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Pseudomonas aeruginosa is a major cause of morbidity and mortality in patients with
cystic fibrosis (CF). We undertook Biolog Phenotype Microarray testing of P. aeruginosa
CF isolates to investigate their catabolic capabilities compared to P. aeruginosa
laboratory strains PAO1 and PA14. One strain, PASS4, displayed an unusual phenotype,
only showing strong respiration on adenosine and inosine. Further testing indicated
that PASS4 could grow on DNA as a sole carbon source, with a higher biomass
production than PAO1. This suggested that PASS4 was specifically adapted to
metabolize extracellular DNA, a substrate present at high concentrations in the CF lung.
Transcriptomic and proteomic profiling of PASS4 and PAO1 when grown with DNA as a
sole carbon source identified a set of upregulated genes, including virulence and host-
adaptation genes. PASS4 was unable to utilize N-Acetyl-D-glucosamine, and when we
selected PASS4 mutants able to grow on this carbon source, they also displayed a gain
in ability to catabolize a broad range of other carbon sources. Genome sequencing of
the mutants revealed they all contained mutations within the purK gene, encoding a
key protein in the de novo purine biosynthesis pathway. This suggested that PASS4
was a purine auxotroph. Growth assays in the presence of 2 mM adenosine and
the complementation of PASS4 with an intact purK gene confirmed this conclusion.
Purine auxotrophy may represent a viable microbial strategy for adaptation to DNA-rich
environments such as the CF lung.
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BACKGROUND

Pseudomonas aeruginosa is an opportunistic pathogen associated with complications in cystic
fibrosis (CF) and is a major cause of death among CF patients. We found that P. aeruginosa CF
isolate PASS4 has very limited carbon catabolism capabilities and may have become specialized at
utilizing nucleic acids as a source of carbon. The CF lung contains viscous sputum which includes
an abundance of DNA from epithelial and bacterial cells, and therefore provides an excellent
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niche for such an adaptation. We found that many P. aeruginosa
virulence genes have increased expression in response to external
DNA. Characterization of P. aeruginosa PASS4 revealed that
the molecular basis of its metabolic specialization is a defect in
biosynthesis of purines, precursors for DNA synthesis. Better
understanding of P. aeruginosa adaptations in the CF lung will
help in the development of specialized treatment regimes aimed
at eradication of P. aeruginosa infections.

INTRODUCTION

Cystic fibrosis (CF) is a genetic disorder most common among
Caucasian populations (Petrova and Sauer, 2009). It is caused
by mutations in the cystic fibrosis transmembrane regulator
(CFTR) gene which encodes a cAMP-dependent chloride channel
(Vankeerberghen et al., 2002). Dysfunction in the chloride
channel leads to dehydrated and thickened airway surface liquid
(ASL) hampering mucociliary clearance from the conducting
airways (Mall, 2008). The thickened ASL enhances microbial
colonization, leading to continuous stimulation of the immune
system, and resulting in chronic lung inflammation (Sadikot
et al., 2005). This hyperactive inflammatory response leads
to a decline in lung function and eventual lung failure
(Gellatly and Hancock, 2013).

Pseudomonas aeruginosa is one of the primary causes of
acute and chronic lung infections in CF patients, resulting in
significant morbidity and mortality (Wagner and Iglewski, 2008;
Petrova and Sauer, 2009; Folkesson et al., 2012). P. aeruginosa is
a metabolically versatile Gram-negative opportunistic pathogen
that is common in various environments, such as soil and water
(Wagner and Iglewski, 2008; Gellatly and Hancock, 2013). It
can metabolize a broad range of carbon sources and grows
both aerobically and anaerobically (Wagner and Iglewski, 2008;
Mulcahy et al., 2010). Its metabolic versatility is conferred by a
diverse set of transport systems and catabolic pathways encoded
within a relatively large genome, typically more than 6 Mb
(Winstanley et al., 2016).

Most CF patients who develop a lung infection by adolescence
can live with the infection for 20 or more years (Gellatly and
Hancock, 2013). During this period, P. aeruginosa continues to
adapt to the CF lung environment. This results in the emergence
of diverse phenotypes including traits such as increased mucoidy,
auxotrophy, loss of motility, emergence of hypermutators,
resistance to antimicrobials, and defects in key virulence factors
such as quorum sensing regulation and type III secretion
(Wagner and Iglewski, 2008; Folkesson et al., 2012; Gellatly and
Hancock, 2013; Winstanley et al., 2016).

Adaptation and chronic or recurrent infection of P. aeruginosa
in the CF lung is facilitated by its ability to grow as
biofilms (Wagner and Iglewski, 2008). Biofilms are highly
organized, structured bacterial communities attached to one
another, and/or to an inert or living surface (Wagner and
Iglewski, 2008; Petrova and Sauer, 2009; Gellatly and Hancock,
2013). Cells in biofilms are held together by a matrix of
extracellular polymeric substances (EPS) consisting mainly of
polysaccharides, extracellular DNA (eDNA), lipids, proteins,

cellular debris, and membrane vesicles (Wagner and Iglewski,
2008; Gellatly and Hancock, 2013; Haussler and Fuqua,
2013; Turnbull et al., 2016). EPS protect bacterial cells from
damage or death caused by surfactants, biocides, grazing
predators and host defenses (Wagner and Iglewski, 2008;
Flemming and Wingender, 2010).

Extracellular DNA plays an adhesive role in the initial stages
and development of P. aeruginosa biofilms (Wagner and Iglewski,
2008; Mulcahy et al., 2010; Turnbull et al., 2016). The source
of eDNA has been proposed to be due to either prophage-
induced cell lysis or the release of membrane vesicles which
contain DNA (Kadurugamuwa and Beveridge, 1995; Turnbull
et al., 2016). Investigations into P. aeruginosa eDNA release by
Turnbull et al. (2016) suggests explosive cell lysis-mediated MV
production in biofilms and planktonic cultures are independent
of the Pseudomonas Quinolone Signal.

Extracellular DNA in CF lungs is derived from both
microorganisms, and also lysed host cells (Finkel and Kolter,
2001; Haussler and Fuqua, 2013). The concentration of eDNA
in the CF lung can be as high as 14 mg/ml (Finkel and Kolter,
2001; Das et al., 2015) and could serve as an abundant nutrient
source for bacterial growth (Finkel and Kolter, 2001; Haussler
and Fuqua, 2013). P. aeruginosa, Escherichia coli, and Shewanella
spp. have all been shown to be able to utilize DNA as a nutrient
source (Finkel and Kolter, 2001; Pinchuk et al., 2008; Mulcahy
et al., 2010; Lewenza, 2013).

We recently described P. aeruginosa CF isolates (PASS1-4)
that showed significant variability in colonization and virulence-
related traits (Penesyan et al., 2015). To investigate the metabolic
capabilities of these strains, their ability to respire on 190 carbon
sources was tested (Figure 1). One of the strains examined,
PASS4, had lost the ability to utilize a broad range of carbon
sources, and strong respiration was only observed on the purines
inosine and adenosine. We found that PASS4 grew better on
eDNA compared with other P. aeruginosa strains such as PAO1,
suggesting that this strain may have become specialized for
growth on DNA in the CF lung. Transcriptomic and proteomic
analysis of PASS4, and genome sequencing of PASS4 mutants
were undertaken to investigate the molecular basis of this
metabolic specialization.

RESULTS AND DISCUSSION

Phenotypic Comparison of P. aeruginosa
CF Isolates PASS1-4
We used Biolog Phenotype Microarrays to compare the carbon
utilization profiles of four P. aeruginosa CF isolates (PASS1-4)
with two P. aeruginosa model strains (PAO1 and PA14). Strains
were screened for their ability to utilize 190 sole carbon sources,
including a range of carbohydrates, amino acids, carboxylic
acids and miscellaneous compounds (Bochner et al., 2001).
P. aeruginosa strains PAO1, PA14, and PASS1 had similar
metabolic fingerprints. The other three CF isolates (PASS2-4)
displayed reduced capabilities for carbon utilization (Figure 1).
In particular, PASS4 showed a striking reduction in catabolic
capability, only showing strong respiration on two compounds,
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FIGURE 1 | The catabolic phenome of P. aeruginosa wild-type strains. The maximal kinetic curve height of P. aeruginosa wild-type strains is expressed as a grayscale
ranging from 101 (gray) to 329 (black) OmniLog units following growth at 37◦C for 48 h. Phenotypes <101 OmniLog units (white) showed no detectable respiration.

the nucleosides adenosine and inosine. The capacity of PASS4 to
grow on nucleosides was confirmed by culturing PASS4 on solid
M9 minimal medium supplemented with 13 mM adenosine as a
sole carbon source.

The carbon utilization profiles of PASS2-4 suggest that
reduction in metabolic capabilities might be a common
adaptation for P. aeruginosa in the CF lung. Biolog phenotype
testing of 35 P. aeruginosa CF isolates in a previous study showed
that metabolic reduction was common in CF isolates, with

extensive heterogeneity amongst substrate utilization profiles
(Jorgensen et al., 2015).

We hypothesized that PASS4 might be specialized to grow on
DNA, which can be readily found in the CF lung environment.
To investigate this possibility, PASS4 and PAO1 were grown in
M9 minimal medium supplemented with 1.5 mg/ml of salmon
sperm DNA (Sigma, United States) as a sole carbon source. Based
on optical density measurement at OD600, the total biomass of
PASS4 cells was 18% greater than PAO1 following growth in
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DNA over 7 days with constant aeration at 37◦C. Dandekar et al.
(2012) have observed the strain PAO1 to have a doubling time
greater than 40 h when grown in adenosine as a sole carbon
source (Dandekar et al., 2012). Both strains tested negative for
production of extracellular DNase, suggesting that they uptake
DNA where it is subsequently degraded intracellularly.

The Transcriptome and Proteome of
PAO1 and PASS4 Following Growth
in DNA
The global transcriptional response and protein abundance of
P. aeruginosa strains PASS4 and PAO1 grown to an OD600 = 0.6
with DNA as a sole carbon source was assessed using RNA
sequencing (Table 1) and whole-cell proteomics. Growth on
asparagine was used as a control, since this was one of the few
carbon sources that PASS4 was able to utilize, according to the
Biolog Phenotype Microarray analysis (Figure 1).

The transcriptomic analysis identified a total of 576 genes
that were differentially transcribed by PASS4 when grown in
the presence of DNA (P-value < 0.01, log2 fold-change 1< to
<−1), with 322 genes upregulated and 254 genes downregulated
(Supplementary Figure S1 and Supplementary Table ST1).
There were a total of 423 genes differentially expressed by PAO1
when grown in DNA (P-value <0.01, log2 fold-change 1< to
<−1), with 359 genes upregulated and 64 genes downregulated
(Supplementary Figure S2 and Supplementary Table ST1). The
transcriptional response of PASS4 and PAO1 grown in DNA in
comparison to growth in asparagine had a correlation value of
R2 = 0.5983 (Figure 2A). A total of 129 transcripts displayed
similar expression patterns in both organisms, with 112 being
upregulated and 17 downregulated (Supplementary Table ST1).
Among the most noticeable differences, the two strains displayed
differential expression of a hypothetical protein (PA3783), which
was downregulated 3-fold in PAO1 and upregulated 4-fold in
PASS4 during growth in DNA.

The shotgun proteomic analysis detected a total of 1962
proteins in PASS4, of which 307 displayed significant differential

TABLE 1 | Summary of P. aeruginosa PAO1 and PASS4 mapped reads following
growth in DNA or asparagine.

Percentage

Condition Replicate Paired reads aligned

PAO1 grown in Asparagine 1 14532003 98.80

2 11886289 98.77

3 12821286 98.95

PAO1 grown in DNA 1 13805330 80.69

2 12869272 89.53

3 12660666 89.75

PASS4 grown in Asparagine 1 11436333 97.95

2 13152398 97.08

3 11153482 97.96

PASS4 grown in DNA 1 11846213 92.70

2 11599891 91.39

3 12826627 86.20

abundance between the two conditions (P < 0.05, log2
fold-change 1< to <−1) (Supplementary Figure S3 and
Supplementary Table ST1). A total of 239 proteins showed
greater abundance when the cells were grown on DNA as a sole
carbon source in comparison to 68 proteins which displayed a
decrease in abundance. A total of 2112 proteins were detected
from PAO1, of 293 proteins were significantly differentially
abundant (P < 0.05, log2 fold-change 1< to <−1), with an
increase in abundance of 232 and decrease in abundance of
61 proteins (Supplementary Figure S4 and Supplementary
Table ST1). A correlation analysis of the protein expression of
PAO1 and PASS4 grown in DNA presented an R2 value of 0.4072
(Figure 2B). Only six proteins showed significant differences
in protein abundance between PAO1 and PASS4 (Figure 2B),
among those a C5 dicarboxylate transporter showed an 6.5-fold
increase in abundance in PAO1 but showed a 10.9-fold decrease
in abundance in PASS4 when these strains were grown in DNA.

Increased Expression of Iron and Sulfate
Acquisition Genes in Response to DNA
The pyoverdine (pvd) and pyochelin (pch) biosynthetic gene
clusters encode the two major P. aeruginosa siderophores (Yeung
et al., 2014; Lee and Zhang, 2015). Expression of the pch gene
cluster and pyochelin receptor (fptA) was significantly induced
by exposure to DNA in both PAO1 and PASS4 (Figure 3).
The pvd gene cluster was significantly upregulated by DNA in
PAO1, but not in PASS4 (Figure 3). PASS4 grown in DNA
displayed a significant increase in the abundance of the PvdE and
PvdF proteins. The iron-responsive small RNAs PrrF1 and PrrF2
(Wang et al., 2012) were upregulated in both PASS4 (11-fold
and 19-fold, respectively) and PAO1 (both by 6-fold) (Figure 3).
During iron limitation, these small RNAs enable inhibition
of genes that encode “non-essential” iron-containing proteins
(Smith, 2015). Additionally, PASS4 grown in DNA displayed
an increased abundance of iron acquisition proteins including
the putative TonB-dependent receptor family protein (PA0781),
TonB-dependent siderophore receptor (PA4837), FeoB Fe2+

transporter (PA4358), FecA ferric citrate receptor (PA3901) and
FiuR iron transport protein.

DNA as a sole carbon source led to the upregulation of an
array of genes involved in sulfate metabolism in both PASS4
and PAO1. For example, the tauABC genes, encoding an ABC-
transporter for the sulfate-containing amino acid taurine were
upregulated more than 2- fold in both PASS4 and PAO1. The
tauD gene, encoding taurine dioxygenase was upregulated more
than 2-fold and had an 8-fold increase in protein abundance in
PASS4. The expression of (tauABCD) is known to be regulated
by sulfate starvation (van der Ploeg et al., 1996). Expression
of other genes involved in the utilization of alternate sulfate
sources, such as alkane sulphonates, were also increased in
the presence of DNA. The lsfA gene encoding a thio-specific
antioxidant was upregulated 4-fold in PASS4 and 30-fold in PAO1
following growth in DNA.

Sulfate regulatory systems also showed significant changes
in gene expression in DNA grown cells. The ECF sigma factor
PA2093 was 8-fold upregulated by DNA in PASS4. This sigma
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FIGURE 2 | Comparison of the changes in expression at a transcript and protein level in P. aeruginosa PASS4 and PAO1 following growth in DNA; growth in
asparagine was used as a reference. (A) The chart shows log2 fold changes of transcript data from RNA-sequencing (P < 0.01, log2 fold-change 1< to <–1).
Correlation of PASS4 and PAO1 transcript data was moderately similar (R2 = 0.5983). (B) The chart shows log2 fold changes of shotgun protein data (P < 0.05, log2

fold-change 1< to <–1). Correlation of PASS4 and PAO1 protein data was moderately similar (R2 = 0.4072).
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FIGURE 3 | Differential gene expression (log2 fold-change) of virulence genes when P. aeruginosa strains PASS4 and PAO1 were grown in DNA compared to
asparagine.

factor has previously been shown to be upregulated by sulfate
limitation (Tralau et al., 2007). Typically, the TonB-dependent
transducers PA2089 and PA2590 (both have increased protein
abundance and significant upregulation of transcripts in PASS4
grown in DNA) sense an extracellular signal which is transmitted
via the anti-sigma factor leading to the activation of ECF sigma
factor (PA2093) and to the subsequent transcription of target
genes such as PA2090 (upregulated significantly in PAO1 and
PASS4 grown in DNA). The putative sulphonatase (PA2090) is
part of a predicted extracellular sulfate (ECS) locus (PA2083–
PA2094) (Robinson, 2013). All members of the ECS locus were
upregulated at the transcriptional level in PASS4, with some
upregulated in PAO1. The protein abundance of members of the
ECS locus was also increased in PASS4.

During growth, most heterotrophic bacteria are known to
maintain specific elemental ratios of carbon, nitrogen, sulfate,
phosphorus and iron (Gray, 2017). Compared to most other
carbon sources, DNA is a rich source for nitrogen and
phosphorus. Thus, the increased expression of genes for iron
and sulfate acquisition may reflect an attempt by Pseudomonas
cells to balance their elemental ratios in a phosphorus/
nitrogen rich setting.

Increased Expression of Virulence
Related Genes in Response to eDNA
The set of genes that were induced at least 4-fold by DNA in both
PAO1 and PASS4 included two clusters of phenazine biosynthesis
genes phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2
(Figure 3). Several genes from the phz1 and phz2 gene
clusters had significant increases in protein abundance
in PAO1. Phenazine redox pigments such as pyocyanin
and 1-hydroxyphenazine are important virulence factors:
1-hydroxyphenazine constrains mammalian cell respiration;
and pyocyanin hinders epidermal cell growth and plays a role
in acquisition of iron from transferrin (Wilson et al., 1988).
Pyocyanin has also been shown to bind directly to the phosphate
backbone of DNA, altering the viscosity of DNA solutions.

During biofilm growth, by interacting with DNA, pyocyanin
can facilitate electron transfer through DNA for maintenance of
redox homeostasis between anoxic and oxygenated regions of
the biofilms (Kempes et al., 2014; Das et al., 2015).

The RhlR quorum-sensing system regulates the phenazine
biosynthesis and receptor genes (Whiteley et al., 1999; Reis et al.,
2011), elastase lasB, protease lasA, and rhamnolipid biosynthesis
genes rhlAB (Pearson et al., 1997; Grosso-Becerra et al., 2014).
The rhlR transcripts were upregulated in both PAO1 and PASS4
grown in DNA, rhlAB transcripts and proteins showed increased
abundance in both PASS4 and PAO1 when grown on DNA
(Figure 3). The lasA and lasB transcripts were upregulated in
PASS4 and PAO1 grown in DNA, the protein abundance of LasA
was significantly increased in PASS4 and LasB was significantly
increased in PAO1.

The mxtR (PA3271) gene encoding a sensor kinase was
upregulated 5-fold in PASS4. The MxtR protein showed 8-fold
and 16-fold increase in abundance in PAO1 and PASS4,
respectively. MxtR has been shown to modulate the production
of interbacterial 2-alkyl-4(1H)-quinolone (AQ) signal molecule
via the LysR-type transcriptional regulator MexT (Zaoui et al.,
2012) (no significant differential expression observed in our
study). MxtR-induced AQ has an influence on the P. aeruginosa
regulatory network, including the transcription of virulence
genes coding for pyocyanin and rhamnolipids (Zaoui et al.,
2012). PAO1 grown in DNA showed increased abundance of
the PqsA, PqsE, and PqsL proteins (13-fold, 15-fold, and 3-fold,
respectively). The pqsABCDE operon is positively regulated by
the expression of 2-heptyl-4-hydroxyquinoline (HHQ) and is
required for AQ biosynthesis (Rampioni et al., 2016). Although
pqsE does not play a role in AQ biosynthesis, it has been shown to
influence the production of virulence factors such as pyocyanin,
phenazines and rhamnolipids (Heeb et al., 2011).

A QS dependent lysine-specific endoprotease (Oh et al., 2017),
piv was upregulated 4.5-fold when PAO1 grown in DNA. This
protease has been shown to cause killing of Tenebrio molitor
larvae within 4 days post infection (Park et al., 2014). PIV also
play a role in scavenging for nutrients (Barbier et al., 2014).
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The lecB gene, encoding the fucose-binding lectin, showed
15-fold higher expression in PASS4 grown on DNA, but only two-
fold increased expression in PAO1 (Figure 3). The LecB lectin has
been shown to have cytotoxic effects on host respiratory epithelial
cells, and plays an important role in facilitating adhesion to
the airway mucosa. The lecA gene encoding a galactose-binding
lectin was not significantly differentially expressed in either PAO1
or PASS4 when grown in DNA. This was surprising, as a previous
study (Kohler et al., 2005) has shown the induction of the lecA
lectin by adenosine.

The type 4 pilus (T4P) transcripts pilA, pilG, and pilZ were
upregulated in PAO1 grown in DNA. Following growth of PASS4
in DNA there was has an increase in expression of the pilM
transcript and an increase in protein abundance of PilH and PilM.
The T4P plays a role in cell adhesion, host cell invasion (Hahn,
1997), biofilm formation, as well as DNA uptake (Mattick, 2002;
Craig and Li, 2008).

The aceA gene encoding isocitrate lyase (Hogardt and
Heesemann, 2010), which is specific to the glyoxylate shunt
pathway, is 11-fold upregulated in PASS4 and 3-fold upregulated
in PAO1 when grown in DNA. The glycoxylate shunt is known
to be upregulated under conditions of oxidative stress, antibiotic
stress, and host infection (Ahn et al., 2016). The aceA gene has
been shown to be critical for P. aeruginosa infection in an alfalfa
seedling model (Lindsey et al., 2008).

An arginine-specific autotransporter, AaaA showed an 11-fold
higher protein abundance, and 2-fold downregulation of the
transcript in PAO1. Previously, a gene knockout of aaaA led to
attenuation of P. aeruginosa in a mouse chronic wound infection
suggesting it plays a role in virulence (Luckett et al., 2012).

Other Transcriptional Changes in
Response to DNA
As expected, the ansB gene, encoding L-asparaginase, showed
16-fold and 7-fold decrease in gene expression in DNA-grown
cells compared with asparagine-grown cells for PAO1 and PASS4,
respectively. Other genes in the same regulon as ansB, such as
the aatM gene, encoding for acidic L-amino acid uptake, were
also upregulated by asparagine. The branched chain amino acid
catabolism genes liuA, liuB, liuC, bkdA1, bkdA2, bkdB, lpdV,
mmsB, and mmsA were upregulated in asparagine-grown cells,
suggesting a regulatory link between asparagine and branched
chain amino acid degradation. The transport and utilization
of branch chain amino acids, arginine and ornithine has been
reported to be governed by the CbrAB/Crc regulatory system
(Sonnleitner et al., 2012).

The PA0622–PA0624 genes involved in the production of the
R-type pyocin were downregulated by a more than 4-fold in both
PAO1 and PASS4 during growth in DNA compared to asparagine.
These genes, along with other genes from the R- and F-pyocin
gene cluster, encode a prophage endolysin which is essential for
explosive cell lysis that leads to increased availability of public
goods such as cytosolic proteins, eDNA, and membrane vesicles
(Turnbull et al., 2016). The transcriptomic data suggests that
the concentration of eDNA is an important factor regulating the
expression of genes controlling explosive cell lysis.

Carbon Utilization by P. aeruginosa
Mutants
The transcriptomic and proteomic analyses of PASS4 grown on
DNA identified a broad range of genes whose expression might
be regulated by DNA including many virulence factors. However,
it did not provide any clear answers as to the molecular basis
of metabolic specialization in PASS4. To further investigate the
specialization of PASS4 for growth on DNA, we screened mutants
of PASS4 to isolate strains that had broader substrate utilization
capabilities. To obtain such mutants, we inoculated P. aeruginosa
PASS4 on minimal M9 medium containing 20 mM N-Acetyl-
D-glucosamine (GlcNAc), a carbon source that PASS4 cells were
unable to utilize (Figure 1). Within 7 days, spontaneous mutant
colonies were observed and subsequently cultured into liquid M9
minimal salts medium containing 20 mM GlcNAc. This culture
was consecutively subcultured for 14 days until cells reached an
OD600 = 0.7 within 35 h. At the end of this process, we obtained
eight P. aeruginosa PASS4 mutants which had gained the ability
to grow on GlcNAc.

The eight mutants displayed much broader carbon catabolic
profiles than the parental PASS4 strain when tested on Biolog
Phenotype Microarray plates. All of these mutants had gained
the ability to utilize a wide range of carbon sources including
amino acids, carbohydrates and carboxylic acids (Figure 4). The
substrate utilization profiles of the mutants resembled those of
most P. aeruginosa strains, including PAO1, PA14, and PASS1.
This dramatic change in carbon utilization capability suggests
that the mutation(s) in these PASS4 mutants had apparently
circumvented the genetic specialization in the parental PASS4
isolate that allowed it to grow well on DNA, but not on most
other carbon sources.

PASS4 Mutants Have Mutations in the
purK Gene
Genome sequencing was undertaken on the Miseq v2 platform
of eight PASS4 mutants that had gained the ability to utilize
GlcNAc and an array of other carbon sources. In parallel, we
also resequenced the PASS4 genome as a reference. Bioinformatic
analysis identified single nucleotide polymorphisms (SNPs)
between the mutants and the PASS4 genome. All of the PASS4
mutants contained a mutation in the purK gene, located at
codon 214 (for PASS4 mutants 2 and 3) or codon 354 (for
PASS4 mutants 1 and 4 to 8) (Supplementary Table ST2 and
Supplementary Figure S5). Additional SNPs were also detected
in mutants 1 and 7, in a chemotaxis transducer (pctB) and
a hypothetical protein, respectively. The purK gene encodes
a subunit of the phosphoribosylaminoimadazole carboxylase
enzyme, a critical step in the de novo synthesis of purines (Zhang
et al., 2008). This suggests that PASS4 is defective in purine
biosynthesis, which explains why it grows well only on DNA
and purines, while growing poorly, or not at all, on essentially
all other tested carbon sources, as would be expected for a
purine auxotroph.

To test whether the inability of PASS4 to grow on various
carbon sources was due to a defect in purine biosynthesis,
we repeated the Biolog phenotype testing but including
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FIGURE 4 | The catabolic phenome profile of P. aeruginosa PASS4 mutants, PASS4 supplemented with 2 mM adenosine and PASS4 complemented with purK
compared to P. aeruginosa PASS4 wild type as control. The maximal kinetic curve height difference to P. aeruginosa wild-type strain PASS4 is expressed as a
grayscale ranging from 101 (gray) to 335 OmniLog units (black). White represents no detectable respiration.
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supplementation with 2 mM adenosine. This concentration of
adenosine was not sufficient as a sole carbon source to support the
growth of PASS4. The supplementation of 2 mM adenosine and
complementation of PASS4 with purK enabled PASS4 to grow on
a wide range of carbohydrates, amino acids, and carboxylic acids
that it previously was unable to utilize (Figure 4). This provides
evidence that the underlying growth defect in PASS4 is due to
a defect in de novo purine biosynthesis. Since all of the PASS4
mutants had changes within the purK gene, it is highly likely that
PurK is defective in PASS4.

The CF lung environment contains high concentrations of
eDNA. The defect in purine biosynthesis in PASS4, coupled
with an ability to grow faster on DNA as a sole carbon source
compared with other P. aeruginosa strains, probably reflects a
niche adaptation to this DNA-rich environment. Species from the
genera Chlamydia and Rickettsia, the parasitic flagellate protozoa
Trypanosoma, Treponema pallidum, Mycoplasma, Ureaplasma,
Mesoplama, Borrelia, and even Lactobacillus, all appear to exist
without the presence of the classical de novo purine nucleotide
biosynthesis pathway (Zhang et al., 2008). These organisms are
either obligate parasites or are associated with mucosal epithelial
layers of the host (Zhang et al., 2008). Scavenging purines or
nucleic acids from their host may be a common adaptation in
many parasites, pathogens and commensals.

The PASS4 strain showed modest growth on asparagine as a
sole carbon source. Indeed, this compound was used as a growth
nutrient in the transcriptomic and proteomic experiments in
this study. Asparagine is required for the conversion of inosine
monophosphate to adenylosuccinate, in the first enzymatic
step in dATP synthesis after de novo purine biosynthesis
(Supplementary Figure S6). The ability of PASS4 to grow
on asparagine as a sole carbon source could be due to high
levels of asparagine enabling sufficient flux through the purine
biosynthesis pathway to allow growth. In turn, this suggests a
decrease in the efficiency of the PurK enzyme in PASS4, rather
than a complete loss of function.

CONCLUSION

Phenotypic analysis revealed that the P. aeruginosa CF isolate
PASS4 was only able to grow on a limited range of carbon sources,
including purines and DNA. On these substrates it showed higher
growth rates than other P. aeruginosa isolates. This suggested
that this strain is specialized to live on eDNA available in the
CF lung. We investigated the genetic basis of this apparent
metabolic specialization. Transcriptomic and proteomic studies
of P. aeruginosa PASS4 and PAO1 grown in DNA revealed
that eDNA affected the expression of many genes, particularly
virulence and host-adaptation genes. This suggests that eDNA
may be an important signal in the CF lung for expression of
virulence factors by P. aeruginosa.

The transcriptomic and proteomic expression analyses did
not provide any direct insights into the metabolic specialization
of PASS4. Genome sequencing of PASS4 mutants that had
gained the ability to catabolize GlcNAc, as well as a wide
range of unrelated carbon sources, indicated that they all

contained mutations in the purK gene, which encodes a key
enzyme in the de novo purine biosynthesis pathway. This
suggested that PASS4 was a purine auxotroph, and this was
confirmed by phenotypic testing showing addition of 2 mM
adenosine could rescue growth of PASS4 on a broad range
of carbon sources. Purine auxotrophy may represent a viable
microbial strategy for adaptation to DNA-rich environments
such as the CF lung.

MATERIALS AND METHODS

Pseudomonas aeruginosa Strains
and Media
Pseudomonas aeruginosa strains used for this study were PAO1
(Stover et al., 2000), PA14 (He et al., 2004) and PASS1-4
(Penesyan et al., 2015; Thaysen-Andersen et al., 2015). The
PASS1-4 isolates were obtained from the sputum of CF patients
at the Westmead Hospital (Sydney, Australia). The P. aeruginosa
isolate PASS1 was obtained from a 40-year old female patient,
PASS2 from a 27-year old male, PASS3 from a 23-year-old male
and PASS4 from a 23-year old female (Penesyan et al., 2015;
Thaysen-Andersen et al., 2015). These isolates were maintained
in glycerol stocks at−80◦C. P. aeruginosa isolates were routinely
cultured on Luria Bertani (LB) media, solid or liquid, from the
frozen stock, allowing minimum passages during cultivation.

Production of Exoenzyme DNase
The test for the production of exoenzyme DNase by P. aeruginosa
PAO1 and PASS4 was conducted with a use of DNase test agar
(Oxoid). Briefly, as per manufacturer’s instructions, the strains
were streaked on a DNase test agar plate and incubated at 37◦C
for 24 h. The DNase test agar contained tryptose, DNA and
NaCl. The production of DNase leads to the hydrolysis of DNA
in the media. Therefore, following incubation, the plates were
flooded with 1N HCl to observe for a clearing/hydrolysis of DNA
by the bacterium.

RNA Extraction and RNA-Seq
Transcriptomics
Pseudomonas aeruginosa strains PAO1 and PASS4 were
simultaneously inoculated into 5 ml of LB liquid medium
from the frozen stock and grown overnight. Overnight
cultures were used to inoculate 15 ml of M9 minimal medium
supplemented with either L-Asparagine (20 mM) or DNA
(1.5 mg/ml) (Salmon sperm DNA, Sigma, United States),
both in biological triplicates. Cultures were grown until mid-
exponential phase (OD600 = 0.6). RNA was extracted from
these cultures using the miRNEasy RNA extraction kit (Qiagen)
according to the manufacturer’s protocol. To remove any residual
genomic DNA, the samples were treated with DNAse using the
TURBO DNAse kit (Invitrogen, United States). The quality
and quantity of extracted RNA was assessed on a NanoDrop
spectrophotometer. To remove highly abundant ribosomal
RNA from the RNA extracts before sequencing, the samples
were treated using RiboZero GN Magnetic rRNA depletion
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kit (Epicenter). The rRNA depleted samples were purified
using RNeasy MinELute Cleanup kit (Qiagen, Germany) and
re-assessed on NanoDrop and submitted to the Ramaciotti
Centre for Genomics for paired-end RNA Sequencing on
the HiSeq 2000 platform. Paired-end RNA Sequence files
obtained from Ramaciotti were assessed for quality using FastQC
software (Babraham Bioinformatics, United Kingdom) and
processed by trimming the first 10 nucleotides using Fastx
Toolkit. Trimmed sequences were tiled against the complete
genome of PAO1 via EdgePro software (Magoc et al., 2013)
and differential expression calculated using DESeq software
(Anders and Huber, 2010). De novo transcript assembly and
differential gene expression analysis was performed for PASS4
strain using the Rockhopper 2.03 tool (McClure et al., 2013;
Tjaden, 2015) to supplement the data on PASS4 genes absent
in PAO1 genome. The RNA-seq raw data reported here are
accessible under the Gene Expression Omnibus submission
accession number GSE100287.

Protein Extraction and Label-Free
Shotgun Proteomics
Pseudomonas aeruginosa strains PAO1 and PASS4 were
inoculated into M9 Minimal salts media with 100 µM calcium
chloride (CaCl2) and 2 mM magnesium sulfate (MgSO4)
containing either L-Asparagine (20 mM) as a control condition
or DNA (1.5 mg/ml) as an experimental condition. Cultures
were grown aerobically (n = 3) at 37◦C with constant shaking
at 200 rpm. Overnight cultures were subcultured into the same
respective medium, prior to harvesting cells in logarithmic phase
(OD600 = 0.6). For proteomic analysis, cells were harvested
from 60 ml of culture by centrifugation at 3220 g, 10 min at
4◦C (Beckman centrifuge, United States). Cells were washed
with phosphate buffered saline (pH 7.4) and stored at −80◦C
until further processing. Proteins were extracted by lysing cell
pellets with sodium dodecyl sulfate (SDS) lysis buffer (2.3% w/v
SDS, 0.12 M Tris, 0.4 mM EDTA, 4% w/v glycerol and 0.05%
v/v β-mercaptoethanol (pH 6.8). Followed by four 30 s rounds
of bead beating at 5.5 m/sec (FastPrep FP120, United States),
with intermittent cooling. Cellular debris was removed by
centrifugation at for 10,000 × g for 10 min (Eppendorf, model
5804R) and the supernatants were collected and stored at
−20◦C for further processing. The extracted proteins were
precipitated using a methanol/chloroform/water protocol
(Wessel and Flugge, 1984). Resultant proteins pellets were
resuspended in 1% w/v SDS, 13% w/v glycerol and 33 mM
Tris (pH 6.8) and quantitated using a BCA Protein assay kit
as per manufacturer’s instructions (Thermo Fisher Scientific,
United States). 30 µg of each sample was diluted with sample
loading buffer, [1% w/v SDS, 13% w/v glycerol and 33 mM
Tris, 20 mM β-mercaptoethanol, 0.004% bromophenol blue
(pH 6.8)], denatured by boiling (95◦C, 4 min) and separated
using SDS-PAGE (Bio-Rad, Australia). After electrophoresis,
proteins were visualized using colloidal Coomassie Blue and
processed further for tryptic digestion as detailed in Mirzaei
et al. (2012). Briefly, each gel lane corresponding to individual
sample was cut into 16 pieces, chopped and placed into a well

of a 96-well plate. The gel pieces were briefly washed with
100 mM NH4HCO3, followed by washing twice with acetonitrile
(ACN) (50%)/100 mM NH4HCO3 (50%) for 10 min. Finally,
gel pieces were dehydrated with 100% ACN and air-dried.
Proteins were reduced with 10 mM dithiothreitol (DTT) in
NH4HCO3 (50 mM) at 37◦C for 1 h, followed by alkylation
with 50 mM iodoacetamide in NH4HCO3 (50 mM), in the
dark at RT for 1 h. Samples were then washed with 100 mM
NH4HCO3, followed by ACN (50%)/100 mM NH4HCO3 (50%)
for 10 min, dehydrated with 100% ACN and then air-dried.
Finally, samples were digested with 20 µL of trypsin (12.5 ng/mL
50 mM NH4HCO3), overnight at 37◦C. Proteolytic peptides were
extracted twice with ACN (50%)/formic acid (2%), dried using
a vacuum centrifuge and reconstituted to 10 µL with 2% formic
acid for LC-MS/MS analysis.

Peptides were analyzed using a Q Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer coupled to a high
pressure liquid chromatography unit (Thermo Fisher Scientific,
United States). Peptides were separated on a 60-min reverse
phase gradient of 1–50% solvent B (acetonitrile in 0.1% formic
acid) gradient. In each data collection cycle, one full MS scan
(350–2000 m/z) was recorded in the Orbitrap. Subsequently, MS2
analysis was conducted for top 10 most intense ions and were
fragmented by higher-energy collisional dissociation (HCD) with
following settings; normalized collision energy of 30%, isolation
window 3.0 m/z, maximum ion accumulation time 60 ms with a
dynamic exclusion for 10 s.

Protein identification and quantification was performed on
Proteome Discoverer 1.3 (Thermo Fisher Scientific) using
Mascot search engine (Perkins et al., 1999). P. aeruginosa
strain PAO1 protein sequence database retrieved from GenBank
(January 2013) and Pseudomonas Genome Database1 and in-silico
translated genome databases of PASS4 (Penesyan et al., 2015)
were used as the search databases. Database searching against
the decoy database was also performed to evaluate the false
discovery rate (FDR) of peptide identification. All searches were
performed using a static modification for cysteine alkylation and
methionine oxidation, acetylation (protein N-term) as dynamic
modifications, precursor ion tolerance of 10 ppm and a fragment
ion tolerance of 0.02 Da were used. Peptide matches were filtered
with peptide and protein FDR < 1%. Then for each identified
peptide, its abundance (peak area) was estimated by calculating
the area under the extracted ion chromatograms (XIC) curve.

The mass spectrometry proteomics data has been deposited
to the ProteomeXchange Consortium via the PRIDE
partner repository (Vizcaíno et al., 2014) with the dataset
identifier PXD006742.

For statistical analyses, log-transformed quantitative values
were used to conduct two-sample t-tests comparing protein
expression of PASS4 or PAO1 in DNA relative to L-Asparagine
using the in-house developed program based on R modules
(Mirzaei et al., 2012; Neilson et al., 2014). Proteins with log fold
change ± 1 and t-test p-value < 0.05 were considered to be
significantly differentially expressed.

1www.pseudomonas.com
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Functional Analysis
The transcripts and proteins were mapped to virulence
factor annotations and to Cluster of Orthologous Groups
(COG) categories obtained from the Pseudomonas Database
(Winsor et al., 2016).

Generation of P. aeruginosa PASS4
Mutants
Single colonies of P. aeruginosa strain PASS4 were inoculated into
10 ml of LB liquid medium, in triplicate, and grown overnight
with constant shaking of 200 rpm at 37◦C. Overnight cultures
were centrifuged at 4000 × g for 7 min at 4◦C in an Eppendorf
centrifuge Model 5430. Once the supernatant was discarded the
cells were washed with phosphate buffered saline and spun at
4000 g for 7 min at 4◦C. The cells were then resuspended in
5 ml phosphate buffered saline and 2.04 × 108 washed cells were
spread on 20 mM GlcNAc. Once spontaneous mutant colonies
were obtained, colonies were cultured into M9 minimal salts
medium with 100 µM calcium chloride (CaCl2) and 2 mM
magnesium sulfate (MgSO4) containing 20 mM GlcNAc. This
culture was consecutively subcultured till cells were able to reach
an OD600 = 0.7 within∼35 h.

Whole Genome Sequencing and SNP
Analysis of PASS4 Mutants
Single colonies of 8 P. aeruginosa strain PASS4 mutants and
the parental PASS4 strain were inoculated into 10 ml of
LB liquid medium, in triplicates, from LB agar and grown
overnight with constant shaking of 200 rpm at 37◦C. DNA
was extracted from the samples according to DNA Isolation
DNeasy Blood and Tissue Kit protocol for Gram-negative
bacteria (QIAGEN, Germany). Total DNA was quantified
using the Nanodrop and submitted to the Ramaciotti Centre
for Genomics for paired-end DNA Sequencing on MiSeq
v2 platform. Paired-end DNA sequence files obtained from
Ramaciotti were assessed for quality using FastQC software
(Babraham Bioinformatics, United Kingdom). The pair-end
reads for each sample were merged by FLASH-1.2.11 (Magoc
and Salzberg, 2011). The merged reads were filtered with the
FASTQ quality filter with minimum quality score being 20,
and 90 being the minimum percent of bases with a quality
score of 20. The reads were then trimmed with FASTQ
quality trimmer ensuring minimum length of sequence of
200 and quality thresholds of nucleotide of 28. The FASTQ
files were converted to FASTA and then subjected to SNP
analysis according to the user guide of kSNP3 software
(Gardner et al., 2015).

Growth of P. aeruginosa PASS4
in Adenosine
To identify the lowest concentration of adenosine as a sole
carbon source that supported growth of PASS4, growth assays
were undertaken in liquid media in M9 minimal salt medium
with 100 uM calcium chloride (CaCl2) and 2 mM magnesium
sulfate (MgSO4) supplemented with 0.02 mM – 20 mM
adenosine using a broth dilution method essentially as previously

described (Wiegand et al., 2008). Cell growth was determined
spectrophotometrically.

Complementation of PASS4 Using the
pME6032 Vector
Pseudomonas aeruginosa PASS4 was complemented with an
intact P. aeruginosa PAO1 purK gene using pME6032 expression
vector containing tetracycline resistance marker (Heeb et al.,
2002). The pME6032 vector was kindly gifted by Professor
Stephan Heeb, University of Nottingham, United Kingdom.
Cloning was performed using the In-Fusion HD cloning kit
(Takara Bio, United States) following the procedures suggested
in the manufacturer’s protocol. Briefly, the purK gene was
amplified via PCR using the Platinum SuperFi PCR Master
Mix (Thermo Fisher Scientific) with P. aeruginosa PAO1
genomic DNA as a template, and the primer pair 2_purK_F/R
(Table 2). The pME6032 plasmid was linearized using the
EcoRI and XhoI restriction enzymes (New England Biolabs)
and used in In-Fusion cloning reaction also containing the
5X In-Fusion HD Enzyme Mix and the purified purK PCR
fragment. After completion, the reaction mix was used for
transformation using E. coli Stellar Competent Cells (Takara
Bio, United States) according to the manufacturer’s protocol.
Petri dishes containing solid LB medium supplemented with
25 µg/ml of tetracycline were used to select and maintain the
E. coli transformants. The vector with purK gene insertion
was purified from the culture of E. coli cells using the
Wizard Plus SV Minipreps DNA Purification System (Promega)
and the manufacturer’s protocol and used to transform
the wild type PASS4 strain via electroporation. Overnight
culture of PASS4 was inoculated in 2 × 5 ml fresh LB
broth in 50 ml Falcon tubes and incubated overnight,
with shaking, at 42◦C, following a previously described
method (Kaur et al., 2015). After the incubation the cultures
were combined, centrifuged (10 min at 5000 rpm) and the
cell pellet resuspended in 5 ml fresh LB broth containing
6.5 U/ml of Alginate Lyase (Sigma) to break down the
excess alginate. The mixture was incubated at 37◦C for
40 min after which the cells were washed with 1 ml ice-
cold MilliQ water and resuspended in 20 µl of sterile ice-
cold water, and 1 µl of pME6032_purK plasmid was added
(60 ng). The mixture was transferred to cold electroporation
cuvette (2 mm gap, Bio-Rad) and electroporated using Bio-
Rad MiniPulser (2.5 kV pulse). Immediately after applying
the pulse, 1 ml fresh LB was added to the electroporation
mixture, mixed, and incubated at 37◦C for 3 h. After the
incubation the mixture was serially diluted and plated on

TABLE 2 | Primers used in PASS4 complementation experiments.

Primer name Sequence (5′ to 3′)

2_purK_F CAGGAAACAGAATTCATGAAAATCGGTGTCATCGGTGGC

2_purK_R TAGTCCGAGGCCTCGAGTCACGCCTCGATCAGC

Insert_F ATTCGTGTCGCTCAAGG

Insert_R CTCGGGTAACATCAAGG
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Petri dishes containing solid LB medium supplemented with
120 µg/ml of tetracycline. The presence of the purK gene in
the PASS4 transformants was confirmed using a PCR with the
insert_F/R primer pair (Table 2), as well as via Sanger sequencing
using the same primers. The sequencing was performed at
Macrogen, South Korea. Sequences obtained from Macrogen
were aligned with the sequence of the in silico predicted product
consisting of pME6032 insertion region and the full-length purK
gene, yielding a 100% match.

Biolog Phenotype Microarray Analysis
Biolog Phenotype analysis was carried out for P. aeruginosa
parental strain PASS4, 8 PASS4 mutants and PASS4
complemented with purK, using PM1 and PM2A MicroPlateTM

Carbon Source Phenotype Microarrays (Biolog, United States)
containing a total of 190 substrates (including a range of
carbohydrates, carboxylic acids, amino acids, fatty acids, amines,
alcohols, polymers, amides and esters) and a negative control
for each plate (Bochner et al., 2001). Bacterial cell suspensions
(absorbance of 0.07 at 600 nm) were prepared in the inoculating
fluid (IF-0a, Biolog, United States) and 100 ul of the inoculum
was dispensed into each well of the plate using a multichannel
pipette. After inoculation, the plates were incubated in the
OmniLog incubator/reader (Biolog) for 48 h at 37◦C. Cell
respiration was recorded every 15 min by a charge-coupled
device camera. The changes in the color of inoculated wells
due to the conversion of the tetrazolium dye present in the
wells into the purple derivative during cell respiration, were
plotted over the whole period of incubation yielding kinetic
curves representative of the metabolic activity of the strain in
the presence of a particular carbon source. Raw values were
imported from the OmniLog reader for heatmap generation. For
the adenosine-supplemented experiments, P. aeruginosa PASS4
was suspended in inoculating fluid supplemented with 2 mM
adenosine before dispensing 100 µl to each well of the PM1 and
PM2A plates (Biolog, United States), which were subjected to
Biolog Phenotype Microarray analysis as described above.
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