaBAT2 (Kang et al. 2019), and
CONCOCT (Alneberg et al. 2014). Bins were refined within
MetaWRAP, and genome quality was evaluated with CheckM
(Parks et al. 2015). Only bins with >80% completeness and <5%
contamination were retained. Taxonomy was assigned using
SILVA rRNA release 138, and bins classified as P. aeruginosa were
used for downstream analysis.

Functional annotation, virulence factors, and
antimicrobial resistance

Functional genome annotation was conducted using Prokka
(Seemann 2014). Virulence factors were identified using the
Virulence Factor Database (VFDB) and Comprehensive Antibiotic
Resistance Database (CARD) via Resistance Gene Identifier (RGI)
(Alcock et al. 2023). Secondary metabolite biosynthetic gene clus-
ters (BGCs) were predicted using antiSMASH v7 (Blin et al. 2023),
and additional functional annotation was performed using
eggNOG-mapper v2 (Cantalapiedra et al. 2021).

Pangenome analysis

The P. aeruginosa pangenome was analyzed using Roary (Page et al.
2015) from the 3 reconstructed MAGs and the reference genomes
(RefSeq; Supplementary Table 2). Core genes were defined as
those present in >95% of genomes. Visualization of gene clusters,
presence-absence matrices, and pangenome distribution was
performed using Anvi'o v7 (Eren et al. 2021).

Metatranscriptomic analysis

Quality control followed the same pipeline described for DNA.
Ribosomal RNA was removed using SortMeRNA v4.3.6 (Kopylova
et al. 2012), and human reads were filtered by mapping against
the Homo sapiens GRCh38.p14 genome using Bowtie2 v2.5.1
(Langmead and Salzberg 2012).

For eukaryotic transcriptomics, high-quality reads were
mapped to A. fumigatus Af293 (GCF_000002655.1) and H. sapiens
GRCh38 using HISAT?2 v2.2.1 and quantified with StringTie2 v2.2
(Pertea et al. 2015). For bacterial transcriptomics, reads were
mapped to P. aeruginosa PAO1 (GCF_000006765.1) using Bowtie2,
and gene counts were generated with featureCounts (Liao et al.
2014). Gene expression values were normalized to TPM, and
downstream functional enrichment analyses (GO, KEGG) were
performed using iDEP v1.1 (Ge et al. 2018).

Statistical analysis

All statistical analyses were performed in Python (v3.12.12) using
the scipy, scikit-learn, pandas, and matplotlib libraries. Pairwise
sample similarity was quantified using Spearman’s rank correl-
ation. Dimensionality reduction was conducted with principal
component analysis (PCA) on log,-transformed TPM values.

Heatmaps were generated using hierarchical clustering
(Euclidean distance, Ward linkage). All data visualization (PCA,
heatmaps, bar plots, and chord diagrams) was performed in
Python (version 3.12.12).

Results

Assembly, taxonomic classification, and quality
assessment of Pseudomonas MAGs

We previously characterized the fungal ball of 61 patients (Liu
et al. 2026). Computed tomography scans and histopathology
were used to visualize fungal masses and lung infections in se-
lected patients (Liu et al. 2026). To investigate the microbiome,
metabolome, and metatranscriptome of the fungal balls, excised
fungal balls (54% from the left lobe and 46% from the right lobe)
were collected, and some were sent for pathological staining,
while others were preserved for multi-omics analysis (Liu et al.
2026). Based on 16S and ITS amplicon analysis, A. fumigatus dom-
inates the fungal niche (59% of patients), bacterial co-colonization
is ubiquitous, primarily by P. aeruginosa and Haemophilus influenza
(Liu et al. 2026). The bacterial genus that comprises more than
90% of bacterial species is: 6 of H. influenzae, 5 of P. aeruginosa, 6
of Neisseria, 1 of Nocardia, 10 of unidentified species, and 33 of
mixed species. Our main goal was to characterize fungal balls pre-
dominantly colonized by A. fumigatus and P. aeruginosa.
Unfortunately, only fungal balls from 3 patients (A3, A25, and
A61) provided sufficient DNA coverage to assemble a full P. aerugi-
nosa genome and a sufficient number of P. aeruginosa and A. fumi-
gatus transcripts (patients A25 and A61). Only 3 patients fulfilled
these conditions and are here analyzed.

We used metagenomics to reconstruct high-quality P. aerugino-
sa genomes from these 3 samples (patients A3, A25, and A61)
(Fig. 1a). All 3 patients are male, around 50 yr old, and do not
have any underlying condition, such as tuberculosis, bronchiec-
tasis, COPD, allergic bronchopulmonary disease (ABPA), or asth-
ma (Table 1). Patient A3 had hemoptysis, and the size of the
aspergilloma varies from 5 to 24 mm, and the duration of symp-
toms extends from 1.5 to 17 yr (Table 1). Based on 16S and ITS am-
plicon analysis (Liu et al. 2026), all 3 fungal balls were colonized
with about 100% P. aeruginosa, while the fungal balls from patients
A25 and A61 were colonized with more than 90% A. fumigatus, and
patient A25 with more than 90% A. flavus (Liu et al. 2026).
Additional evidence for the identity of P. aeruginosa came from
taxonomic classification using Kraken2 with the SILVA rRNA re-
lease 138 databases, which confirmed that all assemblies belong
to the genus Pseudomonas, with P. aeruginosa as the predominant
species. The reconstructed MAGs exhibited genome sizes of
6,368,664 bp (A3), 6,263,885bp (A25), and 6,243,234bp (A61),
with completeness scores of 99.3% (A3), 98.6% (A25), and 98.9%
(A61), and contamination levels below 1.2%, as assessed by
CheckM. The total number of contigs varied across samples,
with 42 contigsin A3, 36 in A25, and 37 in A61. All genomes exhib-
ited an average GC content of approximately 66.5%, consistent
with that of reference P. aeruginosa genomes (Supplementary
Table 1). The 3 P. aeruginosa MAGs recovered from the fungal
ball samples (A3, A25, and A61) exhibited a high degree of genomic
conservation when compared against the P. aeruginosa PAO1 refer-
ence genome (Fig. 1b). The BLAST Ring Image Generator (BRIG)
analysis revealed concentric rings with >99% nucleotide identity
across the majority of the genome, indicating that the core gen-
omic architecture is highly conserved among the 3 isolates and
the PAO1 reference strain, consistent with the high pairwise ANI
values observed (Fig. 2).
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Fig. 1. Genomic architecture and functional landscape of Pseudomonas aeruginosa isolates recovered from CF-aspergilloma samples. a) Whole-genome
assemblies of P. aeruginosa strains A3, A25, and A61, showing contig organization, coding sequences (CDS) on forward and reverse strands, GC content,
and GC skew, AMR genes, virulence factors (VF), and membrane transport-related genes are highlighted to illustrate genomic hotspots associated with
pathogenicity and adaptation. b) BRIG comparative alignment of all sequenced isolates against the PAO1 genome. Conserved and divergent genomic
regions are visualized across strains, revealing shared core architecture and isolate-specific accessory loci that may reflect niche specialization within the
aspergilloma environment. c) Global pangenome analysis of 648 P. aeruginosa reference genomes, displaying the distribution of genomes across
continents and the pangenome structure. The 3 isolates from this study are annotated with distinct symbols, allowing their placement within the global
genomic diversity and highlighting their phylogeographic relationships and accessory gene content.

Table 1. Clinical metadata for aspergillomas extracted from 3 patients (A3, A25, and A61).

Patients Gender Age (yr1) Diameter of fungal Duration of Haemoptysis Antifungal Antibiotic therapy
balls (mm) symptoms (yr) therapy
A3 Male 47 5 17 Yes None None
A25 Male 51 24 1.75 No None Cephalosporins
A6l Male 51 20 1.5 No None Cephalosporin and Quinolones
Together, these results indicate that although the Antimicrobial resistance profiling was performed using the RGI

aspergilloma-associated isolates retain the canonical P. aeruginosa
genomic backbone, subtle genetic differences likely influence
niche adaptation, metabolic flexibility, and interactions with
both A. fumigatus and the human host.

Virulence factors, antimicrobial resistance
determinants, secondary metabolites, and BGCs
Functional annotation using the VFDB (https:/www.mgc.ac.cn/
VFs/) showed that the 3 MAGs shared approximately 92% of the ca-
nonical virulence gene repertoire characteristic of P. aeruginosa.
These included major categories such as nutritional/metabolic
factors, effector delivery systems (T3SS and T6SS), biofilm forma-
tion, motility and adherence determinants, and immune-
modulatory components (Table 2 and Supplementary Table 1).
In total, 304 virulence-associated genes were identified in strains
A3 and A25, and 311 in strain A61, of which 280 genes were con-
served across all 3 MAGs. Only 1 unique virulence-associated
gene was identified per genome (Table 2 and Supplementary
Table 1).

against the CARD. A total of 61 resistance determinants were
identified and shared across the 3 P. aeruginosa MAGs
(Supplementary Table 1 and Table 2). Regarding clinical history,
patient A61 had received cephalosporins and quinolones prior to
surgical resection; patient A25 had been treated with cephalos-
porins only; and patient A3 had not received antibiotic therapy
(Table 1). Despite these differences in exposure, genes associated
with cephalosporin resistance were detected in all 3 genomes, and
fluoroquinolone-associated resistance markers were also identi-
fied across the 3 isolates. Although phenotypic antimicrobial sus-
ceptibility testing was not performed, the presence of p-lactam
and fluoroquinolone resistance determinants in all MAGs sug-
gests that these resistance traits are embedded in the genomic
background of the isolates and may reflect intrinsic and/or previ-
ously acquired resistance mechanisms rather than solely recent
therapeutic selection.

The staramr pipeline further confirmed the presence of 6 con-
served AMR genes consistent with multidrug-resistant pheno-
types frequently reported in chronic pulmonary infections.
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Fig. 2. Genome-wide similarity between clinical isolates and the Pseudomonas aeruginosa PAO1 reference strain assessed by FastANI. a) Pairwise
whole-genome average nucleotide identity (ANI) values calculated using FastANI, showing the degree of genomic similarity between each clinical isolate
(A3, A25, and A61) and the P. aeruginosa reference genome PAO1. b) FastANI scatterplots illustrating fragment-level alignment identity between each

isolate.

Table 2. Virulence and secondary metabolites genes identified on
MAGs.

Gene classes Source Sample Sample Sample
A3 A25 A61
Virulence factor VFDB 304 304 311
Transporter TCDB 221 213 212
Metal Resistance BacMet 27 28 29
Drug Target TTD 19 18 18
Antibiotic Resistance PATRIC 98 93 94
Antibiotic Resistance CARD 61 61 61
Antibiotic Resistance NDARO 5 5 5
Secondary Metabolites antiSMASH 17 13 15

Notably, strain A61 harbored an additional ciprofloxacin-
resistance gene not present in strains A3 and A25, suggesting
that its evolutionary trajectory was likely shaped by local anti-
microbial exposure (Supplementary Table 1). The combined pres-
ence of multiple efflux systems, p-lactamases, and enzymatic
inactivators underscores the high degree of antibiotic resilience
in these isolates, reinforcing the notion that P. aeruginosa popula-
tions in chronic infections acquire extensive resistance traits
through sustained selective pressures.

Analysis of BGCs revealed a diverse and functionally rich sec-
ondary metabolite repertoire across the 3 MAGs (Table 2 and
Supplementary Table 1). In total, 3 clusters were identified, in-
cluding nonribosomal peptide synthetase (NRPS) systems, phena-
zine pathways, hydrogen cyanide biosynthetic genes, homoserine
lactone-associated quorum-sensing modules, betalactone clus-
ters, and both Type I and Type III polyketide synthases (T1PKS/
T3PKS) (Supplementary Table 1). Notably, the A3 genome unique-
ly contained 2 duplicated PKS clusters, suggesting expanded

metabolic potential. Altogether, the secondary metabolite land-
scape highlights the biochemical versatility of aspergilloma-
derived P. aeruginosa and supports their capacity for intense inter-
species competition, environmental sensing, and survival within
the dense fungal matrix.

Pangenome structure and phylogenomic
relationships

To contextualize the reconstructed genomes within the global di-
versity of P. aeruginosa, we performed a comprehensive pange-
nomic analysis incorporating the 3 aspergilloma-derived MAGs
(A3, A25, and A61) together with 648 reference genomes from
the BV-BRC (Bacterial and Viral Bioinformatics Resource Center)
(https://www.bv-brc.org/) (Fig. 1c and Supplementary Table 2).
The combined dataset revealed a pangenome comprising 61,058
gene families, reflecting the high genomic plasticity typical of P.
aeruginosa. Of these, 2,508 genes constituted the highly conserved
core genome (present in >99% of isolates), while 1,857 were clas-
sified as soft core genes (present in 95 to 99% of genomes), 2,260
genes shell genes (present in 15 to 95% of genomes) and 54,433
cloud genes (present in 0 to 15% of genomes)

Phylogenomic reconstruction revealed notable differences
among the 3 MAGs. Samples A25 and A61 clustered closely to-
gether, forming a tight clade within a large group of global P. aer-
uginosa strains, suggesting they share a more recent evolutionary
history or similar selective pressures. In contrast, sample A3 was
positioned more distantly, branching separately from A25 and
A61 and exhibiting greater divergence relative to the broader
population structure. This phylogenetic separation aligns with
the genomic variation observed in accessory and unique gene con-
tent among the isolates. Importantly, no clear clustering patterns
were observed based on geographical origin (continent) or
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Fig. 3. Metatranscriptomic profiling of Pseudomonas aeruginosa across 3 aspergilloma samples. a) PCA of normalized TPM values for the 3 P. aeruginosa—
positive samples (A25, A61, A3). b) Heatmap of the top 500 most variable genes, displayed as log,(TPM + 1). c) Venn diagram showing the overlap among
the top 500 expressed genes from each sample (A25 = orange, A61 = green, A3 =blue). d) GO enrichment analysis of expressed genes, showing terms with
adjusted P <0.05, “n” symbols indicate terms derived from intersections between samples. e) Heatmap of virulence-related genes, using the same

logy(TPM + 1) transformation and color scale as in panel b.

isolation environment, as the reference strains from diverse re-
gions and ecological niches were broadly intermixed throughout
the phylogeny. This lack of biogeographic structure supports pre-
vious observations that P. aeruginosa exhibits a largely panmictic
global population, characterized by extensive horizontal gene
transfer and frequent adaptive convergence, rather than phylo-
genetically distinct geographic lineages. The phylogenomic diver-
gence of A3 and the close clustering of A25 and A61 reflect
heterogeneous evolutionary trajectories within the same class of
clinical niche.

Global gene expression profile of P. aeruginosa in
pulmonary aspergillomas
Metatranscriptomic profiling of 3 P. aeruginosa isolates (A3, A25,
A61) revealed marked heterogeneity in global gene expression
despite their presence in structurally similar aspergillomas
(Fig. 3). After TPM normalization, PCA demonstrated clear separ-
ation of the 3 isolates, indicating distinct transcriptional states.
A25 and A61 were highly correlated (Spearman p=0.99) yet re-
mained separable, whereas A3 showed lower similarity to both
(p~0.80), consistent with a more divergent expression profile.
Analysis of the top 500 expressed genes reinforced this diver-
gence. A3 lacked expression of multiple genes strongly expressed
in A25 and A61, including the bacteriocin pyocin S5, suggesting re-
duced engagement in interbacterial competition. Conversely, A25
uniquely lacked expression of specific adhesion-related genes, in-
cluding fimT. A shared core of 334 genes was expressed across all
isolates, representing conserved metabolic and structural func-
tions, but A3 displayed the largest fraction of unique transcripts
(~25%), indicating a more specialized or constrained physiological
program.

Functional enrichment analysis further distinguished the iso-
lates. A3 was enriched for stress adaptation, iron acquisition, mo-
tility, and biofilm-associated pathways, consistent with niche
adaptation under environmental constraints. A25 showed enrich-
ment in central carbon metabolism (TCA cycle), lipid-related
pathways, and adhesion functions, suggesting a metabolically ac-
tive state. A61 exhibited enrichment in immune-modulatory and
stress-response pathways, including terpenoid biosynthesis and
responses to external stimuli, indicating intensified interaction
with host-derived signals. Core pathways such as aerobic respir-
ation, L-arginine metabolism, and folate metabolism were con-
served across isolates.

Virulence-associated operons displayed pronounced differ-
ences. A25 and A61 strongly expressed siderophore biosynthesis
genes (pud, pch), type IV pili components, pyocins, phenazine bio-
synthesis genes, and type III secretion system (T3SS) regulators
and effectors. In contrast, A3 showed reduced or absent expres-
sion across many of these systems. T6SS components were par-
ticularly enriched in A61, suggesting enhanced interbacterial or
host interaction. Overall, A25 and A61 exhibited a broad and ac-
tive virulence repertoire, whereas A3 displayed an attenuated pro-
file, consistent with transcriptional plasticity shaped by
microenvironmental conditions.

Host transcriptional response

Human transcriptomes also exhibited stronginter-individual vari-
ability (Fig. 4). A25 and A61 showed the highest similarity (p = 0.88),
whereas A3 was more distinct. Only 52 genes were shared across
all samples, and more than 60% of expressed genes were patient-
specific, highlighting substantial heterogeneity in host responses.
All samples shared activation of core metabolic pathways, but
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enrichment patterns differed. A3 was enriched for mucosal im-
mune activation and bacterial defense pathways. A25 showed sig-
natures associated with tissue remodeling and moderate immune
activation. A61 exhibited enrichment for immune cell death and
inflammatory responses, consistent with a highly reactive
microenvironment.

Analysis of 1,045 curated immune-related genes confirmed
minimal overlap between samples (pairwise p values near zero).
A3 displayed broad immune activation, A25 showed limited im-
mune gene expression (~17% of curated genes), and A61 demon-
strated substantial activation (~40%), aligning with the higher
bacterial virulence activity observed in this sample. These find-
ings indicate that host transcriptional states closely mirror the
physiological and virulence profiles of the resident P. aeruginosa
populations.

Metatranscriptomic activity of A. fumigatus

Fungal genome reconstruction was not possible due to extremely
low fungal read abundance (<0.05% of total reads), as confirmed
by Kraken?2 profiling and absence of BUSCO completeness, indi-
cating insufficient genomic coverage rather than technical failure.
Fungal transcriptomic analysis was therefore restricted to A25
and A61. Although global profiles were broadly similar, hierarch-
ical clustering and gene overlap analysis revealed isolate-specific
expression patterns (Fig. 5a). Approximately half of the expressed
genes were shared, with the remainder uniquely expressed in
each sample (Fig. 5b)

Functional enrichment analysis showed that A25 favored pri-
mary metabolic pathways, including terpenoid biosynthesis and
metal transport, suggesting metabolic activity and host interac-
tions (Fig. 5¢). In contrast, A61 was enriched for oxidative stress re-
sponses and detoxification pathways, consistent with a more
inflammatory microenvironment (Fig. 5c). Core processes such
as ribosomal function and mitochondrial metabolism were con-
served (Fig. 5¢). Virulence-associated genes were more highly ex-
pressed in A61 than in A25, paralleling the stronger bacterial
virulence program and heightened host immune activation in
this sample (Fig. 5d). Together, these data indicate coordinated
modulation of fungal, bacterial, and host transcriptional pro-
grams within each aspergilloma, with A61 representing the
most transcriptionally interactive and immunologically active
microenvironment.

Metabolomic profiling of Aspergilloma samples
reveals distinct chemical environments and host-
microbe interactions

Untargeted metabolomic profiling identified a total of 3,418 com-
pounds, which were subsequently filtered using organism-specific
databases for A. fumigatus (Aspergillus Metabolome Database)
(https://www.aspergillusmetabolome.org/), P. aeruginosa
(Pseudomonas Metabolome Database) (http:/pseudomonas.
umaryland.edu/), and Human Metabolome Database (https:/
www.hmdb.ca/) (Supplementary Table 4). All candidate metabo-
lites were then manually curated to ensure high-confidence
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biological assignments, excluding non-biological artifacts and
validating each metabolite against known fungal, bacterial, and
host metabolic pathways. This integrative annotation revealed
distinct metabolomic signatures across the 3 aspergilloma sam-
ples. Spearman correlations showed moderate similarity between
A3-A25 (0.74) and A3-A61 (0.73), whereas A25-A61 displayed a
higher degree of overlap (0.86), indicating a partially shared chem-
ical environment between these 2 samples (Fig. 6a, b,
Supplementary Table 4 and Supplementary Fig. 1e). These differ-
ences likely reflect variation in the underlying microbial commu-
nity composition, metabolic activity, and host-microbe
interactions within each fungal ball.

Across the curated metabolome, several high-confidence meta-
bolites emerged as dominant biochemical signatures of the bacter-
ial, fungal, and host compartments. P. aeruginosa displayed a
metabolomic profile centered on virulence regulation, redox activ-
ity, and adaptive nitrogen metabolism (Fig. 6b and Supplementary
Table 4). The strongest markers included phenazine-1-carboxylic
acid, a key precursor in the phenazine network driving oxidative
stress, biofilm maturation, and antifungal antagonism; 2-heptyl-
quinolin-4(1H)-one (HHQ), a core PQS signaling molecule; and ky-
nurenic acid, reflecting bacterial tryptophan catabolism (Fig. 6b
and Supplementary Table 3). Additional metabolites such as orni-
thine, 4-hydroxy-L-threonine, L-homoserine, 2-amino-4-oxopen-
tanoate, and rhamnose-pathway intermediates (GDP-4-0xo-L-
rhamnose, 2,4-didehydro-3-deoxy-L-rhamnonic acid) indicate ac-
tive remodeling of nitrogen flux, amino acid turnover, and exopoly-
saccharide biosynthesis (Fig. 6b and Supplementary Table 3). The
detection of indole further suggests interkingdom signaling with
potential effects on fungal physiology and host responses.

We identified in the A. fumigatus metabolome canonical viru-
lence-associated secondary metabolites (Fig. 6c  and
Supplementary Table 4). Fumagillin and helvolic acid potent inhi-
bitors of neutrophil and epithelial function were among the most
abundant fungal markers. Additional toxins and bioactive mole-
cules such as cytochalasin P, cichorine, fumigaclavine B, and pyr-
anonigrin K point to strong activation of multiple secondary-
metabolite biosynthetic clusters, consistent with the transcrip-
tomic enrichment of detoxification and oxidative-stress pathways
(Fig. 6c and Supplementary Table 4). Structural sterols, particular-
ly ergosterol, highlight active membrane remodeling characteris-
tic of fungal adaptation in hypoxic airway niches (Fig. 6¢c and
Supplementary Table 4).

Host-derived metabolites reflected intense activation of inflam-
matory, immunomodulatory, and lipid-signaling pathways (Fig. 6d
and Supplementary Table 4). Eicosanoids emerged as the dominant
immune mediators, including prostaglandin E2, prostaglandin D2,
prostaglandin F2o, thromboxane B2, leukotriene C4, 20-carboxy-
LTB4, and the pro-resolution mediator lipoxin A4, mapping directly
onto transcriptomic signatures of neutrophil recruitment, vascular
activation, and inflammation resolution (Fig. 6d and
Supplementary Table 4). Oxysterols involved in innate immune
regulation, 25-hydroxycholesterol, 27-hydroxycholesterol, 7-keto-
cholesterol, and 24(S)-hydroxycholesterol were represented, along-
side hydrocortisone, indicating glucocorticoid-linked modulation
of inflammation. Immune-relevant amino acid derivatives, includ-
ing L-tryptophan, kynurenic acid, taurine, selenocysteine, and y-
aminobutyric acid, further reflect coordinated metabolic repro-
gramming within activated immune cells. Lipid and membrane-as-
sociated molecules such as sphingosine-1-phosphate, N,N-
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dimethylsphingosine, choline, acetylcholine, and vitamin-derived
antioxidants (vitamin E, niacinamide, ubiquinone-2) highlight add-
itional layers of immune signaling, oxidative defense, and epithelial
homeostasis. Bile acids and conjugates, including cholic acid and
glycocholic acid, further implicate host metabolic pathways linked
to mucosal immunity and inflammatory modulation.

Discussion

Chronic pulmonary aspergillomas are structured, hypoxic, and
nutritionally restricted lesions in which fungi, bacteria, and host
cells coexist for prolonged periods. Although A. fumigatus is the
principal etiological agent of fungal balls, bacterial co-coloniza-
tion, particularly by P. aeruginosa is common and clinically rele-
vant. Cohort studies have associated the presence of
P. aeruginosa with more severe disease and poorer outcomes in
CPA and cavitary lung conditions (Reece et al. 2018; Keown et al.
2020). Experimental systems have consistently demonstrated
that P. aeruginosa and A. fumigatus engage in direct antagonism.
Phenazines impair fungal mitochondrial respiration and promote
oxidative stress (Briard et al. 2015), PQS-family quinolones alter
fungal physiology (Reen et al. 2016), and pyoverdine-mediated
iron sequestration restricts fungal growth under iron limitation
(Sassetal.2018). Conversely, A. fumigatus produces secondary me-
tabolites, including gliotoxin and helvolic acid, that modulate bac-
terial proliferation and host immunity (Sass et al. 2018; Steenwyk
et al. 2020). Importantly, murine coinfection models indicate that
these interactions are not restricted to in vitro systems: co-in-
fected animals show altered fungal burden and survival compared
with monoinfection, demonstrating that interkingdom competi-
tion reshapes disease trajectories in vivo (Briard et al. 2019).

Within this conceptual framework, our genome-resolved ana-
lysis indicates that P. aeruginosa in aspergillomas represents a
stable, adapted population rather than incidental contamination.
Chronic pulmonary infections, most extensively characterized in
CF, demonstrate that P. aeruginosa undergoes progressive within-
host diversification, accumulation of resistance determinants,
and remodeling of regulatory and virulence circuits during long-
term persistence (Lozano et al. 2018; Abram et al. 2022). The com-
bination of a highly conserved core genome and variable acces-
sory content observed in our isolates aligns with the species’
open pangenome architecture and its well-documented capacity
for rapid niche adaptation (Corredor et al. 2024). Moreover, the co-
existence of phylogenetically distinct lineages within the same
pulmonary environment has been described in CF lungs
(Markussen et al. 2014; Williams et al. 2015), reinforcing that loca-
lized selective pressures drive microevolutionary divergence even
within structurally confined lesions.

Antimicrobial exposure represents one of the most potent se-
lective forces shaping this evolutionary trajectory. P. aeruginosa
displays intrinsic resistance to many B-lactams, including first-
and second-generation cephalosporins and several third-gener-
ation agents, primarily due to constitutive or inducible expression
of the chromosomal AmpC B-lactamase, reduced outer membrane
permeability, and multidrug efflux systems such as MexAB-OprM.
In contrast, resistance to fluoroquinolones is typically acquired and
arises through stepwise mutations in the quinolone-resistance-de-
termining regions of gyrA/gyrB and parC/parE, frequently accom-
panied by efflux pump overexpression or reduced porin
expression (Strateva and Yordanov 2009). Resistance rates reported
globally further contextualize these findings. A recent systematic
review spanning Asia and Africa (2018 to 2023) documented cipro-
floxacin resistance rates ranging from approximately 30% to 70%,

depending on region and clinical setting (Salleh et al. 2025).
Similarly, in our dataset, the identification of multiple p-lactam re-
sistance determinants across all MAGs, together with fluoroquino-
lone-associated resistance elements in at least 1 isolate, is
consistent with this established adaptive repertoire.

At the functional level, the integration of transcriptomic and
metabolomic data supports deployment of established pathogen-
ic programs within aspergillomas. Upregulation of phenazine and
quinolone biosynthesis aligns with prior in vivo transcriptomic
studies demonstrating enrichment of these pathways in sputum
and animal infection models relative to laboratory growth condi-
tions (Cornforth et al. 2018). Phenazine production is a recognized
adaptation to oxygen-limited environments, facilitating redox
balancing and biofilm resilience (Harrington et al. 2022). Given
the demonstrated antifungal activity of phenazines (Briard et al.
2015), their in situ expression likely contributes to spatial restric-
tion of fungal growth within the cavity.

Iron competition represents another mechanistically grounded
axis. Both bacterial siderophores (pyoverdine, pyochelin) and fun-
gal hydroxamate siderophores are strongly induced during mam-
malian infection (Reece et al. 2018; Liu et al. 2021). Nutritional
immunity in the lung further limits iron availability, creating a
competitive landscape in which siderophore systems become es-
sential for persistence. The concordant activation of iron-acquisi-
tion genes across kingdoms is therefore consistent with
established models of bacterial-fungal competition under host-
imposed iron restriction rather than speculative cross-talk.
Metabolic remodeling toward nitrogen scavenging and amino
acid catabolism similarly reflects well-characterized adaptations
of P. aeruginosa in nutrient-depleted chronic lung environments
(Turner et al. 2014). In CF sputum, reliance on host-derived amino
acids and peptides supports long-term persistence and biofilm
maturation. The patterns observed here are congruent with that
paradigm, suggesting that aspergillomas impose comparable
metabolic constraints.

The fungal response also conforms to experimentally validated
infection biology. During pulmonary infection, A. fumigatus upre-
gulates oxidative-stress defenses, siderophore biosynthesis, zinc
transporters, and nitrogen assimilation pathways (Liu et al.
2021). Reactive oxygen species generated by neutrophils and in-
flamed epithelium create sustained oxidative pressure (Shankar
et al. 2018). Induction of catalases, superoxide dismutases, and
glutathione-dependent systems therefore reflects canonical fun-
gal adaptation to host immunity. Activation of secondary metab-
olite clusters producing fumagillin, helvolic acid and related
compounds aligns with their documented roles in immunomodu-
lation, angiogenesis inhibition and microbial antagonism
(Steenwyk et al. 2020; Arastehfar et al. 2021). Rather than repre-
senting passive colonization, these transcriptional programs indi-
cate metabolically active fungal populations engaged in defense
and resource competition.

Host responses further mirror known immunopathological
pathways in chronic pulmonary fungal infection. Enrichment of
eicosanoid synthesis genes (eg PTGS2, ALOXS) and detection of
prostaglandins and leukotrienes correspond to established in-
flammatory circuits driving neutrophil recruitment and vascular
permeability in aspergillosis (Kale et al. 2017). Recognition of fun-
gal B-glucans via dectin-1 and Toll-like receptors activates NF-«xB
and Jak-STAT signaling cascades (Shankar et al. 2018), promoting
Th1/Th17 polarization. Concurrent activation of the tryptophan—
kynurenine pathway, mediated by IDO1, has been shown to modu-
late T-cell responses and promote immune tolerance during fungal
infection (Montagnoli et al. 2006). The coexistence of pro-
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inflammatory lipid mediators and immunoregulatory kynurenines
is therefore consistent with a chronic inflammatory state charac-
terized by simultaneous activation and counter-regulation.
Taken together, these findings reinforce a model in which as-
pergillomas function as metabolically active, competitive ecosys-
tems rather than inert fungal aggregates. Many of the
transcriptional and metabolic features observed here, phenazine
production, siderophore competition, oxidative-stress adapta-
tion, and eicosanoid-driven inflammation have been independ-
ently validated in infection models. Their convergence within
resected human tissue provides in vivo confirmation that canon-
ical bacterial-fungal antagonistic mechanisms operate within
chronic pulmonary cavities. By integrating genome-resolved me-
tagenomics with matched transcriptomic and metabolomic pro-
filing, this study situates aspergillomas within a broader
framework of chronic polymicrobial biofilm infections, where
evolutionary plasticity, metabolic competition, and host immu-
noregulation collectively sustain long-term persistence.

Conclusion

This study provides the first integrated multi-omics characteriza-
tion of P. aeruginosa adaptation within the ecological niche of the
aspergilloma. By combining high-quality MAGs with matched me-
tatranscriptomic, metabolomic, and host transcriptional data, we
demonstrate that P. aeruginosa acts as an active and genomically
plastic member of a tri-kingdom ecosystem rather than a passive
colonizer. Bacterial persistence is supported by a conserved core
genome alongside accessory elements encoding virulence, anti-
microbial resistance, and specialized metabolic pathways shaped
by chronic pulmonary selective pressures. Phylogenomic recon-
struction revealed distinct evolutionary trajectories among co-
colonizing strains, while transcriptional profiling uncovered het-
erogeneous physiological states, indicating substantial regulatory
plasticity in vivo. The concurrent detection of phenazines and
quorum-sensing metabolites, together with fungal oxidative
stress responses and host immune activation signatures, con-
firms active interkingdom metabolic and chemical interactions
within aspergillomas.

These findings redefine aspergillomas as dynamic polymicro-
bial consortia characterized by coordinated microbial competition
and host immune modulation, underscoring the need to study
chronic pulmonary infections as integrated ecological systems. A
limitation of the present study is the lack of spatial resolution be-
tween central and peripheral regions of the fungal ball, future ap-
plication of imaging mass spectrometry and spatial
transcriptomics will be essential to determine whether transcrip-
tional programs and metabolite production are spatially struc-
tured. Despite cohort size and biomass constraints, this work
establishes a multi-omics framework for dissecting polymicrobial
biofilm infections in human tissues and provides a foundation for
targeting interactive microbial-host networks in chronic infec-
tious diseases.

Data availability
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zenodo.17402277 (metabolomics).

Supplemental material available at G3 online.

Funding

We thank the China Noncommunicable Chronic Diseases -
National Science and Technology Major Project (2024ZD0522403),
National Natural Science Foundation of China (No. W2511099,
82170051), Shanghai Municipal Health Commission (No.
202140257), Clinical Research foundation of Shanghai Pulmonary
Hospital (No. FKLY20025) and Tongji University (No.
2021YXAL08), Fundacdo de Amparo a Pesquisa do Estado de Sao
Paulo (FAPESP) grants numbers 2021/04977-5 and 2024/11166-1
(GH.G), 2025/11974-3 (M.M.R.); Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq) grant numbers
301058/2019-9 and 405934/2022-0 (The National Institute of
Science and Technology INCT Funvir, and Fundacao
Coordenacdo de Aperfeicoamento do Pessoal do Ensino Superior,
CAPES), from Brazil (G.H.G), and the National Institutes of
Health/National Institute of Allergy and Infectious Diseases grant
RO1 AI153356 from the USA (to G.H.G.). This work was also funded
by the Joint Canada-Israel Health Research Program, jointly sup-
ported by the Azrieli Foundation, Canada’s International
Development Research Centre, Canadian Institutes of Health
Research, and the Israel Science Foundation (GHG).

Conflicts of interest

None declared.

Author contributions

C.L. performed all the experiments while M.M.R. performed all the
data analysis. M.M.R. and G.H.G. wrote the manuscript, and all the
authors revised and corrected it. S.L., J.-F.X., and G.H.G. designed
and coordinated the work.

Literature cited

Abram KZ, Jun SR, Udaondo Z. 2022. Pseudomonas aeruginosa pangen-
ome: core and accessory genes of a highly resourceful opportunis-
tic pathogen. In: Pseudomonas aeruginosa: biology, pathogenesis
and control strategies. p. 3-28.

Alcock BP et al. 2023. CARD 2023: expanded curation, support for ma-
chine learning, and resistome prediction at the comprehensive
antibiotic resistance database. Nucleic Acids Res. 51:
D690-D699. https://doi.org/10.1093/nar/gkac920.

Alneberg] et al. 2014. Binning metagenomic contigs by coverage and
composition. Nat Methods. 11:1144-1146. https:/doi.org/10.
1038/nmeth.3103.

Arastehfar A et al. 2021. Aspergillus fumigatus and aspergillosis: from
basics to clinics. Stud Mycol. 100:100115. https:/doi.org/10.1016/
j.simyco.2021.100115.

Blanchard AC, Waters VJ. 2022. Opportunistic pathogens in cystic fi-
brosis: epidemiology and pathogenesis of lung infection. J Pediatr
Infect Dis Soc. 11:53-S12. https://doi.org/10.1093/jpids/piac052.

Blin K et al. 2023. antiSMASH 7: new features and updates for second-
ary metabolite genome mining. Nucleic Acids Res. 51:W46-W50.
https://doi.org/10.1093/nar/gkad344.

Bongomin F et al. 2020. Risk factors for relapse of chronic pulmonary as-
pergillosis after discontinuation of antifungal therapy. Clin Infect
Pract. 5:100015. https://doi.org/10.1016/j.clinpr.2020.100015.

Briard B et al. 2015. Pseudomonas aeruginosa manipulates redox and iron
homeostasis of its microbiota partner Aspergillus fumigatus via phe-
nazines. Sci Rep. 5:8220. https://doi.org/10.1038/srep08220.


https://doi.org/10.5281/zenodo.17402277
https://doi.org/10.5281/zenodo.17402277
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkag063#supplementary-data
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1038/nmeth.3103
https://doi.org/10.1038/nmeth.3103
https://doi.org/10.1016/j.simyco.2021.100115
https://doi.org/10.1016/j.simyco.2021.100115
https://doi.org/10.1093/jpids/piac052
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.1016/j.clinpr.2020.100015
https://doi.org/10.1038/srep08220

12 | Ribeiroetal.

Briard B et al. 2017. Dirhamnolipids secreted from Pseudomonas aer-
uginosa modify fungal susceptibility of Aspergillus fumigatus by
inhibiting betal,3 glucan synthase activity. ISME J. 11
1578-1591. https://doi.org/10.1038/ismej.2017.32.

Briard B, Mislin GLA, Latgé JP, Beauvais A. 2019. Interactions between
Aspergillus fumigatus and pulmonary bacteria: current state of the
field, new data, and future perspective. J. Fungi. 5:48. https:/doi.
0rg/10.3390/j0f5020048.

Cantalapiedra CP, Hernandez-Plaza A, Letunic I, Bork P, Huerta-Cepas J.
2021. eggNOG-mapper v2: functional annotation, orthology assign-
ments, and domain prediction at the metagenomic scale. Mol Biol
Evol. 38:5825-5829. https:/doi.org/10.1093/molbev/msab293.

Chen S, Zhou Y, Chen Y, Gu J. 2018. Fastp: an ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics. 34:1884-i890. https:/doi.
org/10.1093/bicinformatics/bty560.

Cornforth DM et al. 2018. Pseudomonas aeruginosa transcriptome dur-
ing human infection. Proc Natl Acad Sci U S A. 115:E5125-E5134.
https://doi.org/10.1073/pnas.1717525115.

Corredor M, Patifo-Salazar JD, Castafio DC, Mufioz-Gémez A. 2024.
The pangenome of Pseudomonas aeruginosa. IntechOpen.

de Castro PA et al. 2025. Aspergillus fumigatus secondary metabolite
pyripyropene is important for the dual biofilm formation with
Pseudomonas aeruginosa. mBio. 16:e00363-25. https:/doi.org/10.
1128/mbio.00363-25.

Denning DW, Chakrabarti A. 2017. Pulmonary and sinus fungal dis-
eases in non-immunocompromised patients. Lancet Infect Dis.
17:e357-e366. https://doi.org/10.1016/51473-3099(17)30309-2.

Eren AM et al. 2021. Community-led, integrated, reproducible mul-
ti-omics with anvi’o. Nat Microbiol. 6:3-6. https:/doi.org/10.
1038/541564-020-00834-3.

Evans TJ, Lawal A, Kosmidis C, Denning DW. 2024. Chronic pulmon-
ary aspergillosis: clinical presentation and management. Semin
Respir Crit Care Med. 45:088-101. https://doi.org/10.1055/s-004
3-1776914.

Ge SX, Son EW, Yao R. 2018. iDEP: an integrated web application for
differential expression and pathway analysis of RNA-Seq data.
BMC Bioinformatics. 19:534. https://doi.org/10.1186/512859-018-
2486-6.

Harrington NE, Littler JL, Harrison F. 2022. Transcriptome analysis of
Pseudomonas aeruginosa biofilm infection in an ex vivo pig model of
the cystic fibrosis lung. Appl Environ Microbiol. 88:e01789-21.
https://doi.org/10.1128/aem.01789-21.

Howard §J et al. 2009. Frequency and evolution of azole resistance in
Aspergillus fumigatus associated with treatment failure. Emerg
Infect Dis. 15:1068-1076. https://doi.org/10.3201/eid1507.090043.

Howard S et al. 2013. Major variations in Aspergillus fumigatus arising
within aspergillomas in chronic pulmonary aspergillosis.
Mycoses. 56:434-441. https://doi.org/10.1111/myc.12047.

Jaggl TK et al. 2024. Fungal lung disease. Eur Respir J. 64:2400803.
https://doi.org/10.1183/13993003.00803-2024.

Kale SDet al. 2017. Modulation of immune signaling and metabolism
highlights host and fungal transcriptional responses in mouse
models of invasive pulmonary aspergillosis. Sci Rep. 7:17096.
https://doi.org/10.1038/s41598-017-17000-1.

Kang DD et al. 2019. MetaBAT 2: an adaptive binning algorithm
for robust and efficient genome reconstruction from metagenome
assemblies. Peer]. 7:e7359. https://doi.org/10.7717/peerj.7359.

Keown K, Reid A, Moore JE, Taggart CC, Downey DG. 2020.
Coinfection with Pseudomonas aeruginosa and Aspergillus fumigatus
in cystic fibrosis. Eur Respir Rev. 29:200011. https://doi.org/10.
1183/16000617.0011-2020.

Kopylova E, Noé L, Touzet H. 2012. SortMeRNA: fast and accurate fil-
tering of ribosomal RNAs in metatranscriptomic data.

Bioinformatics. 28:3211-3217. https://doi.org/10.1093/bicinforma
tics/bts611.

Kosmidis C, Denning DW. 2015. The clinical spectrum of pulmonary
aspergillosis. Thorax. 70:270-277. https://doi.org/10.1136/thora
xjnl-2014-206291.

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with
Bowtie 2. Nat Methods. 9:357-359. https:/doi.org/10.1038/
nmeth.1923.

Liao Y, Smyth GK, Shi W. 2014. featureCounts: an efficient
general-purpose program for assigning sequence reads to gen-
omic features. Bioinformatics. 30:923-930. https:/doi.org/10.
1093/bioinformatics/btt656.

Liu C et al. 2026. Multi-omics profiling of fungal balls in chronic pul-
monary aspergillosis patients reveals microbiome dynamics and
metabolic adaptations. mBio.

Liu H et al. 2021. Determining Aspergillus fumigatus transcription fac-
tor expression and function during invasion of the mammalian
lung. PLoS Pathog. 17:€1009235. https://doi.org/10.1371/journal.
ppat.1009235.

Lozano C, Azcona-Gutiérrez JM, Van Bambeke F, Sienz Y. 2018.
Great phenotypic and genetic variation among successive chronic
Pseudomonas aeruginosa from a cystic fibrosis patient. PLoS One. 13:
€0204167. https:/doi.org/10.1371/journal.pone.0204167.

Margalit A, Carolan JC, Kavanagh K. 2021. Bacterial interactions with
Aspergillus ~ fumigatus in the immunocompromised lung.
Microorganisms. 9:435. https://doi.org/10.3390/microorganisms
9020435.

Markussen T et al. 2014. Environmental heterogeneity drives
within-host diversification and evolution of Pseudomonas aerugino-
sa. mBio. 5:e00926-14. https://doi.org/10.1128/mBi0.01592-14.

Montagnoli C et al. 2006. Immunity and tolerance to Aspergillus fumi-
gatus. In Innate immunity to pulmonary infection: Novartis
Foundation symposium 279. p. 66-79.

Mowat E et al. 2010. Pseudomonas aeruginosa and their small diffusible
extracellular molecules inhibit Aspergillus fumigatus biofilm for-
mation. FEMS Microbiol Lett. 313:96-102. https:/doi.org/10.
1111/j.1574-6968.2010.02130.%.

Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. 2017. metaSPAdes:
a new versatile metagenomic assembler. Genome Res. 27:
824-834. https://doi.org/10.1101/gr.213959.116.

Ong T, Ramsey BW. 2023. Cystic fibrosis: a review. JAMA. 329:
1859-1871. https://doi.org/10.1001/jama.2023.8120.

Page AJ et al. 2015. Roary: rapid large-scale prokaryote pan genome
analysis. Bioinformatics. 31:3691-3693. https://doi.org/10.1093/
bioinformatics/btv421.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. 2015.
Checkm: assessing the quality of microbial genomes recovered
from isolates, single cells, and metagenomes. Genome Res. 25:
1043-1055. https://doi.org/10.1101/gr.186072.114.

Pertea M et al. 2015. StringTie enables improved reconstruction of a
transcriptome from RNA-Seq reads. Nat Biotechnol. 33:290-295.
https://doi.org/10.1038/nbt.3122.

Price-Whelan A, Dietrich LEP, Newman DK. 2006. Rethinking “second-
ary” metabolism: physiological roles for phenazine antibiotics. Nat
Chem Biol. 2:71-78. https://doi.org/10.1038/nchembio764.

Quast Cet al. 2013. The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids
Res. 41:D590-D596. https://doi.org/10.1093/nar/gks1219.

Reece E, Doyle S, Greally P, Renwick J, McClean S. 2018. Aspergillus fu-
migatus inhibits Pseudomonas aeruginosa in co-culture: implica-
tions of a mutually antagonistic relationship on virulence and
inflammation in the CF airway. Front Microbiol. 9:1205. https:/
doi.org/10.3389/fmicb.2018.01205.


https://doi.org/10.1038/ismej.2017.32
https://doi.org/10.3390/jof5020048
https://doi.org/10.3390/jof5020048
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1073/pnas.1717525115
https://doi.org/10.1128/mbio.00363-25
https://doi.org/10.1128/mbio.00363-25
https://doi.org/10.1016/S1473-3099(17)30309-2
https://doi.org/10.1038/s41564-020-00834-3
https://doi.org/10.1038/s41564-020-00834-3
https://doi.org/10.1055/s-0043-1776914
https://doi.org/10.1055/s-0043-1776914
https://doi.org/10.1186/s12859-018-2486-6
https://doi.org/10.1186/s12859-018-2486-6
https://doi.org/10.1128/aem.01789-21
https://doi.org/10.3201/eid1507.090043
https://doi.org/10.1111/myc.12047
https://doi.org/10.1183/13993003.00803-2024
https://doi.org/10.1038/s41598-017-17000-1
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1183/16000617.0011-2020
https://doi.org/10.1183/16000617.0011-2020
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1136/thoraxjnl-2014-206291
https://doi.org/10.1136/thoraxjnl-2014-206291
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1371/journal.ppat.1009235
https://doi.org/10.1371/journal.ppat.1009235
https://doi.org/10.1371/journal.pone.0204167
https://doi.org/10.3390/microorganisms9020435
https://doi.org/10.3390/microorganisms9020435
https://doi.org/10.1128/mBio.01592-14
https://doi.org/10.1111/j.1574-6968.2010.02130.x
https://doi.org/10.1111/j.1574-6968.2010.02130.x
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1001/jama.2023.8120
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1038/nchembio764
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.3389/fmicb.2018.01205
https://doi.org/10.3389/fmicb.2018.01205

Pseudomonas aeruginosa adaptation and persistence in the aspergilloma microbiome | 13

Reen FJ et al. 2016. Harnessing bacterial signals for suppression of
biofilm formation in the nosocomial fungal pathogen Aspergillus
fumigatus. Front Microbiol. 7:2074. https://doi.org/10.3389/fmicb.
2016.02074.

Reynolds D, Kollef M. 2021. The epidemiology and pathogenesis and
treatment of Pseudomonas aeruginosa infections: an update. Drugs.
81:2117-2131. https://doi.org/10.1007/540265-021-01635-6.

Salleh MZ, Nik Zuraina NMN, Deris ZZ, Mohamed Z. 2025. Current
trends in the epidemiology of multidrug-resistant and beta-lacta-
mase-producing Pseudomonas aeruginosa in Asia and Africa: a sys-
tematic review and meta-analysis. Peer]. 13:e18986. https:/doi.
org/10.7717/peer;.18986.

Sass Get al. 2018. Studies of Pseudomonas aeruginosa mutants indicate pyo-
verdine as the central factor in inhibition of Aspergillus fumigatus bio-
film. J Bacteriol. 200:e00345-17. https:/doi.org/10.1128/JB.00345-17.

Seemann T. 2014. Prokka: rapid prokaryotic genome annotation.
Bioinformatics. 30:2068-2069. https://doi.org/10.1093/bioinform
atics/btul53.

Sengupta A et al. 2025. Mortality in chronic pulmonary aspergillosis:
a systematic review and individual patient data meta-analysis.
Lancet Infect Dis. 25:312-324. https://doi.org/10.1016/51473-
3099(24)00567-X.

Shankar J, Cerqueira GC, Wortman JR, Clemons KV, Stevens DA.
2018.RNA-Seq profile reveals Th-1 and Th-17-type of immune re-
sponses in mice infected systemically with Aspergillus fumigatus.
Mycopathologia. 183:645-658. https:/doi.org/10.1007/s11046-
018-0254-9.

Shirazi F, Ferreira JAG, Stevens DA, Clemons KV, Kontoyiannis DP.
2016. Biofilm filtrates of Pseudomonas aeruginosa strains isolated
from cystic fibrosis patients inhibit preformed Aspergillus fumiga-
tus biofilms via apoptosis. PLoS One. 11:e0150155. https://doi.org/
10.1371/journal.pone.0150155.

Smith NL, Denning DW. 2011. Underlying conditions in chronic
pulmonary aspergillosis including simple aspergilloma. Eur Respir
J. 37:865-872. https://doi.org/10.1183/09031936.00054810.

Steenwyk JL et al. 2020. Variation among biosynthetic gene clusters,
secondary metabolite profiles, and cards of virulence across
Aspergillus species. Genetics. 216:481-497. https://doi.org/10.
1534/genetics.120.303549.

Strateva T, Yordanov D. 2009. Pseudomonas aeruginosa—a phenom-
enon of bacterial resistance. ] Med Microbiol. 58:1133-1148.
https://doi.org/10.1099/jmm.0.009142-0.

Turner KH, Everett J, Trivedi U, Rumbaugh KP, Whiteley M. 2014.
Requirements for Pseudomonas aeruginosa acute burn and chronic
surgical wound infection. PLoS Genet. 10:e1004518. https:/doi.
org/10.1371/journal.pgen.1004518.

Uritskiy GV, DiRuggiero J, Taylor J. 2018. MetaWRAP—a flexible pipe-
line for genome-resolved metagenomic data analysis.
Microbiome. 6:158. https:/doi.org/10.1186/s40168-018-0541-1.

Williams D et al. 2015. Divergent, coexisting Pseudomonas aeruginosa
lineages in chronic cystic fibrosis lung infections. Am ] Respir Crit
Care Med. 191:775-785. https:/doi.org/10.1164/rccm.201409-16460C.

Williams P. 2007. Quorum sensing, communication and cross-king-
dom signalling in the bacterial world. Microbiology. 153:
3923-3938. https://doi.org/10.1099/mic.0.2007/012856-0.

Wood DE, Lu J, Langmead B. 2019. Improved metagenomic analysis
with Kraken 2. Genome Biol. 20:257. https:/doi.org/10.1186/
$13059-019-1891-0.

Wu YW, Simmons BA, Singer SW. 2016. MaxBin 2.0: an automated
binning algorithm to recover genomes from multiple metage-
nomic datasets. Bioinformatics. 32:605-607. https://doi.org/10.
1093/bioinformatics/btv638.

Editor: . Heitman


https://doi.org/10.3389/fmicb.2016.02074
https://doi.org/10.3389/fmicb.2016.02074
https://doi.org/10.1007/s40265-021-01635-6
https://doi.org/10.7717/peerj.18986
https://doi.org/10.7717/peerj.18986
https://doi.org/10.1128/JB.00345-17
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1016/S1473-3099(24)00567-X
https://doi.org/10.1016/S1473-3099(24)00567-X
https://doi.org/10.1007/s11046-018-0254-9
https://doi.org/10.1007/s11046-018-0254-9
https://doi.org/10.1371/journal.pone.0150155
https://doi.org/10.1371/journal.pone.0150155
https://doi.org/10.1183/09031936.00054810
https://doi.org/10.1534/genetics.120.303549
https://doi.org/10.1534/genetics.120.303549
https://doi.org/10.1099/jmm.0.009142-0
https://doi.org/10.1371/journal.pgen.1004518
https://doi.org/10.1371/journal.pgen.1004518
https://doi.org/10.1186/s40168-018-0541-1
https://doi.org/10.1164/rccm.201409-1646OC
https://doi.org/10.1099/mic.0.2007/012856-0
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1093/bioinformatics/btv638

	Pseudomonas aeruginosa adaptation and persistence �in the aspergilloma microbiome revealed by integrated multi-omics
	Introduction
	Materials and methods
	Sample collection and processing
	Total genomic DNA extraction
	Total RNA extraction
	Metagenomic sequencing
	Metatranscriptomic sequencing
	Quality control and host read removal
	MAG reconstruction
	Functional annotation, virulence factors, and antimicrobial resistance
	Pangenome analysis
	Metatranscriptomic analysis
	Statistical analysis

	Results
	Assembly, taxonomic classification, and quality assessment of Pseudomonas MAGs
	Virulence factors, antimicrobial resistance determinants, secondary metabolites, and BGCs
	Pangenome structure and phylogenomic relationships
	Global gene expression profile of P. aeruginosa in pulmonary aspergillomas
	Host transcriptional response
	Metatranscriptomic activity of A. fumigatus
	Metabolomic profiling of Aspergilloma samples reveals distinct chemical environments and host–microbe interactions

	Discussion
	Conclusion
	Data availability
	Funding
	Conflicts of interest
	Author contributions
	Literature cited


