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Objectives: It is unclear whether recurrent sputum culture with Pseudomonas aeruginosa from patients
with chronic obstructive pulmonary disease (COPD) is caused by intermittent airway carriage by
different P. aeruginosa lineages or persistent carriage by the same lineage, and whether lineages
genetically adapt during carriage.
Methods: Whole-genome sequencing was performed for P. aeruginosa isolates sampled longitudinally
from sputum cultures in patients with COPD who were enrolled in an ongoing randomized controlled
trial (clinicaltrials.gov: NCT03262142).
Results: A total of 153 P. aeruginosa isolates were sequenced for 23 patients during 365 days of follow-up.
Recurrent presence of P. aeruginosa was seen in 19 patients (83%) and was caused by persistence of the
same clonal lineage in all but one patient. We identified 38 genes mutated in parallel in two or more
lineages, suggesting positive selection for adaptive mutations. Mutational enrichment analysis revealed
genes important in antibiotic resistance and chronic infections to be more frequently mutated.
Discussion: Recurrent P. aeruginosa was common and carried for a prolonged time after initial detection
in the airways of patients with COPD. Recurrence was caused by persistence of the same clonal lineage
and was associated with genetic adaptation. Trial data on possible clinical benefits of attempting anti-
biotic eradication of P. aeruginosa in COPD are warranted. Josefin Ekl€of, Clin Microbiol Infect
2022;28:990
© 2022 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
and Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
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Introduction

Pseudomonas aeruginosa is cultured in sputum samples in up to
20% of bacterial exacerbations [1,2] in patients with chronic
obstructive pulmonary disease (COPD) and has been associated
with increased morbidity and mortality compared with the
of Clinical Microbiology and Infectious Diseases. This is an open access article under
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presence of other airway pathogens [3e5]. Despite this, the pres-
ence of P. aeruginosa in the clinical course of COPD is largely un-
explored, and only a few studies have addressed its pattern of
carriage and genetic characteristics [6e9]. Some genetic and
phenotypic similarities to the genetic disorder cystic fibrosis (CF), in
which P. aeruginosa is recognized as a pathogen of paramount
clinical importance [10,11], have been reported in COPD [6,8].
However, these studies are limited by low-resolution genotyping,
small sample sizes, and retrospective design.

High-throughput DNA sequencing techniques have facilitated
important insights into the genomics of P. aeruginosa causing in-
fections in patients with CF and have allowed the identification of
pathoadaptive genes inwhichmutations confer a selective advantage
in the airways of the host [11e17]. To our knowledge, no bacterial
genome sequence studies have been conducted in a larger population
of systematically selected patients with a P. aeruginosaepositive
sputum sample and COPD.We therefore performed awhole-genome
sequencing study on P. aeruginosa cultured at fixed time points after
an acute exacerbation of COPD in patients enrolled in a randomized
controlled trial in Denmark (clinicaltrials.gov: NCT03262142).

We hypothesized that P. aeruginosa persists in the airways of
patients with COPD and that persistence involves a genetic adap-
tation in genes encoding functions related to clinical important
phenotypes, such as antibiotic resistance.

The overall aims of the study were as follows: (a) to determine
the prevalence of recurrent P. aeruginosa in sputum samples from
patients with COPD up to 1 year after initial positive P. aeruginosa
sputum samples; (b) to determine if recurrent P. aeruginosa is due
to persistent carriage by the same clonal lineage in each patient
with COPD or if new clonal lineages, different from the initial clonal
lineage, occurred in the patient; and 3) to identify gene mutations
and COPD-associated pathoadaptive genes in P. aeruginosa lineages.

Methods

Study participants

Consecutive patients were enrolled in an ongoing randomized
clinical trial (Targeted Antibiotics for COPD (TARGET-ABC); Clinical-
Trials.gov: NCT03262142) between January 2018 and January 2020.
Patients were enrolled from four pulmonary departments in the
Capital Region of Denmark (Herlev and Gentofte Hospital, North
Zealand Hospital, Bispebjerg Hospital, and Amager and Hvidovre
Hospital). The inclusion criteria were (a) P. aeruginosaepositive
Fig. 1. Study flow diagram: Systematic sputum sampling during 365 days of follow-up in
chronic obstructive pulmonary disease enrolled in a clinical randomized trial (clinicaltrials
culture (lower respiratory sample); (b) COPD, verified by a lung
specialist based on clinical assessment and spirometry; (c) minimum
two previous exacerbations, or one previous exacerbation requiring
hospitalization or emergency department admission, treated with
systemic prednisolone and/or antibiotics within the last 12 months;
and (d) written informed consent.

Patients were randomized 1:1 to targeted antipseudomonal
antibiotic treatment for 14 days (between visit days 1 and 14) or no
antipseudomonal treatment (control group). Sputum samples were
collected at baseline (visit day 1) and at preplanned visit days 14,
30, 60, 90, and 365 (Fig. 1).

Sputum sampling and culturing

Spontaneous sputum samples were obtained for microbiolog-
ical analysis at each visit and were processed according to stan-
dardized routine practice at local microbiology departments.
Cultured species were identified via matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (Bruker Daltonics,
Billerica, MA). Two single-colony isolates from agar plates were
stored in two different tubes with Mueller-Hinton broth plus 10%
glycerol (Herlev and Gentofte Hospital, Herlev, Denmark) at e80�C
for patients enrolled in the study. If samples showed two distinctive
P. aeruginosa colony morphologies, at least one colony from each
distinctive type was stored.

Bacterial whole-genome sequencing

Genomic DNAwas extracted and purified from bacterial isolates
with a DNeasy Blood and Tissue kit (Qiagen). Genomic DNA li-
braries were prepared using a Nextera XT DNA Library Prep kit
(Illumina), and libraries were sequenced on either a MiSeq (69 li-
braries) or NextSeq 500 instrument (84 libraries), generating 250 or
150 base paired-end sequencing reads, respectively. In total, 184 to
1456 Mb (median: 474 Mb) were sequenced from each library.

Genome assembly and determination of clonal lineages

Genomes for each of the isolates were de novo assembled with a
Bifrost microbial genomics pipeline (https://github.com/ssi-dk/
bifrost). Clonal lineages were determined with a Pactyper (https://
github.com/MigleSur/Pactyper) [18], which is a tool for stable and
discriminatory genotyping of bacterial genomes and adherent to
lineage definitions by Marvig et al. [19]. Pactyper was run with
23 consecutive Pseudomonas aeruginosaepositive patients with acute exacerbation of
.gov: NCT03262142).
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default settings, which defined isolates to be of different lineages if
they are different by > 5000 single-nucleotide polymorphisms in a
core genome of 4760 genes. Subsequently, Parsnp version 1.2 was
used to generate a phylogenetic tree of the P. aeruginosa isolates, and
the resulting tree was visualized along with annotations using the
ggtree R package.

Identification of mutations within lineages

The genomes of isolates from the same lineage were compared
by BacDist (https://github.com/MigleSur/BacDist) to identify mu-
tations that differentiated the isolates.

Mutation enrichment analysis

We tested for enrichment of mutations in each of two gene sets
using Fisher's exact test. Genes involved in antibiotic resistance
were 168 genes as defined by Colque et al. [20] based on 164 genes
from Cabot et al. [21] and L�opez-Causap�e et al. [22], with the
addition of 23S ribosomal RNA genes (four copies in reference
strain PAO1). Pathoadaptive genes (n ¼ 140) were defined as genes
reported in one or more of five previous studies on genetic adap-
tation [14e16,19,23].

Identification of antimicrobial resistance genes in genomes

Orthologues of resistance genes from the Resfinder database
(containing 3077 genes; retrieved December 3, 2021) were iden-
tified with Abricate, version 1.0.1 (https://github.com/tseemann/
abricate). Gene orthologue was considered present if the align-
ment made up a minimum 85% of the gene length and alignment
identity was a minimum of 85%.
Fig. 2. Distribution of 153 Pseudomonas aeruginosa isolates in 83 sputum samples during 3
chronic obstructive pulmonary disease (overlapping circles indicate sputum sample with tw
Results

Study participants

A total of 23 P. aeruginosaepositive patients (Patients 1e23)
were enrolled in the study (Fig. 1). The included patients were from
the pulmonary departments at four Danish hospitals (Herlev and
Gentofte Hospital, n¼ 10; North Zealand Hospital, n¼ 9; Bispebjerg
Hospital, n ¼ 3; and Amager and Hvidovre Hospital, n ¼ 1). All
patients were followed for the presence of P. aeruginosa in sputum
samples on visit days 14, 30, 60, 90, and 365. Six patients (26%)
were P. aeruginosa naive before study enrolment (i.e. visit day 1
constituted the first known detection of P. aeruginosa in the pa-
tient). Four patients (17%) died before study completion (day 365).
No patients withdrew from the study.

Pseudomonas aeruginosaepositive sputum samples

During the 365-day follow-up period, 19 of 23 patients pro-
duced sputum samples positive for P. aeruginosa. The number of
patients with P. aeruginosa-positive sputum samples on visit days 1,
14, 30, 60, 90, and 365 were 23, 12, 13, 13, 15, and 7, respectively,
yielding a total of 83 P. aeruginosaepositive sputum samples
(Fig. 2). We failed to secure sputum sample material for further
analysis from 6 of the 83 P. aeruginosaepositive sputum samples. In
the remaining 77 samples, we isolated one to four P. aeruginosa
isolates, yielding a total of 153 isolates for further analysis.

Pseudomonas aeruginosa lineage persistency

We sequenced and phylogenetically compared the genomes of
all 153 P. aeruginosa isolates (2e12 isolates per patient) to
65 days of follow-up in 23 P. aeruginosaepositive patients with acute exacerbation of
o distinctive P. aeruginosa colony morphologies).

https://github.com/MigleSur/BacDist
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
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determine whether the same clonal lineage of P. aeruginosa per-
sisted in the airways of the individual patient (Fig. 3).We found that
each patient carried a unique lineage, except for Patient 11 inwhom
two different lineages were detected. In the 16 patients who
completed the 365-day follow-up period and had a
P. aeruginosaepositive sample during follow-up, the same
P. aeruginosa lineage persisted until the final visit (day 365) in seven
patients (44%), until visit day 90 in eight patients (50%), and until
visit day 60 in one patient (6%).

Genetic adaptation

Next, we sought to assess to what extent isolates from the same
lineage mutated over time. We found lineages to have accumulated
3 to 103 mutations (Table S1). In total, 305 of 5712 genes in the
reference genome, PAO1, accumulated mutations in at least one of
the lineages (Table S2). These mutations were more frequent in 168
genes previously defined to be involved in antibiotic resistance
[20e22] rather than other genes (29 of 168 resistome genes
mutated vs. 276 of 5544 other genes mutated; two-tailed Fisher's
exact test p < 0.0001). Twenty mutated genes (Text S1) were
considered to be involved in resistance against the antibiotic classes
used in the antipseudomonal intervention (intravenous b-lactam
and oral ciprofloxacin) [22].

Independent mutation of the same gene across multiple line-
ages may be the result of positive selection of adaptive mutations.
We found that 38 P. aeruginosa genes were mutated in two or more
lineages (Fig. 4). Twelve of these genes were reported as pathoa-
daptive genes in one or more previous studies on P. aeruginosa
genetic adaptation in patients with CF or PCD (Text S1). We found
that mutations were observed more often in genes previously
defined as pathoadaptive rather than other genes (40 of 140
pathoadaptive genes mutated vs. 265 of 5572 other genes mutated;
two-tailed Fisher's exact test p < 0.0001).

We noted that the lineages that accumulated the most muta-
tions (lineages DK43 and DK196 with 103 and 79 mutations,
respectively) were also the only lineages that carried truncating
nonsense or frameshift mutations in themutS ormutL genes, which
have previously been shown to cause hypermutation in CF and
Fig. 3. Phylogenetic tree (unrooted) including all 24 Pseudomonas aeruginosa lineages from 2
was constructed on the genome assemblies of the 153 isolates (see Methods for details), wit
(A) visit day, (B) patient number, and (C) clonal lineage type are plotted as coloured rectan
COPD [16,19,24,25]. All eight DK43 isolates carried a nonsense
mutation in mutS (c.370G > T p.Glu124*), and two DK196 isolates
had a frameshift mutation in mutS (c.1610delA p.His537 fs).

Finally, we screened the genomes for antibiotic resistance genes
(ARGs) present in the Resfinder database. Lineages carried four to
six ARGs (Table S3), and all isolates of a lineage had the same ARGs.

Discussion

In this study of 23 patients with nonehospital-requiring acute
exacerbation of COPD, we observed that 19 (83%) had recurrence of
P. aeruginosa after the first positive sputum sample during follow-
up. The majority of patients carried P. aeruginosa for 90 days, and
all patients carried the same clonal lineage as in the first culture
during the study. The only exception was one patient in whom two
clonal lineages were detected sequentially.

Our findings are in line with those of a smaller study by
Martinez-Solano et al. [6], who analyzed P. aeruginosa isolated from
sputum samples in 13 patients hospitalized with acute exacerba-
tion of COPD. Eight of these patients had multiple, sequential epi-
sodes of P. aeruginosa. However, carriage of a single persistent
clonal lineage was only seen in five of the eight patients. Persistent
carriage of the same lineage was also predominantly observed for
patients with CF and PCD. Nonetheless, these patients also often
show multiple lineages over time, which may be a result of avail-
able studies having longer follow-up [13,19,23,26,27].

Our analyses of the persisting P. aeruginosa lineages revealed
gene mutations associated with antibiotic resistance during the
course of their carriage, including resistance against the anti-
pseudomonal antibiotics used in the present study [20,22]. We
found evidence that two lineages were hypermutable, an adaptive
phenotype that is also commonly observed in P. aeruginosa samples
from patients with CF and COPD [14,16,19,24,25].

We also identified candidate pathoadaptive genes with func-
tions that have been related to phenotypes considered important
for facilitating long-term persistence of P. aeruginosa in the lungs of
patients with CF or PCD: antibiotic resistance (mexA, mexB), mucoid
phenotype and biofilm formation (algU, migA, lasR), and reduced
motility (vfr) [14e16,19,23]. Interestingly, antibiotic resistance and
3 longitudinally sampled patients with chronic obstructive pulmonary disease. The tree
h branch tip circles coloured according to their lineage type. Sample metadata, such as
gles beneath the tree, aligned with the corresponding branches for each isolate.



Fig. 4. Genes mutated in Pseudomonas aeruginosa lineages in 23 patients with chronic obstructive pulmonary disease. The x-axis shows 38 genes mutated in at least two lineages,
and the y-axis shows 19 clonal lineages (i.e. 19 individual patients). Both lineages and genes have been sorted by their frequency of occurrence in their respective axes. Filled circles
below the gene names denotes whether the gene is among resistome genes, as defined by Colque et al. [20] (purple) or has been reported in studies of Pseudomonas aeruginosa
infections in patients with cystic fibrosis or primary ciliary dyskinesia (red [19], green [23], orange [15], or blue [16]).
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mucoid phenotypes also were observedmore frequently in patients
with multiple P. aeruginosaepositive sputum samples compared
with patients with single P. aeruginosa isolates in the 13 patients
with COPD who were studied by Martinez-Solano et al. [6].

We found the 24 lineages to carry four to six ARGs, which is
comparable with the five to seven ARGs that were found in the 45
lineages of Danish patients with CF [18]. Similar to the study on
patients with CF, we found no evidence that lineages acquired or
lost ARGs during carriage.

There was no evidence of bacterial transmission between pa-
tients with COPD in the present study. This is in line with previous
reports on COPD [6,9], but in contrast to findings in CF [19,28].
However, evidence of cross-infection between a patient with CF
and one of the study participants suggests that patient-to-patient
transmission is possible in COPD (Text S1).

To our knowledge, this is the largest prospective study reporting
data based on whole-genome-sequenced P. aeruginosa isolates
identified in longitudinally collected sputum samples in patients
with COPD and acute exacerbation. Our observations are based on a
clinically well-defined population of consecutive patients from four
study sites as part of a national, good clinical practice, controlled
randomized clinical trial. Thus, study-related procedures were
conducted in a standardized and systematically controlled fashion,
including preplanned visits. Sampling compliance was high among
the patients, and no patients withdrew from the study (four pa-
tients (17%) died before study completion).

Despite these strengths, some limitations need to be addressed.
First, an increased number of sampling times and collection of
greater numbers of single colony isolates per sample could have
improved detection of possible other lineages. Second, a longer
follow-up could have given valuable insights in terms of whether
P. aeruginosa lineages can persist for years in the lungs of patients
with COPD, as reported in patients with CF, despite their continuous
exposure to antibiotics [26,29,30]. Only one study has explored this
in COPD and found that P. aeruginosa persisted for years in a mi-
nority of 39 patients and was characterized by sequential turnover
of clonal lineages [6,9]. Third, the study only included a few pa-
tients who were P. aeruginosa naive prior to study entry. Thus, we
were not able to account for mutations that might be of importance
for P. aeruginosa in the early stage of carriage.

Patients were randomized 1:1 in the TARGET-ABC trial to either
antipseudomonal antibiotic treatment (intravenous b-lactam and
oral ciprofloxacin) for 14 days or no antipseudomonal treatment.
Accordingly, this trial may be used in the future to study the effect
of antipseudomonal antibiotic treatment on persistence and ge-
netic adaptation. Nonetheless, we note that our present conclu-
sions are independent from information on patient randomization.

In conclusion, P. aeruginosawas found to recur in the airways of
the majority of patients with COPD for a prolonged time after initial
detection. Recurrence was caused by persistence of the same clonal
lineage in nearly all patients. This pattern of persistence was
associated with genetic adaptation related to phenotypes consid-
ered important for P. aeruginosa infections. The findings warrant
research to improve therapy, including trial data on possible clinical
benefits, to attempt antibiotic eradication of P. aeruginosa in this
vulnerable group of patients.
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