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is context specific
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and Infection, College of Medical and Dental Sciences, University of Birmingham, Birmingham, UK

The potential for siderophore mutants of Pseudomonas aeruginosa to attenuate virulence during
infection, and the possibility of exploiting this for clinical ends, have attracted much discussion. This
has largely been based on the results of in vitro experiments conducted in iron-limited growth
medium, in which siderophore mutants act as social ‘cheats:’ increasing in frequency at the expense
of the wild type to result in low-productivity, low-virulence populations dominated by mutants. We
show that insights from in vitro experiments cannot necessarily be transferred to infection contexts.
First, most published experiments use an undefined siderophore mutant. Whole-genome sequencing
of this strain revealed a range of mutations affecting phenotypes other than siderophore production.
Second, iron-limited medium provides a very different environment from that encountered in chronic
infections. We conducted cheating assays using defined siderophore deletion mutants, in conditions
designed to model infected fluids and tissue in cystic fibrosis lung infection and non-healing wounds.
Depending on the environment, siderophore loss led to cheating, simple fithess defects, or no fithess
effect at all. Our results show that it is crucial to develop defined in vitro models in order to predict
whether siderophores are social, cheatable and suitable for clinical exploitation in specific infection

contexts.

The ISME Journal advance online publication, 11 July 2017; doi:10.1038/ismej.2017.103

Introduction

Bacteria can be social organisms, displaying coordi-
nated behaviours, including quorum sensing (QS),
biofilm formation and the production of diffusible
exoproducts, which can be shareable ‘public goods’
(West et al., 2007). Iron-scavenging siderophores,
exoproteases, biofilm polymers, toxins and QS
signals all have the potential to be public goods
because the ability of a cell to benefit from their
presence (take up a siderophore or the products of
extracellular proteolysis) are not contingent on that
cell having secreted the molecule itself. Cells which
do not produce molecules that enhance growth or
survival grow poorly or not at all in monoculture.
However, in co-culture with wild-type cells, they
avoid the metabolic costs of exoproduct synthesis
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and reap the benefits of their neighbours’ invest-
ment. Their evolutionary fitness relative to the wild-
type increases and these mutants are commonly
referred to as ‘cheats’ (Rainey and Rainey, 2003;
Griffin et al., 2004; Harrison et al., 2006; Diggle et al.,
2007; Jiricny et al., 2010; Darch et al., 2012;
Raymond et al., 2012; Mund et al., 2017). Circum-
stances under which the benefits of cheating are
constrained, allowing cooperation to persist in
populations, have been predicted by theory
(Hamilton, 1964; Székely et al., 2010). Because
bacteria are amenable to evolution experiments, they
have been widely used to test theoretical predictions
in vitro (for example, Griffin et al., 2004; Diggle et al.,
2007; Kiimmerli et al., 2009a). Siderophore produc-
tion by fluorescent Pseudomonas is a particularly
tractable workhorse for sociomicrobiology and has
served as a useful model system to facilitate tests of
key evolutionary hypotheses (Table 1, also Morgan
et al., 2012; Zhang and Rainey, 2013; Lujan et al.,
2015).

Many exoproducts that could be considered
public goods play important roles in infection. As
the field of sociomicrobiology progressed, this led
to suggestions that cooperation among pathogens
could be usefully manipulated, especially in hard-
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to-treat chronic infections (for example, Foster,
2005; Harrison et al., 2006; Brown et al., 2009;
Rumbaugh et al., 2009). The opportunistic pathogen
Pseudomonas aeruginosa causes various chronic
infections in immunocompromised hosts, notably
lung infections in people with cystic fibrosis (CF)
and wound infections in people with burns or
diabetic ulcers (Hirsch and Tam, 2010; Friedrich
et al., 2015). Siderophore-null mutants of this
species can invade in vitro populations and cheat
their way to high density, resulting in population
reduction (Griffin et al., 2004; Table 1).
Siderophore-negative mutants are commonly iso-
lated from chronic P. aeruginosa infections (De Vos
et al., 2001; Jiricny et al., 2014; Andersen et al.,
2015). Researchers have therefore hypothesised that
the presence of these mutants is due to cheating
in vivo, and that siderophore mutants could be used
as “Trojan horses’ to ferry antibiotic-susceptibility
alleles into infections and render them more
sensitive to treatment (Harrison et al., 2006;
Brown et al., 2009; Jiricny et al., 2014; Andersen
et al., 2015).

A potential problem with this reasoning is the
implicit assumption that gene expression, the acces-
sibility of exoproducts to non-producers and the
fitness consequences of mutations are comparable
in vitro and in vivo, and in acute and chronic
infection contexts. Technical advances have
revealed how much bacterial transcriptomes
(Croucher and Thomson, 2010; Dotsch et al., 2015)
and the fitness of loss-of-function mutants (Van
Opijnen et al., 2009) vary across environments.
When the environment that bacteria experience in
a specific infection context is carefully modelled in
the lab, the importance of this in determining the
fitness consequences of a particular genotype
become clear (Palmer et al., 2007; Harrison et al.,
2014; Turner et al., 2015).

Typically, experiments on siderophore coopera-
tion and cheating are conducted in iron-limited
minimal medium, creating clear costs and benefits
to siderophore production and allowing null
mutants to be cheats. While this may recapitulate
the iron restriction encountered by pathogens
colonising healthy tissues during acute infection,
chronic infections present a very different environ-
ment. Tissue damage, inflammation and disease-
specific changes in-host phenotype (for example,
increased mucus volume and adhesiveness in CF
lungs, Boucher, 2007) are accompanied by changes
in the growth substrates available to bacteria. In CF
lungs, bacteria use amino acids released by
damaged tissues, or from mucus, as carbon sources
(Palmer et al., 2005, 2007; Flynn et al., 2016), and
iron is plentiful (Tyrrell and Callaghan, 2016).
Consequently, bacterial gene expression, and pre-
sumably the roles played by virulence factors,
differ in chronic and acute contexts (Goodman
et al., 2004). More specifically, in CF, there is
evidence that P. aeruginosa switches from

The ISME Journal

siderophore-mediated uptake of iron (III) to utilis-
ing available iron (II) and heme (Cornelis and
Dingemans, 2013; Marvig et al., 2014). Further,
experiments have typically used well-mixed liquid
medium where exoproducts and cells move freely.
Adding an element of spatial structure to the
in vitro environment locally restricts the accessi-
bility of siderophores, rendering them less ‘public’
and reducing the ability of non-producing mutants
to cheat (Kiimmerli et al., 2009c¢; Lujdn et al., 2015;
Leinweber et al., 2017). Because chronic infections
caused by bacterial biofilm in host tissues are
structured (Bjarnsholt, 2013), similar restrictions
may apply in vivo. Clearly, there is a pressing need
to re-assess the role played by siderophore mutants
in environments that better model chronic infec-
tion. This is now possible because lab models of
the environments encountered in CF lungs and
soft-tissue wounds have been developed (Palmer
et al., 2007; Werthén et al., 2010; Harrison et al.,
2014; Turner et al., 2015; Harrison and Diggle,
2016).

To assess and extend the potential of laboratory
experiments to yield clinically useful data on the
evolutionary dynamics of P. aeruginosa siderophore
mutants, we reviewed published experimental work.
Our goal was to characterise any biases in the
literature which could restrict its applicability to
the various environments in which this flexible
opportunist can thrive. We found two such biases:
(a) many experiments (by ourselves and others) used
an uncharacterised, UV-generated mutant
(PAO6609, often referred to as PAO9) as a side-
rophore cheat; and (b) a lack of studies employing a
well-defined model of chronic infection. We defined
two empirical aims to address these biases.

First, we conducted whole-genome sequencing of
PAO6609 to determine the genetic basis of its
siderophore-null phenotype, and reveal any other
mutations that could affect the outcome of competi-
tion with the wild type. Second, we determined the
fitness consequences of siderophore loss-of-
function mutations in relatively well-characterised
models of CF lung infection and chronic soft-tissue
wounds. Because we found many mutations that
potentially affect metabolism and growth in
PAO6609, we used defined siderophore deletion
mutants of the siderophores pyoverdine and pyo-
chelin for these experiments. We explicitly
explored differences between liquid chronic infec-
tion medium and structured infection models
because spatial structure affects the social dynamics
of public goods (Kiimmerli et al., 2009c; Lujan et al.,
2015; Leinweber et al., 2017; Mund et al., 2017),
and because biofilm formation in structured models
of lung (Harrison and Diggle, 2016) and wound
(Werthén et al., 2010) infection could alter gene
expression and the fitness consequences of muta-
tion (Whiteley et al., 2001; Bjarnsholt et al., 2013).
Our results demonstrate that whether siderophore
mutants act as cheats is dependent on the



environment, and suggest that these mutants may
not act as cheats in vivo.

Materials and methods

Bacterial strains

P. aeruginosa PAO1 was used as a wild-type
siderophore producer and defined ApvdD and
ApvdDApchEF mutants in this background
(Ghysels et al., 2004) were used as single pyoverdine
and double pyoverdine/pyochelin mutants, respec-
tively. Recent literature shows that PAO1 strains fall
into two discrete phenotypic groups termed P1 and
P2, based on presence or absence of indels in the
mexT locus (Luong et al, 2014). We Sanger
sequenced the mexT locus of these strains and
aligned it against the University of Washington
PAO1 genome (NCBI reference sequence
NC_002516), which has an 8bp insertion in mexT
producing the P2 phenotype. None of our strains had
this insertion, nor did they have a commonly-
reported 2bp deletion present in other P2 strains
(Luong et al., 2014). Thus our strains have the P1
phenotype (data not shown). The UV-induced
mutant PA6609 was derived from PAO6049
(Hohnadel et al., 1986); PAO6049 is a Tn5-induced
methionine auxotroph derived from PAO1 (Rella
et al., 1985). See Supplementary Figure S1 for the
genealogy of PAO6609.

Collating and analysing experimental work on
siderophore cheating

To identify published experiments on siderophore
cheating, we used Scopus.com to (i) conduct a
literature search and (ii) locate articles citing
already-identified experimental and theoretical
articles on siderophore social evolution. For each
experiment in each article, we recorded which
strains/clones and media were used; whether an
explicit test for cooperation was conducted (relative
fitness of mutant in pure/mixed culture with a
producer strain and growth or final density of pure/
mixed cultures); the starting frequency of mutants
in co-culture experiments; the location of the key
data in the article; whether cheating was observed
and any other key conclusions. The diverse starting
frequencies and mutants used make this data
unsuitable for formal meta-analysis, so we simply
present the key characteristics and findings of the
studies in a format that facilitates qualitative
comparison.

Whole-genome sequencing of PAO6609 (PAO9)

PAO6609 was cultured overnight in 10 ml Lysogeny
Broth at 37 °C on an orbital shaker. Genomic DNA was
extracted using a Sigma-Aldrich (Gillingham, UK)
GenElute Bacterial Genomic DNA Kit. Library pre-
paration was performed using the Nextera XT library
preparation kit (Illumina Inc., San Diego, CA, USA),
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and 2 x300bp paired-end sequencing performed on
the Illumina MiSeq platform using a V3 sequencing
cartridge, to ~50x coverage. Reads were assembled
using SPAdes run with the —careful flag, and
annotated using Prokka. This produced an assembly
of 6232 039 bp comprising 89 contigs with an N50 of
220789. The assembly was compared with the
reference PAO1 genome (NCBI reference sequence
NC_002516) using BLAST and the comparison visua-
lised using ACT to search for gene acquisition or loss
events. SNP typing was performed by mapping the
raw reads of PAO6609 against the PAO1 reference
genome (NC_002516.2) using SMALT and SAMtools.
A total of 98.3% of 1.17M reads mapped to the
reference, from which high fidelity SNPs were
called using a cutoff of minimum allele frequency of
0.8, minimum quality score 30, and minimum
depth of 8.

Growth conditions for cheating experiments

We used five different growth environments. In
each case, cultures were grown in 24-well micro-
titre plates and incubated on a rocking platform at
37°C. (i) 2ml casamino acids medium (CAA: 5g
casamino acids, 1.18g K,HPO,-3H,O, 0.25g
MgSO0,-7H,0, per litre) supplemented with 20 mm
NaHCO; and 100pgml~' human apo-transferrin
(Sigma, Gillingham, UK), cultured for 24h. (ii)
2ml artificial sputum medium (ASM) following
recipe in Palmer et al. (2007); cultured for 24 or
48 h. (iii) ex vivo pig lung (EVPL) model comprising
5 mm? pig bronchiole+400 nl ASM following proto-
col in Harrison and Diggle (2016); cultured for 96 h.
(iv) 2ml synthetic wound fluid (SWF: 50% v/v
peptone water/foetal bovine serum following
Werthén et al. (2010)), cultured for 24 or 48 h. (v)
400 pl synthetic chronic wound (SCW: SWF solidi-
fied with rat tail collagen following protocol in
Werthén et al. (2010)), cultured for 48h. For
environments (ii—v), we measured wild-type side-
rophore production and calculated the fitness of
siderophore mutants relative to the wild type in
clonal and mixed culture. Four or five replica
cultures were inoculated with (a) wild-type, (b)
ApvdD (c) ApvdDApchEF, (d) 50% wild-type+50%
ApvdD or (e) 50% wild-type+50% ApvdDApchEF
bacteria for each environment/culture time combi-
nation, and each experiment was repeated twice to
yield two experimental blocks. For environment i
(CAA), we simply measured siderophore produc-
tion by four replica populations of the wild type for
comparison with environments (ii-v).

The density of the inoculum was kept as
consistent as possible across environments and
population types, as cell density can affect the
outcome of wild-type—siderophore-null co-culture
experiments (Ross-Gillespie et al., 2009). For
experiments in CAA, ASM and SWF, each culture
was inoculated with a total of two colonies of the
relevant genotype(s), picked from LB plates using a
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Figure 1 Location of one deletion and 90 SNPs in the genome of
PAO6609 (a.k.a. PAO9), mapped against a PAO1 reference
sequence (NGC_002516.2). SNPs are colour coded by functional
class of the locus affected. 11 SNPs that that result in amino acid
substitution and which seem most likely to affect growth and
virulence are highlighted and the gene name given.

200 pl pipette tip. For experiments in EVPL and
SCW, each culture was inoculated with two colo-
nies of the relevant genotype(s), picked from LB
plates using an insulin syringe fitted with a 30 G
needle.

To construct time courses of bacterial growth in
ASM, two colonies of (a) wild-type, (b) ApvdD or (c)
ApvdDApchEF were inoculated into four 2ml ali-
quots of ASM in a 24-well microtitre plate. This was
incubated at 37°C in a Tecan Infinite 200 Pro
multimode reader for 18 h; every 20 min, the plate
was shaken for 2 s and absorbance of each well read
at 400 nm. (Reading at more traditional values of
600-700 nm risks interference from absorbance by
pyoverdine in wild-type cultures).

Calculation of relative fitness

The fitness of mutants relative to the wild type in
mixed cultures, v, was calculated as x,(1-x,)/x,(1-x5),
where x, is the starting frequency of the mutant and
x, is the end frequency. To calculate the relative
fitness of mutants in pure culture, mutant popula-
tions were randomly paired with pure wild-type
cultures from the same experimental block and the
same formula used. It follows from the definition
that v<1 reflects a decrease in mutant frequency
over the period of competition, that is, the mutant is
less fit than the wild type, while v>1 reflects an
increase in mutant frequency, that is, the mutant is
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fitter than the wild type. If mutant and wild type
have the same fitness, then v=1.

Statistical analyses

The data were analysed in R 3.3.0 (R Development
Core Team, 2016) using general linear models and
ANOVA. To meet model assumptions of homosce-
dasticity and normality of residuals, the fitness data
from SWF were log-transformed and fitness data
from ASM and EVPL square-root transformed; the
fitness data from SCWs did not require transforma-
tion. All data on pyoverdine production, pyochelin
production and growth for wild-type monocultures
in the different growth environments were log
transformed to meet model assumptions. Where
missing values caused non-orthogonality, the car
package (Fox and Weisberg, 2011) was used to
perform ANOVA with Type II sums of squares,
returning correct F-ratios for main effects in models
containing an interaction. Fitted means and con-
fidence intervals were retrieved, and post hoc
contrasts tested, using the 'lsmeans' package, with
default correction of multiple P-values for false
discovery rate (Lenth, 2013). Post hoc multiple
comparisons against a control were implemented
using the 'glht' command in the 'multcomp' package
(Hothorn et al., 2008).

Data availability

The raw sequence data has been deposited in the
European Nucleotide Archive (Accession number:
ERR1725797). Summary information on mutations
in PAO6609 (Figure 1) and the raw data for
experiments depicted in Figures 2-5,
Supplementary Figure S2 are available as
Supplementary Information at the ISME Journal
website.

Results

Defining key research priorities: analysis of published
experiments.

A review of the published experiments on P.
aeruginosa siderophore mutants and cheating iden-
tified 36 experiments in 23 published articles: these
are summarised in Table 1. It should be noted that
the motivations behind these experiments were
diverse, and generally sought to understand the
evolutionary dynamics of siderophores in iron-
limited environments without any direct reference
to potential clinical relevance. Nevertheless, we can
use these experiments to gain a picture of the state of
the art in siderophore research and assess how far
this could inform understanding of chronic infec-
tion. Two-thirds of the experiments used the well-
characterised lab strain PAO1 as the siderophore-
producing wild type, and six experiments used
clinical or environmental isolates. Of the 35 experi-
ments that did not focus on natural isolates, 15 used
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Figure 2 (a, b) Relative fitness of ApvdD and ApvdDApchEF mutants in pure culture (grey bars) and in mixed culture with an isogenic
wild type (white bars) in ASM after (a) 24 and (b) 48 h of growth. After eliminating variation due to experimental block, we found
significant effects on 24-h fitness of mutant genotype (ANOVA: F, 4;5=6.96, P=0.012), presence/absence of the wild type (F,3;=26.8,
P<0.001) and their interaction (F, 55 =4.49, P<0.042). Neither mutant had a relative fitness significantly different from 1 when grown in
pure culture (post hoc t-tests, P>0.17). ApvdD mutant fitness was unaffected by the wild type (relative fitness in mixed culture not
significantly different from 1; post hoc t-test, P=0.074), but the ApvdDApchEF mutant was outcompeted in mixed culture (post hoc t-test,
P<0.001). The only significant determinant of 48-h fitnes was genotype (ANOVA eliminating experimental block: genotype F, ;5 =8.34,
P=0.007; presence/absence of the wild type: F, 35=0.277, P=0.602; interaction term: F, 3,=3.62, P=0.065). Post hoc t-tests showed that
the ApvdD mutant was less fit than the wild type when grown in pure culture (P=0.018) but as fit as the wild type in mixed culture
(P=0.279). The ApvdDApchEF mutant had a relative fitness <1 in both pure and mixed culture (P<0.001). (c) Cheating by ApvdD over
48 h of co-culture results in mixed wild-type+mutant cultures showing the same reduction in total population density as pure mutant
cultures (ANOVA eliminating experimental block, F,,s=12.6, P<0.001; Dunnett’s test for mutant/mixed populations versus wild type:
P=0.009 and <0.001, respectively; post hoc t-test for mutant versus mixed populations, P=0.159). In all panels, bars show means of 9-10
replicates split across two replica experiments, with associated 95% confidence interval. In both panels, results of post hoc tests for
relative fitness =1 are shown with * =P<0.02; n.s. =not significant.

defined siderophore mutants. These included dele-
= 4 ns tions of the pvdD/pvdF and/or pchEF loci, which are
O involved in the biosynthesis of the siderophores
ﬁ\‘; 3 _ pyoverdine and pyochelin, respectively. Of the
o remainder, 10 used the UV-induced mutant
i n.s. PAO6609 (Supplementary Figure S1) and five used
3 i spontaneous or evolved mutants.
E We recorded whether each experiment included a
3 2 specific test for cheating. We determined a ‘cheating’
g mutant to be a non-producer which (1) had lower
5 . .S fitness (grew less well) than the producer genotype
2 in monoculture, and (2) gained a growth advantage
% RN S S B N S S in mixed culture, such that it grew as well or better
= - . than the wild type, that is, the mutant was
8 -T- maintained in the population and may have
2 i i - increased in frequency. Thus, we defined a specific
test for cheating as a quantitative comparison of the
0 I I growth or fitness of producers and non-producers in
ApvdD ApvdDpchEF monoculture and co-culture, and recorded the loca-

tion of the data pertaining to this test in each
publication.

Out of 36, 34 experiments in Table 1 were
conducted in CAA medium or minimal salts
supplemented with CAA as a carbon source; in all
but two cases, the media was made more iron-
limited by the addition of the human iron chelator
transferrin: one study did not use apotransferrin at
all and one explicitly compared CAA with and

Figure 3 Relative fitness of ApvdD and ApvdDApchEF mutants
in pure culture (grey bars) and in mixed culture with an isogenic
wild type (white bars) in ex vivo pig lung+ASM after 96 h of
growth. Bars show means of eight replicates spread across two
replica experiments, with associated 95% confidence interval.
(ANOVA eliminating experimental block: genotype F,,,=2.24,
P=0.146; presence/absence of the wild type: F, ,,=10.7, P=0.003;
interaction term: F,,,=0.137, P=0.714). Neither strain had a
relative fitness signficantly different from 1 in pure culture (post
hoc t-tests, P=0.074 for ApvdD, P=0.472 for ApvdDApchEF). In
co-culture, relative fitness was not significantly different from 1 for

ApvdD (P=0.074), but <1 for ApvdDApchEF (P=0.007). In both
panels, results of post hoc tests for relative fitness=1 are shown
with *=P=0.007; n.s. =not significant.

without apotransferrin. This medium was not
designed to reflect any specific natural environ-
ment: it was optimised to ensure that siderophores

The ISME Journal
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Figure 4 Relative fitness of ApvdD and ApvdDApchEF mutants in pure culture (grey bars) and in mixed culture with an isogenic wild
type (white bars) in SWF after (a) 24 and (b) 48 h of growth. Bars show means of 10 replicates split across two replica experiments, with
associated 95% confidence interval. Twenty-four hour fitnss was detemrined only by the presence/absnece of the wild type (ANOVA
eliminating experimental block: genotype F, ;5=0.621, P=0.436; presence/absence of wild type: F, 35=35.2, P<0.001; interaction term:
F,35=2.82, P=0.102); The ApvdD mutant’s relative fitness was not significantly different from 1 in pure culture (post hoc t-test, P=0.051),
and the ApvdDApchEF mutant slightly and significantly >1 (P=0.006), but both were less fit than the wild type in mixed culture
(P=0.032 and <0.001, respectively). Forty-eight-hour fitness was not affected by genotype or co-culture (ANOVA eliminating
experimental block: genotype: F, 35=0.045, P=0.833; presence/absence of wild type: F, 35=1.34, P=0.255; interaction term: F, 55=0.078,
P=0.781): both mutants had a relative fitness of 1 regardless of wild type presence (post hoc t-tests, P> 0.104). In both panels, results of
post hoc tests for relative fitness=1 are shown with * =P<0.02; n.s. =not significant. Confidence intervals and P-values in (b) are taken
from a model that excluded two outliers where relative fitness was zero (indicated by open diamonds): including these outliers in the
analysis did not change any of the conclusions given in the text.

Experiments in iron-limited CAA have, for instance,

5 167 n.s. n.s. revealed that the potential for siderophore mutants
2 14 ] to cheat can be reduced or curtailed by the scale of
e i n.s. competition in a metapopulation (Griffin et al.,
g 12- ns. 2004) or by growth in a structured environment,
e 1 where spatial segregation prevents mutants from
C10+——t+——+—H—-T—F-—— accessing siderophores produced by wild types
g 1 (Kiimmerli et al, 2009c; Leinweber et al., 2017).
g 0.8 A4 1 As an opportunist with a large, flexible metabolome
- il and secretome, P. aeruginosa can persist in a range
° 0.6 7] 1 of environments. Some of these may be approxi-
8 oadl L mated by iron-limited minimal media. For instance,
e experiments conducted in CAA may therefore be
£ oo useful for understanding the dynamics of side-
2 A rophore genotypes/phenotypes at the onset of acute
0 | infection in healthy host tissues, where iron is

ApvdD ApvdDpchEF sequestered by high-affinity host chelators (includ-
ing transferrin), or in nutrient-poor abiotic
environments.

Four studies explicitly tested the effect of envir-
onmental variables on siderophore production in
monoculture. Leinweber et al. (2017) showed that
the ability of a double pyoverdine/pyochelin
mutant to cheat in CAA is curtailed when the
medium is not made strictly iron limited with
apotransferrin. Brockhurst et al. (2008) showed that
increasing resource supply (carbohydrates and

amino acids) reduced the cost of siderophore

Figure 5 Relative fitness of ApvdD and ApvdDApchEF mutants
in pure culture (grey bars) and in mixed culture with an isogenic
wild type (white bars) in synthetic wounds after 48 h of growth.
Relative fitness was unaffected by genotype or culture condition
(ANOVA eliminating experimental block: genotype F,35=0.055,
P=0.817; presence/absence of wild type: F, 35=0.113, P=0.739;
interaction term: F, 55=2.32, P=0.137; post hoc t-tests for relative
fitness=1, P> 0.270). Bars show means of 10 replicates split across
two replica experiments, with associated 95% confidence interval
and result of post hoc tests (all n.s.).

were necessary for growth, and acted as a public

good, when bacteria were cultured in it (Griffin
et al., 2004). This makes it ideal for experiments to
test evolutionary theory about why and how
different social strategies can be selected for.
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production and so reduced the cheating benefits of
siderophore loss. Dumas et al. (2013) dissected the
relative roles of pyoverdine and pyochelin, suggest-
ing that while pyoverdine is the primary



siderophore expressed under severe iron limitation,
under moderate iron limitation pyochelin produc-
tion dominates. The authors used parameters
estimated from their experiments to simulate wild-
type—siderophore mutant competition in a range of
environmental scenarios and found that the fitness
consequences of siderophore-null mutations varied.
On the basis of these results, the authors suggested
that pyoverdine-deficient mutants may be favoured
in chronic infection due to better growth in high-
iron, low-pH environments, rather than because
they are cheats. The importance of environmental
iron regime and pyoverdine/pyochelin switching in
determining the fitness consequences of sidero-
phore mutants has also been explored in a suite of
experiments using the closely-related bacterium
P. fluorescens: pyoverdine mutants of this species
were shown to cheat under severe, but not moder-
ate, iron limitation (Zhang and Rainey, 2013;
Kimmerli and Ross-Gillespie, 2014). Finally,
Vasse et al. (2017) showed that the presence of an
antibiotic could enhance the fitness benefits accru-
ing to a pyoverdine mutant in co-culture with the
wild type.

Further, the strength of siderophore cheating may
be constrained. Cheating could become self-limiting
as increases in mutant frequency alter the cost:
benefit ratio of losing siderophore production, or the
cost:benefit ratio may be different in actively-
growing versus established populations. In many
studies, in Table 1 that explored a range of starting
frequencies, mutants act as cheats only when they
are initially inoculated at frequencies <0.1, which
raises questions about the ability of these mutants to
cheat at and persist at higher frequencies (although a
few studies did report cheating from very high
starting frequencies—for example, Kiimmerli et al.,
2009b; Leinweber et al., 2017). In some cases, even
though co-culture increased mutant relative fitness
to>1, there was no detrimental effect on total
population density. These observations call into
question the ability of siderophore mutants to act
as ‘Trojan horses’ to treat infection, as does the
observation in one study (Ghoul et al., 2016) that a
siderophore mutant only cheats if added to wild-type
cultures before stationary phase.

Therefore, whether siderophore-null mutants act
as cheats in chronic infection—and why appar-
ently comparable experiments can give different
results—remains an open question. We identified
two key areas that require close attention in order
to gain a more realistic picture of the consequences
of siderophore null mutations in chronic
infections.

First, the repeated use of PAO6609 is potentially
problematic. This is a UV-induced mutant derived
from PAO6049 (Hohnadel et al., 1986), which is a
methionine auxotroph derived from PAO1 (Rella
et al., 1985) following several deliberate and
spontaneous mutational events. We have recon-
structed the complex genealogy of PAO6609 and
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provide this information as a flow chart in
Supplementary Figure S1. The exact nature of the
mutation leading to the siderophore-negative phe-
notype in PAO6609 is not known. Further, as UV
mutagenesis is non-specific, it is likely that this
strain carries additional mutations that influence
other important aspects of its phenotype, or mod-
erate the fitness consequences of siderophore loss.
Without knowing the exact genotype of PAO6609,
we cannot be sure that empirical results obtained
using it are the result of its siderophore
phenotype alone.

Second, while some of the studies in Table 1
explicitly addressed how environmental variables
affect siderophore dynamics, none of them set out to
model conditions relevant to chronic infection. It is
possible that increased availability of iron in
chronically-damaged tissues means that the benefits
of siderophore production are reduced and that
production is downregulated, removing any advan-
tage to siderophore-null genotypes. Alternatively,
siderophores may be beneficial but not exploitable
by potential cheats: this could result from spatial
structuring, persistence in stationary phase, and/or
a reliance on siderophore recycling rather than
continued production (Kimmerli and Brown,
2010).

Whole-genome sequence of a commonly used
siderophore cheat, PAO6609

We performed whole-genome sequencing of this
strain and mapped the raw sequence data against a
PAO1 reference genome (NCBI Reference
Sequence: NC_002516.2, Stover et al., 2000). The
results are summarised in Figure 1. PAO6609
harbours a single ~6.6 kb deletion, removing most
of the non-ribosomal peptide synthetase locus pvd],
which is involved in synthesising the pyoverdine
side chain. This deletion also removes part of a
second pyoverdine biosynthetic locus, pvdl. We
also found 90 high-resolution SNPs, including
expected mutations in amiE and metZ
(Supplementary Figure S1). The details of the
deletion and SNPS  are provided as
Supplementary Information. Briefly, none of the
SNPs were in loci associated with pyoverdine or
pyochelin biosynthesis. However, we found SNPs
resulting in missense mutations in ten genes. These
were cyoFE, which is involved in heme metabolism
and upregulated when iron is low (Arai, 2011); two
loci, which ancide an assimilatory nitrate reductase
involved in anaerobic ATP generation (napA,
napF); two loci involved with assimilation of
nitrogen for biosynthesis (cysG, PA1779); two loci
involved in quorum sensing (lasl, gteE); two loci
involved in motility (fIiO, fimV); and the cpo gene,
which is involved in the biosynthesis of many
organochlorine compounds. All of these mutations
could potentially affect growth and/or virulence.
Finally, we found a missense mutation in the rho
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transcription termination factor. Further work
would be needed to deduce the effects of this
mutation, but the possibility of generalised defects
in the control of gene expression cannot be ruled
out. In summary, PAO6609 harbours numerous
mutations in addition to the pvd] partial deletion
that likely make it an unreliable strain to use for
empirical studies of the fitness and virulence
consequences of siderophore loss.

Production of siderophores by P. aeruginosa in models
of chronic lung and wound infections

Because of the problems identified with PAO6609,
we used defined siderophore mutants to test the
potential for social cheating in laboratory media
that have been developed to represent specific
chronic infection contexts. As discussed above,
while most research has focused on pyoverdine,
under weaker iron limitation, the metabolically
cheaper siderophore pyochelin may take on a
primary role in iron chelation (Dumas et al.,
2013; Kimmerli and Ross-Gillespie, 2014). We
therefore used a standard wild-type lab strain
(PAO1) and two isogenic deletion mutants: a
pyoverdine knockout (ApvdD) and a double
pyoverdine/pyochelin knockout (ApvdDApchEF)
constructed using allelic exchange (Ghysels
et al., 2004). Both mutants have been reported to
act as social cheats in iron-limited CAA, when
inoculated in co-culture with the wild type at
starting frequencies of up to 50% (Table 1,
Kimmerli et al., 2009b, 2015; Kummerli and
Brown, 2010).

We first verified that PAO1 produces siderophores
in our chronic infection models, and compared
production levels with those in iron-limited CAA.
Detectable levels of pyoverdine and pyochelin were
produced in all environments (Supplementary
Figure S2a). Cell densities also differed between
environments (Supplementary Figure S2b). There-
fore, we calculated relative production of side-
rophores per CFU and wused this measure of
production to compare investment between the
different growth environments. Per-cell levels of
pyoverdine and pyochelin were positively correlated
and, consistent with the suggestion of Dumas et al.
(2013); the pyochelin:pyoverdine ratio was signifi-
cantly higher in chronic infection models and media
than in CAA (Supplementary Figure S2a). (Note that
replica cultures in ex vivo lung and synthetic
wounds were more variable than replica cultures in
liquid media).

Social dynamics of siderophore mutants in artificial CF
sputum are influenced by genotype and culture time

Mutant and wild-type bacteria were grown in pure
culture and each mutant was grown in mixed culture
with the wild type, with a starting frequency of 50%,
in ASM. After 24 and 48h of growth, total
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population densities were determined and the
relative fitness of each mutant in pure and mixed
culture calculated. As shown in Figure 2a, neither
mutant had a relative fitness significantly different
from 1 when grown in pure culture. ApvdD mutant
fitness was unaffected by the wild type, but the
ApvdDApchEF mutant was outcompeted in mixed
culture. These results are not consistent with either
mutant acting as a cheat: they do not show a
disadvantage when cultured alone, and do not
benefit from growth with the wild type.

After 48 h (Figure 2b), the results were different.
The ApvdD mutant now showed cheating dynamics:
it was less fit than the wild type when grown in pure
culture but as fit as the wild type in mixed culture.
The ApvdDApchEF mutant had a relative fitness <1
in both pure and mixed culture. As predicted for a
textbook ‘cheat,” the presence of the ApvdD mutant
reduced total population density: mixed cultures
reached similar densities to pure ApvdD cultures
(Figure 2c).

Time course experiments (Supplementary
Figure S3) suggested that the ApvdD mutant has a
disadvantage in pure culture in ASM because it
ceases logarithmic growth earlier than the wild type,
reaching a lower yield in stationary phase. The
ApvdDApchEF mutant has the double disadvantage
of a longer lag phase and an earlier cessation of
logarithmic growth. This is consistent with the
differing fitness of the mutants at 24 vs 48h:
continued growth and siderophore production by
the wild type from 24—48 h presumably provide an
opportunity for the ApvdD mutant to cheat, as levels
of available iron start to fall.

Siderophore mutants are outcompeted by the wild type
in a CF bronchiolar biofilm model

ASM models the chemistry of CF mucus (Palmer
et al., 2007; Turner et al., 2015), but liquid culture
lacks realistic spatial structure. To allow bacteria to
form biofilms associated with bronchiolar surfaces
(Bjarnsholt et al., 2013), we repeated the monocul-
ture and 50% co-culture experiments in an ex vivo
model comprising a section of pig bronchiole
cultured in ASM for 4 days. P. aeruginosa forms a
loose sleeve of mucoid biofilm around the tissue
(Harrison and Diggle, 2016). As shown in Figure 3,
the only significant predictor of relative fitness was
presence/absence of the wild type. Both strains were
as fit as the wild type in pure culture but showed a
trend towards being outcompeted in mixed culture.
This trend was significant for the ApvdDApchEF
mutant but not for the ApvdD mutant.

Siderophore mutants do not suffer a long-term fitness
disadvantage in synthetic wound fluid

We next repeated the pure/mixed culture experi-
ments in synthetic wound fluid (SWF: Werthén
et al., 2010). The only significant predictor of relative



fitness at 24 h was presence/absence of the wild type
(Figure 4a). The ApvdD mutant was as fit as the wild
type in pure culture, and the ApvdDApchEF mutant
slightly and significantly fitter, but both mutants
were outcompeted by the wild type in mixed culture.
After 48h (Figure 4b), there was no difference
between genotypes or culture conditions: both
mutants had a relative fitness of 1 regardless of
wild-type presence. Dropping two outliers from the
48-h data set resulted in tighter confidence intervals
but did not change the results.

Siderophore mutants do not have any fitness
disadvantage in synthetic chronic wounds

As with the CF lung model, we wished to add spatial
structure to SWF to better model a soft tissue
infection. SWF was solidified with collagen, allow-
ing bacteria to form 3D biofilm, (Werthén et al., 2010)
and experiments repeated in the resulting solid
plugs. After 48 h in synthetic wounds, (Figure 5),
both mutants had a relative fitness of 1 regardless of
culture condition.

Discussion

Many experiments have been conducted to explore
the social evolution of siderophore production by
P. aeruginosa. These have been used to suggest
explanations for the appearance of siderophore
mutants in chronic infections; and how this beha-
viour could be exploited for clinical ends. Our
targeted literature review revealed potential restric-
tions on the generality of predictions made from
these experiments about the dynamics of side-
rophore mutants in vivo. First, many experiments
used an undefined mutant (PA6609) as a side-
rophore cheat. We sequenced this strain and found
that while it has a deletion of one of the pyoverdine
biosynthetic loci, it also carries numerous muta-
tions in genes likely to affect growth and metabo-
lism in unpredictable ways. It is therefore difficult
to disentangle the effects of siderophore phenotype
vs other phenotypes on its evolutionary dynamics.
Second, most published experiments were carried
out in iron-limited minimal broth. Inferences made
from these experiments may provide information on
the fitness consequences of siderophore loss in
acute infections (Granato et al., 2016). However, a
growing body of evidence shows a significant
mismatch between contrived lab media and
clinically-relevant growth conditions. In chronic
infections, bacteria experience specialised and
idiosyncratic environments that affect the cost:
benefit ratio of siderophore production, the ability
of cells to access each other’s siderophores and the
growth rate of bacterial populations. Experiments
that dissect the fitness consequences of siderophore
loss in environmentally-explicit models of infection
are essential if we are to understand the natural
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history of siderophore production in chronic infec-
tions. Defined chronic infection models are also
vital if we want to draw clinically-relevant conclu-
sions about the likely success of therapeutic inter-
ventions based on disrupting bacterial social
interactions or using ‘public good’ mutants as
Trojan horses.

We tested whether pyoverdine or pyoverdine/
pyochelin deletion mutants acted as cheats in four
laboratory models designed to mimic chronic
infections: structured and unstructured models of
CF lung infections and non-healing soft-tissue
wounds. Wild-type P. aeruginosa produced side-
rophores in all tested environments. However,
there was environment-dependent variation in
siderophore production, and the ratio of pyoche-
lin:pyoverdine was higher in chronic infection
models than in CAA (Supplementary Figure S1).
This is consistent with a suggestion by other
authors that pyochelin production may be favoured
when iron is more easily available (Dumas et al.,
2013; Hunter et al., 2013; McCallin et al., 2015).
The pyoverdine mutant was less fit than the wild
type in monoculture in artificial CF sputum after
48 h growth, demonstrating a benefit to pyoverdine
production in this environment, and was able to
cheat on the wild type. In all other environments
tested, there was no effect of losing pyoverdine
production on fitness. Production of pyoverdine in
these environments may therefore be a maladaptive
response, or may have benefits other than simple
growth rate enhancements (for example, copper
detoxification: Koh and Henderson, 2015). There
was a non-significant trend towards this mutant
being outcompeted by the wild type in ex vivo
bronchiolar biofilm. This may be due to poor
biofilm production, even when iron is plentiful
(Banin et al., 2005; Harrison and Buckling, 2009).
The pyoverdine/pyochelin mutant was less fit than
the wild type in artificial CF sputum and model
bronchiolar biofilms, but had no disadvantage in
synthetic wound fluid or synthetic wound biofilm.
This is most likely due to ready availability of iron
as heme groups in serum. Our results cast sig-
nificant doubt on the ability of siderophore mutants
to cheat in chronic infections, and therefore on
their utility as Trojan horses.

The models we use are not perfect, but they have
been carefully constructed to reflect key aspects of
CF lung or wound physiology and chemistry, and
validated by comparing bacterial growth, gene
expression, metabolism and/or biofilm morphology
with qualitative or quantitative data from clinical
fluids or tissues (Palmer et al., 2007; Werthén et al.,
2010; Harrison and Diggle, 2016; Price et al., 2016).
Alternative optimised media are available (for
example, other versions of synthetic CF sputum:
Sriramulu et al.,, 2005; Turner et al., 2015 and
Kirchner et al., 2012), and P. aeruginosa can be
grown in chronic infection-like media and models
for long time periods, with different studies using
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various growth periods. We decided to focus on the
four media presented, and conduct our experiments
over the most commonly used time periods (based
on our sampling of the literature) for each growth
medium or model. Clearly, there are many variables
to be considered with regard to modelling chronic
infection environments, and we stress that the
present article presents the data from a representa-
tive sample of potential models. We would not
venture to argue that the conditions we use are the
‘correct’ ones: rather, we present our results as
examples of how improved lab models of specific
infection contexts can be developed and used, and to
demonstrate how different the fitness effects of a
bacterial ~phenotype can be in  different
environments.

When increased levels of public goods production
increase the population growth rate or carrying
capacity, cheating mutants are predicted to be under
negative frequency-dependent selection (Ross-
Gillespie et al., 2007). It is therefore usual to conduct
cheating assays using a range of starting frequencies,
including <50%. We chose to initially conduct
cheating assays using only a 50% starting frequency,
as both mutants we used have been reported to act as
cheats under this condition in iron-limited CAA
(Kiimmerli et al., 2009b, 2015; Kiimmerli and Brown,
2010). Further, if mutants that cheat from low
starting frequencies cannot maintain this advantage
as they become more common, then the likely
clinical significance of cheating as a determinant of
virulence—and the potential power of a ‘Trojan
horse’ approach to managing infection—is called
into question. Further investigation of different
starting frequencies was not necessary: in the case
of ASM, the single mutant showed cheating
dynamics even at this high starting frequency, and
in all other media, both mutants had equal fitness to
the wild type in pure culture so cannot be called
cheats regardless of the outcome of competition at
any starting frequency.

Our results underline the importance of the in-host
environment in determining bacterial genotype-
fitness maps, and hence the necessity of carefully-
designed lab models (Roberts et al., 2015). We
previously reported that P. aeruginosa QS mutants,
which can cheat in acute infections (Rumbaugh
et al., 2009), are not cheats in an ex vivo model of
chronic infection (Harrison et al., 2014). This is
consistent with previously published in vitro experi-
ments showing that the fitness effects of QS muta-
tions depend on the specific carbon sources present
(D’Argenio et al., 2007; Ghoul et al., 2014). Together
with the present results, this demonstrates the
unreliability of extrapolating predictions about bac-
terial social evolution from one infection context to
another, or from simple lab media to specialised
in vivo environments. In chronic lung and wound
biofilm infections, availability of free iron, weakly-
chelated iron or heme most likely reduces the benefit
of producing siderophores and so production levels
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(Supplementary Figure S2). If siderophores are less
important for growth, and/or reduced production
and strong spatial structure in tissue- or mucus-
embedded biofilms restrict siderophore availability,
then clinical strategies to reduce bacterial load based
on manipulating siderophore social interactions will
not work.

So why do siderophore-null mutants arise during
chronic infection? Are they cheats, or simply better
adapted to local growth conditions? Are they not
selected at all, but present transiently and/or at low
frequencies? We cannot answer these questions with
the current data.

Careful choice and optimisation of in vitro models
that allow for long-term evolution experiments in
realistic environments will be invaluable in provid-
ing answers. Alongside such models, there is also a
need for quantitative, rather than qualitative, data
from patients on the prevalence of siderophore
mutants (see Mowat et al., 2011 for an example of a
quantitative approach to studying haplotype turn-
over in CF). There is also a need for more considered
choice of ‘wild type’ and mutant genotypes, paying
particular attention to genotypes that commonly
arise during chronic infection. The fitness conse-
quences of siderophore loss could depend on the
nature of the mutations involved, and on background
genotype. In future, it would be useful to conduct
experiments with a range of clinical isolates that are
most typical of those seen in patients, and/or with
constructed mutants that recapitulate these. Further,
future experiments using chronic infection models
should also consider the impact of inter-species
interactions in polymicrobial chronic infections
communities: P. aeruginosa is part of a diverse
microbial flora in CF lung and chronic wound
biofilms, and interactions with co-infecting microbes
have the potential to affect the costs and benefits of
siderophore production (for example, Weaver and
Kolter, 2004; Harrison et al., 2008).

For instance, we and other authors have focussed
on experiments with mutants with impaired side-
rophore biosynthesis. However, a recent study of
siderophore mutants isolated from CF patients found
that the majority carried mutations in the regulatory
gene pvdS (Andersen et al., 2015). Sequencing
clones from an in vitro evolution experiment also
revealed pyoverdine-negative phenotypes that
stemmed from pvdS mutation (Kimmerli et al.,
2015). PvdS is a sigma factor that positively regulates
the expression of pyoverdine biosynthesis under
iron starvation (Miyazaki et al., 1995), but which also
positively regulates the expression of other
virulence-related exoproducts (Ochsner et al., 1996;
Wilson et al., 2001; Hunt et al., 2002; Gaines et al.,
2007).

Longitudinal sputum sampling from CF patients
(Andersen et al., 2015) showed that clones with
mutations that reduce or ablate pyoverdine produc-
tion (mainly in pvdS) initially retain receptors for
iron-loaded pyoverdine, but gain mutations in the



receptor once pyoverdine-producing clones disap-
pear from the sampled populations. This was
interpreted by the authors as evidence for cheating
driving the loss of siderophores. But in the absence
of explicit tests for cheating by these isolates in co-
culture with co-isolated wild types, using growth
media that mimics lung biofilm, the longitudinal
pattern presented does not unequivocally prove this
conclusion. Other possible explanations include
early selection for loss of pvdS due to other down-
stream phenotypes and/or reduced transcriptional
costs; a relaxation of purifying selection for func-
tional siderophore receptors in the late stages of
infection when iron is plentiful; a bias in the data set
towards early isolates, which increases the condi-
tional probability that later isolates are also side-
rophore-null; or a combination of these factors.

Our results demonstrate the necessity of evaluat-
ing and modelling in-host environments as carefully
as possible if we aim to understand in-host micro-
biology. Lab experiments in simple in vitro condi-
tions have limited ecological and clinical validity,
and so limited predictive power. A plethora of data
on the chemical and microbial ecology of chronic
infection is now available, providing abundant
material for researchers wishing to study the natural
history of pathogens in the lab (for example, for CF:
Yang et al., 2011; Folkesson et al., 2012; Quinn et al.,
2014; Cowley et al., 2015; Kyle et al., 2015; Roberts
et al., 2015; Turner et al., 2015; Flynn et al., 2016).
This information is ripe for consideration by micro-
biologists who justifiably see great potential for
manipulating the in-host ecology of pathogens in
order to halt the progression of debilitating chronic
infection.
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