
Environmental Heterogeneity Drives Within-Host Diversification and
Evolution of Pseudomonas aeruginosa

Trine Markussen,a Rasmus Lykke Marvig,a María Gómez-Lozano,a Kasper Aanæs,d Alexandra E. Burleigh,a Niels Høiby,b,c

Helle Krogh Johansen,b Søren Molin,a Lars Jelsbaka

Department of Systems Biology, Technical University of Denmark, Lyngby, Denmarka; Department of Clinical Microbiology, University Hospital, Rigshospitalet,
Copenhagen, Denmarkb; Institute for International Health, Immunology and Microbiology, University of Copenhagen, Copenhagen, Denmarkc; Department of
Otorhinolaryngology, Head and Neck Surgery, Rigshospitalet and Faculty of Health Sciences, Copenhagen, Denmarkd

ABSTRACT Microbial population polymorphisms are commonly observed in natural environments, including long-term infected
hosts. However, the underlying processes promoting and stabilizing diversity are difficult to unravel and are not well under-
stood. Here, we use chronic infection of cystic fibrosis airways by the opportunistic pathogen Pseudomonas aeruginosa as a sys-
tem for investigating bacterial diversification processes during the course of infection. We analyze clonal bacterial isolates sam-
pled during a 32-year period and map temporal and spatial variations in population diversity to different infection sites within
the infected host. We show that the ancestral infecting strain diverged into distinct sublineages, each with their own functional
and genomic signatures and rates of adaptation, immediately after initial colonization. The sublineages coexisted in the host for
decades, suggesting rapid evolution of stable population polymorphisms. Critically, the observed generation and maintenance of
population diversity was the result of partitioning of the sublineages into physically separated niches in the CF airway. The re-
sults reveal a complex within-host population structure not previously realized and provide evidence that the heterogeneity of
the highly structured and complex host environment promotes the evolution and long-term stability of pathogen population
diversity during infection.

IMPORTANCE Within-host pathogen evolution and diversification during the course of chronic infections is of importance in re-
lation to therapeutic intervention strategies, yet our understanding of these processes is limited. Here, we investigate intraclonal
population diversity in P. aeruginosa during chronic airway infections in cystic fibrosis patients. We show the evolution of a
diverse population structure immediately after initial colonization, with divergence into multiple distinct sublineages that coex-
isted for decades and occupied distinct niches. Our results suggest that the spatial heterogeneity in CF airways plays a major role
in relation to the generation and maintenance of population diversity and emphasize that a single isolate in sputum may not rep-
resent the entire pathogen population in the infected individual. A more complete understanding of the evolution of distinct
clonal variants and their distribution in different niches could have positive implications for efficient therapy.
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Cystic fibrosis (CF) is a life-shortening disease caused by muta-
tions in the cystic fibrosis transmembrane conductance regu-

lator (CFTR) gene. Although CF itself is a genetic disease, the
associated morbidity and mortality are the result of lifelong,
chronic bacterial airway infections and the resulting inflamma-
tion. The opportunistic pathogen Pseudomonas aeruginosa is a
predominant pathogen in these chronic airway infections. CF pa-
tients often acquire intermittent colonization of the airway from
early childhood, which eventually proceeds into chronic infection
where the same clonal P. aeruginosa lineage can persist for decades
despite antibiotic therapy (1). CF airway infections are associated
with genetic and phenotypic changes in P. aeruginosa that contrib-
ute to its long-term persistence in the airway. It is well established
that the phenotypic characteristics of P. aeruginosa isolates from
chronically infected CF patients are most often remarkably differ-
ent from those displayed by the clonal isolates that initiated the

infection in the same patients years before. Many phenotypic
characteristics of chronically infecting strains are consistently se-
lected in different CF patients, suggesting that adaptation occurs
with conserved patterns of evolution (2). This conclusion has
been further substantiated by genome sequence analyses, which
have led to the discovery of recurrent patterns of mutations in
independently evolving P. aeruginosa lineages and, furthermore,
provided new insight into the genetic changes underlying the phe-
notypic changes (3–5).

In parallel with these advances in characterizing the evolution-
ary pathways in P. aeruginosa, other studies have documented the
existence of P. aeruginosa population diversity within individual
hosts. For example, a significant level of phenotypic variability
within the infecting P. aeruginosa population is commonly ob-
served, and P. aeruginosa clones sampled from the same clinical
specimen often display large differences in colony morphology,
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quorum-sensing regulation, antibiotic resistance, and other phe-
notypes typically associated with chronic CF infections (6–10).
Similarly, a few genome-based studies have provided evidence for
genomic diversity among clonal isolates (11) and for clonal sub-
lineage replacements during long-term infections in individual
patients (3). Similar results have been obtained for other CF-
associated pathogens (12). While these studies add to an emerging
picture of underlying and complex population dynamics within
the infected host, the specific causes of the observed intraclonal
diversity are difficult to unravel and are incompletely understood.
Furthermore, since other studies have documented cases with
only limited evolution and diversification of P. aeruginosa during
chronic CF infections (5, 13) our general understanding of the
processes that determine the level of within-host P. aeruginosa
population diversification is limited.

Since the CF airway is a highly structured environment with
multiple connected compartments, each with different environ-
mental conditions, a possible model is that population diversity is
the result of the evolution of sublineages that can efficiently oc-
cupy the different niches available in the CF airway. Nevertheless,
other processes, such as interactions between variant subpopula-
tions (e.g., the evolution of syntropic relationships) (14) and the
evolution of variants with increased mutation rates (i.e., the hy-
permutator phenotype) (15), have been described for P. aerugi-
nosa CF isolates and could also contribute to population diversi-
fication.

Critically, it remains unknown how the observed intraclonal
diversity is generated and whether the environmental heterogene-
ity and structure of the CF airway contribute to diversity genera-
tion, how stable these variant populations are as a function of
time, and whether the variant populations are geographically seg-
regated in the airway. To address these issues, we analyzed clonal
bacterial isolates sampled from a chronically infected individual
during a 32-year period. Sampling and storage of P. aeruginosa
isolates from chronically infected Danish CF patients has been
carried out since 1973, which has resulted in a strain collection
that represents 40 years of infection history from a large number
of infected individuals. These frozen stocks of P. aeruginosa can
easily be revived and analyzed. In our initial examination of the
clonal relationship among the stored isolates using low-resolution
molecular typing methods, we identified two distinct and domi-
nant P. aeruginosa lineages that were observed repeatedly because
of transmission among patients (16). Here, we focus on one of
these transmissible lineages, called DK1, and demonstrate rapid
diversification of the original infecting strain into three distinct
sublineages, each with its own functional and genomic signatures.

We show that this functional and genomic diversification re-
mained stable for decades and demonstrate that the sublineages
occupy separate niches, such as the sinuses and the lower airway.

RESULTS
Genomic evolution of the DK1 lineage and within-patient diver-
sity. The DK1 lineage has been isolated from more than 40 CF
patients since the start of the sampling program in 1973. We first
sought to identify patients who had a long clonal infection history
with DK1 and from whom both contemporary DK1 isolates and
historical isolates from lung expectorates were available. We
found one such patient (P30M0) and sequenced the genomes of
18 isolates sampled between 1980 and 2012 from this patient
(Fig. 1). Furthermore, to characterize the evolution of the DK1
lineage from its entry into the CF environment until the present
day, we also identified and sequenced the four oldest DK1 isolates
in the strain collection. These four isolates were sampled from
four different patients in 1973 (Fig. 1).

Following sequencing, we identified high-quality single-
nucleotide polymorphisms (SNPs) in the nonrepetitive parts of
the genomes by mapping sequence reads for each isolate against
the DK1-P33F0-1973 genome sequence, as previously described
(3), and found a total of 160 SNPs that had appeared since the
isolates diverged from their common DK1 ancestor before 1973.

The identification of SNPs enabled us to determine the evolu-
tionary relationship among the DK1 clones (Fig. 2A). Focusing on
the isolates from P30M0, we observed that relatively few SNP
changes had occurred during 32 years of colonization of the pa-
tient (see Table S1 in the supplemental material). For example,
only 19 SNP changes separate isolates DK1-P30M0-1980 and
DK1-P30M0-2012c, and DK1-P30M0-2012c had only accumu-
lated 24 SNP changes in total since it diverged from the common
ancestor of all DK1 isolates (Fig. 2A). Despite this moderate
genomic evolution, the phylogenetic tree revealed a divergent
population structure of the P30M0 isolates, and the deeply
branched topology of the tree provided evidence for three distinct,
coexisting sublineages (Fig. 2A, clusters A, B, and C). We per-
formed a Bayesian analysis to estimate the divergence dates and
mutation rate (17). Based on the Bayesian phylogenetic recon-
struction, we estimated that the infecting population first diverged
in 1979 (95% highest posterior density [HPD], 1976 to 1982)
(Fig. 2A). This estimate coincides with the first DK1 culture from
P30M0, which was sampled in 1980, suggesting that the DK1 pop-
ulation diverged soon after initial colonization. The population
further diverged into clusters A and C a decade later (Fig. 2A).
Importantly, bacterial isolates from the three clusters were iden-

FIG 1 Patient origin and sampling time of genome-sequenced P. aeruginosa DK1 isolates. DK1 P. aeruginosa isolates were sampled between 1973 and 2012 from
five different CF patients (P30M0, P33F0, P50F0, P13F1, and P43M1). Bacterial isolates from different patients are specified by symbols as indicated. Multiple
symbols indicate that multiple isolates were sampled in the same year from the same patient.
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tified in contemporary samples (from 2012 and 2013), demon-
strating their coexistence for decades in the same CF patient (see
below).

Overall, the DK1 lineage accumulated 1.3 SNPs/year, and the
relative rates of nonsynonymous and synonymous substitution
(dN/dS � 0.56) implied that the long-term evolution of the DK1
lineage was dominated by negative selection (P � 4.72 � 10�10).
Nonetheless, isolates from cluster C had higher evolutionary rates
than the two other clusters (Fig. 2B). The mean mutation rate for
cluster C was estimated to be 2.7 SNPs/year, while the rates for
clusters A and B were found to be 0.9 and 1.2 SNPs/year, respec-
tively. The elevated rate in cluster C was not a consequence of
horizontally acquired SNPs, as observed in other CF isolates (3),
or a hypermutator phenotype caused by mutations in DNA mis-
match repair systems (18). Instead, we speculated that the elevated
mutation rate was due to selection and fixation of adaptive muta-
tions. In support of this hypothesis, we found a stronger signature
of positive selection (i.e., a larger fraction of nonsynonymous mu-
tations) among the SNPs in the C cluster (Fig. 2A, branches PD,
PF, PG, XB, and XC) than in the A and B clusters (39/13 versus
37/29; Fisher’s exact test, P � 0.026).

We have previously identified a set of 65 pathoadaptive genes
in P. aeruginosa that are involved in CF host adaptation (i.e., genes
that undergo adaptive evolution under the pressure of natural
selection during chronic CF infections) (3). Although this list of
pathoadaptive genes was derived from an unrelated P. aeruginosa
lineage (DK2), we reasoned that the prevalence of mutations in
these pathoadaptive genes within each of the three sublineages

would provide an alternative measurement of the level of posi-
tively selected SNPs. Since some of 65 genes might be lineage-
specific pathoadaptive genes and since different lineages can fol-
low different evolutionary trajectories, we expected to find
mutations in only a subset of these 65 genes. Nevertheless, in
agreement with our finding of enhanced positive selection in clus-
ter C, we found that most of the mutations in pathoadaptive genes
were found in this cluster, whereas cluster A contained the fewest
(Fig. 2C).

Phenotype analysis supports the existence of different sub-
lineages. We hypothesized that the existence of three divergent
sublineages, each with a different evolutionary trajectory, would
result in observable functional diversification. We first analyzed
the genotype/phenotype relationship within each cluster by mea-
suring the catabolic performance of the isolates on 125 informa-
tive substrates of both carbon and nitrogen sources using Biolog
Phenotype MicroArrays. Hierarchical clustering (Ward’s linkage,
Euclidian distance) of the data resulted in four principal clusters,
each containing isolates with related catabolic profiles (Fig. 3C). It
was observed that early isolates (from 1973) clustered together
with P. aeruginosa laboratory reference strain PAO1 and that the
later isolates from P30M0 grouped in three different clusters iden-
tical to the clusters derived from the genome sequence data
(Fig. 2A).

P. aeruginosa isolates from chronically infected patients often
display common phenotypic traits, including conversion into
alginate-overproducing mucoid variants (19, 20), reduced growth
rates (21), and loss of virulence factor production (4), quorum
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FIG 2 Evolutionary trajectory of the DK1 lineage. (A) Maximum-parsimony reconstruction of the phylogeny of DK1 clones isolated from CF patients P30M0,
P33F0, P50F0, P13F1, and P43M1. The tree is based on 160 SNPs (identified from genome sequencing) that accumulated in a highly parsimonious fashion
(parsimony consistency of 0.99). The bacterial isolates are named according to their clone type, the patient from whom they were isolated, and their year of
isolation (e.g., DK1-P30M0-1980). Capital letters indicate branch names, and lengths of branches are proportional to the numbers of SNPs. The specific
mutations that have accumulated during each specific branching are listed in Table S1 in the supplemental material. The three phylogenetic clusters in P30M0
are labeled A, B, and C. Median estimates of divergence dates (in calendar years) are given in red for the major nodes. Numbers at nodes indicate bootstrap values
of �90%. (B) Mutation rates (SNPs per year) for each of the three clusters and for all DK1 isolates. (C) Prevalence of mutations in pathoadaptive genes in the
three DK1 sublineages. The genes hit by nonsynonymous SNPs are indicated by filled circles for each of the three DK1 sublineages in P30M0.
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sensing (22), and motility (23). We measured the variations in
these phenotypes for isolates from the three clusters. All isolates
had reduced or abolished motility, but lineage-specific differences
in other traits were observed (Fig. 3A). For example, cluster B
isolates had maintained the production of quorum-sensing mol-
ecules and had reduced protease secretion, while isolates from
cluster A produced quorum-sensing molecules but no proteases.
Cluster C isolates had lost both quorum-sensing-molecule pro-
duction and protease secretion (Fig. 3A). Furthermore, isolates
from this cluster had a significantly longer in vitro doubling time
than isolates from clusters A and B (Fig. 3B). All P30M0 isolates
contained a nonsense mutation (C349T [a C-to-T change at po-
sition 349]) in the anti-sigma factor mucA. Inactivation of MucA
leads to activation of the AlgT sigma factor, expression of the alg
operon (encoding enzymes for alginate biosynthesis), and over-
production of the alginate exopolysaccharide. As expected from
the mucA mutation, isolates from clusters A and C were mucoid.
However, isolates from cluster B were nonmucoid, most likely due
to missense mutations in algT (see Table S1 in the supplemental
material).

Overall, the unique phenotypic profiles in relation to both cat-

abolic capacities and CF-related phenotypes found for each clus-
ter supported the SNP-based genomic evidence for coexisting
subpopulations. Furthermore, we note that the isolates from clus-
ter C showed more phenotypic traits typically associated with
chronic infections than the other two clusters.

Correlation between genomic evolution and phenotype di-
versity. Long-term colonization of CF airways is often associated
with significant changes in the global gene expression profiles of
the infecting isolates (24, 25), and to examine the level of diversity
and its variation as a function of time within each of the three
clusters, we measured the whole-genome transcript abundance of
two temporally separated isolates from each cluster. The two iso-
lates (DK1-P30M0-2001b and DK1-P30M0-2007b) from cluster
A showed very similar gene expression profiles, as indicated by a
high Pearson correlation (r � 0.9944) (Fig. 4A) and their close
clustering in singular value decomposition (SVD) analysis, whose
results are shown in Fig. 4D. In fact, only two genes with signifi-
cant expression changes (Student’s t test, P � 0.05) were identified
in isolate DK1-P30M0-2001b relative to the gene expression pro-
file of DK1-P30M0-2007b. In contrast, temporally separated iso-
lates from both cluster C and B showed more diverse gene expres-

FIG 3 Phenotypic characterization of DK1 isolates. (A) For morphology, “n” indicates nonmucoid and “m” indicates mucoid cells. Motility is relative to that
of strain PAO1. Quorum sensing (QS) was assayed by determining the production of acylated homoserine lactones (HSL), detected by inspection of the
bioluminescence of the monitor strain (��, high level; �, low level; �, not detectable). Protease secretion on skim milk plates was determined (���, high level;
�, low level; �, not detectable). (B) Doubling times of historical isolates and P30M0 isolates measured in LB medium. (C) Dendrogram showing the hierarchical
cluster analysis (Wards linkage, Euclidean distance) of global catabolic function. Colors represent each cluster; cluster A is blue; cluster B is green; and cluster C
is purple.
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sion profiles (r � 0.9632 and r � 0.9450, respectively). Seventy-
eight genes with significant expression changes were identified
when comparing isolates from cluster C (Fig. 4C), and 298 genes
with significant expression changes were identified when compar-
ing the two nonmucoid isolates DK1-P30M0-2001a and DK1-
P30M0-2009 from cluster B (Fig. 4B). The differences in the extent
of phenotypic diversity developing over time within the three
clusters are consistent with a hypothesis that isolates from clusters
B and C evolved in different environments than cluster A, with
stronger selective pressures mediating higher levels of both
genomic evolution and phenotypic diversity.

Limited parallel evolution among coexisting sublineages.
The long-term coexistence of distinct sublineages enabled us to
investigate the extent of parallelism among three evolutionary
pathways within the same individual. We examined the genome
data for mutations that accumulated independently in the differ-
ent sublineages (see Table S1 in the supplemental material). As
anticipated, such parallel evolution was observed in genes known
to be involved in antibiotic resistance and included mutations in
DNA gyrases gyrA (clusters B and C), gyrB (clusters A and C), and
fusA1 (clusters B and C), encoding elongation factor G (Table S1)
(26, 27). Unexpectedly, no other examples of parallel genomic
evolution were found, which suggests that the three sublineages
exist in separate niches, each with different selective conditions by

which evolution is directed. Importantly, this conclusion is in
agreement with the observed lineage-specific distribution of mu-
tations in pathoadaptive genes (Fig. 2C).

Mapping coexisting subpopulations to different spatial sites.
Patient P30M0 underwent paranasal sinus surgery in 2012, during
which expectorated sputum, bronchoalveolar lavage (BAL) fluid,
and sinus material (from both left and right sinuses) were sampled
and stored. This provided a unique opportunity to determine the
distribution of the three sublineages at different sites in the in-
fected CF airway (i.e., the sinus region versus the lower airway).
Sublineage-specific primers were designed on the basis of the ge-
nome sequence data, and a cross-sectional analysis of multiple
bacterial isolates from each sample was done by PCR screening
(see Materials and Methods). We randomly selected sixty-four
isolates from each sample (BAL fluid, sputum sample, and left
sinus surgery material), with the exception of the right sinus sam-
ple, from which we only recovered four isolates. Using PCR
screening, we found that all analyzed isolates from the sinus sam-
ples belonged to cluster A (64 plus 4 isolates analyzed in total),
while all isolates from the BAL fluid and sputum samples belonged
to cluster C (2 sets of 64 isolates analyzed in total) (Fig. 5A). These
analyses strongly suggest that clusters A and C are spatially segre-
gated in the sinus region and lower airway, respectively. Genome
sequencing of one isolate from the BAL fluid sample and two

FIG 4 Transcriptome analysis. (A) Comparison of gene expression of the two mucoid isolates DK1-P30M0-2001b and DK1-P30M0-2007b from cluster A. (B)
Comparison of gene expression of the two nonmucoid isolates DK1-P30M0-2001a and DK1-P30M0-2009a from cluster B. (C) Comparison of gene expression
of the two mucoid isolates DK1-P30M0-2006 and DK1-P30M0-2011 from cluster C. Red circles represent genes with significantly increased expression (fold
change of �2; P � 0.05), and green circles indicate genes with decreased expression. The r (Pearson correlation) values indicate the strength and direction of the
linear relationship between the expression levels of the isolates. (D) Results of single value decomposition (SVD) analysis of the gene expression relationships
among isolates from clusters A, B, and C. Each dot represents the mean of duplicates. Blue dots represent isolates from cluster A, green dots represent isolates from
cluster B, and isolates from cluster C are shown as purple dots.
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isolates sampled from each side of the sinuses verified that they
belonged to cluster C (BAL fluid isolate DK1-P30M0-2012a) and
cluster A (sinus isolates DK1-P30M0-2012b and DK1-P30M0-
2012c) (Fig. 2A). We also took advantage of the observation that
isolates from each of the three clusters exhibited distinct pheno-
types. For example, isolates from clusters A and B formed colonies
faster than isolates from cluster C (due to differences in growth
rates), and isolates from cluster B were nonmucoid while isolates
from clusters A and C were mucoid (Fig. 3). Repeated dilutions
and plating of the sinus, BAL fluid, and sputum samples combined
with visual screening for cluster-defining phenotypes supported
the spatial distribution of clusters A and C. Bacterial isolates from
cluster B were not found in the samples related to the upper airway
(sinus surgery samples) but could be found at an overall frequency
of 0.5% in stored sputum samples obtained in 2010, 2011, and

2012 (Fig. 5B). The presence of isolates from cluster B in sputum
combined with their absence in sinus samples suggests that iso-
lates of cluster B colonize the lower airway.

Together, these findings strongly suggest that the three coex-
isting subpopulations evolved in spatially separated niches of the
CF airway, with isolates from cluster A colonizing the sinuses of
this patient and isolates from clusters B and C colonizing and
evolving in the lower airway.

DISCUSSION

Although P. aeruginosa’s population heterogeneity in relation to
chronic CF infections has frequently been documented by micro-
bial culturing, our understanding of the temporal and spatial dy-
namics of this diversity, as well as the underlying diversity-
generating processes, is limited. In this study, we combined
current genome sequencing technologies, phenotypic profiling,
and unique sampling materials which included clonal bacterial
isolates sampled during a 32-year period both from sputum and
from material obtained from paranasal sinus surgery in a single
chronically infected CF patient to gain new insight into bacterial
diversification processes in chronic CF infections.

The phylogenomic analysis demonstrated that the initial in-
fecting DK1 strain diversified into three major subpopulations
(clusters A, B, and C), each with its individual genetic signature of
mutations and limited parallel genomic evolution. Our phenotype
profiling of strains from the different clusters supported this result
and showed that the accumulation of mutations shaped their phe-
notypes in such a way that the three clusters were clearly distin-
guishable with respect to mucoidy, doubling time, metabolic per-
formance, and global gene expression profiles. Although diversity
has often been observed in P. aeruginosa populations from the
same CF respiratory specimen, we show here that such diversity
can have long-term stability, as demonstrated by the decades-long
coexistence of the three different sublineages.

Inspection of multiple bacterial isolates from sputum samples
and from sinus material after surgery did not reveal the presence
of additional major sublineages in the infected patient (Fig. 5).
This suggests that the strain collection analyzed here (which con-
sists of multiple single isolates sampled from the patient since
1980) did indeed capture the dominant sublineages in the infected
individual. Importantly, our focus on the evolution of the three
genetically and phenotypically distinct sublineages does not rule
out the existence of an additional layer of population heterogene-
ity in the patient. For example, it is more than likely that micro-
diversity exists within each of the three sublineages (i.e., that fur-
ther cluster-specific diversification has taken place). Indeed, the
14 SNPs that separate cluster A isolates DK1-P30M0-2012b and
DK1-P30M0-2012c, sampled from the left and right sinuses, re-
spectively, may illustrate this point. The long-term dynamics of
such potential cluster-specific heterogeneity is generally unknown
and cannot be investigated with our present single-isolate strain
collection and our single-time-point cross-sectional analysis. Fu-
ture genomic and phenotypic analysis of entire respiratory speci-
mens sampled throughout infection is required to understand the
diversification processes at both the lineage and subpopulation
level.

From an ecological perspective, our findings indicate popula-
tion diversification as a result of adaptive radiation processes and
niche partitioning. Evolutionary theory and experimental evolu-
tion studies—in which microbial populations evolve under de-
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fined, artificial conditions in the laboratory— have clearly estab-
lished a connection between heterogeneous environments (i.e.,
the introduction of distinct and vacant niches, each with different
selective conditions) and the evolution and maintenance of pop-
ulation diversity (28–30). Indeed, this explanation has been used
to rationalize the observed population diversity in relation to
chronic CF infections, but since most studies on P. aeruginosa
population diversity rely on inspection of isolates from sputum or
BAL fluid samples which lack spatial resolution, conclusions
about niche partitioning have been difficult to reach. In this study,
we obtained parallel samples from different compartments in the
infected individual, including material sampled from the parana-
sal sinuses, which enabled us to demonstrate a clear spatial distri-
bution of the sublineages in different niches. We found cluster A
to inhabit the paranasal sinuses, whereas we identified clusters B
and C in samples from the lung environment (i.e., in sputum
samples and in BAL fluid samples). Because of the striking absence
of parallel genomic evolution between clusters B and C, which
indicates that they populate niches with different selective pres-
sures, we suggest that clusters B and C occupy distinct niches in
the lungs of the patient. Furthermore, a distribution of the three
sublineages in different niches would result in lineage-specific sets
of genes being under positive selection, which was indeed ob-
served (Fig. 2C). However, we note that our findings in relation to
clusters B and C cannot exclude the possibility of their coexistence
in the same physical lower-airway niche. Although the two sub-
lineages have evolved distinct phenotypes, have followed distinct
evolutionary trajectories, and have a distinct set of mutations of
pathoadaptive genes, it is not possible to map their spatial distri-
bution within the lower airway of the infected individual, and the
precise location of the two clusters therefore remains unknown.
Furthermore, laboratory evolution studies with Escherichia coli
have shown that coexisting sublineages may evolve in simple, ho-
mogenous chemostat cultures and that such population polymor-
phisms can be maintained through evolution of, e.g., cross-
feeding interactions (31, 32). It is therefore a possibility that
related niche-partitioning processes (i.e., diversification without
geographical isolation) have played a role in the evolution of clus-
ters B and C. However, recent documentations of spatial distribu-
tions of microorganisms in CF lungs support our hypothesis of
spatial segregation of clusters B and C. For example, spatial heter-
ogeneity of microbial communities in infected CF lungs has been
demonstrated recently by culture-independent analysis of CF lung
tissue samples (33), and furthermore, microscopy analysis of ex-
planted CF lungs has shown that mucoid and nonmucoid variants
of P. aeruginosa are located in different niches, such as the sputum
in the conductive zone of the bronchi and the respiratory zones of
the alveoli and respiratory bronchioles in the infected CF lung,
respectively (34). Importantly, clusters B and C are different with
respect to the mucoid phenotype (isolates from cluster C are mu-
coid as a consequence of mutations in mucA, and isolates from
cluster B are nonmucoid as a consequence of mutations in both
mucA and algT), and it is possible that a related distribution is
present in the patient studied here.

The observation that the faster growing cluster B isolates con-
sistently constituted only a small fraction of the population sam-
pled recently from the lung environment and were even absent
from the population in some cases could be related to difficulties
in sampling the particular lung niche occupied by cluster B. This is
in accordance with observations from CF autopsies and explanted

lungs, which showed that cells of the nonmucoid phenotype were
actually phagocytosed by polymorphonuclear leukocytes, in con-
trast to cells of the biofilm-growing mucoid phenotype (34). Al-
ternatively, or complementarily, it is possible that isolates from
cluster C are better adapted than isolates from cluster B to the
stressful and selective conditions in the lung environment.

Our phylogenomic analysis further showed that cluster B di-
verged from the population soon after or coinciding with the ini-
tial colonization and that the DK1 population further diverged
10 years later. By combining this phylogeny with the spatial loca-
tion of each of the three clusters, it is now possible to reconstruct
the evolutionary history of DK1 in the patient studied here
(Fig. 6). We propose that the patient was first colonized in the
paranasal sinuses with isolates belonging to cluster A. Following
the initial colonization, isolates from the infected sinuses migrated
to the lungs in two distinct events (separated by a decade) and
evolved into highly successful colonizers of the lungs (i.e., clusters
B and C). Based on observations of extensive overlap in colony
morphotypes between clonal isolates sampled from the paranasal
sinuses and from BAL fluid samples, we have previously demon-
strated migration from the sinuses to the lung environment (8).
The genomic data presented here provide further evidence for this
hypothesis and highlight the dynamic nature of the infecting pop-
ulation, as well as the significance of the paranasal sinuses as func-
tional pathogen reservoirs.

FIG 6 Model of the evolutionary history of DK1 in patient P30M0. Recon-
struction of the evolutionary history of DK1 in patient P30M0 on the basis of
the phylogenetic relationship among the studied isolates and their distribution
in different niches in the infected airway. The patient was first colonized in the
paranasal sinuses with isolates belonging to cluster A. Soon after initial colo-
nization, the population diverged and formed a genetically and phenotypically
distinct sublineage (cluster B) in the lower airway. A decade later, another
sublineage (cluster C) diverged from the population in the paranasal sinuses
and migrated to the lower airway. The precise locations of clusters B and C in
the lower airway (e.g., left versus right lung or the conductive zone versus the
respiratory zone) are not known and for illustrative purposes are shown as
being segregated into the left and right lung. However, the differences between
clusters B and C in relation to phenotypes such as mucoidity and in the num-
ber of pathoadaptive mutations suggest that they inhabit distinct niches with
different selective pressures in the lower airway.
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Interestingly, the amounts of evolutionary change were differ-
ent in the three clusters. Isolates from clusters B and C accumu-
lated more mutations in pathoadaptive genes and demonstrated
more phenotypic alterations as a function of time than the sinus-
associated population in cluster A. We speculate that the observed
differences are related to mutation pathways activated by stress
responses (i.e., induced when cells are maladapted to their envi-
ronment) (35, 36) or differences in in vivo growth rates or are due
to oxygen radical damage as a result of the inflammatory response,
which differs in different niches of the respiratory tract. Although
the sinus and lung environments share some physiological prop-
erties, such as thick mucus that can function as sites for bacterial
growth, there are also significant differences that may explain the
different evolutionary trajectories associated with each compart-
ment. For example, the inflammatory response is reduced in the
paranasal sinuses, and polymorphonuclear leukocytes, which
produce oxygen radicals (37), dominate in the lungs and sputum,
whereas they are rare in the paranasal sinuses, where the inflam-
mation is less pronounced due to high production of immuno-
globulin A (38). Furthermore, antibiotic penetration and, hence,
the achievement of therapeutic levels are hypothesized to be less
efficient in the sinuses than in the lungs (38, 39).

We have previously shown a much more pronounced evolu-
tionary response in sinus-associated P. aeruginosa populations in
intermittently colonized patients than what we show here for clus-
ter A (8). In addition, studies have shown extensive overlaps in
evolved phenotypes like colony morphology and in global gene
expression profiles between isolates from sinus and lung samples
from the same chronically infected patients (8, 39), which was
clearly not observed here. These observational differences suggest
that generalizing of conclusions concerning the evolution of
P. aeruginosa in the paranasal sinuses should be considered with
caution and that our understanding of the factors that influence
the evolutionary trajectories of sinus-associated P. aeruginosa
populations is incomplete.

Our study provides evidence that the environmental heteroge-
neity of the CF airway promotes diversification and long-term
coexistence of P. aeruginosa sublineages during chronic CF airway
infections. It is possible that similar adaptive radiation processes
underlie the population diversity observed in other CF-associated
pathogens (12). Critically, some P. aeruginosa lineages from
chronically infected CF patients exhibit only limited diversity
(13), and studies of additional patients are therefore required to
understand whether generalities in the microbial diversification
processes exist. More broadly, our results show that P. aeruginosa
isolates from chronic CF patients may be representatives of an
underlying complex and dynamic population structure com-
prised of distinct clonal variants that are distributed in different
niches. Since treatment strategies targeting one population may
not be effective against other subpopulations, an incomplete de-
scription of the population diversity within the infected individual
may lead to inaccurate descriptions of therapy-relevant pheno-
types, such as antibiotic resistance profiles in the pathogen popu-
lation. A more complete understanding of population diversity
and its spatial and temporal distribution could therefore have pos-
itive implications for efficient therapy and disease outcome.

MATERIALS AND METHODS
Ethics statement. No patient samples were taken specifically for this
study. Isolation and storage of bacterial isolates were part of the estab-

lished routine at the Department of Clinical Microbiology, Rigshospitalet,
Copenhagen, Denmark. The bacterial isolates used in the study included
isolates from the bacterial collection available at the Department of Clin-
ical Microbiology, Rigshospitalet, as well as bacteria isolated during func-
tional endoscopic sinus surgery (FESS) on patient P30M0 in 2012. The use
of bacterial isolates was approved by the local ethics committee, Region
Hovedstaden. All samples were anonymized.

Bacterial strains. The investigated strains of the P. aeruginosa DK1
clone type consisted of 18 longitudinal isolates from patient P30M0 and
four historical isolates from 1973 from patients P33F0, P50F0, P13F1, and
P43M1. Patient P30M0 was chosen based on the long history of clonal
infection with DK1 and the availability of stored isolates and new lung
expectorates. Additional clinical strains from P30M0 were isolated from
either sinus or bronchoalveolar lavage (BAL) fluid samples from 2012.
The samples from the paranasal sinuses were taken during FESS, as pre-
viously described (39). Isolation and identification of P. aeruginosa was
done as previously described (40). The isolates were grown in Luria-
Bertani (LB) medium and stored at �80°C with 10% glycerol. The
P. aeruginosa isolates investigated in this study were confirmed to belong
to the DK1 lineage by two independent genotyping methods, pulsed-field
gel electrophoresis and SNP genotyping using AT biochips (Clondiag
Chip Technologies, Germany), as described previously (41).

Genome sequencing. Genomic DNA was prepared from P. aeruginosa
isolates using the Wizard genomic DNA purification kit (Promega). Ge-
nomes were sequenced to a coverage depth of 90-fold (range, 17- to 207-
fold) on either an Illumina GAIIx platform generating 75-bp single-end
reads (6 isolates) or a HiSeq2000 platform generating either 75-nt single-
end reads (7 isolates) or 100-nt paired-end reads (9 isolates). The genome
of DK1-P33F0 was de novo assembled into 6,156,016 bp (252 contigs, N50

� 49,984 bp) with the assistance of the genome sequences of P. aeruginosa
PAO1, PA14, and LESB58 by using the Columbus module of Velvet, ver-
sion 1.0.16 (42). The genome assembly of DK1-P33F0 was then used as a
reference for the alignment of sequence reads from each of the isolates to
identify high-quality SNPs in the nonrepetitive parts of the genome.

Mutation detection was performed as previously described (3).
Maximum-parsimony analysis (43) was used to reconstruct the phylog-
eny of DK1 clones, and the bootstrap support values for branches were
calculated using PAUP 4.0 (44). Calculation of the dN/dS ratio was based
on the assumption that a random mutation in the total number of possible
SNP mutations would cause a synonymous change 25% of the time (13,
45). Bayesian analysis of evolutionary rates was performed using BEAST,
version 1.7.2 (17), with a lognormal relaxed molecular clock model and
a general time-reversible substitution model. Mutation rates were calcu-
lated from a chain length of 50 million steps, sampled every 5,000 steps.
The first 5 million steps were discarded as a burn-in. A maximum clade
credibility tree was generated using the TreeAnnotator program from the
BEAST package, and the effective sample sizes (ESS) of all parameters
were �1,000 as calculated by Tracer, version 1.5 (available from http://
beast.bio.ed.ac.uk/Tracer), which was also used to calculate the 95% HPD
confidence intervals of the divergence times (i.e., an interval within which
the modeled parameter resides with 95% probability).

Biolog Phenotype MicroArray. Phenotype MicroArray (Biolog, Hay-
ward, CA) experiments were performed in duplicate according to the
manufacturer’s instructions (46, 47). Bacterial strains were streaked on LB
agar plates and incubated at 37°C until colonies appeared on plates (23 to
48 h). Cells were swabbed from the plates and suspended in IF-0 GN Base
(inoculation fluid; Biolog) at a density corresponding to 42% transmit-
tance in the Biolog turbidimeter. The cell suspensions were diluted 1:6 in
IF-0 minimal medium containing Biolog redox dye mixture D (tetrazo-
lium), and 100-�l aliquots were added to carbon source plates (PM1
microplate). Nitrogen plates (PM3 microplate) with ferric citrate and
glucose supplemented to the inoculation mixture were prepared. In total,
190 substrates were available on the two plates. Of these, 125 were found
to be informative by showing consistent growth between replicates.
OmniLog OL_FM/Kin 1.20.02 software (Biolog) was used to export the
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OmniLog data, and the average area beneath each kinetic curve was used
for analysis. Total catabolic function was calculated as previously de-
scribed (48). Further data and statistical analyses were performed using R
version 2.10.1 (2009; R Development Core Team).

Affymetrix GeneChip. Strains were grown aerobically at 37°C in LB
medium, starting at an optical density at 600 nm (OD600) of 0.01, and
harvested at an OD600 of 0.5. Immediately after harvesting, the cells were
mixed either with RNAprotect bacterial reagent (Qiagen) if they were
nonmucoid cells or with STOP solution (95% ethanol, 5% phenol) if they
were mucoid, to avoid clumping. After 10 min of centrifugation at 7,000
� g at 4°C, the supernatant was discarded and the cell pellet was stored at
�80°C. RNA extraction, cDNA preparation and labeling, and hybridiza-
tion were performed as previously described (13). The raw CEL files were
obtained by the Affymetrix GeneChip operating system 1.4, and the anal-
ysis was performed by using BioConductor tools in the R environment
(49). Strains were tested in triplicates.

Motility assays. The motility of all isolates was tested on ABT agar (50)
supplemented with 0.5% Casamino acids and 0.5% glucose as previously
described (51). Briefly, ABT plates were inoculated with single colonies on
the top, in the middle or on the bottom of the plates to measure swarm,
swim, or twitch, respectively. Swim and swarm were measured on 0.3%
(wt/vol) and 0.6% (wt/vol) agar, respectively, with incubation for 24 h at
30°C. Twitching motility was determined on 1.5% (wt/vol) agar, with
incubation for 48 h at 37°C. The motility zones in triplicates were calcu-
lated relative to the motility of the reference strain PAO1.

Detection of quorum-sensing signals. For detection of quorum-
sensing signals, P. aeruginosa strains were cross-streaked against two
E. coli monitor strains, MH155 and MH205, as previously described (50).
After 48 h of incubation at 37°C, acylated homoserine lactone (AHL)
production was detected by inspecting the fluorescence of the monitor
strains with a Zeiss Axioplan 2 microscope with a 2.5/0.075� plan Neo-
fluar objective.

Skim milk protease assay. The production of protease was deter-
mined by applying one colony of the isolate grown on LB agar to skim
milk plates (LB agar with 10% skim milk). The plates were incubated for
24 h at 37°C, and the clearing zones were measured.

Growth rate measurement and estimation of in situ bacterial gen-
erations. LB broth was inoculated with the isolate and incubated at 37°C
overnight. A cell culture volume was transferred into 50 ml of LB broth in
a 250-ml shaking flask with baffles, generating an OD600 of 0.01. The flask
was incubated at 37°C with shaking at 240 rpm in a New Brunswick Sci-
entific incubator. Growth rates were measured by monitoring the OD600

during growth. The measurements were done in at least duplicates.
Growth rates were calculated from the exponential part of the growth

curves and expressed as doubling times in minutes [ln(2)/minutes].
PCR screening. A multiplex PCR strategy was constructed to deter-

mine the different sublineages of P. aeruginosa from patient P30M0.
Sublineage-specific primers were designed, including an internal positive
control for all lineages (see Table S2 in the supplemental material). PCR
amplifications were performed with the following optimized parameters:
predenaturation for 5 min at 95°C; 25 cycles of 95°C for 30 s, 66°C for 30 s,
and 72°C for 25 s; postextension for 3 min at 72°C; and soaking at 4°C.
PCR products were resolved in a 2% agarose gel in 1� Tris-borate-EDTA
buffer at 100 V and visualized with ethidium bromide. In total, 64 isolates
each (3 � 64) from the sinus, BAL fluid, and sputum samples from 2012
were tested. Furthermore, isolates from sputum samples from 2010, 2011,
and 2012 were tested.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.01592-14/-/DCSupplemental.

Table S1, PDF file, 0.1 MB.
Table S2, PDF file, 0.1 MB.
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