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Abstract

Bacteria secrete various exoproducts whose benefits can be shared by all cells in the vicinity. The potential
importance of these “public goods” in bacterial evolutionary ecology has been extensively studied. Cheating
by siderophore-null mutants of the opportunistic pathogen Pseudomonas aeruginosa has received particular
attention. The potential of siderophore mutants to attenuate virulence, and the possibility of exploiting this for
clinical ends, have generated a wealth of publications. However, the possibility that genotype - environment
interactions govern the evolutionary consequences of siderophore loss has been almost entirely ignored. A
review of the available literature revealed (i) widespread use of an undefined mutant as a siderophore cheat;
and (ii) a reliance on experiments conducted in iron-limited minimal medium. Whole genome sequencing of
the undefined mutant revealed a range of mutations affecting phenotypes other than siderophore production.
We then conducted cheating assays using defined deletion mutants, grown in conditions designed to model
infected fluids and tissue in CF lung infection and non-healing wounds. Depending on the environment, we
found that siderophore loss could lead to cheating, simple fitness defects, or no fitness effect at all. It is
therefore crucial to develop appropriate in vitro growth conditions in order to better predict the social evolution

of traits in vivo.
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Introduction

Bacteria are social organisms, displaying coordinated behaviours including quorum sensing (QS), biofilm
formation, and the production of shareable exoproducts (West et al 2007). Exoproducts which act as “public
goods” (including iron-scavenging siderophores, exoproteases, biofilm polymers, toxins and QS signals) are
vulnerable to “cheating”: cells which do not produce a particular molecule avoid the costs of production but
reap the benefits of their neighbours’ investment and increase their evolutionary fitness at the expense of
producers (Darch et al 2012, Diggle et al 2007, Griffin et al 2004, Harrison et al 2006, Jiricny et al 2010, Mund
et al in prep, Raymond et al 2012). The circumstances under which cooperation can be maintained in the
population over evolutionary time, versus those under which cheating prevails, have been predicted by theory
(Frank 1998, Hamilton 1964). Because bacteria are amenable to evolution experiments, they have been widely
used to test theoretical predictions (e.g. Diggle et al 2007, Griffin et al 2004, Kiimmerli et al 2009a).
Siderophore production by the opportunistic pathogen Pseudomonas aeruginosa is a particularly tractable

workhorse for sociomicrobiology, facilitating tests of key evolutionary hypotheses (Table 1).

Early research into bacterial public goods focussed on using them as models to test general theory. But as the
field progressed, researchers began to suggest that public goods play important roles in infected hosts. This
led to suggestions that cooperation among pathogens could be manipulated for clinical ends, especially in hard-
to-treat chronic infections (e.g. Harrison et al 2006, Rumbaugh et al 2009, Brown et al 2009, Foster 2005). P.
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 (Friedrich et al 2015,
Hirsch and Tam 2010). Siderophore-null mutants can invade in vitro populations and cheat their way to high
density, resulting in population reduction. Researchers have hypothesised that the presence of siderophore
mutants in chronic infection isolates can be explained by cheating in vivo, and that siderophore mutants could
be used as “Trojan horses” to ferry antibiotic-susceptibility alleles into infections and thus render them curable

(Brown et al 2009, Harrison et al 2006).

One potential problem with this reasoning is the implicit assumption that gene expression and the fitness
consequences of mutations are comparable in vitro and in vivo. Technical advances have revealed just how
much bacterial transcriptomes (Croucher and Thomson 2010) and the fitness of loss-of-function mutants (Van
Opijnen et al 2009) vary across environments; indeed, environment may be a bigger predictor of P. aeruginosa
phenotype than its genetic background (Détsch et al 2015). When the environment bacteria experience in a
specific infection context is carefully modelled in the lab, the importance of genotype x environment
interactions in determining fitness become very clear (Harrison et al 2014, Palmer et al 2007, Turner et al

2015).
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Typically, siderophore experiments are conducted in iron-limited minimal medium, creating clear costs and
benefits to siderophore production. While this may recapitulate the iron restriction encountered by pathogens
colonising healthy hosts during acute infection, chronic infections present an entirely different environment.
Tissue damage, a hyper-inflammatory response and disease-specific changes in host phenotype (e.g. increased
mucus volume and adhesivity in CF lungs, (Boucher 2007) are accompanied 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 (Flynn et al 2016, Palmer et al 2005, Palmer et al 2007), and iron is plentiful (Tyrrell and
Callaghan 2016). Consequently, bacterial gene expression — and presumably the roles played by virulence
factors — differ in chronic and acute contexts (Goodman et al 2004). Because lab models of the environments
encountered in CF lungs and soft-tissue wounds have been developed (Harrison et al 2014, Harrison and
Diggle in press, Palmer et al 2007, Turner et al 2015, Werthén et al 2010), there is a pressing need to re-assess

the role played by siderophore mutants in environments that better model chronic infection.

To assess and extend the potential of laboratory experiments to yield clinically useful data on the evolutionary
dynamics of siderophore production, we defined three aims. First, we reviewed published experimental work
on P. aeruginosa siderophore cooperation. This literature has not previously been systematically reviewed.
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 and defined two further

empirical aims to address these.

The first potential bias in the literature was that many experiments (by ourselves and others) used an
uncharacterised, UV-generated mutant (PAQ9Y) as a siderophore cheat. We therefore conducted whole-genome
sequencing of this mutant to determine (i) the genetic basis of its siderophore-null phenotype, and (ii) whether
it carries other mutations that could affect the outcome of competition with the wild type. The second source
of bias was the lack of studies employing a well-defined model of chronic infection. We therefore 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 PAO9, we used siderophore deletion mutant of the siderophores pyoverdine and
pyochelin for these experiments. CF lung infection was modelled using (a) liquid artificial sputum medium
(ASM: Palmer et al 2007, Turner et al 2015); and (b) an ex vivo model of biofilm infection in which small
sections of porcine bronchiole are infected with bacteria and cultured in ASM (Harrison and Diggle in press).
Chronic wound infection was modelled using (a) synthetic wound fluid (SWF), and (b) synthetic wound fluid
solidified with collagen to form model soft-tissue plugs (Werthén et al 2010). We explicitly explored
differences between liquid medium and structured infection models because spatial structure affects the social
dynamics of public goods (Frank 1998, Kiimmerli et al 2009¢, Mund et al in prep), and because biofilm

formation in structured models could alter gene expression and the fitness consequences of mutation
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(Bjarnsholt et al 2013, Whiteley et al 2001). 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.

Meaterials & Methods

Bacterial strains

P. aeruginosa ATCC 15692 (PAO1) was used as a wild type siderophore producer and clean ApvdD and
ApvdDApchEF mutants in this background (Ghysels et al 2004) used as single pyoverdine and double
pyoverdine/pyochelin mutants, respectively. The UV-induced mutant PA6609 (PAO9) was derived from
PAO6049 (Hohnadel et al 1986); PAO6049 is a Tn5-induced methionine auxotroph derived from PAO1 (Rella
et al 1985).

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 & growth or final density of pure/mixed cultures); the starting frequency of mutants in co-
culture experiments; the location of 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 (PAOY)

PAO9 was cultured overnight in 10 ml Lysogeny Broth at 37°C on an orbital shaker. Genomic DNA was
extracted using a Sigma Aldrich GenElute Bacterial Genomic DNA Kit. Library preparation was performed
using the Nextera XT library preparation kit (Illumina), and 2 x 300 bp paired-end sequencing performed on
the Illumina MiSeq platform using a V3 sequencing cartridge, to approximately 50x coverage. Reads were
assembled using SPAdes run with the —careful flag, and annotated using Prokka. This produced an assembly
016,232,039 bp comprising 89 contigs with an N50 0£220,789. The assembly was compared with the reference
PAO1 genome (NCBI reference sequence NC _002516) using BLAST and the comparison visualised using
ACT to search for gene acquisition or loss events. SNP typing was performed by mapping the raw reads of
PAOO9 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 cut off of minimum

allele frequency of 0.8, minimum quality score 30, and minimum depth of 8.
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Growth conditions for cheating experiments

We used five different growth environments. In each case, cultures were grown in 24-well microtitre plates
and incubated on a rocking platform at 37°C. (i) 2 ml casamino acids medium (CAA: 5 g casamino acids,
1.18 g K,HPO43H,0, 0.25g MgSO,7H,0, per litre) supplemented with 20 mM NaHCO; and
100 pg mL™" human apo-transferrin (Sigma), cultured for 24 hours. (ii) 2 ml artificial sputum medium (ASM)
following recipe in Palmer et al (2007), cultured for 24 or 48 hours. (iii) 5 mm’ pig bronchiole + 400 pl ASM
following protocol in Harrison and Diggle (in press), cultured for 96 hours. (iv) 2 ml synthetic wound fluid
(50% v/v peptone water / fetal bovine serum following Werthén et al (2010)), cultured for 24 or 48 hours. (v)
400 pl synthetic chronic wound (SCW: SWF solidified with rat tail collagen following protocol in Werthén et
al, (2010)), cultured for 48 hours. For environments ii-v, we measured wild-type siderophore 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 combination,
and each experiments was repeated twice to yield two experimental blocks. For environment i (CAA), we
simply measured siderophore production 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 200 pl pipette tip. For experiments in ex
vivo bronchiole and SCW, each culture was inoculated with two colonies 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 2 ml aliquots of ASM in a 24-well microtitre plate. This was
incubated at 37°C in a Tecan Infinite 200 Pro multimode reader for 18 hours; every 20 minutes, the plate was
shaken for two seconds 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).

Statistical analyses

Data were analysed in R 3.3.0 (Team 2016) using general linear models and ANOVA. To meet model
assumptions of homoscedasticity and normality of residuals, fitness data from SWF were log-transformed and
fitness data from ASM and ex vivo bronchiole square-root transformed; fitness data from SCWs did not require
transformation. 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 confidence intervals were retrieved, and post-hoc contrasts
tested, using the Ismeans package (Lenth 2013). Post-hoc multiple comparisons against a control were

implemented using Dunnett’s test in the multcomp package (Hothorn et al 2008).
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Data availability
Raw sequence data has been deposited in the European Nucleotide Archive (Accession number:
ERR1725797). Summary information on mutations in PAO9 (Fig 1) and raw data for experiments depicted in

Figures 2-5 and S2 are available as Supplementary Information at the Nature Ecology & Evolution website.

Results

Defining key research priorities: analysis of published experiments.

A review of published experiments on P. aeruginosa siderophore mutants and cheating identified 33
experiments in 18 published articles, summarised in Table 1. Two-thirds of the experiments used the well-
characterised lab strain PAOL1 as the siderophore-producing wild-type, and 5 experiments used clinical or
environmental isolates. Of the 28 experiments that did not focus on natural isolates, 14 used defined
siderophore mutants. These included deletions of the pvdD/pvdF and/or pchEF loci, which are involved in the
biosynthesis of the siderophores pyoverdine and the pyochelin, respectively. Of the remainder, 9 used the UV-

induced mutant PAQO9 and 5 used spontaneous or evolved mutants.

31/33 experiments in Table 1 were conducted in CAA minimal medium, in all but one case made further iron-
limited by the addition of the human iron chelator transferrin. This medium was not designed to reflect any
specific natural environment: it was optimised to ensure that siderophores 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.
Experiments in iron-limited CAA have, for instance, revealed that the potential for siderophore mutants to
cheat can be curtailed by the scale of competition in a metapopulation (Griffin et al 2004) or by growth in a
structured environment, where spatial segregation prevents mutants from accessing siderophores produced by
wild types (Kiimmerli et al, 2009c). As an opportunist with a large, flexible metabolome and secretome, P.
aeruginosa can persist in a range of environments. Some of these may be approximated by iron-limited
minimal media. For instance, experiments conducted in CAA may therefore be useful for understanding the
dynamics of siderophore genotypes/phenotypes at the onset of acute infection in healthy host tissues, where
iron is sequestered by high-affinity host chelators (including transferrin), or in nutrient-poor abiotic

environments.

One study explicitly tested the effect of environmental variables on siderophore production in monoculture.
Dumas et al (2013) dissected the relative roles of pyoverdine and pyochelin, suggesting that while pyoverdine
is the primary siderophore expressed under severe iron limitation, under moderate iron limitation pyochelin
production dominates. The authors used parameters estimated from these experiments to simulate wild-type —

siderophore mutant competition in a range of environmental scenarios, and found that the fitness consequences
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of siderophore-null mutations varied. Based on 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 siderophore 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 moderate, iron limitation (Zhang and Rainey 2013, Kiimmerli and Ross-Gillespie

2013).

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 that explored a
range of starting frequencies, mutants acts cheats only when they are initially inoculated at frequencies < 0.1,
which raises questions about the ability of these mutants to retain cheat at, and persist at, higher frequencies.
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 remains an open question. 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 advantage 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 (Kiimmerli & Brown 2010).

Whole genome sequence of a commonly-used siderophore cheat, PAQ9

The nature of the mutation leading to the siderophore-negative phenotype in PAOO9 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 moderate the fitness consequences siderophore loss. Without knowing
the exact genotype of PAO9, we cannot be sure that empirical results obtained using it are the result of its
siderophore phenotype alone. We performed whole genome sequencing of this strain and mapped the raw
sequence data against a PAOI reference genome (NCBI Reference Sequence: NC_002516.2, Stover et al
2000). The results are summarised in Figure 1. PAO9 harbours a single ~6.6kb deletion, removing most of the
non-ribosomal peptide synthetase locus pvd.J, which is involved in synthesising the pyoverdine side chain.
This deletion also removes part of the open reading frame immediately upstream of pvdJ, PA2402. PA2402
encodes a probable non-ribosomal peptide synthetase of unknown function. We also found 90 high-resolution

SNPs. The details of the deletion and SNPS are provided as Supplementary Information. Briefly, none of the
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SNPs were in loci associated with pyoverdine or pyochelin biosynthesis. However, we found SNPs resulting
in mis-sense mutations in cyoE, which is involved in iron metabolism, in four loci associated with nitrogen
metabolism (napA, napF, cysG, PA1779), two loci involved in quorum sensing (lasl, gteE), two loci involved
in motility (fliO, 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 mis-
sense mutation in the rho 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, PAO9 harbours numerous mutations in addition to the pvdJ partial deletion that likely make

it an unreliable strain to use for empirical studies of the fitness and virulence consequences of siderophore loss.

Figure 1 rho

\
napA
= — napF
— cyoE
Mutations in PAO9 vs. PAO1 reference genome
(6.264 Mb) ~fio
™ PA1779
i
/ \ N % pvdypazaoz
fimy 6591 bp deletion
cpo |
cysG
| SNP @ Motility
A Deletion @ Transcription
B Response regulator
@ Iron metabolism Carbon metabolism
@ Nitrogen metabolism @ General metabolism
Quorum sensing @ Membrane transport
Nucleotide synthesis Amino acid metabolism
@ Intergenic region @ Hypothetical/uncharacterised protein

Figure 1. Location of one deletion and 90 SNPs in the genome of PAO6609 (PAQO9), mapped against a PAO1
reference sequence (NC_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.

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

Because of the problems identified with PAO9, we used defined siderophore mutants to test the potential for
social cheating in laboratory conditions that have been developed to represent specific chronic infection
contexts, with strict attention to maximising likely ecological validity. As discussed above, while most research

has focused on pyoverdine, under less severe iron limitation the metabolically cheaper siderophore pyochelin
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may take on a primary role in iron chelation (Dumas et al 2013, Kiimmerli and Ross-Gillespie 2013). We
therefore used a standard wild-type lab strain (PAO1) and two isogenic deletion mutants: a single pyoverdine
knock-out (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, (Kiimmerli et

al 2009b, 2015; Kiimmerli 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. Per-cell levels of pyoverdine and pyochelin were (i) positively correlated and (ii) higher in lung
and wound infection models than in liquid ASM or SWF (despite lower cells densities in infection models than
in corresponding liquid medium) (Figure S1). Consistent with the suggestion of Dumas et al (2013), the
pyochelin:pyoverdine ratio was generally higher in chronic infection models and media than in CAA. 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 48 hours of growth, total population
densities were determined and the relative fitness of each mutant in pure and mixed culture calculated. As
shown 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 hours (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. 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). The ApvdDApchEF mutant was simply

less fit than the wild type regardless of culture condition.

Time course experiments (Figure S2) suggested that the ApvdD mutant is disadvantaged 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. 48 hours: continued
growth and siderophore production by the wild type from 24-48 h presumably provide an opportunity for the
ApvdD mutant to cheat.
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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 hours of growth. (¢) Cheating
by ApvdD over 48 hours of co-culture results in mixed wild type + mutant cultures showing the same reduction
in total population density as pure mutant cultures. Bars show means of 9-10 replicates split across two replica
experiments, with associated 95% confidence interval. After ANOVA, post-hoc tests were conducted to

determine whether each fitted mean value was significantly different from 1: * =p < 0.02; n.s. = not significant.

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

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 biofilm associated with bronchiolar surfaces (Bjarnsholt et al 2013),
we repeated the monoculture and 50% co-culture experiments in an ex vivo model comprising a section of pig
bronchiole cultured in ASM for four days. P. aeruginosa forms a loose sleeve of mucoid biofilm around the
tissue (Harrison and Diggle in press). The only significant predictor of relative fitness was presence/absence
of the wild type: both strains had a relative fitness of 1 in pure culture but showed a trend towards being

outcompeted in mixed culture (Figure 3). This trend was significant for the ApvdDApchEF mutant.
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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 hours of growth. Bars show
means of 8 replicates spread across two replica experiments, with associated 95% confidence interval. After
ANOVA, post-hoc t-tests were conducted to determine whether each fitted mean value was significantly

different from 1: * = p = 0.007; n.s. = not significant.

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

We next repeated the pure/mixed culture experiments in synthetic wound fluid (SWF: Werthén et al 2010).
The only significant predictor of relative fitness at 24 hours 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 48 hours
(Figure 4b), there was no difference between genotypes or culture conditions: both mutants had a relative

fitness of 1 regardless of wild type presence.
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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 hours of growth. Bars show
means of 10 replicates split across two replica experiments, with associated 95% confidence interval. After
ANOVA, post-hoc t-tests were conducted to determine whether each fitted mean value was significantly
different from 1: * = 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.
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 (Werthén et al 2010) and experiments repeated in the resulting solid plugs.
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After 48 hours in synthetic wounds, (Figure 5), both mutants had a relative fitness of 1 regardless of culture

condition.

Figure 5
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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 hours of growth. Bars show means
of 10 replicates split across two replica experiments, with associated 95% confidence interval. After ANOVA,
post-hoc #-tests were conducted to determine whether each fitted mean value was significantly different from

1: n.s. = not significant.

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 behaviour could be exploited for clinical ends. Our targeted literature review revealed
potential restrictions on the generality of predictions made from these experiments about the dynamics of
siderophore mutants in nature. First, many experiments used an undefined mutant as a siderophore cheat. We
sequenced this strain and found that while it has a deletion of one of the pyoverdine biosynthetic loci, it also
carries numerous mutations in genes likely to affect growth and metabolism 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 strongly suggests that these
inferences may not be generalisable to chronic infection contexts, where bacteria experience quite different
and idiosyncratic environments that likely 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
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the fitness consequences of siderophore loss in environmentally-explicit models of infection could
significantly increase our understanding of the natural history of siderophore production, and have enhanced

clinical relevance.

We tested whether deletion mutants for pyoverdine or pyoverdine+pyochelin acted as cheats in four laboratory
models designed to represent chronic infections: structured and unstructured models of CF lung infections and
non-healing soft-tissue wounds. While these models are not perfect, they have been validated with
microbiological and chemical data from real infections, and we present them as examples of improved lab

models of specific infection contexts.

When increased levels of public goods production increase the population growth rate, or increase 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 of the
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.

Wild-type P. aeruginosa produced siderophores in all of our test environments. However, there was
environment-dependent variation in siderophore production, and the ratio of pyochelin:pyoverdine was higher
in chronic infection models than in CAA (Figure S1). This is consistent with a suggestion by other authors that
pyochelin production may be favoured in chronic infection, where iron is more freely available, or is bound to
weaker host chelators than transferrin (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 hours’ 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 enhancement. 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.

14


https://doi.org/10.1101/095323
http://creativecommons.org/licenses/by-nc-nd/4.0/

436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472

bioRxiv preprint doi: https://doi.org/10.1101/095323; this version posted December 19, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

These results underline the importance of genotype x environment interactions in determining bacterial fitness,
and hence the necessity of carefully-designed lab models for predicting the likely consequences of mutations
in infection. We previously reported that P. aeruginosa QS mutants, which are cheats in an acute infection
context (Rumbaugh et al 2009, Wilder et al 2011), are not cheats in an ex vivo model of chronic CF lung
infection (Harrison et al 2014). Together with the present results, this demonstrates the unreliability of

extrapolating predictions about bacterial social evolution from one infection context to another.

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 current data. Careful choice and optimisation of in vitro models that allow
for long-term evolution experiments in realistic environments will be invaluable in providing answers.
Alongside such models there is also a need for (a) quantitative, rather than qualitative, data from patients on
the prevalence of siderophore mutants and (b) more considered choice of “wild type” and mutant genotypes,
paying particular attention to genotypes that commonly arise during chronic infection. The fitness
conseqeunces 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.

For instance, we and other authors have focussed on experiments with siderophore-null mutants that result
from mutations in siderophore biosynthesis. However, a recent study of siderophore mutants isolated from CF
patients found that the majority actually 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 (Ross-Gillespie et al 2015, R Kiimmerli, personal communication). PvdS
encodes a sigma factor that positively regulates the expression of the pyoverdine biosynthetic loci and is itself
up-regulated by iron starvation (Miyazaki et al 1995), but which also positively regulates the expression of
other virulence-related exoproducts (Gaines et al 2007, Hunt et al 2002, Ochsner et al 1996, Wilson et al 2001).
Longitudinal sampling from patients (Andersen et al 2015) showed that mutations in siderophore receptors
only occur once siderophore-null mutants are present. 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, in growth media that mimics lung biofilm, the longitudinal pattern
presented does not unequivocally prove this conclusion. Other possible explanations include early selection
on regulatory loci due to other downstream phenotypes and/or reduced transcriptional costs; a relaxation of
purifying selection for functional siderophore receptors in the late stages of infection when iron is plentiful; a
bias in the data set towards early isolates which increases the conditional probability that later isolates are also

siderophore-null; or a combination of all of these factors.
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Our results demonstrate the necessity of evaluating and modelling in-host environments as carefully as possible
if we aim to understand in-host microbiology. Lab experiments in simple in vitro conditions 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 pathogens in the lab (e.g. for CF: Cowley et al 2015, Flynn et al 2016, Folkesson
et al 2012, Kyle et al 2015, Quinn et al 2014, Roberts et al 2015, Turner et al 2015, Yang et al 2011). This
information is ripe for consideration by microbiologists who — quite 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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Supplementary Information

Supplnfo_1.xls. Information on the SNPs and deletion found in the genome of PAO6609 (PAO9) (Figure 1).

Will be supplied on acceptance or during review process

Supplnfo_2.xls. Raw data for Figures 2-5, S1-2. Will be supplied on acceptance or during review process
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Figure S1. (a) Levels of pyoverdin and pyochelin produced by wild-type P. aeruginosa in the different
environments explored in this study. Molecules were detected by excitation-emission assays of 100 pl aliquots
of culture supernatant and expressed as relative luminescence units (RLU) divided by the number of P.
aeruginosa colony-forming units (CFU) present in 100 pl of the original culture. Symbols denote experimental

block. (b) Bacterial density (CFU per 100 ul) the different environments. Symbols denote experimental block.
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746 CAA: casamino acids medium, ASM: artificial sputum medium, EVPL: ex vivo pig lung model, SWF:
747  synthetic wound fluid, SCW: synthetic chronic wound model.
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752 wild-type cultures. Lines show means of four replica cultures, shaded areas show + one standard deviation.
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Table 1. Results of a review of the empirical literature on P. aeruginosa siderophore mutants and cheating.

Reference Producer Non-producer iGrowth medium Specific test for [Location of Non-producer |Cheating [Notes
strain strain cooperation results in  start frequency pbserved?
publication
Griffin et al 2004 IATCC 15692 |PA06609 (PAO9) [CAA + apotransferrin [Yes [Text 0.5 Variable Cheating was concluded on the basis of differ-
(PAOTI) ences in density of pure vs. mixed culture, rela-
tive fitness not reported.
Harrison et al 2006 IATCC 15692 |PA06609 (PAO9) [Waxworm Yes Figs 3, 4 0.03-0.9 No Highest reported cheat relative fitness is 1, at
(PAOI) start frequencies < 0.01
Ross-Gillespie et al IATCC 15692 |PA06609 (PAO9) [CAA + apotransferrin [Yes Fig 3 0.001-0.99 \Variable Cheating observed at starting frequencies < 0.1;
2007 (PAOI) total population density only affected at lowest
start frequency
Ross-Gillespie et al 2007|ATCC 15692 [PAO1 ApvdD ICAA + apotransferrin |Yes Fig 3 0.001-0.99 \Variable Cheating observed at starting frequencies of
(PAOI) 0.001, but no effect on total population density.
This mutant gains less fitness benefit from co-
culture than PAO9 does
Ross-Gillespie et al 2007[UCBPP-PA14 [Spontaneous mutant (CAA + apotransferrin [Yes Fig 3 0.001-0.99 \Variable Cheating observed at start frequencies < 0.1, but
(clinical) no effects on total population density. This mu-
tant gains less fitness benefit from coculture
than PAO9 does
Harrison et al 2008 PAO98S Evolved clones ICAA + apotransferrin /No Figs 1,2 0
iron, + S. aureus
Kiimmerli et al 2009a [ATCC 15692 [PA06609 (PAO9) |CAA + apotransferrin |Yes [Text 0.33 Yes
(PAO1)
Kiimmerli et al 2009b [ATCC 15692 [PAO1 ApvdD ICAA + apotransferrin [No
(PAO1)
Kiimmerli et al 2009b  |ATCC 15692 [PAO1 ICAA + apotransferrin [Yes Fig 4 0.17-0.83 Yes Cheat is always fitter than the wild type, even
(PAOL) ApvdD/ApchEF when competed at a starting frequency of 0.83.
Kiimmerli et al 2009¢ [ATCC 15692 [PA06609 (PAO9) |CAA + apotransferrin |Yes Fig 2 0.33 \Variable Cheating is time dependent
(PAO1)
Harrison and Buckling [ATCC 15692 pvdF transposon mu-|(CAA + apotransferrin [No, but raw data Raw data 0.5 No Re-analysis of raw data reveals this mutant is
2009 (PAOI) tant in MPAO1 lavailable for re- less fit then the wild type in mixtures with a
background analysis starting frequency of 0.5 in planktonic and bio-
(PA2396-C04::1S- film culture.
lacZ/hah)
Harrison and Buckling |ATCC 15692 |Clones evolved from [CAA + apotransferrin |No Raw data 0.5 No Mutants outcompete the wild type in planktonic
2009 (PAOI) PAO6049 mixed culture, but so does their siderophore-
pruducing ancestor & they are lab adapted,
erowing as well as PAOL1 in pure culture.
Ross-Gillespie et al IATCC 15692 |PA06609 (PAO9) [CAA + apotransferrin [Yes Fig 2 0.09 No
2009 (PAO1)
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Ross-Gillespie et al 2009

Ross-Gillespie et al 2009

Kiimmerli et al 2010
Kiimmerli and Brown
2010

Kiimmerli and Brown
2010

Kiimmerli and Brown
2010

Jiricny et al 2010
Jiricny et al 2010
Jiricny et al 2010

Jiricny et al 2010

Harrison and Buckling
2011

Harrison and Buckling
2011

Dumas and Kiimmerli
2012

Dumas et al 2013

Ghoul et al 2014

Ross-Gillespie et al
2015

IATCC 15692
(PAOTI)
UCBPP-PA14
(clinical iso-
late)

IATCC 15692
(PAOI)
IATCC 15692
(PAOTI)
PAO6049

[Environmental
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IATCC 15692
(PAOTI)
IATCC 15692
(PAOI)
IATCC 15692
(PAOTI)

11 various iso-
lates

PAO6049

PAO1 AmutS

IATCC 15692
(PAO1)
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Cystic fibrosis
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PAO1 ApvdD

PAO1 ApvdD

Spontaneous mutant

PA06609 (PAOY)
PAO1 ApvdD
PA06609 (PAOY)
Spontaneous mutant
PAO1 ApvdD
PAOI1 ApchEF
PAOL1

ApvdD/ApchEF
Spontaneous mutants

[Evolved clones

[Evolved clones

[Evolved clones

PAO1 ApvdD and
ApvdD/ApchEF

2x spontaneous mu-
tants

PAOL1
ApvdD/ApchEF

ICAA + apotransferrin

ICAA + apotransferrin

ICAA + apotransferrin
ICAA + apotransferrin
ICAA + apotransferrin
ICAA + apotransferrin
ICAA + apotransferrin
ICAA + apotransferrin
ICAA + apotransferrin

ICAA + apotransferrin

ICAA + apotransferrin

ICAA + apotransferrin

ICAA + apotransferrin

ICAA + apotransferrin

CAA

ICAA + apotransferrin

Yes

Yes

Yes

Yes

INo

Yes

Yes

INo

INo

Yes

Yes

Yes

INo

INo

Yes

Yes
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Fig 2

Fig 2

Text

Fig 5

Fig 5

Figs 4,5

Figs 4,5

Fig 1

Fig 1

Figs 3, 4

Fig 4

Figs 3,4

Fig 2

0.09

0.09

0.5

0.5

0.5

0.09
0.09
0.09

0.09

0.05, 0.5

0.05, 0.5

[Three-strain mix,
leach strain at
0.33

0.1

0.2

IVariable

IVariable

Yes

Yes

Yes

Yes

IVariable

IVariable

IVariable

Yes

Yes

Cheating observed at high cell density only.

Cheating observed at high cell density only.

Cheating observed for 8/11mutants. Three non-
cheats (with high pyoverdin production) may be
driving the reported trend.

Cheating observed at low starting frequencies
for a minority of mutants (mean relative fitness
=1)

Cheating observed at low starting frequencies
only for a majority of mutants, but some can
cheat from a starting frequency of 0.5.

Pyoverdine-deficient clones evolved, but their
presence did not consistently reduce population
lgrowth - some were associated with increased
growth.

Carbon source, pH and temperature determine
the relative growth advantage conferred by si-
derophores in monoculture. In acidic pH,
ApvdD grows better. Report outcome of
simuated competitions based on monoculture
growth parameters.

Mutant with reduced pyoverdine production
cheats on parent strain, and is cheated on by a
second spontaneous mutant with even lower
pyoverdine production.

This experiment competed a double pyover-
dine/pyochelin knockouts against a single pyo-

verdine knockout.
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Ross-Gillespie et al 2015

Kiimmerli et al 2015

Andersen et al 2015

Ghoul et al 2016

PAO1 ApchEF

IATC 15692
(PAO1)

Cystic fibrosis
isolates

IATCC 15692

(PAO1)

PAOL1
ApvdD/ApchEF

PAO1 ApvdD

CF isolates

PA06609 (PAOY)

ICAA + apotransferrin

ICAA + apotransferrin

INo culture

ICAA + apotransferrin

Yes

INo, but can be
inferred from
data supplied

Yes
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Fig 2
Figs 1,2, 3
[Text
Figs la, 2a

0.2

0.02-0.10

Yes

Yes

IVariable

This experiment competed a double pyover-
dine/pyochelin knockouts against a single
pyochelin knockout.

There is a coevolutionary arms race, whereby
producers become less exploitable and non-pro-
ducers become better cheats. Non-producer fre-
quency is negatively correlated with population
growth. Non-producers grow less well than pro-
ducers in monoculture, and contemporary pairs
show relative fitness of non-producers is >1
(though graphs suggest this effect is small).
Cheating inferred by sequence of mutations af-
fecting pyoverdine production and uptake. Very
few mutations reported in pyoverdine biosyn-
thetic loci and none pyochelin loci. Most muta-
tions are in pvdS.

Mutant cheats only if added to producer cultures

before the onset of stationary phase.
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