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Research in Context Panel 18 

Evidence before this study:  We searched PubMed from inception until Oct 9th 2019 for articles 19 

containing the terms “Bronchiectasis” and “microbiome” or “microbiota”, identifying 71 publications 20 

from 2011-2019. Searches were not limited by language and were filtered for relevance based on 21 

abstract alone. The majority of microbiome studies in bronchiectasis to date have included small 22 

numbers of patients, have been cross-sectional and a high proportion derive from a single randomized 23 

controlled trial cohort called BLESS. Existing evidence is inconsistent. Relationships between the 24 

microbiome and disease severity have been limited by the small sample size of most studies but some 25 

microbiome parameters have been shown to be associated with forced expiratory volume in 1 second 26 

and frequency of exacerbations. Some studies show a reduction in microbial diversity around 27 

exacerbation and others do not. One study showed that chronic macrolide treatment can increase the 28 

relative abundance of Pseudomonas. While it is known that microbiology and, in particular, chronic 29 

infection with Pseudomonas aeruginosa is associated with increased mortality, there have been no 30 

studies examining the association of long-term outcomes with the microbiome in bronchiectasis.  31 

Added value of this study:  32 

We report evidence from a prospective longitudinal cohort of 281 bronchiectasis patients with a median 33 

follow up of four years. At baseline we identified an inverse relationship between alpha diversity, 34 

measured using the Shannon-Wiener Diversity Index, and severity of disease measured using the 35 

multidimensional bronchiectasis severity index or forced expiratory volume in 1 second. Alpha 36 

diversity was also negatively associated with symptoms measured using the quality of life 37 

bronchiectasis respiratory symptom scale. Using Random Forest analysis, we identified in baseline 38 

samples that the genera Stenotrophomonas, Pseudomonas and Enterobacteriaceae were associated with 39 

a bronchiectasis severity index ≥9 whilst the genera Pseudomonas and Enterobacteriaceae were also 40 

associated with frequent exacerbations (≥3 exacerbations per year). Longitudinal stable and 41 

exacerbation microbiome profiles were heterogenous, with greater similarity within individual patients 42 

than between samples from different patients. A distinct microbiome profile associated with 43 

exacerbation was not identified.  Over long-term follow-up, Pseudomonas dominance and lower alpha 44 

diversity were independently associated with all-cause mortality and hospitalization for severe 45 

exacerbations.   46 

Implications of all available evidence:  47 

Disease severity and long-term mortality is associated with loss of microbial diversity and dominance 48 

of Proteobacteria such as Pseudomonas, Enterobacteriaceae and Stenotrophomonas in patients with 49 

bronchiectasis. In contrast to the established paradigm that bronchiectasis exacerbations are primarily 50 

caused by bacterial infection we found little evidence of microbial changes at exacerbation. Taken 51 
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together this data suggests that the microbiome may identify subgroups of patients at increased risk of 52 

poor outcomes who may benefit from precision treatment strategies in future.  53 
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Abstract 54 

Introduction: Infection is a key component of the pathophysiology of bronchiectasis. Characterisation 55 

of the microbiome offers a higher degree of sensitivity and resolution than traditional culture to evaluate 56 

the importance of infection in determining the risk of exacerbation and long-term outcomes, including 57 

all-cause mortality, in bronchiectasis.  58 

Methods: Sputum samples from 281 patients with bronchiectasis included in a longitudinal cohort of 59 

patients from two hospitals in the East of Scotland underwent 16S rRNA gene sequencing. Patients 60 

were enrolled from 2012-2015 and followed up until January 2019 for long term outcomes. Repeat 61 

sputum samples were obtained at exacerbation and stable visits during follow-up. Dominant genus was 62 

assigned based on a previously published method. Microbiome characteristics were analysed for their 63 

association with measures of clinical disease severity and long-term outcomes using PERMANOVA, 64 

Random Forest and survival analyses. 65 

Results: In both stable bronchiectasis and during exacerbations, a microbiome dominated by 66 

Proteobacteria and Firmicutes was observed. Analysis of weighted UniFrac values indicated that 67 

patients’ microbiome profiles were relatively stable over time, both during exacerbations and at disease 68 

stability, and showed less variation than that observed between patients. Random Forest analysis on 69 

baseline samples identified the genera Pseudomonas, Enterobacteriaceae and Stenotrophomonas as 70 

being associated with a BSI score ≥9, whilst Pseudomonas and Enterobacteriaceae were also associated 71 

with ≥3 exacerbations. Patients in whom the dominant genus was Pseudomonas were at increased risk 72 

of all-cause mortality (Hazard ratio 3·12, 95% CI 1·33-7·36, P=0·0091) and had more frequent 73 

exacerbations (Incident rate ratio 1·69 95% CI 1·07-2·67, P=0·024) during follow-up.  74 

Conclusion: A reduction in microbiome diversity, particularly associated with dominance of 75 

Pseudomonas and other Proteobacteria, is associated with greater disease severity, increased frequency 76 

and severity of exacerbations, and a higher risk of mortality. 77 

Funding: Funded by the GSK/British Lung Foundation Chair of Respiratory Research and European 78 

Respiratory Society through the EMBARC2 consortium.  79 
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Introduction 80 

Bronchiectasis is characterised pathophysiologically by a complex interaction between impaired 81 

mucociliary clearance, bacterial infection and lung inflammation which manifests clinically as a 82 

condition with variable symptoms of cough, sputum production and exacerbations. The prevalence of 83 

bronchiectasis worldwide is increasing and is associated with high medical healthcare costs and 84 

increased mortality; in Europe and North America, the prevalence is as high as 566 cases per 100,000 85 

and estimates are even higher in China (1-4).  86 

Despite an increase in our understanding of bronchiectasis, there are no licensed therapies and 87 

bronchiectasis remains a major clinical challenge. The disease heterogeneity in terms of its aetiology, 88 

clinical phenotype, inflammatory endotype and outcomes are the main reasons cited for unsuccessful 89 

clinical trials and the ongoing high burden of disease. Addressing this heterogeneity through 90 

translational research is currently the leading research priority in bronchiectasis.   91 

Given the central role for infection in the pathogenesis of bronchiectasis, the microbiome represents a 92 

potential area for improved disease understanding and stratification.  Several studies have described the 93 

bronchiectasis lung microbiome demonstrating some associations between diversity and lung function, 94 

and specific genera and exacerbation history. These studies have generally included <100 patients, had 95 

limited longitudinal data or have been part of one clinical trial, the BLESS study (5-7). The BLESS 96 

study included a subgroup of the bronchiectasis population using several inclusion and exclusion 97 

criteria, including a history of at least 2 exacerbations per year.  98 

Research questions that remain in bronchiectasis include whether microbiome diversity or composition 99 

is associated with different clinical phenotypes or characteristics such as lung function or symptoms. It 100 

is not fully understood how the microbiome changes at exacerbation. Most importantly, while it is well 101 

established that chronic infection with Pseudomonas aeruginosa and other pathogens identified by 102 

culture are associated with significantly increased exacerbations and mortality, there are no microbiome 103 

studies which have attempted to stratify patients into clinically meaningful subtypes which could be 104 
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associated with long-term outcomes (8, 9).   We hypothesised that patient outcomes could be associated 105 

with particular microbiome profiles when clinically stable. 106 

To address this question, we conducted a longitudinal cohort study of a broad representative population 107 

of patients with bronchiectasis.   108 
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Methods 109 

Study Design 110 

Patients included in this observational study were ≥18 years, have a high-resolution CT confirmed 111 

diagnosis of bronchiectasis and have clinical symptoms (cough, sputum production, dyspnoea or 112 

respiratory infections) consistent with bronchiectasis. Patients were excluded if they were unable to 113 

give informed consent or had active tuberculosis or lung cancer. Patients with cystic fibrosis or 114 

pulmonary fibrosis with secondary traction bronchiectasis were also excluded. Patients were enrolled 115 

between 2012 and 2015. Patients gave written informed consent and the study was approved by the East 116 

of Scotland Research Ethics committee (12/ES/0059). Aetiology was determined after a standardised 117 

set of investigations as recommended by British Thoracic Society guidelines (10). 118 

Clinical Assessment and Sampling 119 

Patients provided spontaneous sputum samples at enrolment, when clinically stable (defined as no 120 

antibiotics, apart from prophylactic antibiotics, in the previous 4 weeks). Clinical (including lung 121 

function testing) and quality of life assessments were carried out as described previously (11). Patients 122 

were asked to provide further sputum samples at the onset of exacerbations (prior to antibiotic therapy 123 

where possible, but otherwise within a maximum of 48 hours after starting antibiotic therapy). 124 

Additional sputum samples were obtained from a non-consecutive convenience subset of patients at 125 

yearly follow-up visits in order to evaluate changes over time in the stable sputum microbiome (Figure 126 

1). Severity of disease was evaluated using the Bronchiectasis Severity Index (BSI) (12). Symptoms 127 

were evaluated using the quality of life bronchiectasis respiratory symptom scale (QOL-B-RSS), a 128 

validated instrument (13). Sputum inflammatory marker concentration (IL-1β, IL-8, and TNFα) and 129 

sputum neutrophil elastase activity was measured as described in the online supplement. 130 

Long term follow-up 131 

Patients were followed up from enrolment to 8th January 2019. Patients in Scotland were identified 132 

using a unique identifier which allows recording of all hospital admissions and deaths within the 133 

country. Outcomes were therefore evaluated for all patients who attended final follow-up outpatients 134 
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visits in 2019 or using linkage to medical records for patients lost to follow-up prior to 2019, ensuring 135 

complete follow-up data for all participants. Self-reported exacerbations were verified using regional 136 

prescription data which records all antibiotic use.  137 

Exacerbations 138 

Exacerbations were defined according to the British Thoracic Society definition of exacerbation and 139 

were treated with 14 days of antibiotic therapy (10). Severe exacerbations were those requiring hospital 140 

admission or intravenous antibiotic therapy. Our analysis of changes in the microbiome from stable 141 

state to exacerbation therefore consisted of matched samples where patients had provided both stable 142 

and exacerbation samples, with only 1 stable and exacerbation sample included per patient (Figure 1). 143 

Sputum Microbiome 144 

DNA was extracted from sputum and the V3 and V4 region of the bacterial 16S rRNA gene, sequenced, 145 

and the resulting data quality checked for sequencing and contamination errors as described in the online 146 

supplement. Based on the recommendation from McMurdie & Holmes (14), non-rarefied alpha 147 

diversity was measured by determining the Shannon-Wiener Diversity Index (SWDI) in PAST3, whilst 148 

beta diversity (between sample diversity) was calculated by Weighted UniFrac. PERMANOVA 149 

(Permutational multivariate analysis of variance; an approach which calculated the total of the distances 150 

between individuals within each group, and compares this to the distribution of totals obtained by 151 

repeated random re-labellings of the data) was used to test for significant differences in R v3.5.1 152 

utilising the vegan package (15-18). To look at the relative importance of each bacterial taxa to the 153 

observed differences in clinical characteristics without bias towards predefined taxa, random forests 154 

were constructed, using the randomForest R package (19). Each forest consisted of 500 different trees 155 

with equal weighting, replacement, majority voting and all taxa included as candidates at each split. 156 

Subsequently, stratification of the microbiome samples based on the dominant taxa, regardless of 157 

abundance, was performed using a previously published stratification system (20). All sequences 158 

generated are available in the NCBI Sequence Read Archive under the Bioproject accession numbers 159 

PRJNA539959, PRJNA548310 and PRJNA316126.  160 
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Statistical Analysis 161 

Statistical analysis was carried out using GraphPad Prism v6, R version 3.5.1 (16) and SPSS v22. 162 

Categorical data was analysed by determining the frequency and percentage in each category, whilst 163 

continuous data was displayed using median and interquartile range. Associations between linear 164 

variables and clinical parameters was performed using Spearman’s correlations, and between group 165 

differences were tested using ANOVA, the Kruskal-Wallis test or the Wilcoxon matched pairs signed 166 

rank test. For long term clinical outcome analyses, exacerbations were recorded across the entire follow-167 

up period and analysed using a negative binomial generalised linear model with follow-up time an 168 

offset. Time to first severe exacerbation and all-cause mortality were evaluated using Cox proportional 169 

hazards models with the proportional hazard assumption verified. Lung function decline was assessed 170 

using a linear regression model. For the negative binomial model, mixed models, Cox models and 171 

adjusted PERMANOVA, variables of interest were adjusted for clinically relevant confounders (age, 172 

smoking status, macrolide use, inhaled antibiotic use, prior exacerbations and FEV1) selected a priori 173 

as recommended by a recent consensus document (21). Other statistical analyses were unadjusted for 174 

confounders. Sensitivity analyses were performed adjusting for BSI alone and the PERMANOVA for 175 

sequencing batch effects. Significance for statistical testing was set at P<0·05. Clinically important 176 

endpoints assessed in the study were all cause mortality, time to severe exacerbation requiring 177 

hospitalisation, exacerbation frequency, FEV1% predicted and change in FEV1 over time, BSI score 178 

and QOL-B-RSS. Although the study related microbiome diversity and dominance with these multiple 179 

endpoints, adjustment for multiple comparisons was not performed as these endpoints all reflect 180 

bronchiectasis disease severity and burden and are not considered independent.  181 

Role of the Funding Source 182 

The funders of the study had no role in study design, data collection, data analysis, data interpretation, 183 

or writing of the article. All data is accessible to all the authors in this study. The corresponding author 184 

had full access to all the data and the final responsibility to submit for publication. AJD, ML and JDC 185 

had access to the raw data.   186 
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Results 187 

Stable Microbiome and relationships with disease severity. 188 

Three hundred patients provided at least 1 stable sample during the study and were included in the stable 189 

baseline cohort (Table S1 online), with 16S rRNA gene sequencing data being obtained from 281 190 

patients after quality controls were applied to the sequence data (Figure 1, further details of number of 191 

sequences obtained and the negative controls are given in Figure S1 online). 52% of the cohort was 192 

female, with a median age of 69 and the median and interquartile range FEV1% predicted was 76·0 193 

(54·8-95·7) (Table 1).  194 

Table 1: Patient characteristics of the stable cohort providing microbiome data (n=281). Data is 195 
presented as median and interquartile range or number and percentage of the cohort. Abbreviations: 196 
ICS: inhaled corticosteroids, BMI: Body mass index, FEV: forced expiratory volume, FVC: forced vital 197 
capacity, BSI: bronchiectasis severity index, QOL-B-RSS: quality of life- bronchiectasis, respiratory 198 
symptom scale, COPD: chronic obstructive pulmonary disease, ABPA: allergic bronchopulmonary 199 
aspergillosis 200 

Characteristics Baseline Microbiome 

Cohort Median (IQR) or 

N(%) 

N 281 

Age 69 (64-76) 

Female Gender 147 (52·3%) 

ICS use 169 (60·1%) 

Long term macrolide use 98 (34·9%) 

Inhaled antibiotics 14 (5·0%) 

BMI 27 (23·7-31·1) 

Exacerbation frequency (year prior to the study) 

0 

1 

2 
3 or more 

 

45 (16·0%) 

58 (20·6%) 

53 (18·9%) 
125 (44·5%) 

Severe exacerbation requiring hospitalisation 

(year prior to the study) 

52 (18·5%) 

Daily Sputum volume (ml) 15 (5-30) 

Spirometry 
FEV1 (L) 

FEV1 (% predicted) 

FVC (L) 
FEV1/FVC 

 
1·78 (1·24-2·36) 

76·0 (54·8-95·7) 

2·75 (2·16-3·48) 
64·6 (53·4-74·7) 

BSI Severity 

Mild 

Moderate 
Severe 

 

72 (25·6%) 

109 (38·8%) 
100 (35·6%) 

QOL-B-RSS score 66·7 (48·1-77·8) 
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Aetiology 

Idiopathic 

COPD 
ABPA 

Post- infective 

Rheumatoid arthritis 
Inflammatory bowel disease 

Other 

 

144 (51·2%) 

33 (11·7%) 
13 (4·6%) 

30 (10·7%) 

10 (3·6%) 
9 (3·2%) 

42 (14·9%) 

 201 

The baseline stable microbiome profiles are shown in figure 2A. The two most prevalent phyla were 202 

Proteobacteria and Firmicutes, whilst the most prevalent genera were Haemophilus, Pseudomonas and 203 

Streptococcus. Details about which OTUs were present in at least 75% of the baseline stable cohort (the 204 

core microbiome) are shown in Figure S2 online. Based on the % of the Operational Taxonomic Units 205 

(OTUs- a group of sequences with 97% sequence similarity and identified as likely to belong to a 206 

particular genus) for each bacterial taxa, 86 patients were identified as having a microbiome where the 207 

most abundant taxa was Haemophilus, 74 were Streptococcus dominated, 35 were Pseudomonas, 23  208 

Veillonella, 16  Neisseria, 11  Moraxella, and 10  Stenotrophomonas with the median and IQR % 209 

sequences for each taxa shown in Table S2. While the data, shown on a PCoA plot using the Weighted 210 

UniFrac distances (Figure 2B), from groups with different BSI score overlap, the centres (mean values) 211 

of these clusters were distinct (P=0·00010, by PERMANOVA). This separation remained statistically 212 

significant after adjusting for confounders, (P=0·023, after adjustment for age, smoking status, 213 

macrolide use, inhaled antibiotic use, prior exacerbations and FEV1. Utilising the random forest method 214 

and only showing those taxa with a mean decrease in Gini of >1·5, we identified the taxa 215 

Stenotrophomonas, Pseudomonas and Enterobacteriaceae as being associated with severe 216 

bronchiectasis, defined by a BSI score ≥9 (Figure 2C). We correlated SWDI, as a marker of reduced 217 

microbiome alpha diversity, with measures of disease severity and quality of life such as FEV1% 218 

predicted, BSI score, QOL-B-RSS, with no adjustments for confounders. Lower FEV1% predicted 219 

showed a weak (r=0·23) but significant association (P<0·0001) with SWDI. Reductions in microbiome 220 

diversity, indicated by reduced SWDI, in the stable microbiome were also associated with both a more 221 

severe BSI score (r=0·29, P<0·0001) and a lower quality of life, as measured by QOL-B-RSS (r=0·23, 222 
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P=0·00050). A sensitivity analysis was performed after rarefying each sample to a read depth of 2725 223 

with similar results (Table S3). 224 

Next, we investigated whether the patient’s exacerbation history was associated with the profile of their 225 

microbiome. Categorising the baseline weighted UniFrac plot according to whether the patient had 3 or 226 

more exacerbations in the previous year, no significant association between microbiome beta diversity 227 

and exacerbation frequency based on PERMANOVA was shown (Figure 3A) whilst the association 228 

between reduced SWDI and increased exacerbation frequency was not statistically significant 229 

(P=0·051, Kruskal-Wallis test, Figure 3B). Again, utilising the random forest method, only two taxa 230 

(Enterobacteriaceae and Pseudomonas) with a mean decrease in Gini of greater than 1·5 were associated 231 

with more frequent exacerbations (Figure 3C).   232 

Longitudinal Changes between Stable and Exacerbation Microbiomes 233 

49 patients provided more than 1 stable sample, for these patients, the median number of stable samples 234 

was 2, and the range in samples provided was 2 to 4. The microbiome profiles of these longitudinal 235 

stable samples are shown in Figure S4 online and the Weighted UniFrac values, both for within patient 236 

sample pairs and between stable samples from different patients indicated that a patients stable 237 

microbiome is most similar to itself. 238 

Exacerbation samples from 64 patients were analysed and compared to their corresponding stable 239 

sample; for 11 of the patients the exacerbation sample was collected prior to the stable sample. The 240 

median time between stable and exacerbation samples was 149 (IQR 52·25- 337·75) days. Differences 241 

in the microbiomes was determined by calculating the Weighted UniFrac, both for within patient sample 242 

pairs and between stable and exacerbation samples from different patients (Figure S5). A higher degree 243 

of similarity between stable and exacerbation samples from the same patient compared to those stable 244 

and exacerbation samples pairs from different pairs was observed (Figure 4A, P=0·0054 Kolmogorov-245 

Smirnov test). Whilst it appeared there was a trend to a reduction in SWDI at exacerbation (Figure 4B), 246 

this was statistically non-significant by Wilcoxon matched-pairs signed rank test. Using random forest 247 

analysis, multiple oral taxa were associated with stability including Fusobacterium, Rothia, Prevotella 248 

and Streptococcus. Only two bacterial taxa (Eikenella and Granulicatella) were shown to be associated 249 
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with exacerbation. (Figure 4C). Intriguingly, the two classical pathogenic taxa Pseudomonas and 250 

Haemophilus were associated with stable state rather than exacerbation (Figure 4C).  251 

Decline in FEV1 is not associated with reduced microbiome alpha diversity 252 

261 patients had at least 1 longitudinal FEV1 measurement at least 1 year after the first study visit. The 253 

mean was 3 spirometry values/patient (range 1-16). The median FEV1 decline across the whole 254 

population was 31mL (IQR 3-73mL/year). Modelling decline in FEV1 over time, we observed that 255 

baseline FEV1 was a strong predictor of future FEV1 decline and so all models included baseline FEV1 256 

and severity of disease using the BSI. SWDI was associated with a 12mL faster decline (95% CI -2-257 

30mL, P=0·089) but this was not statistically significant. We also observed a slightly more rapid decline 258 

in patients with a SWDI <1 as reported by Woo et al (22), but the effect was not statistically significant 259 

(16mL decline, 95% CI -9-41mL, P=0·23). 260 

Associations between sputum inflammatory markers and the microbiome 261 

As higher inflammatory markers are associated with increased exacerbations and mortality, we first 262 

investigated whether baseline microbiome profiles were associated with inflammatory markers in 263 

sputum. Soluble sputum inflammatory marker concentration (IL-1β (N=179), IL-8 (N=177), and TNFα 264 

(N=168)) and neutrophil elastase activity (N=218) was measured. The loadings plot for the PCoA in 265 

figure 2B is shown in Figure S6A, alongside a heatmap of Spearman correlations (Figure S6B) 266 

indicating that elastase activity in sputum was positively associated with increased levels of 267 

Pseudomonas and Stenotrophomonas. When stable samples were classified based on the taxa with the 268 

highest OTU%, between group differences were observed for TNF-α (P=0·0068), and neutrophil 269 

elastase (P<0·0001) with comparisons by Kruskal-Wallis test.  270 

Differences in the Microbiome are Associated with Long-term Outcomes 271 

For long term outcomes, the median duration of follow-up per subject was 1152 days (IQR 909-1634 272 

days). Based on the observation that the Weighted UniFrac values of the stable cohort clustered on the 273 

PCoA plot by which bacterial taxa had the highest OTU% (Figure 5A), and the indication in the Forest 274 

plot that certain taxa were associated with mortality (Figure S7A), mortality rates and time to 275 

hospitalisation due to exacerbation were assessed with the patients’ microbiome classified as being 276 
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dominated by Haemophilus, Streptococcus, Veillonella, Pseudomonas, or Stenotrophomonas.  All other 277 

less common taxa were combined into an ‘Other’ group. Fifty-seven patients (20·3%) died during 278 

follow-up. The unadjusted Kaplan-Meier survival curve (Figure 5B) shows a clear association between 279 

dominant microbiome profiles and survival (P<0·0001). In the adjusted Cox model, only Pseudomonas 280 

was independently associated with an increased risk of death- (Hazard ratio (HR) 3·12 (1·33-7·36), 281 

P=0·0091). Full results including unadjusted and adjusted models for each genus are shown in Table 282 

S4.  283 

We recorded 1436 exacerbation events during 1090 years of cumulative patient follow-up. In the 284 

adjusted model, Pseudomonas dominated microbiome profiles had a higher frequency of exacerbations 285 

during follow-up (incidence rate ratio (IRR) 1·69 (95% CI 1·07-2·67), P=0·024). No other profiles were 286 

significantly associated with future exacerbation frequency (Table S5). 101 (35·9%) patients had at 287 

least one severe exacerbation during follow-up. The Kaplan-Meier survival analysis found a clear 288 

difference between genera in terms of hospitalisation risk (P<0·0001 by log rank test), Figure 5C. In 289 

the adjusted Cox model, with the Streptococcus dominated microbiome group as the reference, only 290 

Pseudomonas dominated microbiomes were independently associated with increased hospitalisations- 291 

(HR 3·41 (95% CI 1·68-6·92), P=0·0011, Table S6).  292 

Finally, models were repeated with alpha diversity measures as predictors of future outcomes. SWDI 293 

was not significantly associated with survival when entered as a continuous variable (HR 0·79 (95% CI 294 

0·56-1·12), P=0·18), but was associated when examining the difference between groups above and 295 

below the median value of 1·25 (P=0·022, Figure 5D). SWDI was associated with future risk of 296 

exacerbation (IRR (unadjusted), 0·79 (95% CI 0·66-0·93), P=0·0070, IRR (adjusted) 0·75 (95% CI 297 

0·63-0·90), P=0·0024) when entered as a continuous variable. A separate model, in which prior 298 

exacerbations were included as a covariate, still found an independent effect of SWDI on exacerbation 299 

risk IRR 0·77 (95% CI 0·54-0·92, P=0·0041). SWDI was associated with hospitalisation risk (HR 0·59 300 

95% (95% CI 0·45-0·77), P<0·0001) (Figure 5E) and the relationship with hospitalisation persisted 301 

after multivariate adjustment (HR 0·69 (95% CI 0·52-0·91), P=0·010). When analysed by 302 

PERMANOVA, the microbiota of those that died was significantly different to the survivors (P=0·015) 303 

Discussion 304 
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We report, to the authors knowledge, the largest study of the bronchiectasis sputum microbiome to date, 305 

including 281 patients during disease stability with a median of over 3 years follow-up. We aimed to 306 

investigate how the sputum microbiome relates to severity of disease and long-term outcomes in 307 

bronchiectasis. We identified that severe bronchiectasis was associated with enrichment of several taxa 308 

belonging to the Proteobacteria phylum, particularly Pseudomonas. This is unsurprising since chronic 309 

infection with Pseudomonas aeruginosa, based on culture, is known to be linked to worse clinical 310 

outcomes, however 16S rRNA gene sequencing does not provide resolution to the species level (12, 311 

23). Nevertheless, we identified that other Proteobacteria, such as Enterobacteriaceae and 312 

Stenotrophomonas, also appeared to be associated with worse symptoms. The two most common 313 

dominant genera identified were Haemophilus and Streptococcus and these were not strongly associated 314 

with more severe disease. Examining the data by dominant genus ignores a large amount of the 315 

information gathered by 16S rRNA gene sequencing, and previous work has suggested that alpha 316 

diversity metrics such as SWDI, which measures the richness and evenness of the taxa within a sample, 317 

was associated with lung function in one study but not in another (7, 22). We found a weak correlation 318 

between SWDI and lung function, symptoms and severity of disease suggesting that loss of diversity is 319 

associated with more severe disease. The mechanisms of reduced microbiome diversity in 320 

bronchiectasis requires further study, but antibiotic therapy is associated with lower diversity and 321 

therefore repeated exposure to antibiotics is a plausible mechanism, as is interspecies competition 322 

particularly in the context of organisms such as Pseudomonas (24). Consistent with the finding that 323 

Pseudomonas and other Proteobacteria were associated with worse outcomes (23), we confirmed the 324 

key role of Pseudomonas as a predictor of poor outcomes in bronchiectasis by showing that 325 

Pseudomonas dominant microbiome profiles were independently associated with exacerbation 326 

frequency, hospitalisation risk and all-cause mortality. This is the first time that long-term outcomes in 327 

bronchiectasis have been associated with microbiome characteristics. Furthermore, lower microbiome 328 

diversity was associated with exacerbations and hospital admissions during follow-up suggesting that 329 

this may be a “biomarker” of future outcome. The mechanisms by which alterations in the lung 330 

microbiome leads to exacerbation requires further study, which we briefly explored by assessing sputum 331 

inflammatory markers in a subset of the stable samples, but we acknowledge that because past 332 
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exacerbations are the strongest predictor of future exacerbations there is a possibility of reverse 333 

causation whereby prior exacerbations lead to lower diversity through antibiotic treatment, and 334 

therefore predict future events (25). We addressed this question by conducting a multivariable analysis 335 

adjusting for prior exacerbation events and found a persistent independent effect of SWDI on future 336 

exacerbation risk. Our results are somewhat different to the only other study to examine the ability of 337 

the microbiome to predict exacerbations, the BLESS cohort (20). In that cohort Pseudomonas (N=12 338 

patients) and Veillonella (N=8 patients) dominated profiles were associated with a higher frequency of 339 

exacerbations. We confirmed that Pseudomonas is associated with greater exacerbation frequency but 340 

did not find any relationship between Veillonella and exacerbations. It should be noted that our sample 341 

size was greater and the BLESS study only recruited patients with at least 2 exacerbations in the prior 342 

year, and therefore may have selected for a subset of the bronchiectasis population with a Veillonella 343 

dominated microbiome with a higher risk of exacerbation.  344 

While we found highly diverse microbiome profiles during exacerbations of bronchiectasis, consistent 345 

with previous findings by Cox et al (7), we found no single pattern of changes during exacerbation and 346 

analysis of the Weighted UniFrac measure of dissimilarity suggests a high degree of stability in the 347 

microbiome within patients who provided additional stable and exacerbation samples. We found an 348 

association between oral taxa and stability compared to exacerbation, but intriguingly we also found an 349 

association between the classical pathogenic taxa Pseudomonas and Haemophilus and stability. This is 350 

counter intuitive, as isolation of these taxa is classically used to define a “bacterial” exacerbation. Our 351 

results suggest that 16S rRNA gene sequencing alone is insufficient to explain the changes that occur 352 

that lead to exacerbation symptoms. Integration of additional data in future studies such as bacterial 353 

load, change in strain and viral data will be needed. Multiple pieces of evidence now point towards a 354 

more complex pattern to bronchiectasis exacerbations with the majority not being bacterial. Our 355 

previous work found only around 50% of exacerbation events were associated with a positive bacterial 356 

culture (26), whilst other studies suggest up to 50% of events are associated with isolation of a virus 357 

(27). The failure of inhaled antibiotic therapies to give consistent benefits in terms of reducing 358 

exacerbations despite substantial reductions in bacterial load also suggests that our existing paradigm 359 
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that regards Gram-negative bacteria as the primarily cause of exacerbations may be wrong (28). We 360 

demonstrate that many exacerbation events were not associated with changes in the microbiome profile. 361 

Our study was not designed to answer what caused the exacerbations in these cases and future studies 362 

are required to endotype these events. 363 

The collection of sputum is non-invasive and is therefore used routinely in the care of patients with 364 

bronchiectasis to evaluate the presence of airway infection. In the context of microbiome research, it 365 

allows large cohorts, such as this, to be investigated which would not be possible if all subjects had to 366 

undergo multiple bronchoscopies. It nevertheless has limitations including potential contamination 367 

from the upper airway. Sputum is regarded as an intermediate between the upper and lower airway; we 368 

make no representations about the ecology of the lower respiratory tract in this study (29). Prior 369 

bronchiectasis studies have nevertheless shown a high degree of concordance between sputum and BAL 370 

(30). The other limitation of sputum is being unable to obtain samples in a subset of patients that are 371 

not productive. Studies using spontaneous sputum are inevitably biased towards patients who are able 372 

to produce high volume spontaneous sputum samples. Future studies may wish to use methods such as 373 

sputum induction or more invasive sampling to remove this selection bias. We did not evaluate bacterial 374 

load, which has recently emerged as an important predictor of treatment response in bronchiectasis, and 375 

this may provide complementary information in future studies (31). Although we have shown 376 

associations between the microbiome and clinical parameters, we cant prove causation, and further 377 

studies are required to determine if modifying the microbiome would improve clinical outcomes. 378 

Although to the authors knowledge this is the largest study of the sputum microbiome in bronchiectasis 379 

the sample size for individual subgroups was still relatively small and confidence intervals wide. 380 

Finally, we have recently reported that the fungal mycobiome was associated with increased frequency 381 

of exacerbations in the presence of high conidial loads of Aspergillus species (32). Future studies should 382 

seek to incorporate multiple omics methods including the characterisation of fungi and viruses to 383 

achieve a comprehensive assessment of disease endotypes.  384 

In summary, we report to the best of the authors knowledge, the largest microbiome study in 385 

bronchiectasis to date and the first to examine its relationship with long term clinical outcomes. Reduced 386 
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microbiome diversity, particularly in the presence of Pseudomonas dominance, is associated with 387 

greater disease severity, increased exacerbations, increased severe exacerbations and a higher risk of 388 

all-cause mortality. Our analysis suggests the need for further studies to characterise different endotypes 389 

of bronchiectasis exacerbations and research to understand the mechanisms of reduced microbiome 390 

diversity and how this can be modulated.  391 
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Figure Legends 493 

Figure 1: Flow chart of samples included in the study.  494 

Figure 2: A: Overview of the stable bronchiectasis microbiome grouped according to Bronchiectasis 495 
Severity Index (BSI) then sorted according to percentage of Proteobacteria in each sample. Each patient 496 
is represented once by a vertical stacked bar, samples identified to Phyla (top) and Genera (bottom) 497 
level. Versions of these graphs but with patients sorted according to BSI and then percentage 498 
Haemophilus are shown in Figure S3. B: Weighted UniFrac PCoA plot showing clustering of stable 499 
patient samples according to mild (blue circle), moderate (red square) and severe (black triangle) BSI. 500 
Coloured circles represent two standard errors around the means for each group. Differences in groups 501 
was tested using PERMANOVA C: Random forest plot indicating the bacterial taxa associated with a 502 
more severe BSI score (black bars) and a less severe BSI score (blue bars). Only those taxa with a mean 503 
decrease Gini >1·5 are shown. N=281 for all analyses. 504 

Figure 3: A: Weighted UniFrac PCoA plot comparing non-frequent exacerbating stable patient samples 505 
(blue circles) with frequent exacerbating stable patient samples (red triangles). Coloured circles 506 
represent two standard errors around the means for each group. Differences in groups was tested using 507 
PERMANOVA. B: Reduced alpha diversity (lower SWDI) is not significantly associated with 508 
increased prior exacerbations. Data are presented as mean with standard deviation C: Random Forest 509 
plot showing the bacterial taxa associated with more than 3 exacerbations in the previous year (red 510 
bars), and those associated with fewer exacerbations (blue bars). Only those taxa with a mean decrease 511 
in Gini greater than 1·5 are shown. N=281 for all analyses. 512 

Figure 4: A: Between sample differences in the microbiome, as measured by Weighted UniFrac, 513 
comparing 1 stable and 1 exacerbation sample per patient (N=64 patients, 128 samples). Grey plot 514 
represents differences between stable and exacerbation samples from the same patient, black plot 515 
represents differences between stable and exacerbation samples from different patients. B: Change in 516 
alpha diversity as measured by Shannon-Wiener Diversity Index of n=64 pairs of 1 stable and 1 517 
exacerbation sample per patient. C: Random Forest plot showing the bacterial taxa associated with 518 
exacerbation samples (red bars), and those associated with stable samples (blue bars) from n=64 pairs 519 
of 1 stable and 1 exacerbation sample per patient. Only those taxa with a mean decrease in Gini greater 520 
than 1 are shown. 521 

Figure 5: Based on the clustering observed in the weighted UniFrac PCoA plot in (A) which showed 522 
patients clustered according to which taxa had the highest OTU%, mortality (B) and hospitalization 523 
(C) rates were compared by Kaplan Meier curves based on the dominant organism identified at 524 
baseline sampling. Baseline stable samples were classified as above or below the median Shannon-525 
Wiener Diversity Index and compared to mortality (D) and hospitalization (E) rates. N=281 for all 526 

analyses. 527 


