
Chronic but not intermittent infection
with Pseudomonas aeruginosa is
associated with global changes of the
lung microbiome in cystic fibrosis

To the Editor:

Chronic pulmonary infection with Pseudomonas aeruginosa that triggers chronic airway inflammation and
structural lung damage remains a key risk factor for morbidity and mortality in patients with cystic
fibrosis (CF) [1]. Previously, culture-based diagnostics considered airway infections in CF patients as
mono-pathogenic, but recent approaches using culture-independent methods showed that bacterial
infection of the CF lung involves a polymicrobial community [2–4]. Chronic infection with typical CF
pathogens like P. aeruginosa is associated with a decline in lung function and correlates with a decrease of
diversity in the lung microbiota. However, the interactions between pathogens and the microbiota remains
poorly understood, and it has been hypothesised that dysbiosis of the microbiota may pre-exist and
facilitate growth of pathogens such as P. aeruginosa in the CF lung. The aim of the current study was to
evaluate the influence of P. aeruginosa infection on the dysbiosis of the microbiota in the CF lung.

This study was approved by the ethics committee of the University of Heidelberg and informed written
consent was obtained from the study subjects. Airway samples from patients with CF were obtained during
quarterly routine outpatient visits (n=336) and during hospitalisation (n=56). The diagnosis of CF was
based on established criteria [5], and infection with P. aeruginosa was classified as negative, intermittent or
chronic, as previously described [6]. In total, 392 sputum samples from 71 patients with CF with a broad
age range (mean±SD age 21±11 years, range 3–70 years) and disease severity (mean±SD forced expiratory
volume in 1 s (FEV1) predicted 55.7±24.9%, range 13.1–131.9%), including longitudinal samples from 50
subjects, were analysed at various stages of P. aeruginosa infection; 154 negative, 88 intermittent and 150
chronic infection samples were included. Moreover, 408 throat swabs were analysed from 71 CF patients
(268 negative, 77 intermittent and 63 chronic infections). DNA was extracted, amplified using 16S rRNAV4
region, sequenced and computationally and statistically analysed as previously described [7].

Sputum samples from patients with chronic P. aeruginosa infection (Psa chronic) were distinct from those
from the group without infection (Psa negative) and the group with intermittent infection (Psa intermittent)
in principal coordinates analysis (figure 1a and b). PERMANOVA showed that only the Psa chronic group
was significantly different from the two other groups (p<0.01). Moreover, Psa chronic sputum samples
showed a significantly lower diversity (p<0.01) (figure 1c) and a higher dominance (p<0.01) than the Psa
negative or Psa intermittent sputa, and an increase in total biomass of bacteria (p<0.05) when compared to
the Psa negative group. Hierarchical clustering indicated that 12 clusters most effectively modelled the
population (figure 1a). Most of the Psa chronic samples (80.0%) were found in one cluster which was
characterised by a high abundance of P. aeruginosa (cluster Psae). Two other major clusters were identified,
either characterised by a high abundance of Neisseria, Veillonella and Prevotella (cluster NVP), known
commensals of the oropharynx, or dominated by Staphylococcus (cluster Sta). Additional minor clusters were
characterised by the dominance of other classical respiratory pathogens including Stenotrophomonas (Ste),
Burkholderia (B2), Mycoplasma (M), Bordetella (B1) or commensals from the upper airways (Prevotella (P),
Rothia (R)). In all, 54.5% of the Psa negative and 51.1% of the Psa intermittent samples clustered in the NVP
cluster (figure 1d). A multivariate analysis (including age, gender and exacerbation status) of the three major
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clusters (NVP, Psae and Sta) was performed to compare FEV1 % pred and body mass index (BMI) standard
deviation score between the clusters. In patients with a sputum microbiome clustering in the Pseudomonas
and Staphylococcus groups, FEV1 % pred was significantly reduced (p<0.01) as compared to patients carrying
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FIGURE 1 Clustering of sputum microbiota in patients with cystic fibrosis. a) Clusters are represented in colour and are based on the
Morisita-Horn distance represented by the dendrogram. The bottom is a stack bar plot of the relative abundances of the 25 most abundant OTUs.
Clusters are named by the most abundant genus: NVP: Neisseria/Veillonella/Prevotella, Sta: Staphylococcus, Psae: Pseudomonas, Ste:
Stenotrophomonas, M: Mycoplasma, R: Rothia, P: Prevotella, B1: Bordetella, B2: Burkholderia. Infection status for P. aeruginosa is indicated by
colours: negative in green, intermittent in blue and chronic in red. b) Principal coordinates analysis representing the Morisita-Horn distance
between samples from patients without P. aeruginosa infection (negative) and patients with intermittent and chronic P. aeruginosa infection. c)
α-diversity related to infection status for P. aeruginosa as assessed by the non-parametric Shannon index. d) Percentage of samples belonging to
each cluster per infection status (negative, intermittent and chronic). e) Forced expiratory volume in 1 s (FEV1) % predicted of patients belonging
to the three major clusters: NVP, Sta and Psae. Statistical analyses were performed by a multivariate analysis (including age, gender and
exacerbation status). **: p<0.01; ***: p<0.001.
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an NVP-dominated microbiome (figure 1e). Furthermore, including all samples with a lung function
evaluation (292 samples from 68 patients), a negative correlation of FEV1 % pred with dominance (which is
the relative abundance of the most abundant operational taxonomic unit (OTU) (Berger-Parker index [8]),
R2=−0.26, p<0.001) and a positive correlation with alpha-diversity (nonparametric Shannon index which
takes into account the number of OTUs and the abundance distribution [9], R2=0.33, p<0.001) could be
shown. The BMI was not significantly different between CF patients from the three different clusters. In the
throat, no changes in the microbiome were observed in respect to Pseudomonas infection status.

Our study shows that chronic but not intermittent infection with P. aeruginosa was associated with
dysbiosis in the lungs of patients with CF. Patients with chronic P. aeruginosa infection showed a global
decrease in alpha-diversity and a specific decrease of genera including Prevotella, Neisseria and Veillonella.
Those genera are the major components of the ecotype NVP (respective linear discriminant analysis
(LDA)-score: 3.92, 4.65, 4.30), a highly diverse microbiota closely related to the throat microbiota observed
in this study (data not shown), as well as in healthy people [10]. This result is in line with the current theory
stating that the lung microbiome is a result of balancing migration/clearance from the oropharyngeal
microbiota [11]. Despite reports arguing for a disease-promoting role of this microbiota in CF, others
suggested that those commensals reflect the normal lung microbiome and might even be beneficial by
ecological competition with CF pathogens [3, 10, 12, 13]. This ecotype is mostly found in patients with
absent or intermittent infection with P. aeruginosa. Intermittent infection can be interpreted as the first
encounter or new re-infection with P. aeruginosa which, according to our data, is not accompanied with
changes of the underlying microbiome in the CF lung. These findings are consistent with a model in which
colonisation with P. aeruginosa is the primary driver in the development of an abnormal lung microbiome
that is associated with increased disease severity in patients with CF [1, 14]. Patients with intermittent
P. aeruginosa infection did not exhibit major alterations in the lung microbiota, arguing against the
hypothesis that alterations in the microbiome are a precursor for Pseudomonas infection. This sequence of
changes highlights that early detection and eradication of P. aeruginosa may limit or even prevent
progression of profound dysbiosis and thereby, the establishment of a disease-promoting microbiome in the
CF lung.

Similar to the alterations observed with P. aeruginosa, clusters with dominance of other genera including
Staphylococcus, Stenotrophomonas, Burkholderia, Mycoplasma and Bordetella were also associated with
decreased diversity and increased dominance of the lung microbiome. Of note, dominance was negatively
correlated to lung function as described in previous studies [3, 15]. Furthermore, FEV1 % pred was
significantly lower in patients dominated by Pseudomonas and Staphylococcus infections than those from
the NVP cluster. These data suggest that dominance of one species remodels the lung microbiota and may
promote severity of CF lung disease, whereas the highly diverse NVP cluster might be protective and could
correlate with a better outcome.

A limitation of our study is that 16S amplicon sequencing does not allow the identification of mechanisms
leading to chronic infection with P. aeruginosa, or other pathogens identified in our cluster analysis, and
induction of dysbiosis in the CF lung. Future studies analysing metagenomics and transcriptomics will be
needed to better understand the underlying mechanisms of these alterations. Our cluster analysis could
help to select defined samples for such an approach.

In summary, this study indicates that intermittent P. aeruginosa infection occurs without dysbiosis in CF
lung disease, and chronic P. aeruginosa infection triggers dysbiosis in the lung. Therefore, we hypothesise
that early eradication of P. aeruginosa during intermittence may preserve a more diverse and beneficial
lung microbiome, thereby contributing to clinical benefits in patients with CF.
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