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acterial populations maintained in deﬁned in vitro systems
are well-suited for experimental evolutionary studies of adaptation to novel environments. It has been observed from such
investigations that the initial rate of adaptation is rapid with a
continuous increase in ﬁtness that later tends to decelerate over
time (1). Experimental evolution has also been used to gain insight into the molecular details of evolution (2–7). Interestingly,
a complex relationship between the decelerating rate of evolutionary adaptation and a constant rate of genomic changes
enriched with nonsynonymous changes has been observed in one
such in vitro experiment (2). The level of diversity that evolves in
a population is thought to increase as a function of environmental
complexity in terms of available ecological niches. Laboratory
experiments with artiﬁcially structured microbial populations
have shown that environmental heterogeneity, such as population
complexity and spatial structure, can generate and maintain population diversity (8–10). Comparable systematic investigations of
bacterial populations living in complex natural environments are
lacking, and the extent to which laboratory evolutionary experiments bear any relevance to evolutionary processes in natural
environments is poorly understood. To address this question, we
investigated the evolutionary dynamics including the roles of
neutral versus selective mechanisms in bacterial populations
evolving over 200,000 generations in the complex natural and
structured environment of cystic ﬁbrosis (CF) airways.
Chronic airway infections in CF patients by the bacterium
Pseudomonas aeruginosa offer a rare opportunity to study evo-
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lutionary adaptation of bacteria in natural environments. CF
airways, like other natural environments, constitute a complex
and highly dynamic ecosystem composed of a range of niches
that vary in space and time. Factors such as heterogeneous distribution of oxygen, nutrients, and other substances, ﬂuctuations
in exposure to the host immune system and therapeutic antibiotic treatments, as well as a diverse microbial community structure in the host all contribute to environmental conditions under
which the bacteria face continuous adaptive challenges (11).
These environmental conditions have been used to explain the
extensive phenotypic diversity often observed in P. aeruginosa
populations from the same CF respiratory specimen (12–14). We
propose that P. aeruginosa infections in CF airways constitute a
valuable natural system for addressing central questions concerning evolutionary biology, and we use this system to investigate
how the highly successful and transmissible DK2 lineage of
P. aeruginosa adapts to this environmental complexity in several
CF patients using genome sequencing, transcriptional proﬁling,
and phenotypic arrays. Based on previous estimates of in situ
growth rates of P. aeruginosa isolates (15), we calculate that the
DK2 lineage has persisted for about 200,000 bacterial generations
in the CF airways of several patients, and as such this study
documents the genomic and functional details of a long microbial
evolution “experiment.”
Results and Discussion
This study was based on a collection of P. aeruginosa isolates
sampled from several hundred Danish CF patients between 1973
and 2008. Initial examination of the clonal relationship among a
subset of the stored isolates using molecular typing methods
revealed that some P. aeruginosa clonal lineages were observed
repeatedly because of transmission among the patients (16). For
the present study, we are focusing on the DK2 lineage (Materials
and Methods), which we have established as one of these transmissible lineages and isolated from ∼40 patients since the start of
the sampling program in 1973.
Genomic Evolution of the DK2 Lineage. To enable a detailed characterization of the evolutionary trajectory associated with the
dissemination of the DK2 lineage across multiple patients, we
sequenced the genomes of 12 selected DK2 strains (CF114-1973,
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Laboratory evolution experiments have led to important ﬁndings
relating organism adaptation and genomic evolution. However,
continuous monitoring of long-term evolution has been lacking
for natural systems, limiting our understanding of these processes
in situ. Here we characterize the evolutionary dynamics of a
lineage of a clinically important opportunistic bacterial pathogen,
Pseudomonas aeruginosa, as it adapts to the airways of several
individual cystic ﬁbrosis patients over 200,000 bacterial generations, and provide estimates of mutation rates of bacteria in a natural environment. In contrast to predictions based on in vitro
evolution experiments, we document limited diversiﬁcation of
the evolving lineage despite a highly structured and complex host
environment. Notably, the lineage went through an initial period
of rapid adaptation caused by a small number of mutations with
pleiotropic effects, followed by a period of genetic drift with limited phenotypic change and a genomic signature of negative selection, suggesting that the evolving lineage has reached a major
adaptive peak in the ﬁtness landscape. This contrasts with previous
ﬁndings of continued positive selection from long-term in vitro
evolution experiments. The evolved phenotype of the infecting
bacteria further suggests that the opportunistic pathogen has transitioned to become a primary pathogen for cystic ﬁbrosis patients.

CF43-1973, CF66-1973, CF66-1992, CF66-2008, CF30-1979,
CF173-1984, CF173-2005, CF333-1991, CF333-1997, CF333-2003,
and CF333-2007) isolated from 6 different patients between 1973
and 2008 (Fig. 1 and Tables S1 and S2). We identiﬁed high-quality
SNPs in the nonrepetitive parts of the genomes by mapping sequence reads for each isolate against CF333-2007 (Table S3 and SI
Materials and Methods). A total of 368 SNPs have appeared since
the clones diverged from their common ancestor before 1973
(Table S3), and we ﬁnd that there are 180 SNPs between the most
distantly related clones (CF114-1973 and CF333-2007). Based on
the identiﬁed SNPs, we construct a tree representing the evolutionary relationship of the DK2 strains (Fig. 2A and Materials and
Methods), and as such the tree demonstrates the sequence of mutational events in the DK2 lineage from 1973 and onward.
We predict the DK2 ancestor to be related to the sequenced
strains, as indicated with the predicted root in Fig. 2A, based on
the assumption that the DK2 ancestor would contain wild-type
SNP alleles [i.e., SNP positions with sequences identical to homolog sequences found in the P. aeruginosa reference strains
PAO1 and PA14 (17)]. Despite the genomic diversity among the
1973 isolates, their phenotypes are similar to the well-characterized laboratory P. aeruginosa strain PAO1 (Fig. 3 and Table S1).
Because the CF infection process is associated with the appearance of phenotypes of which many are not usually observed among
environmental, wild-type isolates of this species (18–20), we predict that the immediate ancestor to the DK2 lineage entered the
CF environment shortly before the ﬁrst sampling in 1973. Because
the original infecting DK2 strain is unavailable for analysis, we
cannot precisely determine the pre-1973 events that resulted in
genomic diversity among the isolates sampled in 1973. Although
a complete understanding of the pre-1973 history of the DK2
lineage is not a prerequisite for the present study, we hypothesize
that this diversity may be a result of processes such as (i) an
already-present diversity in the ancestral DK2 lineage before ﬁrst
entry into the CF environment (i.e., the ﬁrst infection caused by
a mix of genetically distinct subpopulations of DK2) and/or a rapid
diversiﬁcation of the ancestral DK2 strain upon ﬁrst infection as
observed in patients infected with environmental strains (13, 19)
possibly coupled to a transmission process that retained diversity,
(ii) the storage conditions of these particular isolates in agar slants
at room temperature for an extended period in which genomic
changes may have arisen (21), or (iii) an increased mutation rate
in the lineage before the 1973 sampling. The presence of a missense mutation in mutY and a molecular signature consistent with
a MutY defect [i.e., a high proportion of transversions (P = 7 ×
10−13) of which 85% are G·C→T·A] in the sublineage branching
into CF43-1973 indeed demonstrates a pre-1973 hypermutator
phenotype for this particular isolate (22). As the two remaining
1973 strains did not show molecular signs of a hypermutator
phenotype, other phenomena may have led to increased genomic
diversiﬁcation in these strains before sampling in 1973.
We derive two conclusions based on the topology of the tree.
First, all isolates sampled from 1979 and onward share a com-

Fig. 1. Isolate sampling points and patient life span. DK2 P. aeruginosa
isolates were collected from six different CF patients during a 35-y time
period. Bacterial isolates are represented by the colored symbols, and gray
bars represent patient life span.
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mon branch point (marked with a red circle in Fig. 2A). We
hypothesize that important mutations accumulated in the early
hosts (pre-1979) positioned the DK2 lineage for subsequent reproductive success in the CF airways in several hosts. Second, the
tree demonstrates a remarkably limited diversiﬁcation of the
sequential isolates present in patients CF333 and CF66 after
1979. This observation is surprising, because CF airways represent a dynamic and spatially structured environment in which
one would expect a divergent population structure and multiple
coexisting sublineages resulting in a deeply branched phylogenetic tree of clones isolated from the same host (8, 12, 13, 23).
Note, however, the disconnected branching of the 1984 and 2005
isolates in patient CF173 (Fig. 2A), which suggests that a replacement of the DK2 lineage caused by a secondary transmission event after 1984 has taken place.
Because the DK2 lineage has exhibited a highly successful
phenotype over an estimated period of 200,000 generations of
growth, it provides an excellent system for the detailed study of
molecular evolution in ways that previously have been possible
only in well-deﬁned artiﬁcial laboratory environments. Importantly, we ﬁnd that SNPs in the protein-coding regions of the genome have accumulated at a constant rate in the DK2 lineages
since 1973 (Fig. 2 B and C). We can estimate the mutation rate
based on the accumulation of synonymous mutations in the protein-coding regions of the genome assuming that they are neutral
and not selected for (2, 24). Based on the codon use in
P. aeruginosa (25), we ﬁnd that 25% of all SNPs in the proteincoding parts of the genome result in synonymous changes (SI
Materials and Methods). We ﬁt a least-squares linear model of
mutation accumulation over time and calculate the mutation rate
as the number of synonymous mutations ﬁxed per generation
(cf. Fig. 2B) divided by the fraction of mutations expected to be
synonymous in the genome. Based on these assumptions, we
ﬁnd that the mutation rate of P. aeruginosa in CF airways is 7.2 ×
10−11 SNPs/bp per generation, which is in the range of previous
estimates for related bacteria (2, 26, 27). Excluding the 1973 isolates from the calculation, we ﬁnd the mutation rate to be 6.9 ×
10−11 SNPs/bp per generation. It is important to note that these
estimates show no indication of increased rates of mutation, as has
been suggested for bioﬁlm-associated cells and CF infection-associated cells due to oxidative stress or other phenomena (28–32).
Selective Forces Acting on the DK2 Genome. Based on the number
of protein-coding synonymous SNPs, we can estimate the expected
number of nonsynonymous protein-coding SNPs assuming a neutral theory of molecular evolution. This theory predicts the rate of
nonsynonymous substitutions (dN) relative to the rate of synonymous substitutions (dS) to approach unity during neutral evolution. Over- or underrepresentation of nonsynonymous mutations
can be seen as a sign of positive or negative selection, respectively.
Overall, among all mutations in the protein-coding regions of
the genome, we ﬁnd a signiﬁcant underrepresentation of nonsynonymous mutations (dN/dS = 0.79; P = 1.3 × 10−4) (Table S4).
The sign of negative selection is most prevalent in isolates from
1979 and onward (branches G-U in Fig. 2A; dN/dS = 0.70; P =
6.5 × 10−5), whereas calculations based on early isolates (branches
A–F in Fig. 2A) do not support evidence of negative selection (dN/
dS = 0.89; P = 0.10). This observation supports a hypothesis that
a selection of adaptive mutations takes place in the years up to
1979 leading to a highly adapted clone closely related to CF301979 (represented by a red circle in Fig. 2A). Although our results
contrast with previous ﬁndings of strong positive selection in CF
airways (23), it is likely that the earliest stages (before 1973) of
infection by the DK2 lineage were also dominated by positive
selection mechanisms. Indeed, despite of the overall sign of negative selection, there is a statistically signiﬁcant sign of positive
selection in the lineage (branch F in Fig. 2A) leading to the post1979 isolates (dN/dS = 1.58; P = 0.02).
Yang et al.
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Phenotypic Changes During Long-Term Adaptation to CF Airways.

The dynamics of phenotype changes in the isolates of the DK2
lineage was characterized both by gene expression proﬁles under
a single growth condition (standard laboratory medium) and by
determination of catabolic activities under different growth conditions. Each method interrogates different aspects of cellular
physiology (whole-genome transcript abundance and cellular catabolic capacity) and is therefore expected to probe different components of the genotype/phenotype relationship of the bacteria.
Hierarchical clustering of all recorded expression and catabolic
signals from each isolate showed that strains sampled between
1979 and 2008 are more similar to each other than to the initial
isolates (1973) (Fig. S1 A and B). To further examine the extent of
gene expression changes among the isolates a principal component analysis, which transforms a complex data matrix into a small
number of variables, was applied. The ﬁrst principal component
PC1 accounts for most (42%) of the variance in the dataset.
Plotting of the loadings of each isolate on PC1 as a function of time
shows a strikingly simple and clear time-dependent progression,
with a major shift between 1973 and 1979 followed by a period
with few changes (Fig. 3A). After 1979 all of the DK2 isolates
share a very similar gene expression pattern despite the fact that
Yang et al.

they cover samples from four different patients taken with a time
span of 29 y (estimated to correspond to ∼150,000 bacterial generations) and have accumulated 179 mutations.
In analogy with the global transcriptional data, the “catabolome” datasets display a ﬁrst principal component diagram that
documents a lack of variation among strains isolated after 1979
(Fig. 3B). Before 1979 the proﬁle changed rapidly from a wild-type
pattern of catabolism of C and N sources, as observed in a reference strain (PAO1) and in the 1973 isolates, to the adapted pattern
reﬂecting a mutation(s) in a global regulatory gene(s). Surprisingly,
the catabolome as monitored by the Biolog phenotype arrays
shows only loss of function (Fig. S2), which is paradoxical, taking
the abundance of, for example, amino acids in the sputum into
consideration (33). We hypothesize that the airway mucus and the
surrounding environment is rich in a variety of nutrients and that
the competition for these from other infecting species is marginal,
providing ample opportunities for alternative feeding by P. aeruginosa. Overall, our phenotype data are consistent with our genomic data and suggest strong negative selective forces acting on the
evolving populations of the DK2 lineage after 1979.
The observed phenotypic stability and the genomic signature
of negative selection are consistent with a hypothesis that the
PNAS | May 3, 2011 | vol. 108 | no. 18 | 7483
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Fig. 2. Evolutionary trajectory of the DK2 lineage. (A) Tree representing the evolutionary relationship of the DK2 clones. The tree is based on the accumulation of SNPs identiﬁed from genome sequencing. Lengths of branches are proportional to the SNPs between the isolates as indicated by the numbers in
italics. The black circle that separates branches “A” and “B” represents the predicted root (i.e., the immediate common ancestor of the isolates). Synonymous
(B) and total (C) SNPs accumulated between the predicted root and the tip of each branch are plotted against time (and estimated generations).
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Fig. 3. Phenotypic relationships and dynamics among DK2 isolates. Principal component analyses of the microarray expression data (A) and Biolog phenotypic data (B) show a similar pattern suggesting that major changes occurred before 1979. First principal component (PC1) loadings for each isolate are
graphed as a function of time (and estimated generations). PC1 represents 42% (A) and 63% (B) of the total variation among isolates. Errors bars indicate
standard deviations of biological triplicates (A) or duplicates (B) of the same isolate.

DK2 lineage (represented by the evolved genotype/phenotype of
CF30-1979 and later isolates) becomes positioned on a major
ﬁtness peak in this complex and dynamic natural environment. If
the evolved DK2 lineage is in fact positioned on a major ﬁtness
peak, most new mutations would result in reduced ﬁtness and
therefore not be ﬁxed in the population (negative selection),
whereas neutral (synonymous) mutations would be ﬁxed (genetic
drift), which is in agreement with our ﬁndings.
Parallel Evolution in DK2 Sublineages. The striking similarity between the phenotypes of DK2 isolates sampled from different
CF patients suggests that the host environments represent parallel selective conditions by which evolution is directed. Such
parallelism is expected to generate parallel evolution (20), and a
search for signs of independent evolution of the same traits in
the isolates conﬁrms this. In the case of two phenotypes that
evolved independently in the CF173 and CF333 isolates after
their early separation from CF30-1979, we were able to identify
the genetic details: (i) The lost capacity of both isolates to catabolize 4-hydroxyphenylacetic acid (4-HPA), a trait identiﬁed in
the Biolog phenotypic arrays, is associated with similar—but not
identical—genetic changes (Fig. 4 A–C); and (ii) increased resistance to the antibiotic ciproﬂoxacin conferred by two independent gyrA mutations that have previously been described to
contribute to ciproﬂoxacin resistance (34) (Fig. 4D). Consistent
with this, both isolates CF173-2005 and CF333-2007 show increased levels of resistance toward ciproﬂoxacin (Fig. 4D). Additionally, both isolates obtained mutations in the genes PA5160
and mexY, which are components of multidrug transport systems
(35) (Fig. 4A).
Mutations with Pleiotropic Effects Drive Adaptation to New Environments and Reproductive Success in CF Airways. The genomic

analysis showed that mutations appeared in several global regulatory genes during the initial 42,000 estimated generations of
growth. Indeed, we observed more missense and nonsense SNPs
in regulatory genes in the ﬁrst 42,000 estimated generations before 1979 (11 mutations) compared with the following 167,000
estimated generations after 1979 (5 mutations) (Table S5). Of
particular interest are mutations in the mucA (SI Materials and
Methods) and rpoN genes that occurred before 1973 (as observed
in CF66-1973), and a deletion of the lasR gene that occurred
before 1979 (as observed in CF30-1979). Gene expression controlled by MucA, LasR, and RpoN accounts for approximately
half of the total signiﬁcantly changed gene expression between
7484 | www.pnas.org/cgi/doi/10.1073/pnas.1018249108

CF114-1973 and CF30-1979, which conﬁrms the pleiotropy of
these mutations in the DK2 lineage (SI Materials and Methods).
Notably, transcomplementation of late DK2 isolates with wildtype RpoN expressed from a recombinant plasmid restored to
a large extent the catabolic proﬁle of wild-type P. aeruginosa (Fig.
S2), suggesting that much of the adapted catabolome activity in
DK2 is directly associated with the rpoN mutation already present
in the CF66-1973 isolate. After 1979 no similarly dramatic global
regulatory changes seem to have occurred in the DK2 lineage.
Based on the phenotypic data described above and tracking of
the mutated alleles of mucA, lasR, and rpoN among DK2 isolates, we conclude that all DK2 clones isolated after 1979 from
more than 40 different patients have a common ancestor with
a genotype and phenotype like the one described for the CF301979 isolate (SI Materials and Methods). These ﬁndings show that
extensive transmission of the DK2 lineage has occurred in the
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B

Fig. 4. Parallel evolution in CF333 and CF173 isolates. (A) Schematic representation of the four parallel, independent genetic changes observed in the
DK2 lineage in CF333 and CF173. The genetic changes include missense/
nonsense mutations in three genes (gyrA, mexY, and PA5160) and deletions
of genes involved in 4-HPA catabolism. (B) Outline of the chromosomal region with genes required for 4-HPA catabolism (labeled in black) and positions of the deletions Δ(PA4116-87) (CF333) and Δ(PA4120-22) (CF173). (C)
Growth of strains in minimal medium with 4-HPA as carbon source. (D)
Ciproﬂoxacin minimal inhibitory concentration (MIC; μg/mL) values measured
using Etest strips (AB Biodisk). Error bars represent standard deviations of
three replicate experiments. Asterisks show signiﬁcant differences (P < 0.05).
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Concluding Remarks
We have presented a detailed analysis of the temporal sequence
of all of the genetic and phenotypic changes that lead to the
successful establishment of a bacterial lineage in a large number
of new parallel environments. The resulting map of evolutionary
changes shows that the DK2 lineage underwent an initial period
of rapid adaptation upon colonization of the cystic ﬁbrosis airways followed by a long period with limited phenotypic change
and a genomic signature of negative selection.
This study of bacterial evolution in a natural environment
challenges the generality of two major ﬁndings from laboratory
evolution experiments. First, our data show that successful and
adapted bacterial populations in natural systems can have genomic signatures of negative selection, in contrast with previous
ﬁndings of continuous positive selection from evolving populations
in constant, nonstructured in vitro environments (2). We note,
however, that the earliest stages after the DK2 lineage migrated
from the environment to the CF airways (before 1973) may have
been dominated by positive selection. Second, our data demonstrate that a complex and variable environment can be dominated
by a highly homogeneous population, in contrast to previous
ﬁndings of diversity promotion and maintenance from laboratory
experiments (8–10). These ﬁndings underscore the importance of
studying the molecular details of evolving populations in natural
environments in addition to populations in laboratory systems to
further our understanding of basic evolutionary processes.
P. aeruginosa is an opportunistic pathogen capable of switching
lifestyle as it moves from the environment to compromised hosts.
The successful adaptation of the DK2 lineage in a group of CF
patients in the Copenhagen CF Clinic is associated with severely
reduced growth rate, loss of substantial catabolic activities and
motility, and inactivation of important regulatory functions (Table
S1). It is unlikely that these changes would not affect the organism’s
ﬁtness in its original environment. In CF airways, however, the DK2
lineage has proven to be persistent, dominant, and transmissible.
The overall adapted phenotype of DK2 is therefore one of a true
pathogen, and its evolutionary history illustrates the process of how
an opportunistic pathogen with a broad environmental range can
transition to a primary-host-speciﬁc pathogen for CF patients. With
the presented map of evolutionary changes behind this shift, it may
now become possible to design novel therapeutic approaches that
speciﬁcally target the adaptive process and in that way block development of chronic CF lung infection.
Yang et al.

Materials and Methods
Bacterial Isolation. P. aeruginosa isolates sampled from several hundred
Danish CF patients since 1973 have been stored in the Copenhagen Cystic
Fibrosis Clinic. Isolation and identiﬁcation of P. aeruginosa from sputum was
done as previously described (16). The number of P. aeruginosa cfu in such
respiratory secretions may be as high as 107–109 per mL (38). We conﬁrmed
that all strains analyzed in the present study belong to the same lineage
DK2 [formerly the “b” lineage (16)] using three independent methods for
determination of clonal relationships: pulsed-ﬁeld gel electrophoresis, SNP
typing using an ArrayTube microarray (39), and multilocus sequence typing.
Single colonies were cultivated and stored at −80 °C with glycerol. The
initial storage procedure for the earliest clinical isolates (1973) involved
storage in agar slants at room temperature for an extended period before
storage at −80 °C.
Genome Sequencing. Genomic DNA was prepared from P. aeruginosa isolates
using a Wizard Genomic DNA Puriﬁcation Kit (Promega). Genome sequences of CF333-2007 and CF333-1991 were sequenced by 454 pyrosequencing
with an approximate coverage of 20-fold. Reads were de novo assembled
into contigs by Newbler version 1.1.03.24 (Roche) resulting in 164 and 87
contigs, respectively, that comprised 6,340,400 and 6,350,334 bp, respectively, and the two genome sequences was aligned using MUMmer3
(40) resulting in an alignment covering 6,336,193 bp of the genomes. Isolates CF114-1973, CF43-1973, CF66-1973, CF66-1992, CF66-2008, CF30-1979,
CF173-1984, CF173-2005, CF333-1997, CF333-2003, and CF333-2007 were
sequenced on an Illumina GAII generating 75-bp single-end reads using
a multiplexed protocol to an average coverage of 47-fold (Table S2). The
reads from each isolate were mapped against the reference genome of
CF333-2007 using Bowtie release 0.12.3 (41), and SNP variants were called
using SAMtools release 0.1.7 (42).
Construction of the Phylogenetic Tree. Genome sequences of all isolates show
exhaustive homology to the reference CF333-2007 with no genome alignments
covering less than 97.6% of the reference genome sequence (Table S2). Based
on the SNP mutations identiﬁed in the alignments, we constructed a phylogenetic tree representing the evolutionary relationship among the DK2
strains. The branches at which the individual SNP mutations accumulated
were determined by comparing the SNP mutations among the isolates. For
example, if a mutation was found in isolates CF333-1997, CF333-2003, and
CF333-2007, then the particular SNP mutation was assigned to the branch
labeled “Q” in Fig. 2A. Except for two cases, all SNP mutations accumulated in
a parsimonious fashion, such that a consistent tree could be constructed that
shows the sequence of mutational events. This means that if an SNP mutation
is shown to have accumulated on a particular branch, for example, branch K,
then all clones descending from this branch (CF66-1992, CF66-2008, CF3331991, CF333-1997, CF333-2003, and CF333-2007) contain the mutated allele.
The only two SNP mutations that exhibit an aberrant evolutionary distribution that does not ﬁt the observed sequential accumulation were found in
ampC and ftsI. In the case of ftsI, a G188A substitution was found in isolates
CF173-2005, CF66-1992, CF66-2008, CF333-1991, CF333-1997, CF333-2003, and
CF333-2007 but not in CF173-1984 (Fig. 2A). The same ambiguity applies to
ampC, in which an SNP mutation (A320G) was found in CF173-2005, CF661992, CF66-2008, CF333-2003, and CF333-2007 but not in CF333-1991, CF3331997, and CF173-1984 (Fig. 2A). The irregular distribution of these particular
SNP mutations may be a result of identical, but independent, mutational
events, direct reversions, or horizontal transfer of DNA encoding the SNP.
Notably, both ampC and ftsI have been reported to be under antibiotic-associated selection pressure (43, 44).
As the ampC and ftsI loci are the only two cases that confer ambiguity, we
conclude that the tree structure is robust, although we cannot exclude the
possibility that other similar events may be undetectable in the dataset.
Because the immediate ancestor to the DK2 lineage is unavailable, a precise
determination of the root of the tree is not possible. We predict the DK2
ancestor to be related to the sequenced strains as indicated by the predicted
root in Fig. 2A based on the assumption that the SNP positions in the DK2
ancestor would be identical in sequence to the homolog sequences found in
other P. aeruginosa reference strains such as PAO1, PA14, and LESB58.
Estimation of in Situ Bacterial Generations. The estimation of in situ generations
of the DK2 lineage from 1973 to 2008 is based on our previous determination of
in vivo growth rates of P. aeruginosa populations within sputum material
sampled from different CF patients (15). Considering that growth rates of
P. aeruginosa decrease when infection progresses in CF patients, we segregated
the time period from 1973 to 2008 into several intervals and estimated the in
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clinic after the occurrence of the last (lasR) of the three global
regulatory mutations. Interestingly, in CF66, in whom the original DK2 strain found in 1973 went extinct (either by successful
treatment or by competition with other genotypes of P. aeruginosa or both), a later transmission of an adapted DK2 lineage
(the CF30-1979 adapted phenotype) occurred in 1992. This
further supports that reproductive success (ﬁtness) of the DK2
lineage was dependent on the particular “genetic conﬁguration”
found in CF30-1979, and that components of this ﬁtness can be
described by the phenotypes measured here.
The infecting bacteria in CF airways represent a continuous
challenge to the immune system, and it is striking that among the
many transcriptional changes imposed by the three global regulatory mutations (mucA, rpoN, lasR), reduced gene expression in
the DK2 isolates is in fact associated with P. aeruginosa antigenic
virulence factors (19, 36, 37). It is well-known that lasR and rpoN
regulate virulence in this organism, and recently we documented
that also mucA exerts control of expression of several virulence
genes (19). It is therefore tempting to speculate that the combined reduction of virulence caused by the three early regulatory
mutations is a key factor in the success of the DK2 lineage of
P. aeruginosa. It should also be noted that very few regulatory
mutations are identiﬁed in the lineage after 1979 (Table S5).

situ growth rate of each interval according to the in vitro growth rate. Generations of each isolates were calculated as sum of generations from 1973 to
the isolation years (see details in Table S1 and SI Materials and Methods).

nitrogen sources. Analysis of both types of datasets was performed using
BioConductor software (see SI Materials and Methods for details) (45).

Global Phenotypic Proﬁling. Transcriptomes were measured using Affymetrix
GeneChip for P. aeruginosa. Phenotype microarrays PM1, PM2, and PM3
(Biolog) were used to obtain the metabolic proﬁles of different carbon and
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