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Running head: Dysregulation of the microbial gut-lung axis in bronchiectasis

Descriptor number: 10.16 Non-Cystic Fibrosis Bronchiectasis

Word count main body: 4,500 (Abstract 249)

AT A GLANCE COMMENTARY 

Scientific knowledge on the subject: The microbial ‘gut-lung’ axis, while increasingly 

recognised in respiratory disease, remains poorly characterised and its role in bronchiectasis is 

unknown. 

What this study adds to the field: We describe the microbial ‘gut-lung’ axis in bronchiectasis 

using an integrative multi-biome approach that reveals two patient clusters distinguished by their 

‘gut-lung’ interactions. The clusters reveal contrasting clinical phenotypes: a ‘high gut-lung 

interaction’ cluster characterized by lung Pseudomonas, gut Bacteroides and gut Saccharomyces 

which associates with increased exacerbations, greater radiological and overall bronchiectasis 

severity, while a ‘low gut-lung interaction’ cluster demonstrates an overrepresentation of lung 

commensals and gut Candida. Experimental murine work reveals an important role for lung 

Pseudomonas in driving a dysregulated ‘gut-lung’ axis which associates with poorer outcomes in 

clinical bronchiectasis.

 

This article is open access and distributed under the terms of the Creative Commons Attribution 

4.0 International License (https://creativecommons.org/licenses/by/4.0/).
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Online data supplement statement: This article has an online data supplement, which is 

accessible from this issue's table of contents online at www.atsjournals.org.
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ABSTRACT

Introduction: Emerging data supports the existence of a microbial ‘gut-lung’ axis that remains 

unexplored in bronchiectasis. 

Methods: Prospective and concurrent sampling of gut (stool) and lung (sputum) was performed 

in a cohort of n=57 individuals with bronchiectasis and subjected to bacteriome (16S rRNA) and 

mycobiome (18S ITS) sequencing (total 228 microbiomes). Shotgun metagenomics was 

performed in a subset (n=15; 30 microbiomes). Data from gut and lung compartments were 

‘integrated’ by weighted Similarity Network Fusion (wSNF), clustered and subjected to co-

occurrence analysis to evaluate ‘gut-lung’ networks. Murine experiments were undertaken to 

validate specific Pseudomonas-driven ‘gut-lung’ interactions. 

Results: Microbial communities in stable bronchiectasis demonstrate significant ‘gut-lung’ 

interaction. Multi-biome integration followed by unsupervised clustering reveals two patient 

clusters, differing by ‘gut-lung’ interactions and with contrasting clinical phenotypes. A ‘high gut-

lung interaction’ cluster characterized by lung Pseudomonas, gut Bacteroides and gut 

Saccharomyces associates with increased exacerbations, greater radiological and overall 

bronchiectasis severity while the ‘low gut-lung interaction’ cluster demonstrates an 

overrepresentation of lung commensals including Prevotella, Fusobacterium and Porphyromonas 

with gut Candida. The lung Pseudomonas-gut Bacteroides relationship, observed in the ‘high gut-

lung interaction’ bronchiectasis cluster, was validated in a murine model of lung Pseudomonas 

aeruginosa (PAO1) infection. This interaction was abrogated following antibiotic (imipenem) pre-

treatment in mice confirming the relevance and therapeutic potential of targeting the gut 

microbiome to influence the ‘gut-lung’ axis. Metagenomics in a subset of individuals with 

bronchiectasis corroborated our findings from targeted analyses. 
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Conclusion: A dysregulated ‘gut-lung’ axis, driven by lung Pseudomonas, associates with poorer 

clinical outcomes in bronchiectasis.

Key words: Bronchiectasis; Gut-lung axis; microbiome; mycobiome; metagenomics
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INTRODUCTION

The human microbiome has a key role in maintaining health and microbial dysbiosis correlates 

with the development and progression of disease including chronic respiratory disease states such 

as asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis and bronchiectasis (1-

7). Critical functions of the human microbiome include the processing of nutrients, production of 

metabolites, protection against invading pathogens and maintaining immune homeostasis, hence 

an understanding of the microbiome-host interaction is key to appreciating its role in health, 

disease and as a therapeutic target. 

While gut microbiomes are widely studied in a number of clinical settings, emerging work 

on the lung microbiome in chronic respiratory disease is gaining momentum including recent 

descriptions of a holistic ‘multi-biome integrative analysis’ of bacteria, viruses and fungi in the 

bronchiectasis airway that associates with clinical correlates including exacerbations (7-9). Altered 

gut microbiomes influence distal organ systems including the brain, kidney, liver, heart and lung 

through direct and indirect interaction of microbes and their associated metabolites (10-14). 

Several lines of evidence now support the existence of a ‘gut-lung’ axis with potential roles in 

chronic respiratory disease that remain incompletely characterized in bronchiectasis (8, 15-19). 

Such an axis involves microbe–microbe and host–microbe interactions that confer local and distal 

effects at two concurrent physiologically distinct organ sites. One such example is the observed 

higher occurrence of bronchiectasis, sometimes with frequent exacerbations, in individuals with 

inflammatory bowel disease (IBD) (20, 21). Pathogenesis of IBD is shown to link with interactions 

between intestinal immunity and dysbiosis of the underlying gut microbiome; however, links with 

the lung microbiome remain to be established (22). 

Page 7 of 66

 AJRCCM Articles in Press. Published October 26, 2022 as 10.1164/rccm.202205-0893OC 
 Copyright © 2022 by the American Thoracic Society 



Emerging microbial models assessing inter-kingdom microbial interaction in 

bronchiectasis have provided important insight into microbiome-related changes occurring during 

exacerbations, including the significant alterations in microbial interaction rather than identity that 

occurs in bronchiectasis (7, 9, 23). An appropriate extension of such integrative approaches, 

previously applied to lung microbiomes in isolation, is to evaluate this across organ systems such 

as that provided by the ‘gut-lung’ axis. Here, employing a prospectively recruited cohort of adults 

with bronchiectasis and using concurrently sampled specimens from the gut and lung respectively, 

subjected to integrated multi-biome analysis, we investigated if the ‘gut-lung’ axis in 

bronchiectasis provides an enhanced understanding of disease including better patient 

stratification. Some of the results of these studies have been previously reported in the form of an 

abstract (24, 25).

METHODS

Study Population

Fifty-seven patients (>=18 years old, Caucasian Europeans of Italian origin) with non-cystic 

fibrosis bronchiectasis (NCFB) were prospectively recruited during periods of clinical stability at 

the Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico (Milan, Italy). All patients had 

confirmed radiological bronchiectasis by high resolution computed tomography (HRCT) scanning 

of the thorax in accordance with British Thoracic Society guidelines and were identified during 

outpatient visits at periods of clinical stability and daily sputum production (26). Clinical stability 

was defined as the absence of new symptoms or change in bronchiectasis therapy with no 

exacerbations and/or antibiotic use in the preceding four-week period. Exclusion criteria included 

other concurrent respiratory diagnoses (asthma or COPD) established by international criteria 
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including spirometry (27, 28), any documented gastrointestinal pathology (with endoscopic 

confirmation) including inflammatory bowel disease (IBD), gastrointestinal cancer and/or active 

gastrointestinal infection. Individuals receiving chemotherapy and those with acute and/or recent 

infection requiring short-term antibiotic therapy (oral or intravenous) in the four weeks preceding 

outpatient attendance were excluded. Due to the requirement for prolonged antimicrobial therapy 

that could affect both lung and gut microbiota, patients with mycobacterial infection were also 

excluded. Further details on ethical approval and clinical, radiological, and functional evaluation 

of all participants can be found in the supplementary methods. 

Murine experiments 

Mouse experiments were approved by the institutional review of board of Nanyang Technological 

University, Singapore in accordance with the guidelines of the Institutional Animal Care and Use 

Committee (approval number: NTU-IACUC: A18089, A21073 and A19032). Male wild type 

C57BL/6J mice (aged 8 to 10 weeks) were housed in a 12-hour light-dark cycle and given ad 

libitum access to chow diet and water. Mice were exposed to either P. aeruginosa (PAO1) 

intratracheal infection an equivalent volume of sterile saline (0.9%) under both antibiotic-exposed 

or antibiotic naïve conditions. Imipenem was chosen as a gut microbiome disruptive agent because 

of its low systemic bioavailability when given orally, allowing disruption of gut microbiomes with 

relatively little effect on lung Pseudomonas. Faecal pellets were obtained on Day 0 (before 

imipenem treatment), Day 2 (after imipenem treatment) and Day 5 (3-days post [PAO1] 

inoculation; dpi as described below) and snap frozen in liquid nitrogen prior to DNA extraction 

and microbiome analysis. 
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DNA extraction and microbiome profiling of lung and gut.

DNA was extracted using the Quant-IT dsDNA Assay Kit (patients sputum and stool), Qiagen 

DNeasy® PowerSoil® Pro Kit (mouse stool). Extracted DNA was quantified by Qubit 

(Invitrogen) and Nanodrop (Invitrogen). Bacterial and Fungal taxonomic profiling was performed 

by 16S and ITS amplicon sequencing on a MiSeq platform (Illumina) while, whole genome 

shotgun (WGS) metagenomic analysis was applied to sputum (lung) and stool (gut) samples 

sequencing on a HiSeq 2500 platform (Illumina) according to standard library preparation and 

DNA sequencing protocols (7), in a subset of bronchiectasis patients (n=15). Details of sequencing 

and bioinformatic analysis strategies are described in supplementary methods. All target amplicon 

and WGS metagenomic sequencing data has been deposited in NCBIs sequence read archives 

under accessions PRJNA740243 (targeted amplicon - human) PRJNA824950 (targeted amplicon 

- mouse)  and PRJNA740243 (WGS).

Statistical analysis 

Distributional differences between groups (clusters; murine-experimental arms, and inhaled 

corticosteroids and/or macrolide treatment groups) were assessed using the paired or unpaired 

Wilcoxon test (non-parametric) as appropriate for continuous variables (including microbial 

diversity and continuous clinical variables: No. of exacerbations in the previous year, FACED 

score and Reiff score) and the chi-squared test for categorical data (including gender and smoking 

status). For comparison of three or more groups of continuous variables, the Kruskal-Wallis test 

with Dunn’s post hoc testing and Benjamini-Hochberg correction was employed to account for 

multiple comparisons (3 comparisons - continuous clinical variables; and 6 comparisons - 

microbial diversity). As a pre-processing step, microbial datasets from targeted sequencing were 
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filtered to include only microbes present in at least 5% of or three patients (whichever is highest) 

and at least at 1% abundance level. Microbial datasets from metagenomic sequencing were filtered 

to include only microbes confirmed using BLAST confirmatory analysis as previously described 

(29). Microbial diversity from samples were assessed using Shannon diversity index and visualised 

as box plots using R (version 3.6.3). Microbial composition was normalised using relative 

abundance and visualised by stacked bar plots and Principal Coordinates Analysis (PCoA) 

performed using Bray-Curtis dissimilarity. Differences in microbial composition was assessed 

using PERMANOVA (Permutational Multivariate Analysis of Variance) on patient-dissimilarity 

matrices derived using Bray-Curtis dissimilarity indexes. Differential abundance analysis of 

microbes was performed using the LefSe (Linear discriminant analysis Effect Size) webtool with 

default parameters (30). All statistical analysis was performed using custom scripts written in R 

and Python and p-values <0.05 considered statistically significant (https://github.com/Jayanth-

kumar5566/Lung-Gut_Study). 

Full details on specimen collection (sputum and stool), the integrative, cluster, and co-occurrence 

analysis are detailed in the supplementary methods. Negative controls (including blanks) are 

illustrated in Figure E1 and all raw data from this study can be accessed at NCBI SRA 

PRJNA740243 (human) and PRJNA824950 (mouse).

RESULTS 

To characterise the gut-lung axis in stable bronchiectasis, we assessed concurrently sampled 

sputum (representing lung) and stool (representing gut) bacterial and fungal microbiomes from 

n=57 individuals with stable bronchiectasis by targeted amplicon sequencing approaches as 
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described (Figure 1). The cohort was predominantly female (78.9%) with a median age of 63 (IQR: 

54-72) years (Table 1). Most patients (69%) had idiopathic bronchiectasis. Following this, the most 

frequently identified aetiologies were immunodeficiency (13%), primary ciliary dyskinesia (PCD) 

(9%) and post-infection (7%). Streptococcus and Fusobacterium were the most frequently 

identified lung bacteria while it was Bacteriodes in the gut microbiome (Figure 1A). Candida was 

the most prevalent fungal taxa identified in both lung and gut mycobiome profiles (Figure 1E). A 

significantly decreased bacterial (but not fungal) -diversity (p<0.001) in the lung was identified α

between paired gut-lung specimens (Figure 1B and 1F) while -diversity assessment confirmed β

significant ecological divergence between anatomical sites (Figure 1C and 1G). Following 

appropriate filtering, direct comparisons revealed greater fungal as opposed to bacterial overlap 

(Figure 1D and 1H). 

Having determined composition, diversity and overlap between gut and lung microbiomes, we 

next assessed for potential ‘gut-lung’ interaction by co-occurrence analysis to reveal microbial 

association networks (interactomes) which contain several significantly correlated inter-axis 

interactions (Figure 2A and 2B). To further probe these interactions, we defined microbes (as 

nodes) based on alternate network metrics as previously described (7). Briefly, microbes were 

classified as busy (i.e. node degree: microbes with a higher number of direct interactions with other 

microbes); critical (i.e. stress centrality: microbes key to maintaining the network’s integrity) and 

influential (i.e. betweenness centrality: microbes that influence other microbes within the network, 

including indirectly) (7). Using this approach, lung Streptococcus and Prevotella and gut 

Bacteroides and Lactobacillus were most busy, critical, and influential demonstrating individual 

importance within the gut-lung network (Figure 2B). While these organisms were found to be the 

Page 12 of 66

 AJRCCM Articles in Press. Published October 26, 2022 as 10.1164/rccm.202205-0893OC 
 Copyright © 2022 by the American Thoracic Society 



busiest, most critical, and influential microbes in the overall gut-lung network (Figure 2B), these 

measures, based on the overall (direct and indirect) interaction network metrics go beyond simple 

direct overlap between the gut and lung compartments (Figure 1D and 1H).

 

Having identified potential gut-lung interactions in stable bronchiectasis, we next evaluated if 

clinically relevant patient groups (differentiated by gut-lung interaction) exist. To achieve this, we 

first integrated bacteriome and mycobiome profiles from the gut and lung respectively (i.e. 4 

microbiome datasets per patient; total 228 microbiomes) using weighted Similarity Network 

Fusion (wSNF) (7, 9). Weightage of each microbiome dataset for the integration was assigned 

based on its respective taxonomic richness, reflective of its information content and established by 

previously methodology (i.e. lung bacteriome 19 genera: 32.2%; lung mycobiome 9 genera: 

15.2%; gut bacteriome 27 genera: 45.8% and gut mycobiome 4 genera: 6.8%) (7, 9). Spectral 

clustering of the integrated network resolved two patient groups, with an average silhouette score 

of 0.73 and a cluster robustness of 78.2% (based on 100 bootstrap iterations) indicating strong 

cluster consistency and high robustness (Figure 2A). The two patient clusters each demonstrate 

significantly distinct gut-lung axes in terms of their interactomes, exemplified by interaction 

metrics for lung Fusobacteria, lung Candida and gut Bacteroides (Figure 2C and 2D). Cluster 1 

however demonstrated an overall increased gut-lung interaction suggesting that microbial 

interactions (rather than abundance) distinguish relevant patient strata in bronchiectasis. Cluster 1 

exhibited a clinically worse profile characterised by increased exacerbations (p = 0.046), greater 

radiological and overall bronchiectasis severity (indicated as Reiff; p=0.0063 and FACED scores; 

p=0.038 respectively) (Figure 3A-C). Importantly, when only lung microbiomes (bacteriomes and 

mycobiomes) were integrated and clustered, the derived clinical associations were not apparent 
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indicating the importance of considering the gut microbiome (Figure E2). Interestingly, multi-

biome integration using only gut microbiomes (bacteriomes and mycobiomes) reveal three patient 

clusters, each with a distinct (but significantly less apparent) clinical correlates, further confirming 

the important association between the gut and lung compartments (Figure E3). 

No significant influence of inhaled corticosteroid (ICS) and/or chronic macrolide use or frequent 

exacerbator status was found in relation to the assessed microbiomes (Figure E4 and E5). Of note, 

lung bacterial β-diversity is altered in individuals receiving ICS and/or macrolides (Figure E4) and 

fungal β-diversity differs in frequent exacerbators (Figure E5). 

Microbiome composition and diversity differed between clusters (Figure E6). Key microbes within 

the gut-lung axis discriminated individuals in cluster 1 (high gut-lung interaction) from cluster 2 

(low gut-lung interaction) including a significantly increased lung Pseudomonas, gut Bacteroides 

and gut Saccharomyces in the ‘high gut-lung interaction’ cluster (cluster 1) (Figure 3D). Detecting 

increased Pseudomonas in the bronchiectasis lung in relation to poor clinical outcome remains 

consistent with the established literature (20, 31-33), however, our concurrent gut microbiome 

analyses potentially uncovers a role for gut Bacteroides and Saccharomyces in this relationship. 

In contrast, the ‘low gut-lung interaction’ cluster (cluster 2) exhibits increased lung commensals 

and/or pathobionts including Prevotella, Fusobacterium and Porphyromonas in concert with gut 

Candida (Figure 3D). Taken together, interactome analyses assessing the gut-lung axis in 

bronchiectasis identifies a clinically worse patient sub-group, with distinct gut and lung 

microbiome communities and demonstrable network characteristics associating with clinically 
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relevant bronchiectasis phenotypes and, which remains undetected if either lung or gut 

microbiomes are assessed in isolation emphasizing the relevance of the gut-lung axis.

Having identified a demonstrable association between the gut-lung axis and clinical features of 

bronchiectasis, including the role of lung Pseudomonas in determining a deleterious bronchiectasis 

phenotype (i.e. it represents a key lung determinant in the ‘high gut-lung interaction’ cluster 

characterised by poor clinical outcome), we sought to assess this phenomenon in an appropriate 

experimental system. Given our clinical observations, we hypothesised that airway presence of P. 

aeruginosa exerts an influence on the gut microbiome. To test this, we isolated the effect of 

Pseudomonas airway infection on the gut microbiome by using a mouse model of Pseudomonas 

aeruginosa (PAO1) infection. This allowed assessment of changes in the composition and network 

configuration of the gut microbiome directly linked to the airway challenge of an established 

bronchiectasis pathogen. As no representative animal model of bronchiectasis exists, we used 8–

10-week-old male wild-type C57BL/6J mice infected intra-tracheally (lung) with Pseudomonas 

(PAO1). To better recapitulate the clinical situation, including antibiotic exposure, the experiment 

was performed in the presence and absence of antibiotic (imipenem) treatment (Figure 4A).  Faecal 

pellets were collected in each experimental arm (on day 5) and gut bacteriomes and mycobiomes 

evaluated with minimal evidence of procedural and/or sequencing contamination (Figure E1G-H). 

Imipenem is a broad-spectrum β-lactam antibiotic with activity against a range of aerobic and, 

anaerobic gram positive and gram negative bacteria including Pseudomonas (34). We nonetheless 

selected this agent as it demonstrates low systemic bioavailability when given orally. Hence, our 

experimental design (i.e. oral administration) allows an effect on the gut microbiome with 

relatively little effect on lung Pseudomonas. The effect of Imipenem on the murine gut 
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microbiomes are illustrated in Figure E7. Bacteriome and mycobiome profiles across the four 

experimental arms were determined (Figure 4B-4C), and while no differences in bacterial (p=0.13) 

and fungal (p=0.17) α-diversity were observed, significant effects on bacterial (p=0.03) and fungal 

(p=0.009) β-diversity were detected (Figure E8). Pseudomonas aeruginosa PAO1 airway infection 

exhibited a direct effect on murine gut microbiome architecture, supporting a lung-gut interaction. 

To evaluate the impact of Pseudomonas (lung) infection on the gut microbiome, we split organisms 

into those unaffected and (independently) affected by antibiotic (imipenem) treatment (Figure 4D, 

4E and Figure E7). This allows for a clearer appreciation of any additive effect of P. aeruginosa 

(lung) infection on organisms in this latter group. Interestingly, discriminant taxonomic analysis 

failed to identify major change to any specific gut microbe associated with P. aeruginosa (lung) 

infection. In contrast, assessment of the gut ‘interactome’ revealed distinct alterations in microbial 

interactions following P. aeruginosa infection, based on network metrics that were impervious to 

the effects of imipenem (Figure 4D). These include Ruminococcus, Intestinomonas and 

Eisenbergiella (Figure 4D). Critically, Blautia, Alistipes and Bacteroides demonstrate enhanced 

network metrics following P. aeruginosa (lung) infection that were abrogated in the presence of 

antibiotic (imipenem) treatment (Figure 4E). Taken together, this suggests that several gut-lung 

interactions may be mediated by the presence of P. aeruginosa in the lung and are potentially 

altered following antibiotic intervention targeting the gut microbiome (Figure 4D-4E). These 
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results thus highlight several gut microbial interactions directly influenced by airway infection 

(lung-gut) while demonstrating the abrogation of others via antimicrobial alteration of the gut (gut-

lung), consistent with the operation of such effects across a bi-directional gut-lung axis.

While direct comparisons between results from the mouse infection model and bronchiectasis 

cohorts are challenging and have inherent limitations, there are important correlates observed 

providing evidence of potential gut-lung inter-relationships in vivo. When murine Pseudomonas 

lung infection is considered (independent of antibiotic exposure), alterations to Roseburia, 

Ruminococcus and Parabacteriodes are observed in mouse gut bacteriomes (Figure 4D) in line 

with that seen in our bronchiectasis high gut-lung interaction cluster 1 (Figure 2C). Even more 

strikingly, in the mouse gut, Bacteroides, a key determinant of the high gut-lung interaction cluster 

1 group, demonstrates behavioural change within the mouse network following Pseudomonas lung 

infection (i.e. becomes a more busy, influential and critical microbe) which is then attenuated 

following antibiotic (imipenem) treatment, independent of the effect of antibiotics alone (Figure 

2C, 3D and 4E; Figure E7). Similar observations can be extended to other microbes from our 

human bronchiectasis cohorts, for instance Blautia and Alistipes (Figure 2C-2D and Figure 4E). 

Interestingly, both these genera are (conversely) prominent in the gut of the low gut-lung 

interaction cluster 2 bronchiectasis group, comparable to the potential benefits attained following 

antibiotic (imipenem) intervention in the mouse (Figure 2D and 4E). Taken together, our murine 

infection model reveals, in a controlled setting, the key role that lung Pseudomonas has in 

potentially influencing the gut microbiome and, importantly outlines key microbial inter-

relationships (e.g. with gut Bacteroides) that occur between the two compartments.           
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Having determined the importance and clinical relevance of the gut-lung axis in bronchiectasis, 

we next sought to better understand species-level and functional variability between our patient 

clusters using a metagenomics approach in a subset of individuals (i.e. n=7 from Cluster 1 and n=8 

from Cluster 2 respectively). This confirmed prior patterns observed in our targeted analysis and 

identified lung P. aeruginosa and M. catarrhalis as predominant organisms in cluster 1 (high gut-

lung interaction) and increased H. influenzae and S. pneumoniae in cluster 2 (low gut-lung 

interaction). Discriminant analysis further identified the oral commensal P. melaninogenica as 

significantly reduced in cluster 1 (Figure 5A). Gut metagenomic profiling by discriminant analysis 

(LEfSe) reveals a marked reduction of Collinisella aerofaciens in cluster 1 with an increased 

abundance of several Bacteroides and Bifidobacterium species (Figure 5A). Further GBLM-

derived network analyses identified multiple potential gut-lung interactions involving four major 

bronchiectasis pathogens: P. aeruginosa, S. pneumoniae, H. influenzae, and M. catarrhalis in 

addition to other interactions across the gut-lung axis (Figure 5B). Assessing gut interaction 

networks (by cluster group) reveals that the high gut-lung interaction group (cluster 1) is 

characterised by increased network connectivity of several Bacteroides and Bifidobacterium 

species relative to cluster 2 (low gut-lung interaction group), supporting prior observations from 

our targeted human and murine studies (Figure 5C-D). Both clusters exhibit altered network 

configurations of Streptococci where S. parasanguinus exerts a greater influence compared to S. 

thermophilus or S. salivarius in cluster 1 but demonstrates a contrasting pattern in cluster 2 (Figure 

5C-D). This adds to growing literature associating upper airway commensals with favourable 

clinical outcomes in respiratory disease (35, 36). Metagenomics also provides additional evidence 

of the lung Pseudomonas-gut Bacteroides relationship as observed in our targeted human and 
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murine datasets. Microbial pathway analysis demonstrated that cluster 2 (low gut-lung interaction) 

is distinguished by an increased abundance of pathways related to bacterial cell wall synthesis, 

where peptidoglycan maturation was the most discriminatory pathway in the lung and gut. This 

contrasts cluster 1 where none of the top identified microbial pathways were discriminatory and/or 

common to gut and lung suggestive of likely more complex interplay in clinically worse 

individuals (Figure 5E-F).

DISCUSSION

The gut microbiome is thought to influence respiratory disease through a ‘gut-lung’ axis however, 

this lacks study in bronchiectasis (8, 16, 19). Our presented work begins to address this important 

knowledge gap by prospectively evaluating patients with bronchiectasis undergoing concurrent 

gut and lung sampling during disease stability. This approach controls for temporal variation and 

allows for integrative analysis between organs. Here, we report greater bacterial diversity in the 

gut compared to lung, in line with prior literature and likely due to the existence of airways disease 

in these patients (13, 37). Minimal difference to fungal diversity between compartments is 

observed. The overall low percentage of bacterial versus fungal overlap between the gut and lung 

does suggest that direct microbial interaction between sites is less likely, and that indirect means 

of interaction including the secretion of microbial metabolites (e.g. short chain fatty acids) and/or 

modulation of host immunity, neither assessed in this study, are viable (13, 16, 38). Importantly, 

in this work, we illustrate the potential clinical utility of concurrently profiling gut and lung 

microbiomes in bronchiectasis including the importance of integrated analytics (7, 9, 23). The 

integration of bacteriomes and mycobiomes (i.e. multi-biomes), using methods capable of 

capturing complex interactions from two distinct anatomical sites revealed patient stratification 
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into ‘high-’ and ‘low-’ gut-lung interaction groups underpinned by clear differences in their gut-

lung interactions. Evaluation of gut and lung multi-biomes as separate organ systems importantly 

precludes such strong clinical stratification and demonstrates the importance of the ‘gut-lung’ axis. 

Of note, however, some clinical association is evident when only gut multi-biomes are considered, 

underscoring an important and previously unrecognized role for gut microbiota in stratifying 

bronchiectasis. The ‘high gut-lung interaction’ bronchiectasis patient cluster was characterized by 

lung Pseudomonas, gut Bacteroides and gut Saccharomyces and associated with increased 

exacerbations, greater radiological and overall bronchiectasis severity, while the ‘low gut-lung 

interaction’ cluster demonstrates an overrepresentation of lung commensals including Prevotella, 

Fusobacterium and Porphyromonas with gut Candida. This latter group adds further to the 

increasing body of microbiome literature indicating that predominance of upper airway 

commensals is associated with more favourable clinical outcomes in respiratory disease (35, 36, 

39). Microbial commensals are established determinants of the host-immune relationship, 

demonstrating effector functions far reaching beyond their local environments (13, 16, 40). While 

the assessment of conventional microbiome-related metrics such as relative abundance (i.e. 

microbial identity) and diversity indices did show some variation between patient clusters in our 

study, our integrated ‘gut-lung’ interactomes reveal additional insight into microbial inter-

relationships, a key feature of our novel approach that remains unappreciated if assessing microbial 

identity alone. 

Interestingly, lung Pseudomonas is a key microbial determinant of the ‘high gut-lung interaction’ 

cluster associating with adverse clinical outcomes. While this finding is consistent with the 

existing bronchiectasis literature (20, 31, 33, 41), our ‘gut-lung’ assessment reveals a novel 
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relationship with gut Bacteroides. Bacteroides are important gut commensals with potential 

pathobiont properties and whose increased abundance is linked to IBD (42, 43). In view of the 

established importance of lung Pseudomonas in clinical bronchiectasis and, as a key microbial 

determinant in our ‘high gut-lung interaction’ cluster, we next studied lung Pseudomonas in a 

murine model. Mouse models are successfully employed in mechanistic studies elucidating the 

role of gut microbiomes on distal organ systems, however, importantly no animal model 

representative of bronchiectasis exists and hence only an elementary Pseudomonas-lung infection 

model was employed (13, 16, 17, 19, 38, 44). Despite inherent differences between human and 

mouse gut microbiomes, several important associations of lung Pseudomonas infection on gut 

microbiota were observed, several matching patterns seen in the ‘high gut-lung interaction’ group. 

These include relationships with gut Roseburia, Ruminococcus, Parabacteriodes and critically 

Bacteroides, one of the key gut determinants in the high gut-lung interaction cluster. Altered 

Bacteroides network metrics observed following Pseudomonas lung infection was attenuated 

following antibiotic treatment, an effect independent of the antibiotic treatment alone, and 

suggestive of the potential for therapeutic manipulation of the ‘gut-lung’ axis. Alternate organisms 

including Blautia and Alistipes, prominent in the ‘low gut-lung interaction’ group, also 

demonstrate changes in relation to lung Pseudomonas that are modified by antimicrobial 

intervention. Our combined human and mouse analysis reveal the importance of appreciating 

microbial interactions as opposed to microbial identity alone across organ systems, and questions 

whether therapeutic targeting of one organ system gives rise to microbial alterations in another, an 

important avenue for future work.  
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Significantly, metagenomics of the gut and lung in a subset of patients validated findings 

from our targeted analysis including the identification of Pseudomonas aeruginosa and several 

species of Bacteroides in the ‘high gut-lung interaction’ cluster. In addition, this approach provided 

additional discriminant commensal species of interest in the ‘low gut-lung interaction’ 

bronchiectasis cluster: lung P. melanogenica and gut C. aerofaciens. This is notable given recent 

work by Wu and colleagues demonstrating immuno-protective Th17 responses, inducible on 

commensal P. melanogenica exposure and which confers protection against a Streptococcus 

pneumoniae challenge (35). As such, their diminished abundance in the clinically adverse ‘high 

gut-lung interaction’ cluster appears consistent with a depletion of ‘beneficial’ microbes that may 

have key roles in immune homeostasis. Conversely, gut C. aerofaciens, implicated in IL-17A 

signalling correlates with negative clinical consequence in rheumatoid arthritis owing to its 

immune-potentiating effect (45). These reports, alongside our own observations suggest that 

microbes in the ‘low gut-lung interaction’ cluster may engender a pro-inflammatory response with 

a net overall ‘immuno-protective’ effect. Interestingly, increased gut Candida, observed in our 

‘low gut-lung interaction’ cluster similarly associates with Th17 airway modulation through gut-

lung cross-talk (39). Involvement of immune pathways, induced by lung microbes, with effect at 

distal sites has recently been shown in multiple sclerosis implicating the lung-brain axis (44). 

Metagenomics further highlights shifts in microbial metabolic profiles including enrichment of 

peptidoglycan maturation in the ‘low gut-lung interaction’ cluster. Aligned to this, oral 

administration of peptidoglycan prevents sepsis in response to Streptococcus pneumoniae, 

evidence supporting its positive influence on health (46). Circulating peptidoglycan fragments are 

traced to gut microbiome constituents and remain important for immune development (46). 

Whether microbial peptidoglycan fragments for example originating from the gut and lung act as 
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tentative intermediary regulators of gut-lung homeostasis in bronchiectasis remains an interesting 

proposition, and one requiring future work incorporating immunological and metabolomic 

readouts.  

While we report a novel and integrated approach to evaluating the gut-lung axis in 

bronchiectasis including clinical relevance, our work has important limitations. First, a small 

cohort from a single site with cross-sectional design lacking longitudinal follow-up. We, therefore, 

rely on static data to predict dynamic phenomena. Second, the study relies on small sample sizes, 

which are partly overcome through data integration and paired analysis. The sub-group 

comparisons, however, are exploratory at best. Next, although targeted amplicon sequencing is 

well established, it does have limitations including primer dependence, low taxonomic coverage, 

under-development of fungal reference databases and an underrepresentation of mycobacteria. We 

partially overcome this by performing metagenomic sequencing in a subset of patients. Further, 

we did not assess for viruses or viromes in this study, another important microbial kingdom of 

interest. While our concurrent gut and lung sampling approach resolves the influence of time-

based confounders, other latent confounders may not have been included in our analysis.

Additionally, gut microbiomes are susceptible to other influences, including diet and no 

food diaries or information on dietary patterns were collected in this study concerning gut 

microbiomes. In addition, the persistent long-term effects of antibiotics on gut microbiomes should 

also be acknowledged, some of which may last beyond the four-week criterion used in this work. 

While the most acute changes to gut microbiomes from antibiotics are observed in the first eight 

days following exposure, we cannot out rule the possibility of latent effects, dysbiosis and/or gut-
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lung dysfunction that occurred post-exposure to antibiotics, but which preceded the four-week 

period prior to study enrolment.

We also excluded patients with mycobacterial infection who represent an important patient 

subgroup that should be explored further in future work. Of note, while we excluded COPD in 

participants based on established spirometry criteria, no systematic assessment of COPD related 

changes on chest radiology was performed. Mouse experiments should be interpreted with caution, 

given the inherent differences between the gut microbiota composition of specific-pathogen free 

mice and human subjects. Further, in this work, we cannot exclude potential indirect effects of P. 

aeruginosa infection on mouse behaviour including food and water consumption (or possibly other 

factors) that may impact gut microbiomes indirectly. Finally, while associative patterns 

(interactome) between the gut and lung have been identified in this work, they don’t delineate the 

type of interaction (direct or indirect) between microbes. Future mechanistic work including 

assessment of host immunity and incorporating systems biology (i.e. metabolomics and 

lipidomics) is necessary to assess contributing factors and assign causation.

In conclusion, a dysregulated ‘gut-lung’ axis, driven by lung Pseudomonas occurs in 

bronchiectasis and associates with poor clinical outcome. Interventional approaches, as seen in 

ventilator associated pneumonia, which leverage immunomodulation of this axis warrant future 

investigation in bronchiectasis (47, 48). 
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Table 1. Demographic table summarizing the stable bronchiectasis cohort (overall and by cluster).

All

(N=57)

Cluster 1

(N=31)

Cluster 2

(N=26)

p-value 

(between 

clusters)

Sex (n,%)

     Female 45 (78.9%) 25 (80.6%) 20 (76.9%)

     Male 12 (21.1%) 6 (19.4%) 6 (23.1%)
ns

Age 63.00 [54.00 – 72.00] 65.00 [55.00 – 75.00] 62.50 [54.30 – 69.80] ns

Disease severity (as FACED score) 2.00 [2.00 - 4.00] 3.00 [2.00 - 4.00] 2.00 [1.0 - 3.00] 0.0376

Radiological severity (as Reiff score) 4.00 [3.00 - 8.00] 6.00 [4.00 - 8.00] 4.00 [2.25 - 5.00] 0.0063

BMI 21.00 [19.00 - 24.80] 20.20 [19.00 - 24.20] 21.6 [19.30 - 25.80] ns

Number of exacerbations (in the year 

preceding study recruitment) 

2.00 [1.00 - 4.00] 3.00 [2.00 - 5.00] 2.00 [1.00 - 2.75] 0.0460

Smoking Status

    Ex-smoker 23 (40.4%) 11 (35.5%) 12 (46.2%)

    Never smoker 34 (59.6%) 20 (64.5%) 14 (53.8%)
ns

Lung function (as FEV1 %predicted) 71.00 [62.00 - 90.00] 71.00 [59.50 - 88.50] 76.50 [67.30 - 90.80] ns

mMRC dyspnoea score

    0 24 (42.1%) 12 (38.7%) 12 (46.2%)

    1 23 (40.4%) 11 (35.5%) 12 (46.2%)

    2 3 (5.3%) 1 (3.2%) 2 (7.7%)

    3 6 (10.5%) 6 (19.4%) 0 (0%)

    4 1 (1.8%) 1 (3.2%) 0 (0%)

ns

Chronic macrolide use

    No 49 (86.0%) 28 (90.4%) 21 (80.8%)

    Yes 8 (14.0%) 3 (9.7%) 5 (19.2%)
ns

Inhaled Corticosteroid use
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    No 35 (61.4%) 22 (71.0%) 13 (50.0%)

    Yes 22 (38.6%) 9 (29.0%) 13 (50.0%)
ns

Total number of courses of oral 

antibiotics in the 3-year period preceding 

study recruitment 

4.00 [2.00 – 6.00] 4.00 [2.25 – 9.00] 4.00 [2.00 – 6.00] ns

Table 1: Demographic table illustrating the study cohort with stable bronchiectasis (n=57) and p-

values for significant differences observed between clusters. Demographic data is presented as 

median value  interquartile range and/or patient numbers (n) with percentage (%) as appropriate. ±

Significant p-values (<0.05) are indicated in bold. BMI: Body Mass Index, mMRC: Modified 

medical research council dyspnea scale, ns: non-significant. 

FIGURE LEGENDS

Figure 1: Overview of the lung and gut microbiome in stable bronchiectasis. Stacked bar plots 

represent the (A) bacteriome and (E) mycobiome composition of the lung and gut respectively. 

The y-axis represents the relative abundance (%) of microbial taxa (at the genus level) derived 

using targeted amplicon 16S (bacteria) and ITS (fungal) sequencing approaches applied to sputum 

(lung) and stool (gut). Paired box plots illustrate (B) bacterial and (F) fungal α-diversity differences 

between the lung (orange) and gut (black) computed using the Shannon diversity index. Bold lines 

represent the median diversity, individual dots each respective sample and dotted lines the pairing 

of lung and gut samples (in individual patients) respectively. Principal Coordinate Analysis 

(PCoA) plots (based on Bray-Curtis dissimilarity) illustrate differences in (C) bacteriome and (G) 

mycobiome between lung (orange) and gut (black) specimens. Venn diagrams illustrating the 
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overall number of (D) bacterial and (H) fungal genera identified in lung and gut compartments 

respectively with intersections demonstrating overlapping taxa between compartments. ns: non-

significant, *p<0.05; **p<0.01; ***p<0.001.

Figure 2: The gut-lung interactome allows patient stratification in stable bronchiectasis. (A) An 

overview of the analytical approach to evaluating the gut-lung axis in bronchiectasis. The 

computational workflow implemented in this study includes (1) the application of co-occurrence 

analysis using Generalised Boosted Linear Models (GBLM) to bacteriome and mycobiome 

profiles derived from lung and gut compartments respectively to obtain the gut-lung ‘interactome’ 

network. (2) Four multi-biomes were integrated using weighted Similarity Network Fusion 

(wSNF) followed by spectral clustering to derive unsupervised patient groups. Differentially 

abundant taxa between clusters are evaluated using Linear discriminant analysis Effect Size 

(LEfSe) and clinical evaluation of the respective clusters performed. Cluster-specific interactome 

networks were generated using GBLM and, network plots illustrating interactions (as edges) 

between microbes (indicated as individual nodes) is illustrated for (B) the overall study cohort, (C) 

Cluster 1 and (D) Cluster 2 respectively. Only significantly correlated interactions (i.e. p<0.001) 

are illustrated. Gut-lung interactions are represented by pink lines (edges). Microbes within gut-

lung networks are classified as busy (i.e. node degree: microbes with a higher number of direct 

interactions with other microbes); critical (i.e. stress centrality: microbes key to maintaining the 

network’s integrity) and/or influential (i.e. betweenness centrality: microbes that influence other 

microbes within the network, including indirectly) and those with highest calculated network 
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metrics are highlighted by size, width, and node colouration respectively in the presented network 

plots (7). 

Figure 3: Clinical and microbiome differences between ‘gut-lung interactome’ defined patient 

clusters. Box plots illustrating differences in (A) exacerbation frequency, (B) disease severity (as 

FACED score (49)) and (C) radiological severity (as Reiff score (50)) between the derived 

identified patient clusters. Cluster 1 (high gut-lung interaction) is indicated in red and Cluster 2 

(low gut-lung interaction) in green as derived by spectral clustering of integrated gut-lung multi-

biomes. Bar plots representing differentially abundant bacterial (light pink) and fungal (dark green) 

taxa of the lung (top) and gut (bottom) between the high- and low- gut-lung interaction clusters. 

Significantly increased taxa in cluster 1 (‘high gut-lung interaction’) and cluster 2 (‘low gut-lung 

interaction’) are highlighted as red and green bars respectively. The x-axis represents the Linear 

Discriminant Analysis (LDA) score and y-axis significant taxa with LDA score > 0. ns: non-

significant; *p<0.05; **p<0.01; ***p<0.001. 

Figure 4: Assessment of gut microbiome dynamics in a murine model of lung P. aeruginosa 

(PAO1) infection. (A) Schematic illustration of the overall experimental design. Twenty-four mice 

were subjected four experimental treatment arms (n=6 per arm). Mice received either a saline 

control (1+2) or antibiotic treatment (imipenem) (3+4) by oral gavage for two days prior to 

intratracheal delivery of either normal saline (1+3) or PAO1 inoculation (2+4). Bacteriome and 

mycobiome profiles were characterized by 16S and ITS sequencing approaches derived from 

faecal pellets obtained at the experimental endpoint (day 5). In addition, assessment of bacteriome 
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and mycobiome profiles pre- and post-antibiotic treatment on day 0 and day 2 in treatment arm 3 

(indicated by red asterisk) was performed. Stacked bar plots illustrate the (B) gut bacteriome and 

(C) gut mycobiome composition in all four experimental arms (day 5). Network plots illustrating 

key taxa from the mouse gut interactome splitting organisms (D) affected by PAO1 infection 

independent of antibiotic (imipenem) pre-treatment to those (E) affected by PAO1 infection and 

abrogated by antibiotic (imipenem) pre-treatment (see also Figure E7). Microbial genera are 

represented as nodes indicated as busy (i.e. node degree: microbes with a higher number of direct 

interactions with other microbes); critical (i.e. stress centrality: microbes key to maintaining the 

network’s integrity) and/or influential (i.e. betweenness centrality: microbes that influence other 

microbes within the network, including indirectly) and these network metrics are highlighted by 

size, width, and node colouration respectively in the presented network plots (7).

Figure 5: Metagenomic analysis of the gut-lung axis in bronchiectasis. (A) Stacked bar plots 

illustrating species-level classification of lung (left) and gut (right) microbiome relative-abundance 

profiles derived by metagenomic sequencing in high gut-lung interaction (cluster 1, n = 7) and low 

gut-lung interaction (cluster 2, n = 8) groups. (B) GBLM-derived networks illustrating four key 

bronchiectasis (bacterial) pathogens and their interactions with other microbes within the 

bronchiectasis gut-lung interactome. Microbial interactions (edges) are represented as lines (grey) 

and species as nodes indicated as busy (i.e. node degree: microbes with a higher number of direct 

interactions with other microbes); critical (i.e. stress centrality: microbes key to maintaining the 

network’s integrity) and/or influential (i.e. betweenness centrality: microbes that influence other 

microbes within the network, including indirectly) and network metrics are highlighted by size, 

width, and node colouration respectively in the presented network plots (7). (C-D) Correlation 

based co-occurrence analysis illustrating cluster-based gut microbiome network conformation of 
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the (C) “high gut-lung interaction” (cluster 1) and (D) “low gut-lung interaction” (cluster 2) 

respectively. Species are grouped according to their observed genus-level differential network 

connectivity within clusters. Genera with three or more representative species-level members (i.e. 

Bacteroides, Bifidobacteria and Streptococcus) are highlighted by coloured rectangles indicating 

their respective increased (red), decreased (blue) or neutral (yellow) genus-level network 

connectivity between clusters. (E-F) Horizontal bar plots illustrating differentially abundant 

microbial pathways (LDA Score > 2.5) between the “high-” (Cluster 1) and “low-” (Cluster 2) gut-

lung interaction groups in the (E) lung and (F) gut respectively. The x-axis represents the 

discriminative score (LDA Score) and y-axis specific microbial pathways.
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SUPPLEMENTARY MATERIALS AND METHODS

Study Population

The study was approved by the appropriate institutional review board (Milan, Italy; approval 

number: #255_2020) and all patients gave written informed consent to participate. Once 

recruited, patients underwent clinical, radiological, and functional evaluation and demographic 

and clinical data were collated as summarized in Table 1. This included pulmonary function, 

disease severity as the FACED score (1): a 7-point score including FEV1, age, colonization by 

Pseudomonas aeruginosa, number of lobes affected and dyspnoea as modified Medical 

Research Council (mMRC) score) and radiological severity as the Reiff score (2) including 

assessment of extent, site, type and lobar distribution of bronchiectasis including the severity 

of bronchial dilatation and/or bronchial wall thickening present. Chronic antibiotic use (>=1 

year) was recorded whether inhaled (cyclical) and/or oral (macrolide) antibiotics were used, 

and all use of inhaled corticosteroids (ICS) collated. Exacerbations were defined by established 

consensus and all exacerbations in the year preceding study recruitment verified (3). Frequent 

exacerbators were defined as >= 3 documented exacerbations per year (4). 

Specimen collection

All recruited patients had their sputum (lung) and stool (gut) collected as follows. 

Spontaneously expectorated sputum from a deep cough with the assistance of a chest 

physiotherapist (where required) or using an established induction protocol (where 

appropriate) were collected into sterile containers and transported (on ice) to the laboratory 

within 30 minutes. An equal volume of Sputasol (Thermo Fisher Scientific) was then added to 

each sample and shaken for 15 minutes at 37°C. Sputasol-homogenised samples were either 

stored (-80°C) or mixed with two volumes of RNAlater (Sigma-Aldrich) for DNA extraction 

and microbiome analysis. For stool collection, and to ensure they were obtained on the same 
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day as sputum (and no more than 6 hours apart), patients were contacted by telephone and 

reminded a week and then again 24-48 hours prior to their outpatient appointment to collect 

their faeces in a provided sterile container on the morning of their appointment but no more 

than 6 hours prior to the hospital visit. Freshly collected stool specimens were immediately 

transported (on ice) to the laboratory within 15 minutes of the patient checking in for their 

outpatient visit. In the laboratory, stool was aliquoted and immediately stored at -80°C prior to 

DNA extraction and microbiome analysis. Alternate days of sample collection were arranged 

for both sputum and stool if a patient was not able to provide either specimen on the scheduled 

appointment day. All sputum and stool samples used in this study were obtained no more than 

6 hours apart of one another with the majority obtained within 2-4 hours. All specimens were 

transported promptly, appropriately and processed centrally by a dedicated team and laboratory 

to ensure consistency and standardisation of all experimental work. To ensure quality control 

during transport to Singapore, specimens were shipped on dry ice in temperature-controlled 

containers and integrity checked by standard protocols before experimental use. All DNA 

extraction and sequencing was performed at Nanyang Technological University, Singapore 

using standardised protocol as described below.

Targeted amplicon sequencing and analysis.

Sequencing of 16S microbiome amplicon libraries was performed in accordance with 

manufacturer’s protocol (Illumina), while ITS sequencing was achieved using previously 

published methodologies (5). Forward and reverse primers used for 16S (bacteriome) targeted 

amplicon sequencing were as follows: 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG and 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATC

C respectively. For 18S ITS (mycobiome) analysis, the forward and reverse primers used for 
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targeted amplicon sequencing were 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATGCCTGTTTGAGCGTC and 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCTACCTGATTTGAGGTC 

respectively, with underscores indicating Illumina-specific overhanging adapter sequences. 

Taxonomic classification of sequencing reads was undertaken using standardised cloud-based 

16S (version 1.1.0) and ITS (version 1.1.0) workflows (Basespace Sequence Hub, Illumina) 

referencing the NCBI RefSeq 16S rRNA (v3 May 2018) and UNITE ITS (v7.2) taxonomic 

databases respectively. Extracted DNA for all samples were on average 10-fold more 

concentrated than negative controls suggesting low potential for background contamination. 

Analysis of assigned reads further confirmed background contamination profiles which were 

clearly distinct from both 16S and ITS profiles in both human and mouse samples (Figure E1). 

All raw sequences (targeted amplicon and metagenomics) data from sputum (lung), stool (gut) 

and all negative sequencing controls are available at NCBI SRA PRJNA740243 (human), and 

PRJNA824950 (mouse).

Whole genome shotgun metagenomic sequencing and analysis

Whole genome shotgun sequencing of sputum and faecal DNA was performed on a HiSeq 

2500 platform (Illumina) according to standard library preparation and DNA sequencing 

protocols (6). Removal of human reads and estimation of taxonomic composition was 

performed using the Kaiju taxonomic classifier (7). Taxonomic calls from the Kaiju classifier 

were further scrutinised by BLAST confirmatory analysis of raw sequence data performed by 

considering only species whose relative abundance was >1% in at-least a single sample. A sub-

sample of reads (assigned by kaiju) was also randomly subjected to BLASTN analysis using 

the megablast function and a specified E-value of 10 against the corresponding database 

sequence for that species. Only microbes with a significant hit, were considered for 
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downstream analysis. Functional profiling of microbial pathways was conducted using 

HUMAnN2 (8). Potential microbial contaminants were further assessed for by sequencing of 

relevant control samples (i.e. DNA extraction controls and sequencing blanks) and the extent 

of contamination assessed with the appropriate genus-level removal using the R package 

decontam (9). Extracted DNA concentrations for all clinical samples were at least 10-fold 

greater than that of blanks suggesting low potential background contamination, while 

sequencing confirmed blank profiles were distinct from assessed specimens (Figure E1).

Murine intratracheal infection experiments

To disrupt the mouse gut microbiome by antibiotics (where appropriate), mice were 

administered 5 µg/mL imipenem monohydrate in 200 µL by oral gavage for two consecutive 

days while saline 0.9% was administered to controls. The chosen administration route allowed 

a targeted disruption of the gut microbiome with minimal impact on distal organs using a 

previously described dosage regime (10-12). Imipenem demonstrates low systemic 

bioavailability when given orally allowing disruption of gut microbiomes with relatively little 

effect on lung Pseudomonas. Faecal pellets were obtained on Day 0 (before imipenem 

treatment), Day 2 (after imipenem treatment) and Day 5 (3-days post [PAO1] inoculation; dpi 

as described below) and snap frozen in liquid nitrogen. For the infection arm of our studies (as 

appropriate), mice were subjected to intratracheal inoculation with Pseudomonas aeruginosa 

(as PAO1) either alone or 24h after the second imipenem gavage according to established 

protocols with minor modification as described (13). Mice were anaesthetized with ketamine 

(100 mg/kg)/xylazine (10 mg/kg) and suspended on a hanging board in supine position by their 

incisors. The tracheal region was illuminated by a light source and the tongue gently extended 

and placed to the side of the mouth using blunt-end forceps. A bent 23G needle was placed 

into the oral cavity with the body of the needle depressing the tongue to expose the tracheal 
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opening. The tip of the needle was placed between the vocal cords and 20 µL of a PAO1 saline 

(0.9%) suspension containing 1 x 105 colony forming units (CFU). Control mice were 

inoculated with an equal volume of 0.9% saline. Inoculated mice remained suspended for an 

additional 3 minutes to avoid backflow of the inoculum before returning to their cages for 

recovery. On completion of the experimental process, mice were euthanized by 

ketamine/xylazine followed by exsanguination through retrobulbar bleeding. Mice were 

surface sterilized using 70% ethanol prior to dissection to minimize skin (microbial) 

contamination. Dissection tools were sterilized by 70% ethanol and passed through a flame to 

burn off excess alcohol before use and between uses. Fresh sterilized tools were used for mice 

from different treatment groups and/or cages. All faecal pellets for microbiome sequencing 

were collected on day 5 in sterile tubes and immediately snap frozen in liquid nitrogen. 

Integrative, cluster and co-occurrence analysis

Integrative and cluster analysis

Integration of bacteriome and mycobiome profiles from sputum (lung) and stool (gut) followed 

by unsupervised spectral clustering was performed using our group’s published open access 

online ‘integrative-microbiomics’ webtool (https://integrative-microbiomics.ntu.edu.sg/) with 

the merging method = ‘Weighted SNF’,  k=9 and number of clusters=2 (6). Weighting of each 

respective microbiome was set to the tools default parameters i.e. based on taxonomic richness, 

reflective of information content and established by previous methodology (i.e. lung 

bacteriome 19 genera: 32.2%; lung mycobiome 9 genera: 15.2%; gut bacteriome 27 genera: 

45.8% and gut mycobiome 4 genera: 6.8%) (14, 15). Cluster robustness was assessed using a 

bootstrap approach with 70% of the integrated data being sampled in 100 bootstrap iterations 

followed by spectral clustering with k (number of clusters) = 2 (the optimal k value obtained 

using all data) on this 70% bootstrap sample. The resulting bootstrap clusters (sub-sampled 
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data, 70%) were then compared with the original clusters (100%) to calculate a mean 

misclassification ratio (x%) and the cluster robustness (100-x)% = 78.2% indicating strong 

cluster consistency and high robustness.   

Co-occurrence analysis

Sequenced microbiome datasets are compositional in nature and therefore can only be 

represented on a relative scale. Therefore, an increase in the relative abundance of one species 

leads to a compositional decrease in another causing the problem of spurious correlations 

which hinders correlation analysis on compositional data. In order to account for this, we 

implement a bootstrap and renormalization (ReBoot) approach that calculates statistical 

significance thresholds to account for correlation due to pure compositionality (16). Co-

occurrence analysis was performed using General Boosted Linear Models (GBLM), a complex 

network inference algorithm along with ReBoot to scrutinise for spurious interactions (6, 16). 

In low sample size settings (i.e. 10 < n < 20), to minimize instability of edge weights, GBLM 

is implemented over 100 iterations and only edges appearing in at least 50% of the run are 

considered and reported as median non-zero edge weights across the runs. In the setting of 

smaller sample sizes (i.e. n < 10), ensemble (Spearman and Pearson correlation) based network 

inference coupled to ‘ReBoot’ was employed. Edge weights were corrected for multiple 

comparisons using the Benjamini and Hochberg FDR (False Discovery Rate) procedure and 

only edges with a corrected p-value < 0.001 considered and reported. Co-occurrence analysis 

was implemented using custom scripts written in R and available at the study’s code repository 

(https://github.com/Jayanth-kumar5566/Lung-Gut_Study). Derived microbial association 

networks were visualized and network metrics assessed in Cytoscape (6, 17).
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure E1: Assessment of background microbial DNA contamination in 

negative controls. Stacked bar plots represents the 16S, ITS and whole genome shotgun (WGS) 

metagenomic derived microbiome profiles for sequencing negative controls (NC) and samples. 

A minimum of n=3 NCs were included in the assessment of 16S, ITS and WGS metagenomic 

comparisons for human samples (lung and gut) while n=8 controls were included for 16S and 

ITS profiling of murine gut (total; n=34). Observed NC and sample profiles are illustrated for 

human sputum (lung) samples (A-C), human stool (gut) samples (D-F) and mouse gut samples 

(G-H). Note: in the case of targeted ITS analysis of human sputum (lung) (B), no assignable 

reads were detected in negative controls.

Supplementary Figure E2: Cluster analysis of the integrated lung bacteriome and 

mycobiome. Stacked bar plots represent the (A) bacteriome and (B) mycobiome composition 

of the lung between Cluster L1 (left) and Cluster L2 (right) derived by spectral clustering 

following integration of the lung bacteriome and mycobiome. The y-axis represents the relative 

abundance of microbial taxa at the genus level. Box plots illustrating differences in (C) 

exacerbation frequency, (D) disease severity (as FACED score (1)) and (C) radiological 

severity (as Reiff score (2)) between the clusters; Cluster L1 is indicated in blue and Cluster 

L2 in violet. ns: non-significant; *p<0.05; **p<0.01; ***p<0.001.

Supplementary Figure E3: Cluster analysis of the integrated gut bacteriome and mycobiome. 

Stacked bar plots represent the (A) bacteriome and (B) mycobiome composition of the gut 

between Cluster G1, G2 and G3 derived by spectral clustering following integration of the gut 
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bacteriome and mycobiome. The y-axis represents the relative abundance of microbial taxa at 

the genus level. Box plots illustrating differences in (C) exacerbation frequency, (D) disease 

severity (as FACED score (1)) and (C) radiological severity (as Reiff score (2)) between the 

clusters; Cluster G1 is indicated in blue, Cluster G2 violet and Cluster G3 orange. ns: non-

significant; *p<0.05; **p<0.01; ***p<0.001.

Supplementary Figure E4: The effect of inhaled corticosteroids (ICS) and macrolide (ML) 

antibiotics on the lung and gut microbiome in bronchiectasis. Stacked bar plots illustrating the 

(A) bacteriome and (D) mycobiome composition of the lung and gut respectively between the 

following treatment groups: (i) no ML or ICS (ii) ICS only (iii) ML only and (iv) both ML and 

ICS. The y-axis represents the relative abundance of microbial taxa at the genus level. Box 

plots illustrating (B) bacteriome and (E) mycobiome α-diversity between the treatment groups 

in the lung (left) and gut (right) computed using the Shannon diversity index. Principal 

Coordinate Analysis (PCoA) plot based on Bray-Curtis dissimilarity illustrating β-diversity 

differences in the (C) bacteriome and (F) mycobiome composition between the treatment 

groups in the lung (left) and gut (right). Treatment groups: (i) no ML or ICS, (ii) ICS only, (iii) 

ML only, and (iv) both ML and ICS, are indicated in blue, light pink, orange, and brown 

colouration, respectively. ns: non-significant; *p<0.05; **p<0.01; ***p<0.001.

Supplementary Figure E5: The effect of frequent exacerbator status on the lung and gut 

microbiome in bronchiectasis. Stacked bar plots illustrating the (A) bacteriome and (D) 

mycobiome composition of the lung and gut respectively between the following exacerbation 

groups: non-frequent (Non-Freq Exac; <3 exacerbations/year) and frequent exacerbator (Freq 

Exac; >=3 exacerbations/year). The y-axis represents the relative abundance of microbial taxa 

at the genus level. Box plots illustrating (B) bacteriome and (E) mycobiome α-diversity 
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between the exacerbation groups in the lung (left) and gut (right) computed using the Shannon 

diversity index. Principal Coordinate Analysis (PCoA) plot based on Bray-Curtis dissimilarity 

illustrating β-diversity differences in the (C) bacteriome and (F) mycobiome composition 

between the exacerbation groups in the lung (left) and gut (right). Non-frequent and frequent 

exacerbators are indicated in light blue and light brown colouration, respectively. ns: non-

significant; *p<0.05; **p<0.01; ***p<0.001.

Supplementary Figure E6: Overview of the lung and gut microbiome in the high- (cluster 1) 

and low- (cluster 2) gut-lung interaction clusters. Stacked bar plots represent the (A) 

bacteriome and (D) mycobiome composition of the lung and gut respectively between cluster 

1 (left; ‘high gut-lung interaction’) and cluster 2 (right; ‘low gut-lung interaction’). The y-axis 

represents the relative abundance of microbial taxa at the genus level. Box plots illustrate (B) 

bacteriome and (E) mycobiome α-diversity between the clusters in the lung (left) and gut (right) 

computed using the Shannon diversity index. Principal Coordinate Analysis (PCoA) plot based 

on Bray-Curtis dissimilarity illustrating β-diversity differences in the (C) bacteriome and (F) 

mycobiome composition between the clusters in the lung (left) and gut (right). Cluster 1 is 

indicated in red and Cluster 2 in green colouration, respectively. ns: non-significant; *p<0.05; 

**p<0.01; ***p<0.001.

Supplementary Figure E7: The effect of antibiotics (imipenem) on the mouse gut bacteriome 

and mycobiome. Stacked bar plots representing the (A) bacteriome and (D) mycobiome 

composition of mouse gut before imipenem antibiotic (Bef Abx) and after imipenem (Aft Abx) 

antibiotic treatment (obtained on days 0 and 2: see Figure 4A). The y-axis represents the 

relative abundance of microbial taxa at the genus level. Box plots illustrating (B) bacterial and 

(E) fungal diversity α-diversity differences before and after imipenem treatment based on 
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Shannon diversity index. Principal Coordinate Analysis (PCoA) plot based on Bray-Curtis 

dissimilarity illustrating β-diversity differences in the (C) bacteriome and (F) mycobiome 

composition of the gut before (light red) and after imipenem treatment (light green). ns: non-

significant.

Supplementary Figure E8: Assessment of - and -diversity change in the mouse gut α β

microbiome following lung PAO1 infection and/or antibiotic (imipenem) treatment. Box plots 

illustrating (A) differences in bacteriome (left) and mycobiome (right) -diversity in the mouse 

gut, determined by Shannon diversity index between the four experimental arms as follows: 

Control - no infection or imipenem (blue), PAO1 infection only (green), Imipenem only (pink) 

and  PAO1 + Imipenem (brown). Principal Coordinate Analysis (PCoA) plot based on Bray-

Curtis dissimilarity illustrating β-diversity differences in the (B) bacteriome and (C) 

mycobiome composition of mouse gut between the four experimental arms. ns: non-

significant.
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