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Strain-specific parallel evolution drives short-term
diversification during Pseudomonas aeruginosa
biofilm formation
Kerensa E. McElroya,b, Janice G. K. Huia,b, Jerry K. K. Wooa,b,1, Alison W. S. Luka,b, Jeremy S. Webbc,
Staffan Kjelleberga,b,d, Scott A. Ricea,b,d, and Torsten Thomasa,b,2
a

School of Biotechnology and Biomolecular Sciences and bCentre for Marine Bio-Innovation, University of New South Wales, Sydney, NSW 2052, Australia;
Centre for Biological Sciences and Institute of Life Sciences, University of Southampton, Southampton SO17 1BJ, United Kingdom; dThe Singapore Centre
on Environmental Life Sciences Engineering, Nanyang Technological University, Singapore 639798
c

Generation of genetic diversity is a prerequisite for bacterial
evolution and adaptation. Short-term diversification and selection
within populations is, however, largely uncharacterised, as existing studies typically focus on fixed substitutions. Here, we use
whole-genome deep-sequencing to capture the spectrum of mutations arising during biofilm development for two Pseudomonas
aeruginosa strains. This approach identified single nucleotide
variants with frequencies from 0.5% to 98.0% and showed that
the clinical strain 18A exhibits greater genetic diversification than
the type strain PA01, despite its lower per base mutation rate.
Mutations were found to be strain specific: the mucoid strain 18A
experienced mutations in alginate production genes and a c-di-GMP
regulator gene; while PA01 acquired mutations in PilT and PilY1,
possibly in response to a rapid expansion of a lytic Pf4 bacteriophage, which may use type IV pili for infection. The Pf4 population
diversified with an evolutionary rate of 2.43 × 10−3 substitutions
per site per day, which is comparable to single-stranded RNA
viruses. Extensive within-strain parallel evolution, often involving
identical nucleotides, was also observed indicating that mutation
supply is not limiting, which was contrasted by an almost complete lack of noncoding and synonymous mutations. Taken together,
these results suggest that the majority of the P. aeruginosa genome is constrained by negative selection, with strong positive
selection acting on an accessory subset of genes that facilitate
adaptation to the biofilm lifecycle. Long-term bacterial evolution
is known to proceed via few, nonsynonymous, positively selected
mutations, and here we show that similar dynamics govern shortterm, within-population bacterial diversification.
dispersal

biofilm-based infections in the lungs of cystic fibrosis patients (6),
where it rapidly acquires antibiotic resistance (7).
Both clinical isolates and the dispersal populations of laboratory-grown P. aeruginosa biofilms are known to exhibit high
numbers of heritable phenotypic variants (8, 9), indicating withinpopulation genetic diversification during biofilm growth. Genetic
diversification during biofilm development has been proposed
as a mechanism underlying P. aeruginosa’s propensity for swift
adaptation to antibiotics. Similarly, genetic diversification may
determine the potential for adaptive responses to stress, as indicated by the almost complete eradication of P. aeruginosa recA
mutants (which do not produce morphotypic variants) in the
presence of oxidative stress, whereas wild-type biofilms show
significant survival (10).
Diversifying selection may underlie the genetic diversification of
P. aeruginosa biofilms. For instance, the unique biofilm lifecycle
[which progresses through initial reversible surface attachment, irreversible attachment, microcolony formation, maturation and localized cell death, and cell dispersal (11)] may lead to the presence
of multiple ecological niches during biofilm development. A related
Significance
Within-population genetic diversity is an essential evolutionary
prerequisite for processes ranging from antibiotic resistance to
niche adaptation, but its generation is poorly understood, with
most studies focusing on fixed substitutions at the end point
of long-term evolution. Using deep sequencing, we analyzed
short-term, within-population genetic diversification occurring
during biofilm formation of the model bacterium Pseudomonas
aeruginosa. We discovered extensive parallel evolution between biological replicates at the level of pathways, genes,
and even individual nucleotides. Short-term diversification
featured positive selection of relatively few nonsynonymous
mutations, with the majority of the genome being conserved
by negative selection. This result is broadly consistent with
observations of long-term evolution and suggests diversifying
selection may underlie genetic diversification of Pseudomonas
aeruginosa biofilms.

| prophage | haplotypes

D

iversifying selection within bacterial populations underpins
a range of ecological and clinical phenomena, for example
niche adaptation (1–3) and antibiotic resistance (4). During diversifying selection, a single population explores multiple fitness
peaks, resulting in subpopulations with different adaptive mutations. This kind of within-population genetic diversity can provide
the raw material on which long-term evolution acts. However,
diversifying selection of bacterial populations is still poorly understood, because previous experimental evolution and epidemiological studies typically have focused on fixed substitutions at
the end point of evolution (5), ignoring short-term or withinpopulation effects.
Laboratory-grown Pseudomonas aeruginosa biofilms provide an
ideal model for investigating within-population diversification. The
bacterium P. aeruginosa is a widespread, Gram-negative generalist and can have either a planktonic, motile lifestyle or exist as
a biofilm (i.e., a surface-attached cells embedded within an extracellular polymeric matrix). P. aeruginosa has been the focus
of extensive research, because of both its status as a model organism and its ability to form opportunistic, chronic, often lethal
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Results
To analyze short-term within-population diversification in bacterial biofilms, we studied the P. aeruginosa model strain PA01
and the clinical isolate 18A. Biofilms were grown under defined
laboratory conditions known to generate reproducible morphological variants (9). The initial inoculum, the mature and developed biofilm after 4 d of growth, and the dispersal population
after 11 d of biofilm growth were sequenced to an average depth
between 680 and 7,330 (Table S1). Biofilm growth curves for
both strains (Fig. 1) demonstrate the extremely short time scale
used in this study; 11 d of growth equates to ∼5.3 generations for
P. aeruginosa PA01 and 10.3 generations for P. aeruginosa 18A.
To assess the potential for parallel evolution and reproducibility
of results, independent duplicate experiments for both strains
(hereafter referred to as “exp1” and “exp2”) were performed.
Distinguishing low-frequency true variants from sequencing
errors is central to a sound analysis of deep-sequencing data.
Error correction by probabilistic clustering, such as that used by
Bull et al. (15), currently is not feasible for bacterial deep sequencing because of the computational intensity of analyzing
larger bacterial genomes and the need for variants to co-occur
within a read length (such co-occurrence is less likely for bacterial
genomes than for viral genomes) (18). Instead, we accounted for
sequencing errors by using a matched samples approach developed for deep sequencing of cancer tissue samples (19). This
approach statistically compares potential variant frequencies at
each genomic position between an experimental sample and
a control, using correlation between sequencing errors within an
individual sequencing run. When this method is applied to
E1420 | www.pnas.org/cgi/doi/10.1073/pnas.1314340111
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theory suggests that the spatial structuring of biofilms, in particular
microcolony formation, may promote diversification (12). Alternatively, diversification may be neutral, involving mechanisms such
as elevated mutation rates (i.e., hypermutator strains) and DNA
damage caused by toxic levels of reactive oxygen and nitrogen
molecules (12, 13).
Unraveling the contributions of selective and/or neutral mechanisms to diversification within a bacterial population requires the
full spectrum of variants to be cataloged. With the advent of deepsequencing protocols, this cataloging is now technically feasible.
Deep sequencing harnesses the high coverage afforded by nextgeneration sequencing to provide a cross-section of withinpopulation genetic diversity. Deep sequencing has been used
extensively to track the evolution of viral infections (14). For
instance, a longitudinal deep-sequencing study of early acute
hepatitis C virus revealed that within each subject two sequential
bottlenecks shaped the course of infection (15). To date, however, deep sequencing of bacterial populations has been limited.
One study based on Sanger sequencing used the population
sample concept to show the coexistence of several Leptospirillum
group II substrains in an acid mine drainage biofilm (16). Although sample depth in this study was limited by the technology
available at the time, the authors successfully confirmed withinpopulation genetic diversity of an environmental biofilm.
More recently, next-generation sequencing demonstrated the
presence of two closely related Citrobacter UC1CIT strains
within the gut microbiota of a premature infant (17). The
success of these relatively low-coverage studies encourages a
more detailed, deep-sequencing-based analysis of genetic diversity
within evolving bacterial populations.
Here, longitudinal, genome-wide deep sequencing was used to
reveal the underlying genetic structure of P. aeruginosa biofilms for
both the type strain (PA01) and a clinical isolate (18A). Adaptive
variation was identified as the prevalent source of genetic diversification during P. aeruginosa biofilm growth. This study
also represents a whole-genome analysis of short-term bacterial genetic diversification, with sufficient sample depth to resolve within-population evolutionary dynamics.
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Fig. 1. Growth of P. aeruginosa PA01 and 18A biofilms. Bold lines give the
mean number of cfus per square centimeter of surface area at each time
point across nine independent replicate biofilms for each strain. Shaded
areas represent the 95% CIs. Note the logarithmic scale for the y-axis.

cancer tissue samples, tumor cells are compared with a somatic
control. Here, overnight cultures of the relevant P. aeruginosa
strain were used as controls and were compared with both the
4-d biofilm and the dispersal population at 11 d. The analysis
of both P. aeruginosa strains revealed genetically heterogeneous biofilm and dispersal populations, characterized by
single-nucleotide variants (SNVs) and small deletions within
genomic coding regions (Tables 1 and 2).
Genetic Diversity in P. aeruginosa 18A. Independently grown biofilms of P. aeruginosa 18A experienced parallel evolution, with
mutations in the same genes and pathways detected at similar
frequencies in both experiments (Table 1). In both samples, diversity increased between days 4 and 11 with seven (five SNVs
and two deletions) and eight (five SNVs and three deletions)
variants observed in the P. aeruginosa 18Aexp1 and 18Aexp2 dispersal populations, respectively.
Three SNVs (one in each of the genes c553, mreD, and yrbE)
were detected at similar frequencies at both day 4 and day 11 for
both experiments, at frequencies of 4–8%, 76–98%, and 37–
51%, respectively. SNVs in mreD and yrbE were synonymous and
hence are predicted to be silent. However, analysis of codon-use
bias indicated that the relative synonymous codon use (RSCU)
changed from 0.07 to 4.01 for mreD and from 0.04 to 0.16 for yrb.
In both cases, the wild-type codon was the only instance of the
rare codon within the gene and thus is likely to be a limiting
factor in translation (20). In addition, a number of SNVs that
altered the coded amino acid were found in genes involved in
alginate production (amrZ, algC, clpX, algB, and algT) and in
genes involved in intracellular signaling and motility (wspF and
amrZ) (Table 1).
Genetic Diversity of P. aeruginosa PA01. Populations of P. aeruginosa
PA01 exhibited less genetic diversity than those of P. aeruginosa
18A (Table 2). Mutation rates measured using Luria–Delbrück
fluctuation tests indicated that the higher diversity in P. aeruginosa
18A was not the result of this strain being a hypermutator (Table
3), because its experimentally determined mutation rate per base
pair of 2.50 × 10−10 [95% confidence interval (CI): 1.42 × 10−10,
3.80 × 10−10] was actually lower than that of P. aeruginosa PA01
(10.38 × 10 −10 ; 95% CI: 6.54 × 10−10, 14.85 × 10−10) and was
also within the range of nonhypermutator Escherichia coli (18, 21).
No nucleotide changes within the PA01 chromosome were
observed after 4 d of biofilm growth. By 11 d, two (PA01exp1) and
three (PA01exp2) deletions and one SNV (PA01exp2) were detected
McElroy et al.

PNAS PLUS

Table 1. Variants in P. aeruginosa 18A biofilm (day 4) and dispersal populations (day 11)
18Aexp1 day 11

18Aexp2 day 4

18Aexp2 day 11

Gene

Variant

Function

Effect

%

s

%

s

%

s

%

c553
mreD
#
yrbE
amrZ
algC
algC
algC
clpX
algB
algT
wspF
wspF
wspF

c.512C > A
c.48A > G
c.9A > G
c.104C > T
c.1938_1943del
c.1945G > T
c.2060del
c.251del
c.854_863del
c.136G > A
c.47T > C
c.720C > A
c.837C > A

Electron transport
Cell shape
ABC transport
Alginate/Flagella
Alginate
Alginate
Alginate
Alginate
Alginate
Alginate
c-di-GMP metabolism
c-di-GMP metabolism
c-di-GMP metabolism

p.(P171H)
p.(=)
p.(=)
p.(A35V)
p.(D647_G648del)
p.(D649Y)
p.(F687*)
p.(A85Pfs*7)
p.(N288Wfs*20)
p.(E46K)
p.(L16P)
p.(Y240*)
p.(D279E)

8.4
88.2
45.8
—
—
—
—
—
—
—
—
—
—

(0.72)
(1.38)
(1.06)

7.8
76.4
51.3
—
3.8
—
5.2
—
—
—
11.1
—
26.2

−0.02
−0.19
0.05

4.0
91.7
44.6
10.2
—
—
—
2.7
—
5.1
—
—
—

(0.58)
(1.44)
(1.05)
(0.81)

—
98.0
36.9
7.5
17.6
4.2
—
3.0
14.3
—
—
8.1
—

#

(0.83)
(0.89)

(1.03)
(1.24)

(0.55)
(0.67)

s
0.33
−0.07
−0.07
(1.19)
(0.84)
0.03
1.04

(0.90)

“Gene” and “Function” refer to the name and the general function of the homologous gene in the P18A reference genome. For variants, either the
nucleotide mutation or the deletion length is given relative to the start of the relevant gene. The effect of the variant on the amino acid sequence is also
specified. Variant frequencies are given relative to a control for 18Aexp1 day 4 (biofilm), 18Aexp1 day 11 (dispersal), 18Aexp2 day 4 (biofilm), and 18Aexp2 day 11
(dispersal) samples. Malthusian selection coefficients (s) are also given, relative to the number of bacterial generations since the last time point. Parentheses
indicate the variant was not present in any reads in the previous time point; in such cases the calculation of s is based on an inferred maximum variant
frequency at the previous time point (1/read depth). A dash indicates the variant was not detected within the respective sample (limit of detection ∼1.2%).
SNVs with frequencies given in bold were also detected when reads were subsampled to an average depth of 680.
#
Changes codon from a rarely used to a commonly used codon, possibly increasing translation.

in genes involved in motility (pilT and pilY1) (Table 2). These
mutations are predicted to result in amino acid deletions, frameshifts, or stop codons and therefore are likely to result in impairment or loss of function. Additionally, one low-frequency SNV
within the lipopolysaccharide pathway gene wzy was detected in
P. aeruginosa PA01exp1. The absence of SNVs in the PA01 population on day 4 and their subsequent increase also correlated
with the presence of small-colony variants (SCV) in the biofilm
effluent, which were absent early on but reached a frequency
of >20% after 11 d (Fig. 2). Although the total number of variants identified was low compared with P. aeruginosa 18A biofilms, Malthusian selection coefficients (s) indicated that the
strength of selection acting on the PA01 variants was stronger
than that acting on 18A variants (Tables 1 and 2).
Although limited variants were detected within the bacterial
portion of the P. aeruginosa PA01 genome, a substantial number
of SNVs were found in reads derived from the Pf4 bacteriophage, with diversity increasing during P. aeruginosa PA01
biofilm growth (Table 4). Pf4 exists in multiple forms within
P. aeruginosa PA01 populations, as a prophage integrated within
the P. aeruginosa PA01 genome, as a circular replicating form

within individual cells, and as a linear ssDNA free phage (22).
Only the former two forms would be sequenced by the protocol
used here. To sequence the genomes of the ssDNA Pf4 particles,
phage DNA was isolated from the dispersal sample, converted to
dsDNA, and then sequenced separately from the genomic DNA
(Material and Methods).
In the PA01exp2 day 11 and free-phage samples, a SNV within
the hypothetical ABC transport-related gene PA0716 (unique to
the Pf4 phage genome) was observed. No SNVs were detected
from the core Pf4 genome (consisting of replication and assembly genes of the Pf4 phage) or from Pf4’s toxin–antitoxin
module and integrase gene. All other Pf4 mutations in both
PA01 experiments at day 4 and day 11 were either within or
upstream of the c repressor gene (Table 4).
Although it is not possible to distinguish whether Pf4 variant reads from the dispersal samples originated from the integrated prophage or the replicative form, the relative ratio can be
established by counting reads covering either the junction of the
prophage with the bacterial chromosome or the junction between the two ends of the circular replicative form. Although
some replicative form existed in the inoculum and the day 4

Table 2. Variants in P. aeruginosa PA01 biofilm (day 4) and dispersal (day 11) populations
PA01exp1
day 4

PA01exp1
day11

PA01exp2
day 4

PA01exp2
day11

Gene

Variant

Function

Effect

%

s

%

s

%

s

%

s

pilT
pilT
pilT
pilY1
wzy

c.570_581del
c.959del
c.970_984del
c.3274C > T
c.620del

Type IV pili
Type IV pili
Type IV pili
Type IV pili
Lipopoly-saccharide

p.(S191_R194del)
p.(L320Pfs*9)
p.(V324_L328del)
p.(Q1092*)
p.(V209Sfs*17)

—
—
—
—
—

—
—
—
—
—

7.4
—
1.0
—
0.5

(3.52)
—
(2.24)
—
1.65

—
—
—
—
—

—
—
—
—
—

3.6
0.8
0.8
4.2
—

(3.45)
(2.40)
(2.40)
3.15
—

“Gene” and “Function” refer to the name and the general function of the homologous gene in the PA01 reference genome. For variants, either the
nucleotide mutation or the deletion length is given relative to the start of the relevant gene. The effect of the variant on the amino acid sequence is also
specified. Variant frequencies are given relative to a control for PA01exp1 day 4 (biofilm), PA01exp1 day 11 (dispersal), PA01exp2 day 4 (biofilm), and PA01exp2
day 11 (dispersal) samples. Malthusian selection coefficients (s) are also given, relative to the number of bacterial generations since the last time point.
Parentheses indicate the variant was not present in any reads in the previous time point; in such cases the calculation of s is based on an inferred maximum
variant frequency at the previous time point (1/read depth). A dash indicates the variant was not detected within the respective sample (limit of detection
∼0.2%). SNVs with frequencies given in bold were also detected when reads were subsampled to an average depth of 680.
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18Aexp1 day 4

Table 3. Mutation rates from literature and Luria–Delbrück fluctuation tests
Strain
P.
P.
E.
E.
E.
E.

Target

aeruginosa PA01
aeruginosa 18A
coli K12
coli
coli
coli REL606

Mutation rate per bp (95% CI)
−10

−10

Source
−10

10.38 × 10
(6.54 × 10 , 14.85 × 10 )
2.50 × 10−10 (1.42 × 10−10, 3.80 × 10−10)
6.24 × 10−10 (3.94 × 10−10, 8.91 × 10−10)
6.93 × 10−10
5.06 × 10−10
1.60 × 10−10

RpoB
RpoB
RpoB
LacI
His
NA

This study
This study
This study
(18)
(18)
(21)

Values contained in the first three rows of this table were determined experimentally using Luria–Delbrück
fluctuation tests. E. coli was included as a control, allowing comparison with other estimates of mutation rates
in the literature.

biofilm samples for both P. aeruginosa PA01 experiments,
there were more than two replicons for each prophage at day
11, indicating active Pf4 genome replication (Table S2). This
induction of Pf4 replication also correlated with the free
phage particle titer, because phage particles were not detected
after 4 d but reached 1010 –1011 pfu/mL by 11 d (Fig. 3).
The longer read lengths used for P. aeruginosa PA01exp2, combined with the colocalization of mutations within or upstream of the
c repressor gene made it possible to reconstruct haplotypes for the
variable Pf4 region. Haplotype diversity increased dramatically between day 4 and day 11, with the wild-type phage becoming a minor
variant (Fig. 4). However, no single clear, mutated haplotype
replaced the wild type; rather, a mixture of alternative phage haplotypes coexisted within the population. Most haplotypes from the
free phage were also present in similar frequencies in cellular forms
of Pf4 at dispersal (Fig. 4).
Coalescent analysis of reconstructed phage haplotypes indicated
a tree height (last common ancestor) 12 d in the past, consistent
with the creation of the overnight culture used for biofilm inoculation. Model comparison using Bayes’ factors (implemented in
Tracer v1.5, http://beast.bio.ed.ac.uk/software/tracer/) and Bayesian
Monte-Carlo Markov Chain parameter estimation suggested that
rapid population growth (exponential expanding growth was selected by model comparison) combined with a fast evolutionary rate
of 2.43 × 10−3 (95% CI: 4.37 × 10−4 to 5.42 × 10−3) substitutions
per site per day gave rise to the observed haplotypes.

30

Discussion
Through deep sequencing, we show that short-term diversification
(i.e., over ∼5–10 generations) in laboratory-grown bacterial biofilms
is driven by selection for a small number of nonsynonymous
mutations within key genes involved in biofilm-related pathways. In particular, genes involved in alginate synthesis, cyclic
diguanylate (c-di-GMP) signaling, and pili formation exhibited
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Fig. 2.

Percentage of SCVs in biofilm effluent from P. aeruginosa PA01.
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mutations with population frequencies ranging from 0.5 to
98.0%. These findings are consistent with previous work on
P. aeruginosa PA01 biofilms, in which dispersal populations featured heritable variants with a wide range of morphological attachment, biofilm formation, and metabolism phenotypes (9).
Variation in Genes for Alginate Synthesis. Overproduction of alginate (mucoid phenotype) is a signature of isolates from patients
with cystic fibrosis (23–26). For the clinical strain P. aeruginosa
18A, reproducible variants were observed targeting genes within
the alginate pathway (27–30). These variants are predicted to
result in substitutions, deletions, and premature stop codons
induced by frameshifts. Changes in the amino acid sequence
usually compromise protein function, for instance by altering
folding or the active site, and therefore, these variants most likely
have impaired alginate production.
P. aeruginosa 18A constitutively produces alginate because of
a 1-bp deletion in mucA (31). In the lung, mucoidy facilitates
immune evasion and hinders the diffusion of antibiotics (32, 33).
However, nonmucoid motile cells within dispersal populations
have been observed in laboratory models of lung infection (24)
and also in the 18A clinical isolate used here (9). It has been
proposed that such variants (which phenotypically resemble attachment-stage cells) facilitate acute infections (9). It also is possible
that in the laboratory environment, where resistance to antibiotics
and immune attack is unnecessary, mutations in alginate production
genes compensate for the mucA mutation. In Pseudomonas fluorescens, a mucoid phenotype arising through phage-driven selection
also is lost when selective pressure is removed, indicating alginate
production has an associated cost (34).
Variation in Genes for Motility and Attachment. Mutations in genes
affecting motility were also detected in biofilms from both
P. aeruginosa strains. AmrZ, in addition to promoting alginate
production, also inhibits flagellum synthesis. AmrZ mutants
may aid motility and surface attachment by allowing flagellum
production (23). P. aeruginosa 18A dispersal populations also
displayed mutations in wspF, which encodes a negative regulator of the signaling molecule c-di-GMP. Of the two wspF
mutations observed in the dispersal population of 18Aexp1, the
first lies within the N-terminal response regulator receiver
domain (35), and the second directly affects a site homologous
to the CheB methylesterase active site Asp268 (36). The predicted stop codon induced by a wspF mutation in the dispersal
population of 18Aexp2 also effectively deletes this active site.
Elevated c-di-GMP resulting from wspF deletion has been
shown to affect the expression of at least 560 other genes (37),
promoting type IV pili and twitching motility, attachment, aggregation, biofilm formation, and wrinkly spreader phenotype
(38, 39). Thus, mutations in regulatory genes such as wspF may
explain previously observed phenotypes in the dispersal population of P. aeruginosa 18A (31). Wsp operon mutants also
have been found in evolving Burkholderia cenocepacia biofilms
McElroy et al.

PA01exp1 (%)
Variant

Gene

Effect

PA01exp2 (%)

Day 4 Day 11 Day 4 Day 11 Free

c.310G > T PA0716 p.(D104 > Y)
—
c.-60G > T up. c
NA
—
c.-59G > T up. c
NA
—
c.-57G > A up. c
NA
—
c.-57G > T up. c
NA
—
c.-49T > C
up. c
NA
16.8
c.-46C > A up. c
NA
—
c.-44C > A up. c
NA
—
c.-31G > A up. c
NA
—
c.-29G > T up. c
NA
12.7
c.-29G > A up. c
—
c.-24T > C
up. c
NA
1.4
c.-19C > T
up. c
NA
1.9
c.-18C > A up. c
NA
—
c.-17C > G up. c
NA
—
c.-15G > T up. c
NA
15.5
c.3G > A
c
p.Met1?
—
c.10T > C
c
p.(S4 > P)
—
c.23C > A
c
p.(A8 > E)
—
c.47G > A
c
p.(G16 > D)
—
c.49C > A
c
p.(P17 > T)
—
c.70del
c
p.(E28 > Rfs*13) —
c.82G > A
c
p.(G24 > R)
—
c.95G > T
c
p.(S32 > I)
—
c.103A > G
c
p.(K35 > E)
—
c.110C > A
c
p.(A37 > E)
—

—
—
—
—
18.3
69.4
—
—
17.4
—
16.0
1.2
45.0
5.7
—
—
—
20.1
49.9
0.3
—
24.9
—
—
1.0
—

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

3.0
—
—
0.5
1.1
21.6
2.7
12.8
—
70.3
—
—
0.8
—
12.5
—
16.9
6.4
0.3
—
0.2
—
0.7
32.9
—
32.0

8.3
0.3
0.3
1.6
1.3
19.8
5.5
20.1
—
79.5
—
—
1.1
—
12.6
—
16.4
2.8
—
—
—
—
0.5
20.1
—
52.3

“Gene” and “Function” refer to the name and the general function of the
homologous gene in the PA01 reference genome. The predicted effect of
the variant on the amino acid sequence is also specified. Variant frequencies
are given relative to a control for the combined prophage and replicative
form in PA01exp1 day 4 (biofilm), PA01exp1 day 11 (dispersal), PA01exp2 day 4
(biofilm), and PA01exp2 day 11 (dispersal). Additionally, variant frequencies
in the free phage harvested at day 11 from PA01exp2 are given. A dash
indicates the variant was not detected within the respective sample (limit
of detection ∼0.2). c, repressor c gene; up. c, upstream region of the c repressor gene; NA, not applicable.

(40), suggesting that mutations affecting c-di-GMP regulation
might be common within biofilm populations.
Genes affecting type IV pili, namely pilT and pilY1, were also
disrupted in P. aeruginosa PA01 biofilms, potentially compromising twitching motility. However, the emergence of these
variants may be related not only to motility but also to selection
caused by phage attack. Between days 4 and 11 of biofilm development, P. aeruginosa PA01’s lysogenic phage Pf4 undergoes
rapid population growth characterized by multiple mutations
within its c repressor gene. In other phages, the c repressor
protein maintains the lysogenic lifecycle, with mutations in the c
repressor acting as switches leading to the alternative lytic lifecycle (41). It is likely that the mutations observed in the c repressor gene of PA01 also result in a loss of lysogenic control and
the induction of lytic growth.
Although not definitively established for Pf4, many filamentous phages, including those associated with P. aeruginosa, use
type IV pili for attachment and subsequent infection (42–44).
Intriguingly, loss of surface structures such as flagella and pili has
been associated with loss of cell death within biofilms; this effect
was attributed to failed bacteriophage infection (45). Cells with
defective type IV pili therefore may be able to resist lytic phage
infection. Interestingly, overexpression of type IV pili has been
associated with P. aeruginosa SCVs (46), and SCVs first emerge
McElroy et al.

Pf4 Bacteriophage Evolution. Our study revealed very rapid evolution of the ssDNA bacteriophage Pf4. Between inoculation and
biofilm dispersal, multiple c repressor haplotypes emerged, often
featuring multiple mutations within each haplotype. The inferred
rate of 2.43 × 10−3 substitutions per site per day is difficult to
compare with published rates, because it is measured over a time
course of days rather than years. Also, no SNVs reached fixation.
Therefore, this measurement really is a hybrid between the
mutation rate and the substitution rate, best thought of as an
indication of evolutionary rate in response to an individual selective event. The value observed here thus represents a lower
boundary for the mutation rate and an upper boundary for the
substitution rate. However, this rate is comparable with the
hepatitis C virus evolutionary rate of 9.69 × 10−4 established by
Bull et al. (15). RNA viruses are well known for their high mutation and substitution rates and their ability to evolve rapidly
under selective pressures. The ssDNA Pf4 bacteriophage appears
to have the potential for equally rapid or even faster evolution.
This finding is consistent with emerging evidence suggesting
ssDNA viruses may evolve at rates approaching rapidly mutating
RNA viruses (50).
Genetic Diversification in Biofilms. It has been suggested that diversification of clinical P. aeruginosa isolates results from elevated
mutation rates, i.e., hypermutation (13). Although hypermutable
P. aeruginosa strains do exist (51), the 18A clinical strain is not
a hypermutator. Its mutation rate as measured by fluctuation tests
is equivalent to or even lower than that of PA01. Both strains also
lack known hypermutator-inducing mutations.
Biofilm diversification has also been suggested to result from
the spatial microcolony structure of the biofilm. Specific hypothesized mechanisms include selection for mutations that are
advantageous for microcolony formation, local elevated mutation rates within individual microcolonies, or nonselective expansion of individual microcolony-founding clones (12). For the
latter two hypotheses, a large number of low-frequency variants
are expected that are not evident in our results. It is possible that
such variation still exists but occurs at a frequency below our
detection limit. As deep sequencing improves, it will be interesting to see if large quantities of very-low-frequency variants
exist. Nonetheless, actual observations support the former hypothesis, indicating short-term biofilm diversification results
from diversifying selection, with adaptive processes acting on a
small number of biofilm-related pathways and regulatory genes.
Adaptive Processes and Parallel Evolution. In their review of wholegenome sequencing as applied to microbial experimental evolution,
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in P. aeruginosa PA01 biofilms during lytic Pf4 attack, with the
biofilm matrix containing high densities of Pf4 phage particles
(47). We also observed rising levels of SCVs and Pf4 phage
particles between 4 and 11 d of growth, coincident with the increase in type IV pili variants. PilT is involved directly in retraction of pili (48), whereas PilY1 is less well characterized. If
the pilT mutations observed here prevent pili retraction, then
the phenotype would resemble pili overexpression, with many
unretractable pili. Phages may attempt to use these pili, but
without their retraction phage particles cannot infect the cell,
resulting in selection for unretractable pili as a mode of phage
resistance. Finally, Pf4-mediated selection for unretractable pili
could explain the phage’s contribution to P. aeruginosa PA01’s
virulence (47); such cells are known to be sticky, easily attaching
to surfaces and forming dense biofilms (49).
Although P. aeruginosa 18A contains a phage resembling Pf4,
no increases in phage population or c repressor mutants were
observed. Inspection of the P. aeruginosa 18A genome revealed
that the c repressor gene of its phage is truncated, explaining the
lack of c repressor mutants in this strain.
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Table 4. Pf4 variants from PA01 biofilms and dispersal
populations for both prophage/replicative and free forms
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days growth
Fig. 3. Number of pfus per milliliter of biofilm effluent from P. aeruginosa
PA01. Pfus correspond to free phage particles. Note the logarithmic scale for
the y-axis.

Dettman et al. (5) stress the need to sequence entire populations over short time spans to reveal details of the adaptive
process. Our analysis of developing biofilms meets this need,
providing insights into the incidence and nature of parallel
evolution; the type, number, and time scale of mutations underlying adaptive evolution; and the types of genes or pathways
able to respond to selection.
Parallel evolution was observed at the level of pathways, genes,
and individual point mutations for both the clinical P. aeruginosa
strain 18A and the laboratory type strain PA01. Parallel evolution
also was observed in P. aeruginosa PA01’s bacteriophage Pf4,
often involving identical nucleotides. Parallel evolution at the
nucleotide level is a striking finding of this study, because the
literature to date suggests that this is a rare event, at least for
bacteria (5).
Parallel evolution is a hallmark of positive selection, indicating
that positive selection is the predominant evolutionary force
shaping genetic diversity during biofilm formation. A conspicuous lack of silent mutations supports this hypothesis. In general,
the targeted pathways for each strain reflect its natural history
and current selective pressures: For 18A, constitutive production
of alginate previously provided a competitive advantage within
the harsh lung environment, but mutations inhibiting production
of this potentially costly secreted compound are selected for in
the laboratory. In contrast, PA01 responds to strong selective
pressure exerted by phage attack by rapidly changing its surface
attachment structures, possibly decreasing superinfection.
This finding of positive selection is consistent with previous
analyses of P. aeruginosa evolution during chronic infection,
which is characterized by a high proportion of nonsynonymous
mutations in specific virulence-related genes (52). Interestingly,
the opposite result was found in a recent analysis of Staphylococcus
aureus nasal carriage. Within-host evolution during asymptomatic
infection was characterized by negative selection, with an abundance of synonymous mutations (53). The differing evolutionary
trajectories between P. aeruginosa and S. aureus may result from
different levels of adaptation to the host; S. aureus presumably is
well adapted to the nasal cavity during asymptomatic carriage and
transmission. In contrast, P. aeruginosa strains initiating new opportunistic infections are not necessarily preadapted to the lung
environment. Previous adaptation to an existing niche was shown
to limit selective diversification in experimental P. fluorescens
populations (54), lending weight to this explanation.
Different levels of preadaptation to the laboratory environment also may explain the greater number of variants observed
in P. aeruginosa 18A than in PA01. PA01 is the type strain and
thus has undergone extensive passaging within laboratories. In
contrast, 18A is a clinical isolate adapted to the human lung
E1424 | www.pnas.org/cgi/doi/10.1073/pnas.1314340111

environment. The larger population size for PA01 after attachment and during biofilm development (Fig. 1) may also
reflect better adaptation to the laboratory environment. This
possibility also is suggested by the most strongly selected 18A
mutation (mreD 48A > G) matching the wild-type PA01 variant.
Therefore, diversifying selection may be limited by a lack of potential adaptive mutations for PA01.
Remarkably, most mutations caused large increases in fitness,
as indicated by large Malthusian selection coefficients. The mean
selection coefficient for positively selected variants in our study
was 0.83 for 18A and 2.69 for PA01, which is high compared with
experimental findings from Escherichia coli [in which the mean
selection coefficient was 0.02 (55)]. However, the E. coli experiment involved serial passaging in rich LB medium; thus the
population already may have been close to its fitness peak. In this
scenario, the fitness effects of individual mutations can only
be small. It also is true that the small number of generations
observed in our study limits our ability to identify adaptive
mutations of small effect, because their population frequencies change slowly. Nevertheless, our results conclusively show
that when selection is strong enough, mutations with large
fitness effects can occur.
The absence of detectable mutations in noncoding regions and
the low number of synonymous mutations detected is a striking
finding of our study. The observed time scale may be too short to
allow neutral mutations to drift to detectable frequencies. Alternatively, truly neutral mutations may be rare. Of the two
synonymous mutations identified in the bacterial chromosome of
P. aeruginosa 18A, the one in mreD is highly unlikely to be silent,
because in both replicates it rapidly rises to a population frequency of more than 80% within 4 d of biofilm growth. Codon
use analysis indicated this mutation may lead to increased
translation efficiency. In E. coli, MreD is a cell membraneassociated protein required for rod shape formation (56). In
Streptococcus pneumoniae, depletion of MreD results in cell

Fig. 4. (Left) Pf4 variable region haplotypes for the P. aeruginosa PA01exp2
samples. Horizontal gray lines represent the Pf4 variable region, 5′ to 3′ on
the forward strand. Small colored vertical lines indicate SNVs: red represents
T, green represents A, blue represents C, and orange represents G. (Right) A
neighbor-joining tree showing pairwise relationships between haplotypes.
Frequencies of each haplotype within the relevant sample are given as
percentages on the tree leaves. Samples are indicated by color: yellow corresponds to the inoculum, orange to the day 4 biofilm sample, red to the day
11 dispersal sample, and brown to the day 11 free phage sample.
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Materials and Methods
Experimental Design and Sequencing. Samples from the 4-d-old biofilm and
from the dispersal population at day 11 were harvested, and bacterial
and phage DNA was extracted (further details are given in SI Materials
and Methods). Samples from two independent biofilms of P. aeruginosa
PA01 (PA01exp1 and PA01exp2) and two independent biofilms of P. aeruginosa
18A (18Aexp1 and 18Aexp2) were sequenced. The inoculum cultures for both
P. aeruginosa PA01 biofilms also were sequenced as controls. For the
P. aeruginosa 18A biofilms, an overnight planktonic culture was sequenced as
a control. Data from the planktonic P. aeruginosa 18A samples were also used
to generate a draft genome assembly (European Molecular Biology Laboratory accession nos. CAQZ01000001–CAQZ01000179) (31). All sequencing was
performed by the Ramaciotti Centre for Functional Gene Analysis (University
of New South Wales, Sydney) using Illumina sequencing technology. Table S1
details all the samples and sequencing performed in this study.
The colony-forming unit counts from serial dilutions of nine independent
biofilms were used to construct biofilm growth curves for each strain. Initial
population sizes after inoculation were inferred by fitting an exponential
growth model to the first three time points. See SI Materials and Methods for
full details.
Variant Analysis. To identify variants, sequencing reads were first aligned to
a reference genome (see SI Materials and Methods for details on reference
genomes) using Novocraft V2.07.06 default parameters with the following
exceptions: Penalties associated with initiating and extending gaps were
reduced to 35 and 10, respectively, to allow discovery of small indels; and full
Needleman–Wunsch alignment along the length of the read was enabled
(disabling soft clipping).
SNVs were called using the R package deepSNV v1.2.3 (19) with default
parameters, which performs a statistical test for each potential SNV position,
comparing the frequency of each potential SNV in the sample of interest
with the frequency of the SNV in a control sample. Biofilm inoculum cultures
were used as controls for the PA01 experiments. For the 18A experiments,
an overnight culture generated from the same stocks and under the same
conditions as the inoculation cultures was used as a control. SNVs with
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Phage Analysis and Haplotype Construction. Free phage DNA was subjected to
paired-end sequencing (Table S1), with an average fragment size of 230 bp
and a read length of 150 nt. Forward and reverse reads were merged using
FLASH v1.0.2 (59). Simulation with GemSIM v1.5 (60) indicated that, with
a minimum overlap of 50 nt and allowing no errors to occur within the
overlap, 70% of reads matched the reference sequence exactly (i.e., contained no errors), and 99.9% of reads were reconstructed accurately in terms
of fragment length (inspection of reconstructed fragments with deviations
from the known fragment length indicated that repeat regions were responsible for those few fragments with incorrect reassembly). Therefore,
these parameters were chosen for fragment reconstruction, resulting in the
recovery of 10,085,099 reconstructed reads. Because Novoalign does not
handle reads with lengths greater than 150 nt, reconstructed reads were
aligned against the prophage region of the reference PA01 genome using
Burrows–Wheeler Aligner v. 0.6.1-r104 (61), with the bwasw command and
default settings. SNVs were called as described above, with PA01exp2 inoculum reads aligned to the prophage used as a control.
PA01exp2 prophage haplotypes corresponding to positions 788,784–
788,955 in the P. aeruginosa reference genome and haplotypes for the free
phage sample were reconstructed using ShoRAH v0.6 (62). For the bacterial
population samples, a window size of 144 nt was used, whereas for the free
phage samples, the merged reads allowed the use of a window size of 218 nt.
For all samples, coverage was limited to 10,000; α and σ were set to 0.01; with
the number of window shifts set to three. To account for stochastic variation,
three ShoRAH runs were performed for each sample. Only haplotypes occurring in all three runs with average frequency greater than 1% were
reported. Visualization of haplotypes, including construction of a neighborjoining tree, was performed using Highlighter v2.1.1 (www.hiv.lanl.gov/
content/sequence/HIGHLIGHT/HIGHLIGHT_XYPLOT/highlighter.html).
The ratio of replicative phage to prophage in inoculum, biofilm, and
dispersal samples was calculated by counting the number of occurrences of
the sequences CACCCAACACCGCTGACGGCGCTAGCGGCGGT (replicative phage)
and CACCCAACACCGCTGAATGAAGGCGAAACAGC (prophage) in the forward
reads for the P. aeruginosa samples. These sequences correspond to the
16 nt before and after either the circularization junction (replicative phage)
or the 5′ prophage integration junction on the forward strand of the
published P. aeruginosa PA01 reference.
The titer of free phage was also determined experimentally using a
modified version of the top-layer agar method previously described in ref. 63
(see SI Materials and Methods for further details).
Coalescent Analysis. Coalescent analysis of aligned sequences was performed
with Bayesian evolutionary analysis by sampling trees (BEAST), which employs
Bayesian Monte-Carlo Markov Chain analysis to calculate parameters such as
the substitution rate and the time since the last common ancestor, facilitating
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frequencies that are significantly different from the control frequency and
that are identified in at least 10 reads are considered to be true by
deepSNV. Initial results suggested that P values assigned by deepSNV may
be too conservative, possibly because of the correction for multiple testing,
given the very large number of sites contained within a bacterial genome.
Therefore, all potential SNVs with a P value less than one were retained and
were then checked manually. For an SNV to be retained during manual
checks, it must be covered by at least one read in each direction. The
fraction of forward reads harboring the SNV must also be within 10% of
the overall fraction of forward reads at the SNV position (i.e., the SNV must
not show a strand bias).
More variants were observed in P. aeruginosa 18A samples than in
P. aeruginosa PA01 samples. To ensure that this difference was not the
result of spurious calls caused by the lower read depth for 18A, we subsampled all data sets to an average read depth of 680× using Samtool, and
then reran the deepSNV analysis. Although, as expected, SNVs with very low
frequencies were not retained for either strain, P. aeruginosa 18A still displayed greater genetic diversity than PA01. Furthermore, no additional SNVs
were identified for P. aeruginosa PA01, suggesting that lower coverage does
not result in false-positive SNV calls.
The percentage of small-colony morphotypic variants in PA01exp1 and
PA01exp2 biofilm effluent was also determined experimentally by plating
serially diluted cultures onto LB10 agar (see SI Materials and Methods for
further details).
Variants in Tables 1, 2, and 4 and Tables S3 and S4 are given according to
the nomenclature of the Human Genome Variation Society (HGVS). Malthusian selection coefficients were calculated with respect to the number of
bacterial generations according to the method in ref. 55. See SI Materials
and Methods for further information.
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rounding and lysis (57). Elevated MreD therefore may alter
cell-surface properties, possibly aiding attachment in the early
stages of biofilm formation. If so, the rapid rise of this variant
could be explained by a strong selective sweep resulting from
the initial surface attachment of a subset of cells following
inoculation. The other potentially neutral mutation in yrbE
may have hitchhiked to its population frequency of around
40% because of its relatively close proximity (23,201 bp) to
mreD. However, it is surprising that there is only one potential
example in our data of a neutral mutation hitchhiking to a detectable frequency by being in linkage disequilibrium with
a neighboring, positively selected mutation. This observation
could result from conserved genes having lower mutation rates,
limiting the supply of neutral mutations. Although the examples of nucleotide-level parallel evolution observed here suggest
that mutation supply is unlikely to be a limiting factor, highly conserved E. coli genes have mutation rates up to an order of magnitude lower than those of other genes (58). In any case, whether
purifying selection is driving the evolution of lower mutation rates
in conserved genes or simply purging most mutations from the
genome, the majority of the P. aeruginosa genome appears to
be conserved by negative selection during biofilm growth.
In summary, our findings indicate that P. aeruginosa features
a subset of genes able to evolve quickly in response to environmental change within an otherwise conserved genome. Predictably, these genes facilitate interaction with the environment,
for example through the production of alginate, surface-associated motility proteins, or regulatory proteins. Adaptation within
these genes proceeds via a few nonsynonymous mutations under
strong selection, possibly by controlling genes and/or pathways in
a switch-like fashion, leading to diversifying selection. It has been
shown previously that few, positively selected, nonsynonymous
mutations typify the end point of long-term experimental evolution in bacteria (5); our results show that similar dynamics
govern adaptation over a time course of days.

comparison of evolutionary hypotheses (64). Several analyses were performed using BEAST v1.7.2, testing various hypotheses including exponential, exponential expanding, and logarithmic population growth. A skyline
analysis also was performed, in which the shape of population growth is
inferred from the data. Haplotype reconstruction using ShoRAH essentially
collapses identical sequences into one haplotype; because this practice can
induce BEAST to estimate inflated population sizes, we included multiple
copies of each haplotype, with the copy number equal to the estimated
population frequency of the haplotype (for example, a haplotype estimated
to be present in 30% of the population, would have a copy number of 30).
The number of iterations for each BEAST run was set to 100,000,000 with
parameter values reported every 10,000 iterations. Analysis of BEAST log
files and comparison of models was performed in Tracer v1.5 (http://tree.bio.
ed.ac.uk/software/tracer/).
Fluctuation Tests. To establish whether P. aeruginosa 18A is a hypermutator,
Luria–Delbrück fluctuation tests were performed (65). An experimental design process as previously outlined was followed (66). Initial tests indicated
15 parallel cultures would be sufficient when combined with the Ma–Sandri–
Sarkar maximum-likelihood estimator method. Dilutions from 15 overnight
cultures of P. aeruginosa 18A, P. aeruginosa PA01, and E. coli K12 (a control
to compare with published mutation rates) were plated onto LB plates both
with and without rifampicin. Counts were used to establish the rate of
rifampicin-resistance mutation using the FALCOR software (67). Rifampicin
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