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Chapter 1: Introduction 
 

1.1 Thesis aims & outline 

In this thesis, I examine a number of social behaviours performed by the bacteria 

Pseudomonas aeruginosa and investigate the potential role of such behaviours in 

establishing and maintaining lung infections in human cystic fibrosis (CF) patients.  The 

existence of social interactions between bacterial cells is a new and sometimes contested 

discovery, and the potential impact of these observations on how we view and treat 

microbial infections has not yet been investigated.   

 

I use the opportunistic pathogen P. aeruginosa to first determine the benefits of 

expressing a cheating phenotype in a cooperative system, and second to begin 

investigation into the existence of such cheating phenotypes in human infections.  

 

In chapter 2, I establish that an existing fluorescence assay used to quantify the 

production of the cooperative iron-scavenging molecule pyoverdin by P. aeruginosa 

cultures is highly accurate.  Fluorescence results correspond significantly with both the 

real-time expression of two genes in the pyoverdin production pathway (pvdE and pvdS) 

and the ability of each culture to remove iron from an iron-binding indicator reagent 

chrome-azurol S (CAS).   

 

In chapter 3, I use the fluorescence assay to ask: Is pyoverdin a public good and its 

production a social trait?  What are the costs and benefits of producing pyoverdin?  Can 

P. aeruginosa isolates cheat over pyoverdin production?  If so, what are the fitness 

benefits of expressing a cheating phenotype to a greater or lesser degree than other 
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individuals in the population?  I empirically confirm that the mutual release of 

pyoverdin by individual cells in a P. aeruginosa culture and the costs and benefits of 

this behaviour conform to the classification requirements of a social trait.  Furthermore, 

mutant phenotypes that cheat over pyoverdin production arise readily within test 

populations and mutants that cheat to a greater degree accrue greater fitness benefits 

over the short term than mutants cheating to a lesser degree.  

 

In chapter 4, I design a novel method to quantify the number of P. aeruginosa cells in a 

microtitre population forming a biofilm or existing in a planktonic state.  This improves 

on previous biofilm quantification methods, which only assay for biofilm volume, and 

do not take the planktonic cells of that same bacterial population into account.  I use my 

new method to ask: Does biofilm size, i.e. the number of participating cells, vary 

significantly according to the environment a bacterial sample is taken from?  To answer 

this question I assay 200 P. aeruginosa isolates from a wide range of natural, clinical, 

medical and CF environments for biofilm production and find that biofilm size is not 

significantly affected by the environment from which an isolate is collected. 

 

In chapter 5, I ask: Are the social trait profiles of P. aeruginosa isolates affected by 

increasing exposure to the CF lung environment?  I describe the production patterns of 

several important social traits across 40 P. aeruginosa isolates.  The traits chosen for 

analysis are: pyoverdin production and type; biofilm formation; digestive enzyme 

production; toxin production; and quorum sensing signalling molecule production.  The 

40 tested isolates are sub-divided into four groups according to their CF history, which 

ranges from naïve to long-term exposure.  The production of seven social traits is 
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significantly reduced as time spent in the CF lung increases, and I discuss the potential 

explanations for these reductions and for other production patterns seen. 

 

In chapter 5, I also ask: Is P. aeruginosa isolate fitness increasing or decreasing over 

time in the CF lung?  To attempt to answer this question I compete early and late CF 

isolates over quorum-sensing molecule production.  The results do not provide 

conclusive evidence to support either pattern, and I discuss potential explanations for 

this unexpected result.  

     

In chapter 6, I give a brief summary of the main conclusions of the experiments 

described in chapters 2-5, discuss what I would have changed on hindsight and outline 

my thoughts on the experiments I would perform to take my research further. 

 

In the remainder of this chapter I give a review of the role of P. aeruginosa in CF 

patient morbidity, and current findings, theories and medical applications in the field of 

social evolution in the microbial world, or, as it is sometimes termed, 

sociomicrobiology.  Further background material is provided in the introduction to each 

chapter. 

 

Finally, I attach two appendices to this work.  Appendix 1 is a publication detailing the 

positive selection for phenotypic plasticity in expressing the cooperative trait pyoverdin 

in P. aeruginosa in response to environmental changes such as increased population 

density and reduced iron availability.  I initiated this project by asking the question and 

outlining the initial experimental designs, but as these experiments were subsequently 

taken up, carried out and analysed by my colleague, this work does not appear as a 
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chapter in this thesis.  It is attached as an appendix to indicate the second-author 

contribution I have made to other relevant research topics.  Appendix 2 is my first-

author publication in the Journal of Evolutionary Biology, detailing the work presented 

in chapters 2 and 3 as they appear in print.   

 

1.1.1 P. aeruginosa in the cystic fibrotic lung 

Pseudomonas aeruginosa is an opportunistic pathogen of immuno-compromised 

individuals and the causative agent of a very high proportion of hospital-related 

infections (Budzikiewicz, 2001).  However, it is best known for detrimentally 

colonising the lungs of cystic fibrosis (CF) patients (De Vos et al., 2001; Lyczak et al., 

2002; Govan et al., 2007).  The lungs of healthy individuals are kept sterile primarily by 

a process known as mucociliary clearance, where cilia protruding from the epithelial 

cells of the lung lining beat in an upwards motion, constantly moving mucus secreted by 

neighbouring goblet cells upwards (Lyczak et al., 2002).  This sticky mucus traps any 

pathogens, dead cells or other debris descending down into the lung and is transferred 

by the cilia to the buccal cavity where it and its contents are swallowed and 

subsequently broken down by the stomach acids.  In CF patients, however, this process 

is impaired.  CF is the world‟s commonest lethally heritable condition (Hutchison & 

Govan, 1999).  Patients express a double recessive gene mutation that impairs the 

formation of their chloride channels, affecting their production of sweat, digestive 

enzymes and lung and nasal mucus.  This salt deficiency makes the CF lung abnormally 

dry, and the mucus secreted by the goblet cells is highly viscous and therefore very 

heavy.  As a result, mucociliary clearance is severely impaired and the activity of 

defensins (antibacterial proteins secreted by the lungs immune system) is also 

negatively affected by the high salt concentration (Hutchison & Govan, 1999; Lyczak et 
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al., 2002).  As these two major sterility mechanisms are weakened, the lungs of CF 

sufferers become immuno-deficient and invasion by opportunistic bacteria such as P. 

aeruginosa cannot be prevented (Govan & Deretic, 1996; Oliver et al., 2000; Lyczak et 

al., 2002; Matsui et al., 2006).  Once established within the CF lung, P. aeruginosa 

becomes the primary cause of accelerated morbidity and eventual mortality - reducing 

the average life expectancy of CF patients to only 31 years (Govan & Deretic, 1996; 

Hutchison & Govan, 1999; Govan et al., 2007).  

 

The majority of CF patients are chronically colonised by a single pseudomonal strain 

(Oliver et al., 2000; De Vos et al., 2001; Lee et al., 2005).  This strain usually remains 

in situ as the dominant P. aeruginosa strain for the rest of the patients‟ life, despite the 

existence of a number of other P. aeruginosa genotypes that infect the lung in parallel 

during the first few years of chronic infection (Smith et al., 2006).  It has been 

repeatedly observed that these dominant CF strains gradually lose numerous cellular 

functions as they continue to persist (De Vos et al., 2001; Lee et al., 2005; Smith et al., 

2006; Jelsbak et al., 2007).  These bacteria exhibit decreasing levels of cell-cell 

communication (quorum sensing), loss of biofilm formation, loss of motility and 

decreasing production of transporter molecules, leading to the theory that these 

diminishing productive behaviours are not essential for survival in the CF lung 

(Mahenthiralingham et al., 1994; De Vos et al., 2001; Lee et al., 2005; Smith et al., 

2006; Jelsbak et al., 2007; Hoffman et al., 2010) (Fig. 1.1).   
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A          B 

      

 

Fig. 1.1  Representative colonies of an environmental P. aeruginosa isolate (A) and a 

P. aeruginosa isolate from a chronic CF infection (B).  

 

If these P. aeruginosa traits are indeed inconducive to achieving optimal fitness in a CF 

lung environment they will gradually be lost by the selection of loss-of-function 

mutations over time.  This theory hypothesises that the fitness of a persisting P. 

aeruginosa strain increases over the course of a chronic infection as the bacteria adapt 

to the CF lung and lose redundant traits (Mahenthiralingham et al., 1994; Lee et al., 

2005; Smith et al., 2006; Hoffman et al., 2010).   

 

However, the traits being lost can also be considered to be social (West et al., 2006).  

Biofilms, for example, are made up of bacterial cells that coordinate to secrete alginate 

and other products that form an adhesive layer shielding the colony from immune 

responses and antibacterial therapies, exacerbating patient morbidity (Lyczak et al., 

2002; Davies, 2003).  An alternative theory for the loss of social traits in P. aeruginosa 

was therefore suggested by Griffin et al. (2004) (Griffin et al., 2004).  They hypothesise 

that the absolute fitness of the dominant pseudomonal isolate is not increasing but 
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decreasing over time in the CF lung due to the social, cooperative individuals within its 

colonies being locally out-competed by non-cooperative mutant cells.  Griffin et al. 

used the production of pseudomonal siderophores to illustrate their novel hypothesis.  

The siderophore secretion process and the evolution of such social behaviours will now 

be described. 

  

1.1.2 The siderophores of P. aeruginosa – the production of a public good 

Wild-type P. aeruginosa are characterised by the production of pyoverdin, a fluorescent 

green, potent, iron-chelating compound, or siderophore (Budzikiewicz, 2001; De Vos et 

al., 2001).  Iron, Fe(III), is essential for bacterial growth (Buckling et al., 2007)
 
and 

during a bacterial infection host production of iron-binding peptides is up-regulated to 

actively withhold free Fe(III) in an attempt to limit the spread of the pathogen 

(Ankenbauer et al., 1985).  In response to such severe iron-deficient conditions, P. 

aeruginosa secretes the siderophores pyoverdin and pyochelin to wrest Fe(III) from the 

host system and subsequently facilitate its trans-membrane uptake by the pseudomonad 

(iron being insoluble under normal conditions (Schwyn & Nielands, 1987)) 

(Ankenbauer et al., 1985).  Pyoverdin is the primary siderophore produced by P. 

aeruginosa as it is five times more efficient at chelating iron than pyochelin 

(Ankenbauer et al., 1985; Budzikiewicz, 2001).   

 

The manufacture of siderophores in iron-restricted conditions is essential but costly and 

individual pseudomonal cells cannot specifically recall the siderophore molecules that 

they have produced.  Instead, these products are cooperatively secreted by the entire 

colony and individuals simply utilise the siderophores available in their immediate 

environment (Davies, 2003).  P. aeruginosa commodities such as siderophores and the 
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alginate secreted during biofilm formation are known as “public goods” – essential 

compounds that are produced at a cost to the individual but provide a benefit to all the 

individuals in the local environment (Frank, 1998).   

 

Non-siderophore producing P. aeruginosa mutants have been isolated from bacterial 

colonies both in vitro and in vivo (De Vos et al., 2001) - these individuals do not 

contribute to the production of pyoverdin or pyochelin but still benefit from the 

siderophores secreted by their cooperating neighbours.  Cooperative behaviours such as 

siderophore production are therefore susceptible to invasion and exploitation by these 

“cheats”.  This problem is known as „the tragedy of the commons‟ (Fig. 1.2) and is an 

intriguing challenge cooperative strategies must meet in order to persist as a social 

behaviour (Hardin, 1968; West et al., 2006).  
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Fig. 1.2   How cooperation can be exploited by cheats: the tragedy of the commons. 

A. Cooperator phenotypes of P. aeruginosa (dark grey) produce siderophores (grey 

circles) for use by the colony, whereas the cheat phenotypes (white) do not.  B. As the 

uptake of siderophores is non-exclusive, the cheater cells can still harness and benefit 

from them, despite not contributing to their production.  

Figure adapted from West, S. A, et al. (2006) (West et al., 2006). 

 

1.1.3 The evolution of social behaviour 

1.1.3.1 Social traits 

From an evolutionary point of view, a behaviour is social if it has fitness consequences 

for both the individual that performs that behaviour (the actor) and another individual 

(the recipient) (Hamilton, 1964; West et al., 2007c).  Hamilton (1964) classified social 

behaviours according to whether the consequences they entail for the actor and recipient 

are beneficial (increase direct fitness) or costly (decrease fitness) (Table 1) (Hamilton, 

A. B. 
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1964).  A behaviour that is beneficial to both the actor and recipient is mutually 

beneficial.  A behaviour that is beneficial to the actor and costly to the recipient is 

termed selfishness.  A behaviour that is costly to the actor and beneficial to the recipient 

is termed altruism.  Lastly, a behaviour that is costly to both the actor and the recipient 

is termed spite (Hamilton, 1964; West et al., 2007c).  

 

Table 1  A Hamiltonian classification scheme for social behaviours. 

 

Behavioural effect on: Recipient  

Actor Beneficial (+) Costly (-) 

Beneficial (+) Mutual benefit Selfishness 

Costly (-) Altruism Spite 

 

Table adapted from West, S. A, et al. (2007) (West et al., 2007c). 

 

1.1.3.2 Cooperation and kin selection 

The evolution of cooperation, which is found throughout nature, from the behaviours of 

single-celled organisms to those of multicellular creatures of increasing complexity, is a 

major topic of evolutionary study.  Cooperation is defined as a behaviour that is 

beneficial to the recipient and evolved at least partly due to this benefit (West et al., 

2007c).  Cooperation therefore includes all altruistic behaviour and some mutually 

beneficial behaviours.  Explaining cooperation is a great challenge to evolutionary 

biologists as the actor is expending its own resources in order to provide a benefit to the 

recipient.  Such non-selfish behaviour comes at a cost to the actors‟ own relative fitness 

and as such it appears to contradict the Darwinian theory of „survival of the fittest‟.  The 

latter accounts for the existence of selfish behaviours (where the actor benefits to the 
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detriment of the recipient) as the cost of performing such an act is cancelled out by the 

benefits the actor subsequently receives (West et al., 2006), but it does not explain how 

cooperation could be a beneficial characteristic.  

 

Hamilton was the first to adequately address this problem when he proposed that 

cooperative acts could evolve if the recipient was closely related to the actor, as the 

latter would benefit from the behaviour indirectly (Hamilton, 1963; 1964).  Natural 

selection leads to organisms that appear designed to pass their genes on to the next 

generation via reproduction (in which case the organism accrues a “direct fitness 

benefit”).  Hamilton formalised the idea that cooperation will be favoured if a recipient 

is related and, therefore, more likely to carry a copy of an allele for cooperative 

behaviour relative to a random individual from the population.  Reproductive success of 

a related recipient will result in an “indirect fitness benefit” of cooperation; this process 

is known as “kin selection”.  The probability that an allele for cooperative behaviour 

will spread is expressed in Hamilton‟s rule (Hamilton, 1963; 1964).  Hamilton‟s rule 

states that cooperation is favoured if the genetic relatedness of the actor to the 

beneficiary (r) multiplied by the fitness benefit the recipient receives from the behaviour 

(b), minus the cost to fitness of performing it (c), is greater than zero (rb-c > 0).  

Hamilton‟s rule predicts that an increase in r or b or a decrease in c will result in 

stronger selection for cooperation within a population (Hamilton, 1964; West et al., 

2007b).  

 

Hamilton proposed two mechanisms by which high values of r could be attained within 

a population: “kin discrimination” and “limited dispersal” (Hamilton, 1964).  The 

former describes a process by which individuals are able to identify and selectively 
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assist their close relatives.  Different strains of P. aeruginosa, for example, are capable 

of crude kin discrimination in relation to the sharing of siderophores as each strain is 

usually only capable of manufacturing and utilising one of three existing siderotypes of 

pyoverdin (West et al., 2007c).  High relatedness can also be generated non-selectively 

by limited dispersal, in which case discrimination is unnecessary as there is a high 

chance that any cooperative individual within the contained population is closely related 

to its immediate neighbours.  In such a population of high genetic relatedness, 

cooperation is an evolutionary stable strategy (ESS) (West & Buckling, 2003).  For 

example, a bacterial population consisting of cooperating individuals will out-compete a 

neighbouring population consisting of non-cooperating phenotypes as the former has a 

higher growth rate and therefore a higher relative fitness.  However, if a non-

cooperating individual such as a siderophore non-producer enters this system (either via 

migration or spontaneous mutation), relatedness will decrease and the invading cheat 

will replicate more rapidly than the surrounding cooperating individuals as it benefits 

from the public goods without sharing in the cost of production.  The cheat will 

therefore out-compete its social neighbours and cooperation is no longer an ESS (De 

Vos et al., 2001; West & Buckling, 2003).  

 

Frank‟s extension of kin selection theory (Frank, 1998) identifies another negative 

consequence of extreme limited dispersal: if the competition for resources in such a 

highly related population becomes local, this limited dispersal can cause cooperative 

behaviours to be selected against (even in the absence of cheats) as relatives are forced 

to compete for resources (Taylor, 1992).  Any benefit an individual accrued would 

therefore come at the expense of one or more of its relatives, resulting in a decreased 

selection for cooperation.  Local competition coupled with kin discrimination can even 
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generate spiteful behaviour among individuals (Gardner et al., 2004).  The mechanism 

by which cooperation is able to persist in the presence of cheats, and why cheats do not 

spread to fixation in, and undermine the majority of, cooperative systems are therefore 

further challenges in the investigation of social evolution (West et al., 2006).  

 

1.1.4 Empirical evolutionary analyses by Griffin et al. (2004) 

Griffin et al. (2004) were the first to experimentally test and empirically confirm the kin 

selection hypothesis that increased relatedness within a population (benefit and cost 

remaining constant) will result in increased selection for cooperation, and Franks 

extension theory that  increasing levels of local competition within a highly related 

population will decrease the prevalence of cooperative behaviours.  Griffin et al. (2004) 

verified the above predictions by experimenting with siderophore producing 

(cooperating) and non-producing (cheating) strains of P. aeruginosa, creating four 

different treatments with high or low relatedness and local or global competition 

(Griffin et al., 2004).    

 

High or low relatedness was achieved by initiating a bacterial subpopulation with a 

single clone (either a cooperator or cheater strain) or with two bacterial clones (one of 

each), respectively.  The scale of competition imposed on these two population types 

was manipulated by either mixing the subpopulation cultures of that treatment together 

and selecting individuals at random to initiate all the new subpopulations (relatively 

low, global competition), or initiating each new subpopulation separately with an equal 

number of cooperators and/or cheats selected individually from each of the preceding 

subpopulations (relatively high, local competition).  The above process was repeated six 

times, interspersed with incubation periods at 37C for 24hr.   
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Griffin et al. (2004) demonstrated that high relatedness treatments had an increased 

proportion of cooperators compared to populations with low relatedness, and that the 

proportion of cheats in a population was increased when competition was local rather 

than global.  Local competition in combination with high relatedness cancelled out the 

benefits of cooperating as after six transfers the proportion of cooperators in these 

populations was observed to have fallen close to zero, whereas in treatments with high 

relatedness and global competition cooperators had reached fixation (Griffin et al., 

2004).   It was therefore demonstrated that kinship can be a crucial factor in the 

evolution of cooperation, and that it is regulated by the level of competition in a 

population.  

 

In light of these observations, Griffin et al. (2004) proposed that the loss of social traits 

by P. aeruginosa in the CF lung is an example of the tragedy of the commons (Griffin et 

al., 2004).  Human lungs are naturally compartmentalised and, in combination with the 

presence of viscous mucus and lack of mucociliary clearance, it is therefore possible 

that the individual bacterial cells that invade a CF lung establish themselves as small, 

distinct populations in spatially confined compartments (Oliver et al., 2000; Matsui et 

al., 2006).  Bacteria replicate asexually, so these P. aeruginosa colonies would be 

initially composed of genetically identical clones (r = 1), maximising the potential 

indirect benefits a clone could receive from cooperation.  However, cooperation would 

not be favoured in the CF lung due to the spatial confinement of the colonies, i.e. the 

conditions of limited dispersal.  Therefore, if non-cooperating social cheats 

spontaneously arise in these populations, Griffin et al. (2004) predict that they will be 

selected for and will locally out-compete the cooperating P. aeruginosa of the initial 
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colonising phenotype (Griffin et al., 2004; Jelsbak et al., 2007).  The lack of migration 

between these lung niches would then prevent such non-social mutants from being 

displaced by cooperating individuals once they have become fixed in an isolated 

population.  Consequently, the production of public goods and other social behaviours 

is predicted to decline in these niches; decreasing the absolute fitness of the cheating P. 

aeruginosa phenotypes as, for example, they are no longer capable of efficiently 

harnessing Fe(III) in the lung environment (Griffin et al., 2004; West et al., 2006).  

Alternatively, as the majority of CF patients are infected by a single dominant P. 

aeruginosa isolate (Oliver et al., 2000; De Vos et al., 2001; Lee et al., 2005), it is 

possible that genetic variation throughout the lung as a whole could be relatively low 

and competition local.  Local competition also results in selection for social cheats, and 

low levels of lung-to-lung migration would also fix these behaviours to the detriment of 

isolate fitness across the population (Griffin et al., 2004). 

 

These alternative theories for the serial loss of bacterial functions over the course of a 

CF lung infection therefore hypothesises that the overall absolute fitness of the 

dominating P. aeruginosa strain decreases rather than increases over time due to cheat 

displacement of cooperators in the niches of the CF lung.   
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Chapter 2: Fluorescence as method of pyoverdin quantification 

 

Summary 

Iron is a key metabolite of Pseudomonas aeruginosa and the production of iron-

scavenging siderophore molecules are therefore key to survival in iron-limited 

environments.  The production of these molecules by P. aeruginosa cultures is 

considered to be a cooperative social behaviour and is of great interest to 

sociomicrobiologists.  I focused on the primary siderophore pyoverdin and compared 

methods for assaying this trait to find the method that was quickest, most accurate and 

reproducible.  Fluorimetry is a fast and efficient method of assaying for pyoverdin.  

However, it does not measure the iron-harvesting activity of the siderophore and it is 

not confirmed if the pyoverdin measured is being produced in real time or has 

accumulated in culture over several hours.  I confirmed the accuracy of the fluorescence 

assay by measuring gene expression using bioluminescence of  two lux reporter genes, 

pvdE and pvdS; and by measuring the removal of iron from test media using the chrome 

azurol S iron-binding assay.  The efficacy of each method was determined using a 

collection of P. aeruginosa isolates developed to exhibit pyoverdin production levels 

ranging from wild type equivalent to low levels of siderophore production.  I conclude 

that the fluorescence assay is the most suitable method for quantifying pyoverdin 

production.    

 

  The information in this chapter originally appeared in Jiricny, N. et al (2010).  Fitness 

correlates with the extent of cheating in a bacterium.  JEB 23(4): 738-747, which is 

reproduced as Appendix 2. 
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2.1 Introduction  

Pyoverdin and pyochelin are siderophores of Pseudomonas aeruginosa - iron-

scavenging molecules that are released extracellularly in response to iron-limited 

conditions (Visca et al., 2007).  Iron is an essential nutrient but often a major limiting 

factor for bacterial growth in both environmental and parasitic strains as its commonest 

form, Fe(III), is insoluble under normal conditions, and host organisms actively 

withhold iron during bacterial infections (Ankenbauer et al., 1985; Schwyn & Nielands, 

1987; Ratledge & Dover, 2000; Griffin et al., 2004).  

 

I focus on pyoverdin as its iron-binding capacity is five-fold that of pyochelin 

(Ankenbauer et al., 1985; Budzikiewicz, 2001).  The production of pyoverdin is 

metabolically costly to the individual, and as these molecules can be utilised by other 

cells following release they represent a potential cooperative public good (West & 

Buckling, 2003).  A low-cost, fast, efficient and highly-reproducible pyoverdin 

quantification method is required in order to examine the social effects of pyoverdin 

production.  I assay a collection of P. aeruginosa mutants that differ in the extent to 

which they express pyoverdin using three different quantification methods and compare 

the results.  The three methods used are: (1) estimation of pyoverdin production per cell 

by taking optical density and fluorescence readings of cultures; (2) measurement of 

expression of the pyoverdin biosynthesis gene pvdE and the sigma factor pvdS, which is 

involved in the regulation of pyoverdin biosynthesis genes; and (3) measurement of the 

depletion of iron from culture media using the chrome azurol S assay.  Method (1) is 

simple and cheap after initial equipment investment – I test if it is a reliable indicator of 

both real-time pyoverdin production measured as gene expression using method (2), and 

of the iron-binding capacity of pyoverdin using method (3). 
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2.2 Materials and Methods 

2.2.1 Bacterial strains  

I used 21 P. aeruginosa isolates exhibiting a wide range of pyoverdin production levels.  

10 isolates exhibited wild type pyoverdin phenotypes and 11 isolates were selected as 

they formed pale colonies on agar, suggesting that their pyoverdin production was 

impaired (isolation and nomenclature are detailed in chapter 3).   

 

2.2.2 Construction of pvdE and pvdS reporter fusions 

The genes pvdE and pvdS are involved in the production and release of pyoverdin.  

PvdS is an alternative sigma factor that, among other functions, directs gene expression 

for and during pyoverdin synthesis (Leoni et al., 2000).  It is also known to regulate the 

expression of pvdE, which plays an uncharacterised role in the biosynthesis of 

pyoverdin (Visca et al., 2007).   

 

To verify that my observations of pyoverdin production in the 21 P. aeruginosa isolates 

were supported at the genetic level, I conjugated pvdE lux-based reporter fusions into 

the 10 wild type isolates (1b
+
, 1c

+
, 2a

+
, 3a

+
, 4a

+
, 5a

+
, 7a

+
, 9a

+
, 10b

+
, and 10c

+
) and 11 

pyoverdin deficient isolates (1b
-
, 1c

-
, 2a

-
, 3a

-
, 4a

-
, 5a

-
, 5b

-
, 7a

-
, 9a

-
, 10b

-
, and 10c

-
) as 

previously described (Diggle et al., 2007b).  I used the same method to conjugate pvdS 

lux-based reporter fusions into 8 of the wild type isolates (1b
+
, 1c

+
, 2a

+
, 3a

+
, 4a

+
, 7a

+
, 

9a
+
, 10b

+
, and 10c

+
) and 9 of the pyoverdin deficient isolates (1b

-
, 1c

-
, 2a

-
, 3a

-
, 4a

-
, 7a

-
, 

9a
-
, 10b

-
, and 10c

-
).  Isolate nomenclature is detailed in chapter 3. 
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2.2.3 Measuring pyoverdin production using fluorescence  

I prepared experimental cultures from freezer stock in 200 µL volumes of King‟s B 

medium (20 g Proteose peptone N
o
3, 10 mL Glycerol, 1.5 g K2HPO4.3H2O, and 1.5 g 

MgSO4.7H2O per litre) in a 96-well microtitre plate incubated at 37C, 200 rpm for 24 

h.  The 36 outer wells of these plates, being more susceptible to evaporation, were not 

inoculated with culture.  1 µL of each culture was then transferred to a 200 µL volume 

of iron-limited CAA (5 g Casamino acids, 1.18 g K2HPO4.3H2O, 0.25 g MgSO4.7H2O, 

per litre with 100 µg mL
-1

 human apo-transferrin (Sigma) and 20 mM sodium 

bicarbonate (Schwyn & Nielands, 1987; Meyer et al., 1996)) in a 96-well microtitre 

plate. Plates were incubated statically at 37C. The apo-transferrin in the CAA binds 

iron, triggering siderophore production in iron-starved bacteria.  Siderophores compete 

with the apo-transferrin for the iron and facilitate siderophore-mediated iron uptake into 

cells.   

 

After 24 h I retrieved the cultures (which had reached carrying capacity in stationary 

phase) and assayed for cell density at an absorbance of 600 nm (A600) (Ankenbauer et 

al., 1985; Schwyn & Nielands, 1987), and for pyoverdin production, measured in 

relative fluorescence units (RFU), at an excitation wavelength of 400 nm and an 

emission wavelength of 460 nm (Ankenbauer et al., 1985; Cox & Adams, 1985; Prince 

et al., 1993) using a fluorimeter (SpectraMax M2, Molecular Devices, UK).  I replicated 

each assay seven times per culture, and calculated the mean pyoverdin production per 

cell by RFU/A600 (Kümmerli et al., 2009c).  
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2.2.4 Time and cell-density dependent measurement of bioluminescence 

To monitor expression of pvdE and pvdS, I diluted 6 mL 24-hour KB cultures of the 20 

lux-tagged strains (1:100 in 200 µl volumes of fresh, iron-limited medium) and cultured 

these statically in 96 well microtitre plates at 37ºC.  I determined bioluminescence as a 

function of cell density by using a combined, automated luminometer-spectrometer 

(Genios Pro, Tecan Group, UK).  Luminescence and turbidity (A600) were automatically 

measured every 30 min.  I calculated luminescence per cell as relative light units 

(RLU)/ A600 at 10 h. 

 

2.2.5 Measuring siderophore iron-binding capacity  

The iron binding potency of the pyoverdin produced by each isolate was determined as 

a percentage of siderophore units (SU) using the functional chrome azurol S (CAS) 

liquid assay (Schwyn & Nielands, 1987; Payne, 1994). I cultured the mutant-wild type 

pairs and an additional three replicates of PAO1 from freezer stock in 2 mL volumes of 

KB medium in 24-well microtitre plates and incubated these in an orbital shaker (37C, 

200 rpm).   

 

After 24 h I used 2 µl of each culture to inoculate 200 µl volumes of iron-limiting 

medium.  Following 24 h incubation at 37C, I measured the cell densities of the 

cultures, diluted each to 0.1 A600 with double-distilled (dd) H2O and centrifuged 1 mL at 

13,000 rpm for 6 mins.  I then removed 25 µl of supernatant from each culture and 

diluted these 1:4 with 75 µl ddH2O in a 96-well microtitre plate.   

 

I then added 100 µl of CAS assay solution and 2 µl of a shuttle solution of 0.2 M 5-

sulfosalicylic acid (Payne, 1994) to each well and left the plate to stand in the dark for 
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30 m.  I then measured the colour change-associated removal of iron from the CAS 

reagent at A630 using the Spectramax M2. The mean A630 of five wells of 100 µl ddH2O 

with 100 µl CAS assay solution and 2 µl shuttle solution was taken as the reference (r).  

I calculated the iron-binding capacity of the supernatants (s) in SU as  

 



SU 
mean Ar  As

mean Ar









100 

 

I replicated each CAS assay four times and corrected all measurements: dividing 

readings by the mean SU value of the four PAO1 supernatants assayed per replicate. 

 

2.2.6 Statistical analyses 

I used paired T-tests to test for significant differences in bioluminescence, pyoverdin 

production and iron binding capacity per cell between the pyoverdin mutants and the 

wild type strains.  I used standard general linear model methods implemented in 

MINITAB 15 (http://www.minitab.com).  All coefficients of determination were 

expressed as adjusted r
2 

values to reduce the effect of sampling variation and control for 

statistical shrinkage.  

 

2.3 Results 

Is there a correlation between gene activity and phenotype? 

I used 11 pyoverdin mutants to test whether the quantification of pyoverdin production 

using the fluorescence assay correlated with each isolate culture‟s gene expression and 

ability to collate iron.  In the mutant lines with lux-based reporter insertions, the relative 

pyoverdin production per cell as measured by fluorescence was positively correlated 
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with both relative mutant pvdE gene expression (Fig. 2.1a, adjusted r
2
 = 0.39, F (1, 9) = 

7.26, P = 0.025), and relative mutant pvdS gene expression (Fig. 2.1b, adjusted r
2
 = 

0.56, F (1, 7) = 11.05, P  = 0.013).  My measurements of pyoverdin production in mutants 

estimated from fluorescence and absorbance readings therefore corresponded with the 

expression of both a synthesising gene, pvdE, and a sigma factor that regulates 

pyoverdin biosynthesis, pvdS.  Furthermore, the pyoverdin production per cell of the 

mutants was positively correlated with iron binding capacity (SU) (Fig. 2.1c, adjusted r
2
 

= 0.42, F (1, 17) = 14.03, P = 0.002).  Thus, the amount of pyoverdin released by each 

mutant was a significant indicator of the capacity of that mutant to harvest iron from its 

environment.   
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Fig. 2.1 Pyoverdin gene synthesis activity correlates with fluorescence and iron-binding 

activity.  After 24 h growth in iron-limited conditions, spontaneous mutant pyoverdin 

production relative to that of the paired wild-types was positively correlated with: (a) 

relative mutant pvdE gene expression at 10 h; (b) relative mutant pvdS gene 

expression at 10 h; and (c) relative mutant iron binding capacity at 24 h.  Values are 

means across seven replicates for relative pyoverdin production, one replicate for 

relative bioluminescence, and across six replicates for relative iron-binding capacity. 
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2.4 Discussion 

I tested for correlations between one genetic and two phenotypic measurements of 

pyoverdin production: pyoverdin biosynthesis gene expression, secreted pyoverdin 

fluorescence, and pyoverdin iron-binding efficacy.  I demonstrate strong correlations 

between all three measurements, indicating that any single method gives an accurate 

representation of pyoverdin activity in P. aeruginosa.  As measuring fluorescence is 

uncomplicated, fast, efficient and inexpensive (after initial equipment cost) I use this 

method for all pyoverdin quantifications in my research.   
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Chapter 3: Fitness correlates with the extent of cheating in a 

bacterium 

 

Summary 

There is growing awareness of the importance of cooperative behaviours in microbial 

communities.  Empirical support for this insight comes from experiments using mutant 

isolates, termed „cheats‟, which exploit the cooperative behaviour of wild type isolates.  

However, little detailed work has gone into characterising the competitive dynamics of 

cooperative and cheating isolates.  I test three specific predictions about the fitness 

consequences of cheating to different extents by examining the production of the iron-

scavenging siderophore molecule, pyoverdin, in the bacterium Pseudomonas 

aeruginosa.  I create a collection of mutants that differ in the amount of pyoverdin that 

they produce (from 1-96% of the production of paired wild types), and demonstrate that 

these production levels correlate with both gene activity and the ability to bind iron.  

Across these mutants, I found that: (1) when grown in a mixed culture with a 

cooperative wild type isolate, the relative fitness of a mutant is negatively correlated 

with the amount of pyoverdin that it produces; (2) the absolute and relative fitness of the 

wild type isolate in the mixed culture is positively correlated with the amount of 

pyoverdin that the mutant produces; and (3) when grown in a monoculture, the absolute 

fitness of the mutant is positively correlated with the amount of pyoverdin that it 

produces.  Overall, I demonstrate that cooperative pyoverdin production is exploitable, 

and illustrate how variation in a social behaviour determines fitness differently, 

depending on the social environment.   
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The information in this chapter originally appeared in Jiricny, N. et al (2010).  Fitness 

correlates with the extent of cheating in a bacterium.   JEB 23(4):738-747 which is 

reproduced as Appendix 2.



27 

 

3.1 Introduction 

3.1.1. Cooperation and cheating in bacteria 

Explaining cooperation is fundamental to understanding the major evolutionary 

transitions from individually-replicating organisms to complex, structured animal 

societies (Leigh, 1991; Maynard Smith & Szathmáry, 1995) .  A behaviour is 

cooperative if it provides a benefit to another individual as well as to the performer and 

has evolved, at least partially, because of this benefit to another (West et al., 2007c).  

Recently, there has been much interest in the primary role cooperative behaviours play 

in the lives of microorganisms (Crespi, 2001; Velicer, 2003; West et al., 2006; Foster et 

al., 2007; West et al., 2007a).  Individual microbial cells routinely communicate and 

cooperate in order to perform a range of activities, such as biofilm formation, chemical 

defence, spore dispersal, and foraging for iron using siderophores.  

 

In microorganisms, the social nature of a trait is usually investigated by comparing the 

performance of cooperative isolates to mutant isolates that do not perform, or invest less 

in, that trait.  If these mutant isolates increase in relative fitness by exploiting 

cooperative isolates, they are termed „cheats'.  Cheats increase fitness by avoiding or 

incurring less of the costs of cooperation, while continuing to benefit from the 

cooperative behaviour of others (Strassmann et al., 2000; Velicer et al., 2000; Foster et 

al., 2004; Greig & Travisano, 2004; Griffin et al., 2004; Fiegna & Velicer, 2005; Fiegna 

et al., 2006; MacLean & Gudelj, 2006; Diggle et al., 2007a; Sandoz et al., 2007; 

Rumbaugh et al., 2009; Kummerli et al., 2010).  The extent to which traits are social is 

commonly tested by competing mutant isolates against wild type isolates, and 

examining both the extent to which the mutants are able to exploit the wild type and the 

group level consequences.  However, experiments performed to date have utilised 
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mutant phenotypes that either carry large fitness effects, which can lead to 

complications such as frequency-dependence (Ross-Gillespie et al., 2007), or exhibit 

pleiotropic effects on other traits (Foster et al., 2004; Diggle et al., 2007c).  In addition, 

many studies focus on genetic knockout mutants that do not perform the putatively 

cooperative trait and so have not tested the fitness consequences of cheating to a greater 

or lesser extent (Foster et al., 2004; Greig & Travisano, 2004; Fiegna et al., 2006; 

MacLean & Gudelj, 2006; Diggle et al., 2007a; Ross-Gillespie et al., 2007; Ross-

Gillespie et al., 2009; Rumbaugh et al., 2009; Kummerli et al., 2010).  

 

Here, I make and test specific predictions of the consequences of cheating behaviour by 

using a collection of mutants that differ in the extent to which they express a potentially 

social trait.  The trait that I examine is the production of pyoverdin by the bacterium 

Pseudomonas aeruginosa.  Pyoverdin is a siderophore - an iron-scavenging molecule 

that is released extracellularly in response to iron-limited conditions (Visca et al., 2007).  

Iron is an essential nutrient but often a major limiting factor for bacterial growth in both 

environmental and parasitic isolates as its commonest form, Fe(III), is insoluble under 

normal conditions, and host organisms actively withhold iron during bacterial infections 

(Ankenbauer et al., 1985; Schwyn & Nielands, 1987; Ratledge & Dover, 2000; Griffin 

et al., 2004).  The production of pyoverdin is metabolically costly to the individual and 

as these molecules can be utilised by other cells following release they represent a 

potential cooperative public good (West & Buckling, 2003).  It has previously been 

demonstrated that mutant P. aeruginosa isolates that do not produce siderophores are 

able to exploit the iron-chelator production of other cells, and that the presence of such 

isolates reduces population growth (Griffin et al., 2004; Harrison & Buckling, 2005; 

Harrison et al., 2006; Ross-Gillespie et al., 2007; Harrison et al., 2008; Kümmerli et al., 
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2009a; Kümmerli et al., 2009b; Kümmerli et al., 2009c; Ross-Gillespie et al., 2009).  

The knockout isolates and PAO6609 mutant (Hohnadel et al., 1986) used in these 

studies did not provide sufficient variation in pyoverdin production for my purposes.  I 

therefore generated and analysed a collection of novel, spontaneously-evolving 

pyoverdin mutants in order to investigate the effects of varying investment in cheating 

behaviour.  

 

3.1.2 Aims and experimental design  

In the first part of this chapter, I describe the isolation of pyoverdin-deficient mutants, 

and characterise them at both the phenotypic and genotypic level.  I established 11 

lineages of P. aeruginosa representing different genetic backgrounds from which to 

select pyoverdin mutants (see Table 3.1).  I measured the pyoverdin-producing ability of 

mutants isolated from these lines by taking optical density and fluorescence readings of 

cultures, as validated in chapter 2.  

 

In the second part of this chapter, I describe the use of mutant isolates to test three more 

specific predictions of the consequences of cheating.  First, if a mutant is a cheat, its 

relative fitness (measured by the increase or decrease in proportion of cheats over a set 

time in a competitive mixed culture) should be negatively correlated with the quantity 

of public good that it produces when competing in a mixed culture with a wild type, 

cooperative isolate (Brown, 1999; West & Buckling, 2003).  Mutants that produce 

fewer public goods will avoid greater costs of production, while retaining the ability to 

exploit pyoverdin production of cooperators.  Second, when grown in a mixed culture 

with a mutant, the absolute fitness of a cooperative isolate should be positively 

correlated with the quantity of public good that the mutant produces.  If mutants 
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produce any public good, then this will provide a benefit to the wild type individuals as 

well.  Third, when grown in monoculture, the absolute fitness of the mutant (i.e. 

carrying capacity in the stationary phase) should be positively correlated with the 

quantity of public good that it produces.  This prediction arises because the public good 

provides a benefit, and emphasises that producing less public good can be either 

beneficial (prediction 1) or costly (prediction 3), depending upon the social 

environment.  

 

3.2 Materials and methods  

3.2.1 Creation of putative pyoverdin mutant-wild type pairs 

I isolated 26 spontaneous mutants with putative reduced pyoverdin production from 

selective lines initiated with 11 parental isolates (Table 3.1).  I grew the 11 parent 

isolates in monoculture for up to 25 days in 30-mL glass universal vials containing 6 

mL volumes of CAA minimal medium: CAA: 5 g Casamino acids, 1.18 g 

K2HPO4.3H2O, 0.25 g MgSO4.7H2O, per litre.  Cultures were incubated at 37C 

statically or in an orbital shaker at 200 rpm.  Some monocultures were also made iron-

limiting (100 µg mL
-1

 of the iron-chelator human apo-transferrin (Sigma); and 20 mM 

sodium bicarbonate (Schwyn & Nielands, 1987; Meyer et al., 1996)) to further 

encourage the emergence of siderophore mutants.  At 24 h intervals 60 µL of each 

culture was transferred into 6 mL fresh medium.  Every three to four days I spread 20 

µL of a 10
-6

 dilution of each culture onto KB-agar plates (1 L KB medium with 12 g 

agar) and incubated these overnight at 37C.  As pyoverdin is a bright green pigment, I 

examined mature colonies by eye and isolated those that appeared paler than that of the 

ancestral wild type.  A maximum of three colonies were isolated per lineage, each 

potential pyoverdin mutant paired with a colony of wild type phenotype isolated from 
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the same plate, i.e. of the same lineage and cultured in identical conditions (see Table 

3.2).  I made stock cultures of each putative mutant clone from overnight cultures grown 

at 37C in 30-mL glass universal vials containing 6 mL volumes of standard KB 

medium and frozen at -80C in a 3:2 mix of KB glycerol: 50/50 KB medium/glycerol.  

My isolates were labelled using a three-character notation.  For example: 1a
+ 

evolved 

from parental isolate 1 (see Table 3.1), and has a wild type pyoverdin phenotype 

(indicated by 
+
); 1a

-
 has a mutant pyoverdin phenotype and was harvested from the 

same selective lineage, at the same time point, as 1a
+
 (Table 3.2). 
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Table 3.1 Description of parental P. aeruginosa isolates 

Isolate 

N
o
 

Isolate name Isolate description  Laboratory source Reference 

1 PAO1  

(ATC 15692) 

Laboratory isolate  Europe (Ghysels et al., 

2004; Rumbaugh et 

al., 2009) 

2 PAO6049 Methionine auxotroph 

derived from PAO1 by 

transposon-mutagenesis  

Zürich, Switzerland (Rella et al., 1985) 

3 Holloway 

isolate I 

Diverged PAO1 laboratory 

isolate  

Holloway collection, 

Nottingham, UK 

(Holloway et al., 

1979) 

4 Holloway  

isolate II 

Diverged PAO1 laboratory 

isolate  

Holloway collection, 

USA 

(Holloway et al., 

1979) 

5 Holloway  

isolate III 

Diverged PAO1 laboratory 

isolate  

Holloway collection, 

Italy 

(Holloway et al., 

1979) 

6 UCBPP- 

PA14 

Human clinical isolate  USA (Rahme et al., 

1995) 

7 ATCC 013 - American Type 

Culture Collection, 

Manassas, VA, USA 

 

8 1-60 Cystic fibrosis (CF) isolate  Seattle, WA, USA  

9 2-164 CF isolate  Seattle, WA, USA  

10 206-12 CF isolate  Seattle, WA, USA  

11 MSH Environmental Isolate Mount St. Helens, 

WA, USA 
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Table 3.2 Isolation conditions of the mutant-wild type pairs 

Ancestral 

isolate 

Mutant (
-
) – 

wild type (
+
) 

pair 

Day of isolation 

from serial transfer 

monoculture 

Incubation static  

or shaken (200rpm) 

Iron availability * 

1 1a
+
/ 1a

-
 11 shaken - 

1 1b
+
/ 1b

-
 19 shaken limited 

1 1c
+
/ 1c

-
 15 shaken limited 

2 2a
+
/ 2a

-
 11 shaken limited 

2 2b
+
/ 2b

-
 5 static - 

3 3a
+
/ 3a

-
 19 shaken limited 

4 4a
+
/ 4a

- 
† 19 shaken limited 

5 5a
+
/ 5a

-
 19 shaken limited 

5 5a
+
/ 5b

-
 19 shaken limited 

6 6a
+
/ 6a

-
 18 shaken limited 

6 6a
+
/ 6b

-
 18 shaken limited 

7 7a
+
/ 7a

-
 11 static - 

8 8a
+
/ 8a

-
 4 static - 

8 8b
+
/ 8b

-
 11 static - 

9 9a
+
/ 9a

-
 19 static - 

10 10a
+
/ 10a

-
 25 static - 

10 10b
+
/ 10b

-
 25 static - 

10 10c
+
/ 10c

-
 13 static - 

11 11a
+
/ 11a

- 
‡ unknown unknown unknown 

*  Culture made iron limiting with 100g m L
-1 

human apo-transferrin, 20 mM sodium 

 bicarbonate 

†  Wild type and mutant not co-evolved (i.e. isolated in identical conditions but not from the 

 same agar plate) 

‡ Isolation conditions and co-evolved status not know for this pair 
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Of the 26 putative pyoverdin mutants I generated by this method, 19 proved to be true 

mutants following pyoverdin production assay (detailed below).  In the remaining 7 

isolates, pyoverdin production was at wild-type levels but colonies seemed pale due to 

their small size.  This indicates that characterisation of pyoverdin phenotype by eye is a 

reasonable method for detecting mutants, but requires additional measurements for full 

accuracy.  The final mutant-wild type pairs are listed in Supplementary Table 3.1.  In 

two instances (in lines 5 and 6) two phenotypically distinct putative siderophore mutants 

were isolated from a single agar plate on the same day (5a
-
 & 5b

-
, and 6a

-
 & 6b

-
) and so 

were paired with a single wild type colony from that plate (5a
+
 and 6a

+
, respectively).  

Therefore, the 19 pyoverdin mutants isolated across the collection were only paired with 

17 wild type isolates, making, on the inclusion of the previously analysed PAO6609 and 

its paired wild type, PAO1 (Griffin et al., 2004; Ross-Gillespie et al., 2007; Kümmerli 

et al., 2009a), a collection of 20 mutant-wild type pairs.   

 

3.2.2 Engineered pyoverdin mutants 

P. aeruginosa secretes two siderophores, pyoverdin and pyochelin.  Although my study 

did not measure the production of pyochelin due to its lower iron-binding capacity 

(Ankenbauer et al., 1985; Budzikiewicz, 2001), I included three siderophore-deficient 

single-gene knockout isolates in all experiments to ensure that, if present, pyochelin was 

not interfering with any pyoverdin readings.  These isolates were pyoverdin- and/or 

pyochelin-negative unmarked deletion mutants engineered from PAO1 by knocking-out 

the genes for the pyoverdin synthetase pvdD and/or the pyochelin synthetases pchE and 

pchF (Ghysels et al., 2004).  These three isolates were PAO1∆pvdD (pvd-), 

PAO1∆pchEF (pch-) and PAO1∆pvdD pchEF (pvd-/pch-).  The pvd- isolate, as a well-

established pyoverdin-deficient mutant, was included as a control in some analyses. 
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3.2.3 Measuring pyoverdin production  

Pyoverdin production was quantified using the fluorescence, pvdE and pvdS 

bioluminescence and chrome azurol S assays as detailed in chapter 2, sections 2.2.3-5. 

 

3.2.4 Measuring relative mutant fitness 

To determine the fitness of each pyoverdin mutant relative to that of the wild type from 

which it was derived, I grew mutant isolates in competition with a paired wild type at a 

1:10 ratio in 6 mL volumes of iron-limited medium.  20 µL of 10
4
-10

6
 dilutions of these 

mixed cultures were plated on KB-agar plates at 0 h and again after 24 h incubation at 

37°C.  This period covered the exponential growth phase and the start of stationary 

phase.  

 

Following 18 h incubation of the plates at 37°C, I recorded the number of mutant and 

wild type colonies on each.  Colonies were scored by phenotype as well as 

pigmentation.  Counts were not performed after 18 h when siderophores begin to diffuse 

into the agar, where they can be taken up by neighbouring colonies and add to their 

pigmentation.  I calculated the relative fitness (v) of each putative mutant by  

 



v 
x2(1 x1)

x1(1 x2)
 

 

where x1 is the initial proportion of mutants in the sample population and x2 is their final 

proportion (Otto & Day, 2007; Ross-Gillespie et al., 2007; Ross-Gillespie et al., 2009).  

The value of v therefore signifies whether cheats increase in frequency (v > 1), decrease 
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in frequency (v < 1), or remain at the same frequency (v = 1).  I replicated each 

competition assay six times, and took the mean fitness value to indicate how efficiently 

the mutant could exploit its corresponding wild type isolate when cultured in 

competitive conditions, increasing or decreasing in frequency to the disadvantage or 

benefit of the wild type.  I repeated all fitness analyses, logging the raw values of v 

before calculating the mean across the replicates, to test for any bias resulting from 

within-replicate variation in v.  These analyses gave the same results and, no bias being 

found, are not shown. 

 

3.2.5 Statistical analyses 

I used paired T-tests to test for significant differences in pyoverdin production between 

the pyoverdin mutants and the wild type isolates.  I used standard general linear model 

methods implemented in MINITAB 15 (http://www.minitab.com), and when required, 

logarithmically transformed variables to normalise the residuals.  All coefficients of 

determination were expressed as adjusted r
2 

values to reduce the effect of sampling 

variation and control for statistical shrinkage. 

 

3.3 Results  

3.3.1 Do the isolated mutants produce less pyoverdin than their paired 

wild type?  

The 19 pyoverdin mutants, PAO6609 and the pvd- and pvd-/pch- isolates produced 

significantly less pyoverdin than their paired wild types, as measured by RFU/A600 (Fig. 

3.1, paired T-test: T = 7.72, P < 0.0001).  The mutants also exhibited significantly lower 

levels of pvdE and pvdS gene expression and iron binding capacity than the wild type 
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(paired T-test: T = 4.97, P < 0.0001; T = 2.87, P = 0.019; and T = 6.17, P < 0.0001, 

respectively).   

 

Fig. 3.1 The range of reduction in pyoverdin production per cell (RFU/A600) in 

spontaneous mutants (circles), the mutagenised PAO6609 mutant (triangle) and two 

genetic knockout (KO) isolates (squares) compared to wild type (filled symbols).  

Values are means ±95% confidence intervals (CI) across seven replicates. 

 

3.3.2 Is mutant growth in monoculture positively correlated with pyoverdin 

production? 

I first tested whether pyoverdin production is beneficial to mutant growth in an iron-

limited environment.  As predicted, in iron-limited media, the carrying capacity of 

mutant isolates at stationary phase was positively correlated with their pyoverdin 

production.  Mutants that produced less pyoverdin per cell grew to lower cell densities 

than monocultures of mutants expressing higher levels of pyoverdin production (Fig. 

3.2, all isolates: adjusted r
2
 = 0.45, F (1, 19) = 17.24, P = 0.001; and spontaneous mutants 

only: adjusted r
2
 = 0.43, F (1, 17) = 14.7, P = 0.001).  Wild type isolates exhibited an 
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identical trend (data not shown, all isolates: adjusted r
2
 = 0.46, F (1, 17) = 16.31, P = 

0.001; and paired with spontaneous mutants only: adjusted r
2
 = 0.48, F (1, 15) = 16.0, P = 

0.001). 

 

 

Fig. 3.2 Pyoverdin production is beneficial in iron-limited conditions.  The cell density of 

mutants was positively correlated with the amount of pyoverdin produced per cell 

(RFU/A600) when grown in monoculture for 24 h.  Symbols: spontaneous mutants 

(circles); mutagenised PAO6609 (triangle); and genetic knockout pvd- (square).  

Values are means across six replicates for cell density and across seven replicates for 

pyoverdin production.  

 

3.3.3 Does pyoverdin production by mutants provide a benefit to wild-type 

cells in mixed culture? 

I examined how the growth of wild types was influenced by the presence of mutants.  

Wild type isolates grew less well in mixed culture with their paired mutant than they did 

in monoculture (paired T-test, all isolates: T = 3.06, P = 0.006; spontaneous mutants 

only, T = 2.68, P = 0.015) suggesting a cost of exploitation by mutants.  Both the wild 
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type cell density and relative fitness were positively correlated with the relative 

pyoverdin production of their paired mutant (Fig. 3.3a, cell density, all lines: adjusted r
2
 

= 0.61, F (1, 19) = 32.39, P < 0.0001; cell density, paired with spontaneous mutants only: 

adjusted r
2
 = 0.58, F (1, 17) = 25.33, P < 0.0001.  Fig. 3.3b, relative fitness, all lines: 

adjusted r
2
 = 0.39, F (1, 19) = 13.55, P = 0.002; and relative fitness, paired with 

spontaneous mutants only: adjusted r
2
 = 0.38, F (1, 17) = 11.83, P = 0.003).  This shows 

that pyoverdin produced by the mutants can be utilised by the wild type cells, and 

demonstrates that although mutants have relatively reduced investment in pyoverdin 

synthesis, they may still provide some benefit to neighbours.  In multiple regression, 

unlike in monoculture, the quantity of pyoverdin produced by the wild type did not 

significantly influence wild type cell density at carrying capacity in mixture (all lines: 

adjusted F (1, 19) = 3.2, P = 0.09; and spontaneous mutants only: F (1, 17) = 2.16, P = 

0.16).  
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Fig. 3.3 Pyoverdin production determines fitness of cooperators and cheats in iron-

limited conditions. Cell density (a) and relative fitness (b) of the wild type were 

positively correlated with the relative pyoverdin production of the paired mutants when 

grown in iron-limited conditions for 24 h in a competitive 10:1 wild type: mutant mix. 

Symbols: paired wild type of spontaneous mutants (circles); PAO1 paired with 

mutagenised PAO6609 (triangle); and PAO1 paired with pvd- (square).  Values are 

means across six replicates for cell density and fitness, and across seven replicates for 

relative pyoverdin production. 
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3.3.4 Is mutant fitness in mixture negatively correlated with relative 

mutant pyoverdin production? 

In order to determine the cost of pyoverdin production I examined how the fitness of 

mutants correlates with relative pyoverdin production when grown in competition with 

paired wild type isolates in iron-limited conditions.  In mixed cultures, the fitness of 

mutants, relative to the wild type, was negatively correlated with the mutants‟ relative 

pyoverdin production (Fig. 3.4, all isolates: adjusted r
2
 = 0.49, F (1, 19) = 20.21, P < 

0.0001; and spontaneous mutants only: adjusted r
2
 = 0.6, F (1, 17) = 27.63, P < 0.0001.  

Relative pyoverdin production logarithmically transformed in both datasets), 

demonstrating the benefit the mutants accrue by reducing investment in, and therefore 

the cost of, pyoverdin synthesis.  
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Fig. 3.4 The fitness consequences of reduced pyoverdin production.  When a mutant 

was grown in a mixture with its wild type isolate in iron-limited conditions, the relative 

fitness of the mutant was negatively correlated with the relative amount of pyoverdin 

that it produced. Symbols: spontaneous mutants (circles); mutagenised PAO6609 

(triangle); and pvd- (square).  Values are means across seven replicates for relative 

pyoverdin production and across six replicates for relative fitness. 

 

3.4 Discussion  

My results demonstrate the social nature of pyoverdin production in vitro, and support 

all three of my theoretical predictions on cheating behaviour.  Specifically: (1) in mixed 

culture with a cooperative wild type isolate, mutant relative fitness is negatively 

correlated with mutant pyoverdin production; (2) in mixed culture the absolute and 

relative fitness of the wild type isolate is positively correlated with mutant pyoverdin 

production; and (3) in monoculture, absolute mutant fitness is positively correlated with 

mutant pyoverdin production.  Furthermore, as the spontaneous pyoverdin mutants I 

selected from a diverse range of parental isolates all produced significantly lower levels 

of pyoverdin than their ancestral wild type (Fig. 3.1) it is probable that the spontaneous 
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emergence of cheats is a common challenge to pyoverdin production in P. aeruginosa 

populations.  

 

3.4.1 The social fitness consequences of siderophore production  

In support of my first prediction, I confirmed that the relative fitness of mutants is 

negatively correlated with the relative amount of pyoverdin they produce when grown 

in mixed culture with wild type (Fig. 3.4).  Mutants avoid the metabolic cost of 

production, but retain the ability to benefit from pyoverdin produced by a cooperator.  

The greater the reduction in pyoverdin production by the cheat, the greater its fitness 

advantage when grown with a cooperator.  Furthermore, previous work has shown that 

cooperators compensate for the deficit in soluble iron created by cheat consumption by 

up-regulating pyoverdin production (Kümmerli et al., 2009c).   

 

In support of my second prediction, I observed that absolute growth (cell density) and 

relative fitness of cooperative wild types were positively correlated with relative 

pyoverdin production of mutants in mixed culture (Fig. 3.3).  This confirms that 

pyoverdin produced by the mutants can be utilised by the wild type.  I did not see, or 

expect to see, a corresponding positive relationship between wild-type fitness and 

pyoverdin production by the wild type in mixture.  This is because the benefit to wild 

type will be obscured by increased relative fitness of a cheat paired with a more 

cooperative wild type: the more pyoverdin the wild type produced, the fitter the cheat.    

 

In support of my third prediction, I found that mutants reducing investment in 

pyoverdin production relative to the wild type to a greater degree were less successful 

when grown in isolation in iron-limiting conditions, achieving lower cell densities than 
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the mutants expressing higher levels of relative pyoverdin production (Fig. 3.2).  The 

mutants therefore increased fitness by cheating in mixture but suffered reduced fitness 

when grown in the absence of cooperators, demonstrating that reducing investment in 

pyoverdin production can be advantageous or debilitating, depending on the social 

environment.  

 

 Overall, I demonstrate the fitness consequences of varying investment in cooperative 

behaviours, the vulnerability of cooperative behaviours to exploitation, and how the 

fitness outcomes of reduced pyoverdin production lie in opposing directions dependent 

upon whether cheats exist in isolation or mixed culture. 

 

3.4.2 Comparison with other microbial investigations into cheating 

behaviour 

My results compare with recent investigations into cheating behaviour in other 

microbes: slime moulds and myxococci.  Mutant Dictyostelium discoideum slime mould 

isolates have, for example, been observed to produce more spores when forming fruiting 

bodies in mixed populations than they do in clonal populations – exploiting their 

neighbours to bias spore dispersal in their favour (Strassmann et al., 2000; Khare et al., 

2009).  In similar studies, Myxococcus xanthus mutants reduced investment in fruiting 

body formation while increasing relative spore production (Velicer et al., 2000; Fiegna 

& Velicer, 2005; Fiegna et al., 2006).  However, unlike pyoverdin cheats, several of the 

M. xanthus mutant isolates did not suffer fitness consequences when grown in isolation, 

and some appeared to be facultative rather than obligative cheaters (Fiegna & Velicer, 

2005).  Furthermore, in the D. discoideum studies, over-representation of some isolates 

in spores of mixed fruiting bodies did not appear to be determined by competition over 
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spore cell allocation alone (Fortunato et al., 2003).  This suggests that whereas the 

relative fitness of the P. aeruginosa mutants in my study is primarily determined by the 

production of a single public good (pyoverdin), the consequences of cheating over 

cooperative fruiting body formation in slime moulds and myxococci is more complex 

(Santorelli et al., 2008; Khare et al., 2009).  

 

3.4.3 Application of cheating behavioural theory to clinical challenges 

In addition to demonstrating the social fitness consequences of variation in cheating 

within cooperative systems, my results provide a potential explanation for a well-

documented clinical pattern.  P. aeruginosa is routinely isolated from the immuno-

compromised lungs of cystic fibrosis patients, where it accelerates morbidity and 

mortality (see chapter 5) (Govan & Deretic, 1996; Hutchison & Govan, 1999; 

Budzikiewicz, 2001; De Vos et al., 2001).  It has been repeatedly observed that P. 

aeruginosa isolates that colonise the CF lung lose numerous cellular functions over 

time, including social behaviours such as siderophore production (De Vos et al., 2001; 

Smith et al., 2006; West et al., 2006; Jelsbak et al., 2007).  One explanation is that such 

social traits aren‟t necessary for survival in the CF lung and are selected against as the 

bacterial isolate adapts to this environment, thereby increasing isolate fitness 

(Mahenthiralingham et al., 1994; De Vos et al., 2001; Lee et al., 2005; Smith et al., 

2006; Jelsbak et al., 2007).  However, an alternative possibility is that social cheats 

emerge, exploit and outcompete wild type isolates, resulting in a reduction in 

cooperative activity and therefore social trait production (Griffin et al., 2004; West et 

al., 2006; Harrison, 2007; West et al., 2007a; Brown et al., 2009a).  In the latter case, 

studies of social behaviour in P. aeruginosa could inform antipseudomonal treatments 

for CF patients: many antibiotics are designed to target actively growing bacterial cells 
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and so may be less effective in treating social mutant isolates that grow slowly (if at all) 

in environments lacking locally produced public goods (West & Buckling, 2003; Andre 

& Godelle, 2005; Harrison et al., 2006).   
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Chapter 4: Enumeration of cells in Pseudomonas aeruginosa 

biofilms: a novel tool for determining the proportion of adhered 

vs. motile cells in bacterial populations 

 

Summary 

Pseudomonas aeruginosa is a ubiquitous bacterial species that causes morbid and/or 

lethal nosocomial infections in patients immuno-compromised by cystic fibrosis or 

severe wounds and burns.  The virulence of P. aeruginosa is chiefly attributed to its 

ability to form protective biofilms – a survival mechanism that allows for high antibiotic 

resistance and even shields the isolate from attack by the human immune system.  

Biofilm-quantification is therefore a crucial clinical microbial tool.  Currently it is only 

possible to assay for biofilm volume, not to determine the number of cells living within 

the structure itself.  I describe a novel, fast and effective method for enumerating P. 

aeruginosa cells in both biofilm and planktonic states using Bac-Titer Glo
TM

 (BTG) 

reagent.  I rigorously validate this BTG protocol: successfully compensating for the 

difference in decay of BTG signal between planktonic and biofilm cell samples in order 

to prove that BTG can penetrate and enumerate both lysed and intact biofilms and lysed 

and intact planktonic cells to produce a signal that correlates significantly with cell 

density.  My comparison of the BTG protocol to the current crystal violet biofilm 

volume-determining method reveals some differences, and allows biofilms to be 

quantified as biomass produced per cellular unit for the first time.  I use my new method 

to determine the biofilm: planktonic cell ratio of microtitre cultures of 200 isolates of P. 

aeruginosa from a multitude of clinical and environmental sources and find that isolate 

source has no clear effect on biofilm investment.  I believe that the simplicity and 
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accuracy of this novel enumerative BTG biofilm assay will prove it a useful microbial 

tool for analysing the population structuring of P. aeruginosa.  

  



49 

 

4.1 Introduction 

4.1.1 Biofilm quantification 

There is much interest in bacterial biofilms in medicinal and industrial research as these 

structures allow their microbial architects to survive, persist and even flourish in the 

harshest environments (Nadell et al., 2009).  Bacterial biofilms present their most 

serious threat in hospital settings, particularly those of Pseudomonas aeruginosa.  P. 

aeruginosa is ubiquitous in soil and aquatic environments, and an opportunistic 

pathogen capable of causing a gamut of human infections ranging from acute, local ear 

infections to chronic, life-threatening pneumonia (Lyczak et al., 2002).  In a hospital 

setting, P. aeruginosa is a global and persistent microbe, identified as the causative 

agent of 10% of nosocomial infections and the major pathogen of cystic fibrosis (CF) 

patients, where it forms chronic, long-term infections in the lungs, greatly exacerbating 

lung morbidity and patient mortality (Govan & Deretic, 1996; Govan et al., 2007).  This 

bacterial species has an innate resistance to common antibiotics and many disinfectants 

but during infection it often evolves a biofilm-forming phenotype, which extends its 

antibiotic resistance and protects cells from innate immune system defences by 

impeding antibody and complement cascade penetration and phagocytosis (Lyczak et 

al., 2002; Head & Yu, 2004; Lee et al., 2005).  In addition, biofilms allow P. 

aeruginosa to adhere to surfaces such as catheters and prosthetics, further increasing the 

damage they can cause to their human hosts (Lyczak et al., 2002; Friedman & Kolter, 

2004).  Biofilms are therefore a very important pseudomonal phenotype for successful 

colonisation.  However, a system for systematically comparing environmental and 

clinical isolates is currently lacking, leaving open the question of whether biofilm 

phenotype undergoes any consistent evolutionary adaptations when moving from an 

environmental to a clinical setting.  The development of novel techniques to analyse 
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biofilms are therefore crucial to both aid isolate identification and to compare variations 

in biofilm formation between pseudomonal isolates.  

 

The most widely-used biofilm-quantification technique to date is the crystal violet (CV) 

assay, but as this colorimetric method stains structural proteins and lipids as well as 

cells, it can only assay the quantity of biofilm formed, not how many cells it contains 

(Fletcher, 1977; O'Toole & Colter, 1998).  Protocols exist for enumerating bacterial 

cells in a biofilm, but a highly sensitive, non-time consuming technique that does not 

require the biofilm to be broken up to access the cells remains elusive.  Standard 

enumerations of planktonic cells use absorbance (A) of cell suspensions at 600nm, or 

the plating-out of serial dilutions of culture on nutrient agar to determine the number of 

colony forming units (CFU) per volume.  To be applied to biofilms, these techniques 

require the cells to be detached from their adherent surface and resuspended, either by 

vortexing or sonication.  This is difficult to achieve without lysing the cells, and 

therefore reduces subsequent CFU or A600 counts by an unknown proportion.  

 

4.1.2 Assessing a new quantification method 

Lysis of cells or incomplete removal of biofilm cells from their adherent surface is an 

issue in most quantification protocols, but I describe a novel method that requires no 

prior cell lysis and is unaffected by biofilm adherence.  I have adapted the BacTiter-

Glo
TM

 Microbial Cell Viability Assay kit from Promega (www.promega.com) to 

quantify pseudomonal cell number in biofilms using the measurement of cellular ATP.  

BacTiter-Glo (BTG) contains a lysing agent that breaks open cells to release bacterial 

ATP, which, upon binding, triggers a quantitative oxygenating reaction that releases 

luminescence (Fig. 4.1). 
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Fig. 4.1 BTG luminescence reaction.  Luciferase catalyses the oxygenation of luciferin 

in the presence of Mg2+, generating a quantitative luminescent signal. 

 

I performed thorough investigations to ensure that BTG could lyse all cells in an intact 

biofilm by direct application only, and that luminescence readings were highly 

correlated with cell number and comparable between planktonic and biofilm cell 

samples.  My tests needed to determine that:  

 

1. BTG added directly to planktonic cell suspensions can lyse all the cells and bind all the 

released ATP irrespective of the concentration of cells in the sample; 

2. BTG luminescence readings correlate with A600 counts of planktonic cell samples; 

3. BTG luminescence decays at an equal rate when added to biofilm or planktonic cell 

populations or, if the decay of BTG luminescence between biofilm and planktonic cell 

samples is different, that this decay is linear and can be compensated for; 

4. BTG added directly to an intact biofilm can lyse all the cells therein and bind all the 

released ATP irrespective of the thickness and structure of the biofilm itself; and 

5. BTG can accurately quantify cell populations across a broad range of P. aeruginosa 

isolates with high repeatability. 

 

It was not possible to directly compare biofilm BTG readings to A600 cell density 

measurements, as BTG lyses cells, rendering A600 zero.  Instead, I verified BTG‟s ability 
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to quantify intact biofilms by comparing BTG readings of planktonic cells to those of 

biofilms broken-up by bead-treatment (see Methods); with bead-treated planktonic cells 

acting as a control, and then comparing bead-treated biofilm BTG readings to those of 

intact biofilms (Fig. 4.2). 

 

 

 

 

Fig. 4.2 Steps required to verify that BTG can quantify cells in intact biofilm as well as 

planktonic cell samples.  Red arrow: required, indemonstrable step. Blue arrows: 

demonstrable steps. 

 

4.2 Materials and Methods 

4.2.1 Bacterial isolates 

 I used four P. aeruginosa isolates: M8A.2 (isolate #4, see Appendix 1 for numbering 

details), isolated from oil/water; PAO1 (#1), isolated from a wound; #19, harvested 

from a CF patient; and PA14∆r3 (#69), isolated from a wound, to test the efficacy of my 

developed biofilm quantification technique as they exhibit weak, normal, strong and 

very strong biofilm phenotypes, respectively.  Once the protocol was perfected, I 

assayed an additional 196 isolates for biofilm production.  For details of these 196 

isolates assayed see Appendix 1.  I stored all isolates at 
-
80°C in 3:1 ratios of Luria 

Broth (LB) culture: 80% glycerol. 
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4.2.2 Assaying for BacTiter-Glo efficacy in lysing and enumerating 

planktonic cells and signal decay  

I initiated P. aeruginosa isolates from freezer stock in 3 mL Luria Broth (LB: dH2O) 

and grew them up overnight in a rotor-shaker at 37°C, 200 rpm.  I cut the cultures back 

to 0.05 A600 in 3 mL fresh LB, and grew them up again for 2 h to allow them reach 

exponential phase, then diluted them to 0.0025 A600 in 10 mL 1% Bacto Tryptone media 

(TB: 10 g Bacto
TM

 Tryptone (Becton, Dickinson & Co, Franklin Lakes, NJ, USA) in 1 

L distilled H2O (dH2O)).  I aliquoted eight 150 µL volumes of each TB isolate dilution 

into one column of a flat-bottomed 96-well microtitre plate (plate A) filling one column 

with TB alone as a negative control.  I sealed the plates in a Tupperware containing two 

paper towels wet with 50 mL dH2O, and placed this at room temperature (RT) for 24 h.  

Three hours before use, I thawed the BTG substrate and buffer from 
-
20°C to RT over 1 

h 30 min then added them together in the substrate bottle and inverted this to mix.  I left 

the reagent to equilibrate to RT over a further 1 h 30 min to allow time for trace 

amounts of ATP in the reagent to burn-off – maximising the assay‟s sensitivity.  Crystal 

violet-staining analyses indicate that biofilm cells grow to lower cell densities than 

planktonic cells (data not shown).  I therefore made the planktonic and biofilm counts 

per well comparable by removing two volumes of supernatant (60 µL and 40 µL) from 

each well of plate A after 24 h and diluted these 1:4 and 1:10 in 96-well plates 

containing 180 µL and 60 µL dH2O (plates B and C, respectively).  I measured the A600 

of plate B using an M2 Spectramax, using the negative control row as the blank, to 

assess the planktonic cell density of each culture.  I then transferred 66 µL of the 1:10 

plate C dilutions to a black 96-well microtitre plate (plate D), and added 33 µL of BTG.  

I read the luminescence per well in counts per minute (CPM) on a TopCount.NXT
TM
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Microplate Scintillation & Luminescence counter following 5 min to allow mixing, and 

measured the decay of the luminescence signal at 10 min intervals for up to 12 h.  

 

4.2.3 Assaying for BacTiter-Glo efficacy in lysing and enumerating cells in 

intact biofilms and signal decay 

To enumerate biofilm cell populations in parallel with planktonic cells, I followed the 

planktonic cell BTG protocol.  After I had sampled and diluted the culture supernatants, 

I washed plate A three times in distilled water (dH2O) to remove the remaining 

supernatant, dried it on paper towels and loaded each well with 50 µL equilibrated BTG 

quickly followed by 100 µL Phosphate Buffered Saline (PBS: dH2O).  I then placed 

plate A on a 750 rpm shaking platform for 5 min.  I then transferred 100 µL of each 

well to a black 96-well plate (plate E).  I read the luminescence of plate E immediately 

on the TopCount and measured the decay of the luminescence signal emitted from 

biofilm cells at 10 min intervals for up to 12 h. 

 

4.2.4 Assaying BacTiter-Glo enumeration of bead-treated biofilm cells and 

signal decay 

I prepared the BTG and plate AB (xB = bead treatment) as per the planktonic cell BTG 

protocol.  After 24 h incubation, I removed plate AB from the Tupperware and washed  

it three times in distilled water (dH2O) to remove the supernatant, dried it on paper 

towels and loaded each well with 150 µL PBS.  I used a suitable dispenser to add 40 L 

of glass beads (425-600m, Sigma) to each well.  I then placed plate A on a shaking 

platform at 3,500 rpm for 1 h.  I resuspended the beads and the detached biofilm by 

pipetting action (using pipette tips I trimmed to have wide openings, to prevent 

blockage by beads).  I then transferred 66 µL of each well into a black 96-well plate 
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(plate BB), taking care not to carry-over any beads with the suspension.  I diluted a 

further 50 µL of suspension from plate AB 1:4 in a 96-well plate containing 150 µL PBS 

(plate CB).  I added 33 µL BTG to plate BB and read the luminescence after 5 min, and 

thereafter at 10 min intervals for up to 12 h.  I measured the A600 of plate CB with the 

Spectramax, using the negative control row as the blank, to assess the cell density of 

each culture post-bead-treatment.  

 

4.2.5 Assaying BacTiter-Glo enumeration of bead-treated planktonic cells 

and signal decay 

To enumerate bead-treated planktonic cell populations in parallel with the biofilm cells, 

I followed the above protocol.  After 24 h incubation, I removed 50 µL supernatant 

from each well of plate AB before washing, and diluted these 1:4 in 150 µL dH2O, 

mixed the plate thoroughly and then transferred 60 µL to a 96-well plate containing 90 

µL dH2O (plate DB) to create a 1:10 supernatant dilution.  I used a suitable dispenser to 

add 40L of glass beads into each well of plate DB, which I placed on a shaking 

platform with plate AB at 3,500 rpm for 1 h.  I resuspended the cells and beads by 

pipetting action and transferred 66 µL of each well from plate DB into a black 96-well 

plate (plate EB), taking care not to carry-over any beads with the suspension.  I diluted a 

further 50 µL of suspension from plate DB 1:4 in a 96-well plate containing 150 µL PBS 

(plate FB).  I then added 33 µL BTG to plate DB and read the luminescence after 5 min, 

and thereafter at 10 min intervals for up to 12 h.  I measured the A600 of plate FB with 

the Spectramax, using the negative control row as the blank, to assess the cell density of 

the suspensions.  
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4.2.6 Comparing BacTiter-Glo and bead-treatment removal of biofilms by 

crystal violet assay 

I initiated P. aeruginosa isolates from freezer stock in 3 mL LB and grew them up 

overnight in a rotor-shaker at 37°C, 200 rpm.  I cut the cultures back to 0.05 A600 in 3 

mL fresh LB, and grew them up again for 2 h to allow them to reach exponential phase 

and diluted them to 0.0025 A600 in 10 mL TB.  I aliquoted 8x150 µL volumes of each 

TB suspension into flat-bottomed 96-well microtitre plates, filling one column in each 

plate with TB alone as a negative control.  I incubated the plates at room temperature 

(RT) for 24 h.  I then diluted a 50 µL volume of each well‟s supernatant 1:3  in 100 µL 

dH2O in a 96-well plate and measured the A600 using the M2 Spectramax with the 

negative control row acting as the blank, to assess the cell density of each culture.  I 

washed the 24 h plates three times in dH2O to remove the supernatant, dried them on 

paper towels and loaded them with 150 µL 0.1% crystal violet (CV).  After 15 min at 

RT I removed the CV and washed the plates three times in one basin of dH2O, three 

times in a second basin and dried them.  I dissolved the remaining CV stain in 200 µL 

33% glacial acetic acid over 15 min and quantified biofilm biomass by diluting 25 µL of 

each well 1:8 in dH2O in a microtitre plate and measuring the absorbance at 595 nm on 

the Spectramax.  I corrected measurements for dilution factors and calculated the 

average for the 8 replicates of each isolate.  I then performed CV assays on microtitre 

plates treated with BTG alone or BTG following bead-treatment.  I followed the same 

protocol, with these treated plates replacing the 24 h RT culture plate.  The crystal violet 

assay I used is adapted from Fletcher (1977), and O‟Toole & Colter (1998) (Fletcher, 

1977; O'Toole & Colter, 1998). 
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4.2.7 Statistical analyses 

I used regression analyses, paired and 2-sample T-tests, Mann-Whitney U-tests, 

Kruskal-Wallis one-way ANOVA and ordered heterogeneity (OH) tests (Rice & 

Gaines, 1994) to validate the accuracy of my new biofilm protocol.  All coefficients of 

determination were expressed as adjusted r
2 

values to reduce the effect of sampling 

variation and control for statistical shrinkage.  When required, variables were 

transformed by log10 to normalise the residuals.  All analyses were implemented in 

MINITAB 15 (http://www.minitab.com). 

 

4.3 Results 

4.3.1 BTG lyses and quantifies planktonic cells 

When BTG was added directly to a 10-fold dilution of planktonic cells from four 

different P. aeruginosa isolates, luminescence was recorded after 5 min and exhibited a 

positive correlation with the cell density of each culture (Fig. 4.3: Regression: adjusted r 

2
= 0.99, F(1,3) = 7,855.01, P <0.0001).    

  

http://www.minitab.com/
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Fig. 4.3 BTG signal (CPM) of planktonic cell samples of four isolates correlate with cell 

density (A600).  Isolate #1 (triangle); isolate #4 (circle); isolate #19 (diamond); and 

isolate #69 (square).  

 

When added to five serial 2-fold dilutions (neat to 1/16) of planktonic cells of isolates 

#1, #4, #19 and #69, the BTG expressed corresponding 2-fold reductions in signal (Fig. 

4.4: Regression (untransformed data): adjusted r
2
=0.99, F(1,19) = 1,771.76, P <0.0001.  

Regression (log10 transformed data): adjusted r
2
=0.92, F(1,19) = 214.77, P <0.0001).    
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Fig. 4.4 BTG signal (CPM) of planktonic cell samples of four isolates decreases with 2-

fold dilutions in cell density (A600).  Isolate #1(triangles); isolate #4 (circles); isolate #19 

(diamonds); and isolate #69 (squares). 

 

4.3.2 Biofilm and planktonic cells release the BTG signal at different rates 

BTG luminescence signal did not decay at an equal rate when added to planktonic or 

biofilm cell samples across the four test isolates (Paired T-test: planktonic BTG 

luminescence decay rate < biofilm BTG bioluminescence decay rate, T = 14.46, P = 

0.0004, df = 3).  This difference in decay rate was also observed after planktonic and 

biofilm samples had been treated with beads for 1 h to remove the biofilm from the 

microtitre well walls and bring it into suspension (Paired T-test: bead-treated planktonic 

BTG luminescence decay rate < bead-treated biofilm BTG bioluminescence decay rate, 

T = 12.51, P = 0.0006, df = 3).  Representative data from isolate #1 is presented in Fig. 

4.5. 
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Fig. 4.5  Decay of BTG signal (CPM) over time in presence of #1 planktonic (A) or 

biofilm (B) cells that are intact (full symbols) or bead-treated for 1 h prior to testing 

(empty symbols). 

 

4.3.3 Compensating for different rates of decay in BacTiter-Glo signal 

As BTG signal decays at different rates when in the presence of planktonic or biofilm 

cells, it was necessary to calculate total signal luminescence emitted per sample instead 

of recording luminescence at a single time point.  The rate of decay proved linear in 

both planktonic and biofilm cells, enabling calculation of total luminescence emitted per 

sample using only two CPM readings (t1 and t2).   
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Total luminescence was used to back-calculate signal strength at time 0 when the BTG 

was first added ([CPM]0).  [CPM]0 was calculated as: 

 

              (CPM1-CPM2)       *e(kt1) 

             ln(CPM1/CPM2) 

 

where k = ln(CPM1/CPM2)/(t2-t1).   

 

A quality-regression model established that a luminescence read (t1) taken within 20 

min of BTG being added to the cell sample and a second read (t2) taken 2-4 h later gave 

the optimal correlation between [CPM]0 and A600, with R
2
>0.8.  To maximise read 

accuracy, all times were noted to the second. 

 

4.3.4 BTG lyses biofilm cells without the need for prior biofilm disruption 

Re-analysing BTG measurements calculated as [CPM]0 confirmed initial observations 

(Fig. 4.3 & 4.4) that BTG measurements exhibit a strong positive correlation with cell 

density (A600) (Fig. 4.6).  My results also revealed that this positive correlation is 

expressed regardless of cell sample type as it was found across untreated planktonic 

cells, bead-treated planktonic cells and bead-treated biofilm cells of the four P. 

aeruginosa test isolates (Fig. 4.6: Regression (log10 transformed data): adjusted r
2
=0.9, 

F(1,11) = 95.1, P <0.0001).  
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Fig. 4.6  Total BTG signal luminescence (log10([CPM]0)) emitted from untreated or 

bead-treated planktonic cells (white and grey symbols, respectively) or bead-treated 

biofilm cells (black symbols) correlated with cell density (A600) across six isolates.  

Isolate #1: (triangles); isolate #4 (circles); isolate #19 (diamonds); and isolate #69 

(squares). 

 

Comparing [CPM]0 values of untreated and bead-treated biofilms across six P. 

aeruginosa isolates expressing identical concentrations of planktonic cells per culture 

(Fig. 4.7A: Paired T-test: T = -1.28, P = 0.29) revealed that the isolates‟ biofilms 

expressed identical levels of [CPM]0 even though half were mixed with BTG alone for 5 

min before analysis and half were shaken with beads for 1 h prior to BTG addition (Fig. 

4.7B: Paired T-test: T = 0.69, P = 0.54).  Although the bead-treatment removed more 

biofilm from the microtitre well walls than BTG alone, as demonstrated by crystal violet 

(CV) staining post-assay (Fig. 4.7C: Paired T-test: T = 7.64, P = 0.005), this does not 

appear to affect the final [CPM]0 values of each treatment.  
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Fig. 4.7  Cells from intact (empty symbol) and bead-treated (full symbol) biofilms with 

identical planktonic cell densities per culture pre-treatement (A) emit identical total BTG 

luminescence signal (B) even though bead-treatment removes more of the biofilm from 

the microtitre well wall (C).  Data shown as averages across eight replicates in six 

isolates with 95% CI. 
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on three consecutive days and the resulting positive correlations between [CPM]0 and 

cell density (A600) were identical for each isolate.  The average r
2
 value of the 12 

correlations was 0.86. 

 

4.3.6 Comparing BTG to CV 

The four test isolates were cultured in duplicate microtitre plates. One was assayed for 

biofilm production using the CV technique (which stains all carbohydrates in a biofilm, 

giving an indication of biofilm size) and the other was assayed for biofilm production 

using the BTG technique (which quantifies the number of cells in a biofilm, not the 

biomass).  The CV readings (Fig. 4.8A) were then divided by the [CPM]0 (Fig. 4.8B) to 

calculate the average biofilm production per cellular unit of each isolate (Fig. 4.8C).  

All three biofilm analyses yielded significant differences in biofilm production between 

the four test isolates (Kruskal-Wallis: H(1, 3)  = 27.82, P <0.0001;  H(1, 3)  = 29.09, P 

<0.0001;  H (1, 3) = 28.01, P <0.0001; for CV, [CPM]0, and (CV/[CPM]0), respectively).  

CV analyses indicate that isolate #69 produces a larger biofilm than isolates #1 and #4 

and that isolate #19 produces a biofilm greater in volume than all three (Fig. 4.8A).  

BTG analysis revealed a statistically similar trend (Fig. 4.8B ordered heterogeneity 

(OH) test: P <0.0001), despite isolate #69 exhibited a higher level of biofilm 

luminescence than expected from CV analyses.  However, correcting the CV readings 

for biofilm cell number revealed a statistically different trend (Fig. 4.8C: OH test: P 

≤0.25).  Although isolate #19 is still producing a large biofilm, its production is less 

extreme when compared to the other isolates; isolate #69 has a lower biofilm production 

per cell value than isolate #1, and isolate #4 no longer appears to be producing the 

smallest biofilm. 
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Fig. 4.8  Dividing the quantity of biofilm stained by crystal-violet (A) by total 

luminescence of BTG ([CPM]0) (B) gives an approximation of biofilm production per cell 

for the four test isolates (C).  Data shown as averages across eight replicates with 95% 

CI.  
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these two population parameters across five isolates (Fig. 4.9: Regression: adjusted r
2 

= 

0.74, F(1,3) = 12.51, P= 0.038). 

 

 

Fig. 4.9   Total luminescence emitted by biofilm vs planktonic cells in microtitre cultures 

of five isolates (isolate #1 (triangle); isolate #4 (circle); isolate#7 (cross); isolate #10 

(plus); and isolate 9 (diamond). 

 

While the number of planktonic cells in a microtitre well outnumber biofilm cells (by a 

factor of 1.6-11.1 for these five isolates), there appears to be a stable equilibrium where 

planktonic cell counts determine biofilm cell counts and vice-versa. 
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As the data was not normally distributed, the median proportion of cells in each 

microtitre culture existing in biofilm was then calculated per group (Fig. 4.10). 

 

 

Fig. 4.10  The proportion of cells in biofilm in a microtitre well culture across sixteen 

groups of isolates.  Values in brackets denote number of isolates in each group.  Data 

shown as the median and interquartile range with minimum and maximum values per 

group.  

 

No significant difference in biofilm proportion was found between the sixteen groups 

either by individual Mann-Whitney U-tests (analyses not shown) or Kruskall-Walis 1-

way ANOVA (Fig. 4.10: ANOVA: H(1,15) = 11.3, P= 0.731). 
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4.4 Discussion 

I demonstrated the accuracy and optimal use of the novel BacTiter-Glo (BTG) method 

for enumerating cells in biofilm and planktonic populations. 

 

4.4.1 Method assessment 

BTG signal correlates with the cell density of planktonic cells after a 5 min incubation 

period (Fig. 4.3 & 4.4).  Fig. 4.3 illustrates that the confidence intervals for planktonic 

cell sample luminescence increase in correlation with cell density.  Finding such a trend 

in a small sample size confirms that my four test isolates were suitable for purpose: 

adequately revealing protocol sensitivities.  This trend for assigning higher confidence 

intervals to increased cell density must therefore be noted for all isolates assayed with 

BTG.  To test whether BTG could penetrate and lyse intact biofilms, BTG assays were 

first performed on biofilm cell populations that had been bead-treated to detach the 

biofilms from the walls of the microtitre wells prior to BTG analysis (Fig. 4.6).  A 

formula to calculate total luminescence emitted per cell sample allowed the BTG 

protocol to be shortened to two luminescence time-points taken 2-4 h apart without loss 

of accuracy and for luminescence readings from planktonic and biofilm cell samples to 

be accurately compared despite their differences in signal decay rate  (section 4.3.3, Fig 

4.5).  I used this formula to compare the results from bead-treated biofilm samples with 

the BTG readings of untreated and bead-treated planktonic cells, and confirmed that all 

three cell sample types produced the same correlation between cell sample BTG 

luminescence and cell density (Fig. 4.6).  These results reveal that BTG signal also 

correlates with cell density in preparatorily disrupted biofilm cell populations.  By then 

comparing BTG readings from bead-treated biofilm samples to readings when BTG was 

added directly to intact, undisrupted biofilms, I proved that BTG is able to penetrate 
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biofilms and lyse and quantify the cells unassisted (Fig. 4.7).  Biofilm volume does not 

seem to interfere with this process, as [CPM]0 reads were acquired from isolates that CV 

assays reveal to produce large biofilms (isolate #19) as well as those that produce 

relatively small biofilms (isolate #4).  Assay measurements of planktonic and biofilm 

cells were also highly reproducible. 

 

It remains an intriguing question why BTG luminescence signal decays at a slower rate 

in the presence of biofilm cells as opposed to planktonic cells (Fig. 4.5).  Suspensions of 

untreated and bead-treated planktonic cells and bead-treated biofilm cells were 

examined under a microscope but no physical differences could be discerned that would 

account for this observation (data not shown).  Additional investigations in which 

planktonic cells were pelleted by centrifugation before BTG analysis could not replicate 

the slower rate of decay of biofilm samples.  It is possible that the exopolysaccharides 

of biofilms interfere with BTG signal release, but identical reduced decay rates were 

observed in isolates that produce large, small or average biofilms.  This argues against 

this hypothesis as it would be expected that BTG signal emitted from P. aeruginosa 

cultures that have formed large biofilms would decay more slowly than BTG bound to 

smaller biofilms were exopolysaccharides the causative factor. 

 

I then compared the biofilm production of my four test isolates as assayed by the 

existing, commonly-used CV technique, and my BTG method (Fig. 4.8).  My results 

demonstrate that biofilm size as assessed by the CV technique can alter dramatically 

when corrected to „biofilm production per cellular unit‟ via the incorporation of the 

BTG cell quantification readings.   This finding argues for the incorporation of the BTG 
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technique into future biofilm assessments, to more accurately assess the investment a P. 

aeruginosa isolate makes in biofilm formation.  

 

Finally, an observation of further interest is the inverse relationship I found between 

planktonic and biofilm cell counts within a culture (Fig. 4.9).  Planktonic cells 

outnumber biofilm cells in culture, but P. aeruginosa isolates that form larger biofilms 

have fewer free-swimming cells than isolates forming smaller biofilms.  This 

observation is surprising as it would be expected that large biofilms release more 

planktonic cells into the culture supernatant to allow colony dispersal, or that an isolate 

that has poor attachment and biofilm formation would exhibit other deficiencies that 

also affect planktonic cell replication.  Further research into this finding could reveal 

more about the regulation and coordination of motile (planktonic) and non-motile 

(biofilm) life phases in adherent bacteria. 

 

4.4.2 Application of the Bac-Titer Glo Method 

I used the BTG method to calculate the proportion of cells in biofilm per population 

across 200 P. aeruginosa isolates grouped according to their source.  Although it 

initially appeared that P. aeruginosa isolated from catheters and urinary infections 

(environments where high flow pressure and smooth surfaces are believed to select for 

increased biofilm investment and adherence)  was exhibiting a higher proportion of 

biofilm investment than other isolates, this observation proved non-significant and no 

clear effect of isolate source on biofilm investment was found (Fig. 4.10).  This novel 

finding appears to contradict the belief that P. aeruginosa undergoes strong selection for 

biofilm formation as it adapts to a clinical setting.  More information on each isolate 

(such as the length and severity of infection caused by a pathogenic isolate, for 
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example) could be used to re-group the isolates with more sensitivity, which may cause 

subtler trends in biofilm investment between different environmental and nosocomial P. 

aeruginosa isolates to emerge. 

 

In conclusion, my novel BTG method for the enumeration of P. aeruginosa cells in 

planktonic or biofilm cell samples is precise, quick, reproducible and relatively 

inexpensive.   As current biofilm findings have only accounted for biofilm biomass and 

not cell number, the BTG assay could provide a useful resource for analysing biofilm 

production in the context of bacterial evolutionary adaptation. 
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4.5 Appendix 

 

Table 4.1  Description of P. aeruginosa isolates  

Collection* Isolate name Isolate source 

Foster DSM 939 Animal room water bottle 

Molin B6-2 Acute CF infection (in child) 

Molin B6-3 Acute CF infection (in child) 

Molin B7-3 Acute CF infection (in child) 

Molin B28-1 Acute CF infection (in child) 

Molin B3-0 Acute CF infection (in child) 

Molin B6-0 Acute CF infection (in child) 

Molin B7-1 Acute CF infection (in child) 

Molin B11-1 Acute CF infection (in child) 

Molin B12-0 Acute CF infection (in child) 

Molin B13-2 Acute CF infection (in child) 

Molin B22-1 Acute CF infection (in child) 

Molin B38-1 Acute CF infection (in child) 

Foster ATCC 33818 Agaricus bisporus 

Foster M7C.2 Amputation 

Foster M1C.1 Bone 

Foster ATCC 15691 Burn wound 

Foster 63741 Burn wound 

Foster PAO-DSM 1707 Burn wound 

Foster DSM 1253 Burn wound 

Foster M6C.1 Catheter 

Foster M8C.1 Catheter 
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Foster M10C.1 Catheter 

Foster 76 Catheter 

Foster H2 Catheter 

Foster  CF patient 

Foster 45 CF patient 

Foster 73 CF patient 

Foster 81 CF patient 

Foster 84 CF patient 

Foster 85 CF patient 

Foster 70 CF patient (mucoid) 

Foster 80 CF patient (mucoid) 

Foster 2733/92 CF patient 

Foster 2813 A/92 CF patient 

Foster BST1 CF patient 

Foster KB1 CF patient 

Foster SS1 CF patient 

Foster MF6 CF patient 

Foster PD1 CF patient 

Foster RN4 CF patient 

Foster RP1 CF patient 

Foster Va 24437 CF patient 

Foster Va 26232 CF patient 

Foster Va 27081 CF patient 

Foster Va 27260 CF patient 

Foster DM CF patient 

Foster Zw 30 CF patient 

Foster Zw 31 CF patient 
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Foster Zw 41 CF patient 

Foster Zw 43 CF patient 

Foster Zw 49 CF patient 

Foster Zw 54 CF patient 

Foster Zw 64 CF patient 

Foster Zw 77 CF patient 

Foster Zw 79 CF patient 

Foster Zw 81 CF patient 

Foster Zw 83 CF patient 

Foster Zw 85 CF patient 

Foster Zw 88 CF patient 

Foster Zw 92 CF patient 

Foster Zw 98 CF patient 

Foster Zw 102 CF patient 

Foster Zw 113 CF patient 

Foster Zw 117 CF patient 

Foster Zw 119 CF patient 

Foster SG1 (=C) CF patient 

Foster 892 CF patient 

Foster HJ2 CF patient 

Foster G7 CF patient 

Foster K9 CF patient 

Molin 2-1 Chronic CF infection (1-off) 

Molin 2-3 Chronic CF infection (1-off) 

Molin 6-2 Chronic CF infection (1-off) 

Molin 11-1 Chronic CF infection (1-off) 

Molin 11-6 Chronic CF infection (1-off) 
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Molin 11-7 Chronic CF infection (1-off) 

Molin 16-1 Chronic CF infection (1-off) 

Molin 16-2 Chronic CF infection (1-off) 

Molin 16-10 Chronic CF infection (1-off) 

Molin 16-14 Chronic CF infection (1-off) 

Molin 2-4 Chronic CF infection (persistent) 

Molin 2-5 Chronic CF infection (persistent) 

Molin 6-1 Chronic CF infection (persistent) 

Molin 7-1 Chronic CF infection (persistent) 

Molin 10-1 Chronic CF infection (persistent) 

Molin 10-13 Chronic CF infection (persistent) 

Molin 11-10 Chronic CF infection (persistent) 

Molin 16-3 Chronic CF infection (persistent) 

Molin Lei s159 mB Chronic CF infection (persistent) 

Molin Lei-0 Chronic CF infection (persistent) 

Molin Lei-1 Chronic CF infection (persistent) 

Molin Lei-4 Chronic CF infection (persistent) 

Molin Lei-7 Chronic CF infection (persistent) 

Molin p2 F25 B3 Chronic CF infection (persistent) 

Molin p2 F25 B6 Chronic CF infection (persistent) 

Molin p2 F25 C3 Chronic CF infection (persistent) 

Molin p2 F25 C7 Chronic CF infection (persistent) 

Molin p2 F25 D3 Chronic CF infection (persistent) 

Molin p2 F25 E3 Chronic CF infection (persistent) 

Molin p7 F81 D3 Chronic CF infection (persistent) 

Molin p7 F81 E3 Chronic CF infection (persistent) 

Foster Gr 2052 Clinic 
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Foster Gr 2248 Clinic 

Foster DSM 1128 Ear infection 

Griffin Mt St Helens Environmental 

Foster PT10 Environmental 

Foster PT18 Environmental 

Foster PT1 Environmental 

Foster PT34 Environmental 

Foster PT45 Environmental 

Foster PT32 Environmental 

Foster PT33 Environmental 

Foster PT25 Environmental 

Foster PT29 Environmental 

Foster PT21 Environmental 

Foster PT26 Environmental 

Foster 50 Faeces 

Foster ATCC 33988 Fuel tank 

Griffin P93 Holloway PAO1 collection 

Griffin P3 Holloway PAO1 collection 

Griffin P76 Holloway PAO1 collection 

Griffin P100 Holloway PAO1 collection 

Foster ATCC 33356 Human faeces 

Foster ATCC 33348 Human infection 

Foster ATCC 33364 Human infection 

Foster DSM 288 Hygiene institute 

Foster ATCC33357 International Serotype 10, 06.08.1987 

Foster ATCC33358 International Serotype 11, 06.08.1987 

Foster ATCC33359 International Serotype 12, 06.08.1987 
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Foster ATCC33360 International Serotype 13, 06.08.1987 

Foster ATCC33361 International Serotype 14, 06.08.1987 

Foster ATCC33362 International Serotype 15, 06.08.1987 

Foster ATCC33349 International Serotype 2, 09.07.1992 

Foster ATCC33350 International Serotype 3, 06.08.1987 

Foster ATCC33351 International Serotype 4, 06.08.1987 

Foster ATCC33352 International Serotype 5, 06.08.1987 

Foster ATCC33354 International Serotype 6, 06.08.1987 

Foster ATCC33353 International Serotype 7, 06.08.1987 

Foster ATCC33355 International Serotype 8, 06.08.1987 

Foster EP01/01/92 Mink 

Foster EP/03/01/82 Mink 

Foster 4525 Mink 

Foster Karenslong4 Mink 

Foster Scheyk4 Mink 

Foster Gemeet Mink 

Foster ATCC 21472 Oil field soil 

Foster M8A.1 Oil/water 

Foster M8A.2 Oil/water 

Foster M8A.3 Oil/water 

Foster M8A.4 Oil/water 

Griffin ATCC 15692 PAO1 

Griffin PAO6609 ATCC 15692 mutant  

Griffin PAO6049 ATCC 15692 mutant  

Cornelis C. (PAO1) Pierre Cornelis 

Cornelis C. ∆pvdD Pierre Cornelis 

Cornelis C. ∆pchEF Pierre Cornelis 
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Cornelis C. ∆pvdDpchEF Pierre Cornelis 

Foster M3C.1 Post-op infection 

Foster SG31 (=SG17M) River 

Molin R4 Sink 

Molin R5 Sink 

Foster M9A.1 Soil 

Foster M6A.1 Soil 

Foster C51 Soil 

Foster C53 Soil 

Foster C56 Soil 

Foster C57 Soil 

Foster 37.1 (soil) Soil 

Foster 7soil Soil 

Foster ATCC 14886 Soil 

Foster ATCC 15522 Soil 

Foster ATCC 21776 Soil 

Foster 69 Trachea 

Foster A 5803 trachea 

Foster M2C.1 Urinary 

Foster M4C.1 Urinary 

Foster M5C.1 Urinary 

Foster M9C.1 Urinary 

Foster 82 Urinary 

Foster 83 Urinary 

Foster C20 Water 

Foster C23 Water 

Foster C40 Water 
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Foster C41 Water 

Foster C48 Water 

Foster C54 Water 

Foster C55 Water 

Foster g33 Water 

Foster PT2 Water 

Foster PT6 Water 

Foster PT12 Water 

Foster PT20 Water 

Foster PT22 Water 

Foster PT36 Water 

Foster 641HD11 Water 

Foster PAO1 Wound 

Foster PA14 Wound 

Foster A 5670 Wound 

Foster AL 5846 Wound 

 

* Cornelis: Dr P. Cornelis, Molecular & Cellular Interactions, Vrije University of Brussels, 

Brussels, Belgium; Foster: Dr K. Foster, Center for Systems Biology, Harvard, Cambridge, 

USA; Griffin: Dr A. S. Griffin, Department of Zoology, University of Oxford, Oxford, UK; and, 

Molin: Prof S. Molin, Institute for Systems Biology, Denmark Technical University, Lyngby, 

Denmark.  
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Chapter 5: Pseudomonas aeruginosa isolated from cystic 

fibrosis patients exhibit a stepwise reduction in social traits 

correlating with the severity of infection 

 

Summary 

It is well known that Pseudomonas aeruginosa isolates opportunistically colonise the 

broncho-pulmonary system of cystic fibrosis (CF) patients to create persistent, morbid 

and frequently fatal infections.  Acute pseudomonal infections last less than six months 

and are mostly commonly found in CF patients below the age of 15, with chronic 

infections (categorised as lasting over six months) becoming increasingly common and 

severe as the patient matures.  It has been suggested that these CF isolates lose traits 

such as biofilm formation and siderophore production over the course of creating and 

maintaining chronic infections.  However, this hypothesis has not been formally tested 

over a large range of social traits and to date analyses have not distinguished between 

different stages of P. aeruginosa infection, i.e. isolates causing acute versus chronic 

infections.   

 

In this chapter, I compare and contrast the social trait profiles of P. aeruginosa isolates 

divided into four time categories representing the gradual progression of an isolates 

exposure to the CF lung environment.  The four categories contain: (i) naïve isolates 

that have never caused infection in a CF patient; (ii) isolates that have caused a single, 

acute infection in a child with CF; (iii) isolates that have caused a single, chronic 

infection in an adult with CF; and, (iv) isolates that are highly transmissible, causing 

multiple chronic infections in adults with CF.  All four isolate categories were assayed 
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for seven putatively social traits: biofilm investment, elastase production, protease 

production, pyocyanin production, pyoverdin production and type, and quorum sensing 

(QS) molecule synthesis.  The quorum sensing ability of the isolates was assayed using 

two methods: measuring bioluminescence of three Escherichia coli QS reporter strains 

in the presence of isolate supernatant (for QS molecules: 3-oxo-C12-HSL; C4-HSL; and 

C7-PQS); and liquid chromatography/ mass-spectrometry of isolate supernatant for QS 

molecules: 3-oxo-C12-HSL; 3-oxo-C6-HSL; C4-HSL; C6-HSL; C7-HHQ; C7-HHQ-N-

oxide; and C7-PQS.  I demonstrate that pyoverdin production, pyoverdin type and 3-

oxo-C12-HSL production as assayed by both bioluminescence and LC/MS analysis 

correlate with isolate category – with this production being lost over time.  The other 12 

traits do not exhibit significant decreased synthesis with increased exposure to the CF 

lung.  I discuss how my findings support the social evolution hypothesis that P. 

aeruginosa traits are being lost in the CF lung due to selection at the behavioural level.  

Specifically, the prediction that the emergence of cheating behaviours that exploit 

cooperative pseudomonal systems such as pyoverdin production cause P. aeruginosa to 

reduce the production of social traits over time in the CF lung.  
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5.1 Introduction 

Opportunistic lung infection by P. aeruginosa is the key pathogenic threat faced by 

cystic fibrosis (CF) patients.  The detection of P. aeruginosa in lung sputum is the 

primary grounds for initiating CF patients on long-term antibiotic use (Klepac-Ceraj et 

al., 2010) .  Unfortunately, as well as being able to establish chronic and often fatal CF 

lung infections, P. aeruginosa also exhibit high levels of innate resistance to both 

antibiotics and antibodies, and have additional survival mechanisms that allow them to 

resist phagocytosis (Mahenthiralingham et al., 1994; Lyczak et al., 2002; Govan et al., 

2007).  These characteristics have made this species a prime target for antibacterial 

research, with novel therapies high in demand. 

 

To date, the problem of P. aeruginosa infections has only been studied in the context of 

the microbe acting as a pathogenic agent, not as a social organism.  All bacterial 

systems rely heavily on cooperative behaviours for their survival (Crespi, 2001; Velicer, 

2003; West et al., 2006; Foster et al., 2007; West et al., 2007a), especially so when 

establishing an infection in a host organism.  It has been argued that P. aeruginosa 

isolates that progress from causing an initial, acute CF infection to establishing a 

persistent, chronic illness lose several traits during this process – including quorum-

sensing (QS) signalling, iron-scavenging and biofilm production (De Vos et al., 2001; 

Lee et al., 2005; Smith et al., 2006; Jelsbak et al., 2007; Bjarnsholt et al., 2010; 

Hoffman et al., 2010).  It has been suggested that these traits do not aid survival in the 

CF lung and are therefore selected against over the course of infection, resulting in the 

emergence of P. aeruginosa isolates better adapted to the CF environment (Yang et al., 

2010).  However, Griffin, et al. (2004) have suggested that cooperative traits such as 

biofilm formation and pyoverdin production could be lost due to invasion by cheats: 
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loss-of-function mutants that contribute less to trait production but continue to benefit 

from the utilities being produced by their fully-functional, cooperative neighbours 

(Griffin et al., 2004).  Such non-cooperating social cheats would initially be favoured by 

selection (Griffin et al., 2004) and due to a lack of migration between lungs or lung 

compartments, the production of shared social traits would fall – resulting in the loss of 

traits observed in CF isolate studies.  This trend of social trait reduction over time in the 

CF lung has not been quantified and previous studies on the loss of these traits are based 

on isolates harvested from a single or a small number of CF patients (Lee et al., 2005; 

Smith et al., 2006).  In addition, the length of infection has also not been 

comprehensively quantified in the majority of these analyses, i.e. whether isolates 

caused acute or chronic infections.  I have therefore analysed the production of 15 social 

traits in 40 P. aeruginosa isolates harvested from 11 environmental sources and 13 CF 

patient lungs (see Table 5.1), in the context of the length of time that the CF isolates 

have been causing infections in their human host.  Where more than one CF isolate was 

taken from a single lung, their social trait profiles were averaged prior to any analyses to 

present data per lung and thus avoid pseudoreplication of results (Hurlbert, 1984).            

 

In the first part of this chapter I test whether CF isolates exhibit reduced production of 

several social traits over time in the human lung.  The traits that I examine are: 

proportion of cells in biofilm, pyocyanin production, pyoverdin production and type, 

protease production, elastase production, and production of quorum sensing (QS) 

molecules.  The QS molecules I selected for analysis are: N-(3-oxododecanoyl) 

homoserine lactone (3-oxo-C12-HSL), N-butanoyl-homoserine lactone (C4-HSL), and N-

heptanoyl Pseudomonas signal (C7-PQS) by bioluminescence assay; and 3-oxo-C12-

HSL, N-(3-oxohexanoyl)homoserine lactone (3-oxo-C6-HSL), C4-HSL, N-hexanoyl-
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homoserine lactone (C6-HSL), 4-hydroxy-2-heptylquinoline (C7) (C7-HHQ), 4-hydroxy-

2-heptylquinoline-N-oxide (C7) (C7-HHQ-N-oxide), and C7-PQS by liquid 

chromatography/mass spectrometry (LC/MS) analysis.  I examine a collection of 40 P. 

aeruginosa isolates divided into four categories according to the length of time that the 

CF patient has been infected (see Table 5.1).  The four categories of P. aeruginosa 

represent the gradual progression of an isolates‟ exposure to the CF lung environment, 

and contain: (i) naïve isolates that have never been found in a CF lung; (ii) isolates that 

have caused a single, acute infection lasting less than six months in a child with CF; (iii) 

isolates that have caused a single, chronic infection lasting more than six months in an 

adult with CF; and (iv) isolates that are highly transmissible, causing multiple chronic 

infections lasting more than a year in adults with CF.   

 

5.2 Materials and methods  

5.2.1 Classification of P. aeruginosa isolates  

I categorised 40 P. aeruginosa isolates according to whether they were harvested from a 

cystic fibrotic source and, if so, the type of infection they were causing at the time of 

isolation. The four categories are: naïve, acute, chronic (1-off) and chronic (multiple), 

and contain 11, 10, 10 and 9 P. aeruginosa isolates, respectively (Table 5.1).  Where 

multiple isolates per category were obtained from the same lung, their trait profiles were 

averaged before analysis to avoid pseudoreplication (Hurlbert, 1984).  As isolates were 

harvested from 11 environments, six children with CF,  four CF adults with 1-off 

chronic infections and six CF adults suffering from chronic infections caused by isolates 

that have infected multiple patients, the sample size for all statistical analyses was 27. 
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Table 5.1  Characterisation of the four categories of P. aeruginosa 

Isolate category Isolate name Isolate source 

Naïve PAO6049 Lab PAO1 

 ATCC15692 Lab PAO1 

 P3 Lab PAO1 

 P76 Lab PAO1 

 P100 Lab PAO1 

 P93 Lab PAO1 

 Mt St Helen's Environment 

 R4 Sink 

 R5 Sink 

 F-2 Water isolate 

 F-3 Water isolate 

Acute infection B3-0 Child with CF #3 

 B6-0* Child with CF #6 

 B6-2 Child with CF #6 

 B6-3 Child with CF #6 

 B7-1 Child with CF #7 

 B7-3 Child with CF#7 

 B11-1 Child with CF #11 

 B12-0* Child with CF #12 

 B13-2 Child with CF #13 

 B28-1 Child with CF #28 

Chronic infection (1-off) 2-1 Adult with CF #2 

 2-3 Adult with CF #2 

 6-2 Adult with CF #6 

 11-1 Adult with CF #11 
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 11-6 Adult with CF #11 

 11-7 Adult with CF #11 

 16-1 Adult with CF #16 

 16-2 Adult with CF #16 

 16-10 Adult with CF #16 

 16-14 Adult with CF #16 

Chronic infection (multiple) DK-1Ɨ 
Adult with CF #2 

 DK-2 Ɨ Adult with CF #2 

 DK-2 Adult with CF #6 

 DK-1 Adult with CF #6 

 DK-2 Adult with CF #7 

 DK-2 Adult with CF #10 

 DK-1 Adult with CF #10 

 DK-2 Adult with CF #11 

 DK-2 Adult with CF #16 

* (Rau et al., 2010) 

Ɨ (Bjarnsholt et al., 2010) 

 

5.2.2 Measuring the proportion of the cell population in biofilm 

I quantified the proportion of cells in a microtitre culture existing in biofilm in all 

isolates except F-2 and F-3, using the BacTiter-Glo assay detailed in chapter 4, section 

4.2.   

 

5.2.3 Measuring pyoverdin production 

I quantified pyoverdin production in all isolates using the fluorescence assay detailed in 

chapter 2, section 2.2.3.   
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5.2.4 Measuring pyocyanin production 

I assayed all isolates for pyocyanin production based on the method described in Essar 

et al. (1990) (Essar et al., 1990).  I cultured isolates from freezer stock in 10mL King‟s 

B (KB) media (KB medium: 20 g Proteose peptone N
o
3, 10 mL Glycerol, 1.5 g 

K2HPO4.3H2O, and 1.5 g MgSO4.7H2O per litre) in glass 25-mL vials and incubated 

these for 24h at 37°C, 180rpm.  I then removed cultures from the incubator, vortexed 

them and dispensed 100 µL of each into 1mL cuvettes containing 900µL dH2O to 

measured A600.  I then sub-cultured all isolates into 10mL fresh KB in 100mL conical 

flasks to maximise pyocyanin production, with final cell densities standardised to an 

A600 value of 1.  I used 10mL of uninoculated KB as the control.  I then set the flask 

cultures to incubate at 37°C, 180rpm.  After 18 h I removed the flasks and blank from 

the incubator and measured A600 as above.  I moved the 10mL of each culture into 15mL 

Falcon tubes and centrifuged these at 1,470 g for 15 min.  I then filter-sterilised (0.2 µm 

pore size) the supernatant of each Falcon tube and aliquoted 5mL into a second set of 

Falcon tubes.  I added 3 mL chloroform to each tube and vortexed these for 5sec before 

centrifuging the mixtures at 1,120 g for10 min.  I transferred 2mL of the bottom 

extraction layer of chloroform from each tube into a new 15mL falcon and added 2 mL 

0.2 M HCl to each for re-extraction.  After vortexing for 5sec I centrifuged the tubes at 

1,120 g for1 min, transferred 1mL of each top layer to a 1.5mL Eppendorf for 

centrifuging at 15,490 g for 1 min and removed 900 µL of the top layer of each 

Eppendorf to a cuvette and read A520 of the pyocyanin in acidic solution using the 

control as the blank.  I then quantified pyocyanin production per culture as µg.mL
-1

 as 

(A520/A600)17.072 (Kurachi, 1958) then multiplied the answer by 0.66, as only 
2
/3 of the 

chloroform extraction layer was sampled (Kurachi, 1958; Essar et al., 1990).   
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5.2.5 Measuring elastase activity 

I dispensed 900 µL Elastin Congo-Red (ECR) buffer(0.0275g ECR:Sigma, 1mM CaCl2, 

100mM Tris, pH 7.5) into 2mL Eppendorf tubes and added 100 µL of filter-sterilised 

supernatant and the control supernatant (from pyocyanin protocol) to each.  I then set 

the Eppendorfs to incubate at 37°C with 0.7 g for 4h before spinning-down the ECR 

granules (13,000rpm for 1 min) , transferring 100 µL supernatant off the top of each 

Eppendorf into 900 µL dH2O in a cuvette and reading A495 of each, using the control as 

the blank. 

 

5.2.6 Measuring protease activity 

I dispensed 250 µL Azocasein solution (2% Azocasein: Sigma, 2mM CaCl2, 40mM tris-

HCl, pH 7.8) into 2mL Eppendorfs and added 150 µL filter-sterilised supernatant and 

the control supernatant (from pyocyanin protocol) to each.  I vortexed the Eppendorfs 

for 5sec then incubated them statically at 37°C for 45 min.  I then stopped the reaction 

by precipitating out the undigested substrate in 1.2 mL trichloroacetic acid (10%) for 

15min then centrifuging the Eppendorfs at 15,490 g for 10 min.  I then added 900 µL of 

each supernatant to 750 µL 1M NaOH (1M) in fresh Eppendorfs, vortexed them for 

5sec then transferred 100 µL of each Eppendorf into 900 µL dH2O in a cuvette and read 

A440 of each using the control as the blank.  The protease activity of each isolates was 

calculated as A440/ A600 of pre-filtered culture (Ayora & Gotz, 1994) (Hentzer et al., 

2002). 
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5.2.7 Extraction and detection of quorum sensing molecules 3-oxo-C12-

HSL, C4-HSL and C7-PQS 

I cultured all isolates except F-2 and F-3 from freezer stock in 10 mL Luria Broth (LB, 

Sigma) media in glass 25-mL vials and incubated these for 24h at 37°C, 180rpm, with 

10mL of uninoculated LB as the control.  I then removed the cultures and control from 

the incubator, vortexed them and dispensed 100 µL of each into 1mL cuvettes 

containing 900µL dH2O and measured cell density at A600.  I then transferred the 9.9 mL 

of each culture and the control into 15mL Falcon tubes and centrifuged these at 1,470 g 

for 15 min.  I then filter-sterilised (0.2 µm pore size) the supernatant of each Falcon 

tube and aliquoted 9mL of each into a second set of Falcon tubes.  I extracted quorum 

sensing molecules from the supernatants by adding 9.5 mL of the organic solvent 

acidified ethyl acetate (100 µl glacial acetic acid, 1 l µl  ethly acetate), vortexing these 

mixtures for 30 s and then centrifuging them for 10 min at 1,470 g to separate the 

organic and aqueous phases.  I then removed 7 mL of the organic phase of each treated 

supernatant and dried them using a centrifugal evaporator (Jouan, RC10 22) for 2 h at 

50°C.  I reconstituted the dried samples in 1 mL methanol and aliquoted 500 µl of each 

into two 1.5 mL Eppendorfs.  I detected the presence of QS molecules 3-oxo-C12-HSL, 

C4-HSL and C7-PQS using three bionsensor strains: pSB1075 for the detection of long-

chain N-acylhomoserine lactones(AHLs) (Winson et al., 1998); pSB536 for the 

detection of short-chain AHLs (Swift et al., 1997); and PAO1∆pqsA pqsA::lux for the 

detection of PQS and HHQ molecules (Diggle et al., 2007b).  I cultured these biosensor 

strains from freezer stock in 5 mL LB in glass 25-mL at 37°C, 200rpm for 18 h.  I then 

standardised their cell densities to an A600 value of 0.1 in fresh LB and transferred 

60x200 µl aliquots of each of the three strains into three black 96-well microtitre plates 

with clear bottoms (BD Falcon
TM

).  I then dispensed 10 µl of each of the 38 
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reconstituted organic extracts, 8x 10 µl of LB alone, and 2x10 µl of 1, 10, 50 and 100 

µM concentration of purified 3-oxo-C12-HSL, C4-HSL or C7-PQS into the three 

prepared plates.  I monitored the bioluminescence (in relative light units (RLU)) and 

A600 of each plate over 3 h using a combined luminometer/spectrophotometer (Anthos 

Lucy I).  I calculated RLU/ A600 for each isolate to determine the relative concentrations 

of the three AHLs present as bioluminescence per cellular unit. 

 

5.2.8 Assessing quorum sensing by liquid chromatography/ mass 

spectrometry 

I prepared reconstituted organic extracts for all isolates except F-2 and F-3 as described 

above.  I then sonicated them for 5 min followed by centrifuging at 9,500 g for 10 min.  

I then transferred the supernatant of each into a glass insert within a high performance 

liquid chromatography (HPLC) vial and sealed these with screw caps.  For the liquid 

chromatography (LC) analysis of QS molecules 3-oxo-C12-HSL, 3-oxo-C6-HSL, C4-

HSL, C6-HSL, C7-HHQ, C7-HHQ-N-oxide and C7-PQS I used a mobile phase run 

through a pre-primed and equilibrated HPLC Agilent instrument, series 1200, with an 

Ascentis Express C18 column (150 x 2.1 mm internal diameter, 2.7 µm particle size).  I 

then cleaned the Agilent HPLC system and recalibrated it into the positive ion mode to 

run full mass spectrometry (MS) scans on the samples for the same QS molecule range.  

I then used the Bruker DataAnalysis programme version 3.3 to interpret the LC/MS 

data.  The programme matched LC retention times and MS peak spectra to the 10 µM 

QS standards injected at intervals throughout both assay methods to produce an LC/MS 

profile for each isolate.       

 

  



91 

 

5.2.9 Pyoverdin typing 

There are three siderotypes, or pyoverdin profiles, in P. aeruginosa, which are referred 

to as I, II and III (Meyer et al., 1997; Budzikiewicz, 2001).  P. aeruginosa producing 

type II pyoverdin can also utilize type I pyoverdin molecules, and P. aeruginosa 

producing type III pyoverdin can utilize all three siderotypes (Meyer et al., 1997; 

Bodilis et al., 2009).  I determined siderotypes using multi-polymerase chain reaction 

(MPCR) to identify each isolate‟s ferripyoverdin receptor profile, as described by 

Bodilis et al. (2009) (Bodilis et al., 2009).  The ferripyoverdin profiles of isolates B6-2, 

B12-0, 2-1 and 16-1 were ambiguous and were not included in statistical analyses.  

 

5.2.10 Measuring chronic CF isolate relative fitness 

I attempted to determine the fitness effects of the observed loss of traits in chronic CF 

isolates by use of the growth competition assay described by Diggle et al. (2007) 

(Diggle et al., 2007a).  I performed 65 assays  that competed 13 chronic CF P. 

aeruginosa isolates (2-1, 2-3, 6-2, 11-1, 11-6, 11-7, 16-1, 16-2, 16-10, 16-14, DK-1 

from CF adult #10, and DK-2 from CF adults #7 and #16) with five CF-naïve isolates 

(PAO6049, ATCC15692, P3, R5 and F-3) (see Table 5.1 for isolate details).  I initiated 

all assays with 1:10 ratios of chronic to naïve isolates and ran the competitions over 48 

h in 6 mL volumes of quorum-sensing growth medium (QSM) (Diggle et al., 2007a).  

P. aeruginosa must produce protease to digest the carbon source of QSM, bovine serum 

albumin.  Isolates in mixed culture must therefore express the QS autoinducer 3-oxo-

C12-HSL in QSM in order to initiate protease production and facilitate carbon digestion, 

or they must be able to exploit the 3-oxo-C12-HSL synthesis and/or protease production 

of the co-cultured isolate.  Control monocultures of each isolate were cultured in QSM 

alongside each competition mixture.  I compared the proportion of chronic isolates in 
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each mixture at 0 h and 48 h in order to calculate the fitness of each isolate relative to 

that of each co-cultured naïve isolate (see chapter 3, section 3.2.5) (Griffin et al., 2004; 

Diggle et al., 2007a; Otto & Day, 2007; Ross-Gillespie et al., 2007; Ross-Gillespie et 

al., 2009; Jiricny et al., 2010).  I also calculated the absolute fitness (measured as cell 

density at stationary phase) of each chronic isolate in monoculture relative to the 

absolute fitness of each naïve isolate in monoculture as a control.  I replicated all 65 

growth competition assays five times and averaged the relative fitness values and 

relative absolute fitness value of chronic isolates harvested from the same lung to avoid 

pseudoreplication (Hurlbert, 1984).  I took the mean overall relative fitness of the 

chronic isolates to indicate how efficiently they can exploit naïve isolates when cultured 

in competitive conditions in QSM.  I also took the mean overall relative absolute fitness 

of the chronic isolates to indicate how well they can utilise QSM in the absence of naïve 

isolates.   

 

5.2.11 Statistical analyses 

I used regression analyses, one-way ANOVAs, 1-sample Wilcoxon and Mann-Whitney 

U-tests for non-parametric data, and ordered heterogeneity (OH) tests (Rice & Gaines, 

1994) to test for significant differences in trait production between the four categories of 

P. aeruginosa.  All coefficients of determination were expressed as adjusted r
2 

values to 

reduce the effect of sampling variation and control for statistical shrinkage.  To correct 

for multiple comparisons being applied to the same dataset, the Bonferroni correction 

was applied to all analyses, with each test requiring a significance level of P< 0.003 

(0.05/16 tests).  When required, variables were transformed by natural log (ln) or square 

root (sqrt) to normalise the residuals.  All analyses were implemented in MINITAB 15 

(http://www.minitab.com). 
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5.3 Results  

5.3.1 Do the isolates lose biofilm production over time in the CF lung?

  

The proportion of cells in a microtitre culture existing in biofilm was not significantly 

correlated with P. aeruginosa category (Fig. 5.1A: Regression (ln transformed): 

adjusted r
2
 = 0.1, F (1, 25) = 3.71, P = 0.066; ordered heterogeneity (OH) test (ln 

transformed): F (1, 25) = 1.76, P ≤ 0.16). 

 

5.3.2 Do the isolates lose pyocyanin production over time in the CF lung? 

Pyocyanin production was not significantly correlated with P. aeruginosa category (Fig. 

5.1B: Regression (ln transformed): adjusted r
2
 = 0.14, F (1, 27) = 5.36, P = 0.029 > 

Bonferroni (0.003); OH test (ln transformed): F (1, 27) = 4.93, P = 0.01 > Bonferroni 

(0.003)). 
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Fig. 5.1  The pyocyanin production (A) and proportion of cells in microtitre culture 

existing in biofilm (B) of the four P. aeruginosa isolate categories.  Data shown as 

untransformed averages of five replicates per isolate per category ±SE. 

 

5.3.3 Do the isolates lose pyoverdin production over time in the CF lung? 

Pyoverdin production was significantly correlated with P. aeruginosa category (Fig. 

5.2A: Regression: adjusted r
2
 = 0.62, F (1, 27) = 45.35, P < 0.0001 < Bonferroni (0.003); 

OH test: F (1, 27) = 14.42, P < 0.0001 < Bonferroni (0.003)). 
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2
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Fig. 5.2C: Regression: adjusted r
2
 = 0.36, F (1, 27) = 16.19, P <0.0001 < Bonferroni 

(0.003); OH test: F (1, 27) = 16.43, P ≤ 0.1).    
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 Fig. 5.2  The pyoverdin (A), protease (B) and elastase (C) production of the four P. 

aeruginosa isolate categories.  Pyoverdin production, protease and elastase activity 

calculated as RFU400,460/ A600, A440/ A600 and A495/ A600, respectively.  Data shown as 

untransformed averages of five replicates per isolate per category ±SE. 
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declined to 50% of acute isolates and 37.5% of chronic (1-off) isolates.  Siderotypes I 

and II were significantly correlated with P. aeruginosa category, whereas siderotype III 

was not (Fig. 5.3: I: Regression: adjusted r
2
 = 0.46, F (1, 26) = 23.47, P < 0.0001 < 

Bonferroni (0.003); OH test: F (1, 26) = 7.75, P = 0.001 < Bonferroni (0.003).  II: 
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Regression: adjusted r
2
 = 0.46, F (1, 26) = 23.47, P < 0.0001 < Bonferroni (0.003); OH 

test: F (1, 26) = 7.75, P = 0.001 < Bonferroni (0.003).  III: Regression: adjusted r
2
 = 0, F 

(1, 26) = 0.31, P =0.583; OH test: F (1, 26) = 3.53, P =0.031 > Bonferroni (0.003)). 

 

 

Fig. 5.3  Siderotype representation within the four P. aeruginosa isolate categories.  

Siderotypes are: I (black), II (grey) and III (white).  

 

5.3.6 Do the isolates lose quorum-sensing molecule production over time 

in the CF lung? 

The QS signal 3-oxo-C12-HSL (as assayed by both bioluminescence and LC/MS 

analysis) was significantly correlated with P. aeruginosa category (Fig. 5.4A: 

Bioluminescence: Regression: adjusted r
2
 = 0.38, F (1, 27) = 17.28, P < 0.0001 < 

Bonferroni (0.003); OH test: F (1, 27) = 5.38, P ≤ 0.0002 < Bonferroni (0.003).  Fig. 

5.4B: LC/MS: Regression (ln transformed): adjusted r
2
 = 0.44, F (1, 25) = 20.67, P < 

0.0001 < Bonferroni (0.003); OH test: F (1, 25) = 7.92, P < 0.0001 < Bonferroni (0.003)).   
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Fig. 5.4  Production of 3-oxo-C12-HSL measured by bioluminesence (A) and LC/MS 

(B).  Data shown as untransformed averages of single replicates per isolate per 

category ±SE. 

 

QS signals C7-PQS (as assayed by bioluminescence), C6-HSL and C7-HHQ exhibited 

significant variation between isolate categories as calculated by ANOVA  but were not 

significantly correlated with isolate category (Fig. 5.5A: C7-PQS (bioluminescence): 

Regression: adjusted r
2
 = 0.11, F (1, 27) = 4.19, P = 0.051; ANOVA: F (1, 27) = 7.11, P = 

0.001 < Bonferroni (0.003); OH test: P ≤ 0.1.  Fig. 5.5B: C6-HSL: Regression: adjusted 
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r
2
 = 0.19, F (1, 25) = 6.84, P = 0.015 > Bonferroni (0.003); ANOVA: F (1, 25) = 6.37, P = 

0.003 = Bonferroni (0.003); OH test: P ≤ 0.1.  Fig. 5.5C: C7-HHQ: Regression (sqrt 

transformed): adjusted r
2
 = 0.13, F (1, 25) = 4.6, P = 0.042 > Bonferroni (0.003); 

ANOVA: F (1, 25) = 9.03, P < 0.0001 < Bonferroni (0.003); OH test: P = 0.9).   
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Fig. 5.5  Production of C7-PQS measured by bioluminescence (A), C6-HSL (B) and C7-

HHQ (C).  Data shown as untransformed averages of single replicates per isolate per 

category ±SE. 

 

The remaining QS signals, C4-HSL (as measured by both bioluminescence and LC/MS), 

C7-HHQ-N-oxide and C7-PQS (as measured by LC/MS) did not exhibit significant 

correlations with isolate category by regression, ANOVA or OH analysis (Fig. 5.6A: 

C4-HSL (bioluminescence): Regression: adjusted r
2
 = 0, F (1, 27) = 0.19, P = 0.671; 

ANOVA: F (1, 27) = 2.1, P = 0.127; OH test: P ≤ 0.7.  Fig. 5.6B: C4-HSL (LC/MS): 

Regression: adjusted r
2
 = 0, F (1, 25) = 2.55, P = 0.123; ANOVA: F (1, 25) = 2.1, P = 0.008 

> Bonferroni (0.003); OH test: P ≤ 0.1.   Fig. 5.6C: C7-HHQ-N-oxide: Regression: 

adjusted r
2
 = 0.12, F (1, 25) = 4.49, P = 0.045 > Bonferroni (0.003); ANOVA: F (1, 25) = 

1.62, P = 0.214; OH test: P <0.01 > Bonferroni (0.003).   Fig. 5.6D: C7-PQS (LC/MS): 

Regression: adjusted r
2
 = 24.4, F (1, 25) =9.07, P = 0.006 > Bonferroni (0.003); ANOVA: 

F (1, 25) = 5.84, P = 0.004 > Bonferroni (0.003); OH test: P < 0.01 > Bonferroni (0.003)).  

The 3-oxo-C6-HSL data was non-normal, only being expressed by six naïve isolates and 

two chronic (1-off) isolates (Fig. 5.6E).  In addition, it was only expressed significantly 
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prior to Bonferrroni correction by the naïve category, with the median of the chronic (1-

off) category not being significantly different to zero (Fig. 5.6E: 3-oxo-C6-HSL: naïve 

data: 1-sample Wilcoxon: n = 6, W = 21, P = 0.018 > Bonferroni (0.003) ; 1-off data: 1-

sample Wilcoxon: n = 2, W = 3, P = 0.186).   
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Fig. 5.6  Production of C4-HSL measured by bioluminescence (A),  C4-HSL measured 

by LC/MS (B),  C7-HHQ-N-oxide (C), C7-PQS measured by LC/MS (D) and 3-oxo-C6-

HSL (E).  Data shown as untransformed averages of single replicates per isolate per 

category ±SE. 

 

5.3.7 Does the loss of 3-oxo-C12-HSL in chronic CF isolates increase or 

decrease their fitness relative to naïve isolates?  

In order to determine the fitness effects of the observed loss of 3-oxo-C12-HSL in 

chronic CF isolates I examined how their fitness correlated with that of naïve isolates 

when grown in competitive mixture in QSM for 48 h.  In mixed cultures, the fitness of 

the chronic isolates relative to naïve isolates was not significantly greater than zero (Fig. 

5.7: 1-sample Wilcoxon: n = 35, W = 15, P = 0.059).  In monoculture, however, the 

average absolute fitness of the chronic P. aeruginosa relative to that of the naïve P. 

aeruginosa was 24-fold higher than in mixture (Fig. 5.7: Mann-Whitney U-test: n = 35, 

W = 1791, P < 0.0001).  In mixed culture the chronic isolates were unable to grow in 

QS.  In monoculture the chronic isolates reached cell densities two and a half times 

greater than those of naïve isolate monocultures (Fig. 5.7). 
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Fig. 5.7  The average fitness of 13 chronic P. aeruginosa isolates relative to five naïve 

isolates as assayed in monoculture and mixed culture.  Relative fitness is measured as 

absolute cell density at stationary phase and altered representation in mixed culture 

over 48 h, respectively.  Data shown as average of five replicates of 13 competition 

assays corrected for pseudoreplication ±SE. 

 

5.4 Discussion  

I assayed 40 P. aeruginosa isolates for trait production and found that the while the 

majority of traits did not alter synthesis in correlation with increased exposure to the CF 

lung, three were significantly reduced over time.  

 

5.4.1 Loss of traits over time in the CF lung 

I found that pyoverdin production is significantly reduced with increased exposure to 

the CF lung environment (Fig. 5.2A).  Pyoverdin scavenges for and facilitates the 

bacterial uptake of iron, an essential nutrient, (Ankenbauer et al., 1985; Schwyn & 

Nielands, 1987; Ratledge & Dover, 2000; Griffin et al., 2004) and forms a key 

component of the P. aeruginosa metabolic system.   
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Pyoverdin is released and shared by cells in the population as a public good (Frank, 

1998), and is an example of a cooperative behaviour (West et al., 2006).  The loss of a 

cooperative trait from a population is predicted if cheats invade due to their fitness 

advantage over individuals paying the cost of public good production.  Cheats are more 

likely to successfully invade populations where there is little migration (e.g. between 

lungs or between compartments in the lung) as this can cause competition between kin, 

negating the positive effect of high relatedness (Frank, 1998; Griffin et al., 2004).  The 

majority of CF infections are believed to be clonal and, therefore, exhibiting high 

relatedness (Oliver et al., 2000; De Vos et al., 2001; Lee et al., 2005; Wilder et al., 

2009).  It is therefore possible that the observed decrease in pyoverdin production is 

caused by a lack of migration in the CF lung selecting for siderophore cheats.  

 

Alternatively, down-regulation in pyoverdin production would be favoured by selection 

if there is an increase in free iron in the CF lung as pyoverdin production is reduced in 

response to higher iron availability (Kümmerli et al., 2009c).  Reid et al. (2007) found 

that free iron levels vary with different types of pseudomonal infection in CF sputa 

(Reid et al., 2007).  Reid et al. (2007) determined that free iron levels in sputum is at its 

highest during acute P. aeruginosa infections, indicating pyoverdin should be produced 

at lower levels by acute isolates than chronic isolates.  However, I did not find this to be 

the case, with both my categories of chronic isolates producing significantly lower 

levels of pyoverdin than the acute isolate category (Fig. 5.2A).  My results, therefore, 

contradict the theory that pyoverdin production is reduced over time in the CF lung as it 

not required or is needed to a lesser degree than in non-CF environments.  
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The expression of the gene controlling production of the QS molecule 3-oxo-C12-HSL 

(as assayed by both bioluminescence and LC/MS) was also significantly reduced in 

correlation with increased exposure to the CF lung environment (Fig. 5.4).  This 

signalling molecule is one of the key components of the P. aeruginosa QS system.  3-

oxo-C12-HSL is the autoinducer molecule for the las system, which controls the 

synthesis of the virulence factors elastase, protease and pyoverdin (Van Delden & 

Iglewski, 1998; Pesci & Iglewski, 1999; Fletcher et al., 2010).  Recent studies showed 

that the production of this signal molecule is a social trait as it can be exploited by the 

emergence of loss-of-function cheats, and that the presence of 3-oxo-C12-HSL cheats in 

a mixed infection reduces virulence (Kohler et al., 2009; Rumbaugh et al., 2009).   

 

Pyoverdin production is one of the social traits regulated by 3-oxo-C12-HSL (Van 

Delden & Iglewski, 1998), and is significantly down-regulated in correlation with 3-

oxo-C12-HSL production over the four P. aeruginosa categories.  However, the correct 

interpretation of the reduced release of 3-oxo-C12-HSL over time is complicated by the 

lack of similar significant complimentary reductions in the production of either elastase 

or protease, which this autoinducer also regulates (Fig. 5.2B & 5.2C) (Van Delden & 

Iglewski, 1998; Pesci & Iglewski, 1999).  Both the emergence of 3-oxo-C12-HSL cheats 

or selection against this molecule as redundant in the CF lung would be expected to 

cause a correlated reduction in production of these digestive enzymes, as noted by 

Kohler et al (09) and Rumbaugh et al (09) (Kohler et al., 2009; Rumbaugh et al., 2009).  

However, the QS system is highly complex with multiple signalling molecules 

controlling production pathways (Popat et al., 2008).  Elastase synthesis, for example, is 

also known to be regulated by C4-HSL and PQS (Fletcher et al., 2010), and as the 

production of this enzyme is not reduced in parallel with 3-oxo-C12-HSL I can conclude 
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that its synthesis is being regulated by these alternative signalling molecules.  I cannot 

currently conclude whether the production of 3-oxo-C12-HSL is down-regulated due to 

its replacement by QS molecules encoding similar functions, or whether elastase 

regulation has been redirected due to behavioural or adaptive selection against 3-oxo-

C12-HSL.  Similarly, I cannot determine whether pyoverdin production has been 

reduced due to a reduction in 3-oxo-C12-HSL signal or vice-versa without further 

analysis.  

 

5.4.2 Traits maintained in the CF lung over time 

I determined that the reduction in elastase and protease production observed over 

increased exposure to the CF environment was non-significant in elastase, and became 

non-significant for protease after rigorous Bonferroni analysis (Fig. 5.2).   

 

In addition, I did not find a significant trend or reduction in either biofilm investment or 

pyocyanin production in the P. aeruginosa isolates (Fig. 5.1).  Biofilms protect bacteria 

from attack by host immune systems, assist in resisting antibiotic and antibody action, 

and help colonies to resist being detached from their living surface (Lyczak et al., 

2002).  Pyocyanin is a toxin P. aeruginosa uses for defence.  A decrease in the 

production of either of these protective mechanisms would severely reduce the survival 

of a P. aeruginosa isolate in the CF lung.   

 

The significant reduction I observed in pyoverdin production is also expected to be 

detrimental to fitness because iron is considered to be an essential nutrient for bacterial 

growth (Buckling et al., 2007).  Reduced iron acquisition would decrease the 

metabolism and RNA synthesis levels of P. aeruginosa (Masse & Arguin, 2005) 
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resulting in reduced fecundity.  Why I did not observe any significant reduction in 

defensive trait synthesis when isolates reduced investment in a trait equally essential for 

survival in the CF lung is unclear and requires further investigation.    

 

The production of the quorum sensing molecules C4-HSL (as assayed by both 

bioluminescence and LC/MS), C7- PQS (as assayed by both bioluminescence and 

LC/MS), C6-HSL, 3-oxo-C6-HSL, C7-HHQ and HHQ(C7)-N-oxide (as assayed by 

LC/MS alone) was also not significantly affected by isolate category (Fig. 5.5), 

indicating that the synthesis of these QS molecules is unaffected by increased or 

decreased exposure to the CF lung.  These signalling molecules all play roles in the 

regulation of vital P. aeruginosa virulence and defence mechanisms.  C4-HSL, PQS and 

HHQ molecules are involved in the signalling pathways coding for the maintenance of 

biofilm integrity, for example (Favre-Bonte et al., 2003; Fletcher et al., 2010).  HHQ 

and PQS are capable of chelating  iron when positioned on the surface of P. aeruginosa 

cells, and kill rival bacterial species such as Staphylococcus aureus (Fletcher et al., 

2010).  PQS also plays a key role in the defence of P. aeruginosa colonies by triggering 

defence mechanisms against polymorphonuclear phagocytes, and suppressing the 

activation of T-cells (Fletcher et al., 2010).  I cannot yet determine, however, why the 

synthesis of these QS molecules is not reduced over time in the CF lung when the 

metabolic processes required to activate and maintain the defensive mechanisms they 

co-ordinate are inhibited by pyoverdin down-regulation reducing the acquisition of iron.  

 

5.4.3 The change in siderotype in the CF lung over time 

The type III siderotype was only utilised by 3% of isolates and not significantly affected 

by P. aeruginosa exposure to the CF lung.  However, I found a significant shift in the 
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prevalence of siderotypes I and II over time across the four isolate categories, with 

siderotype I being replaced by siderotype II on prolonged exposure to the CF 

environment (Fig. 5.3).  My results compliment those of Bodilis et al. (2009), who 

found pyoverdin type I to be over-represented in environmental isolates, and pyoverdin 

type III to be under-represented (expressed by only 24.3% of their 341 P. aeruginosa 

isolate collection).  The siderotype replacement pattern I observed could be due to 

siderotype I only being able to utilise a single pyoverdin type, whereas P. aeruginosa 

exhibiting siderotype II can utilise pyoverdin types I and II.  Loss-of-function mutants 

evolving from a type I isolate would only benefit from the uptake of a single siderotype, 

whereas cheats evolving from siderotype II isolates would be able to exploit both type I 

and type II pyoverdin molecules.  The increased benefits of exploiting siderotype II 

pyoverdin production could be driving the increased prevalence of siderotype II in the 

CF lung.  Alternatively, due to its ability to utilise two pyoverdin types, siderotype II 

isolates may be positively selected over time in the CF lung as free iron levels become 

more reduced over chronic infections (Reid et al., 2007).  In both hypotheses, selection 

for siderotype II could be correlated with the reduced pyoverdin synthesis observed over 

time (Fig. 5.2A), as being able to utilise other types of pyoverdin may allow an isolate 

to reduce investment in the synthesis of its own pyoverdin type. 

 

5.4.4 Determining whether cheating is driving the loss of social traits 

It remains to be definitively determined whether the loss of traits I have observed is due 

to adaptation to the CF lung environment, or whether the traits are being lost due to the 

emergence and spread of P. aeruginosa cheats.  I attempted to address this question by 

competing chronic and naïve P. aeruginosa isolates using competition assays in QSM.  

Unfortunately, the design of this competition system is in need of improvement as there 
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is currently a counter-intuitive variation in the growth of the chronic isolates when 

inoculated in mixed culture or in isolation (Fig. 5.7).  Tests with a 3-oxo-C12-HSL 

knock-out mutant strain proved the QSM to be fit for purpose, with the mutant being 

unable to digest the BSA carbon source in the absence of wild type.  However, this 

indicates that the chosen test media may be too specific as it only screens for mutations 

in one QS molecule group.  From my LC/MS analyses I know the QS profiles of 

individual P. aeruginosa isolates and the four chosen categories to be highly variable.  I 

would therefore need to design a protocol testing a trait controlled by a higher number 

of the QS molecules assayed, such as elastase production, which is regulated by C4-HSL 

and PQS as well as 3-oxo-C12-HSL.  Such a test would allow more general trends in QS 

activation and subsequent gene expression between isolate categories to be quantified 

and competed.   

 

 If I had been successful in completing the above experiments and then repeating them 

in CF media, I could have interpreted the results to support either the positive adaptation 

or cheat emergence hypothesis.  If the absolute fitness (measured as cell growth) of 

chronic isolate CF media monocultures was greater than that of naïve or acute isolate 

monocultures, these later isolates are better adapted for survival in the CF environment 

and any loss of traits they have sustained is therefore advantageous to their survival.  If 

the absolute fitness (measured as cell growth) of chronic isolate CF media monocultures 

was less than that of naïve or acute isolate monocultures, these later isolates are not 

better adapted for survival in the CF environment and any loss of traits they have 

sustained is detrimental to their survival.  However, if the absolute fitness of a chronic 

isolate is less than that of naïve or acute isolate but its relative fitness (measured as an 

increase in proportion to another isolate over time in a mixed culture) is greater, the 
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chronic isolate is capable of exploiting its co-cultured isolate.  In this case, the observed 

loss of traits has resulted due to the emergence and spread of cheats, a behavioural 

strategy advantageous in populations that exhibit high levels of exploitable cooperative 

behaviour, but detrimental to survival in populations where cooperative levels have 

become reduced (Jiricny et al., 2010).  
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Chapter 6: Discussion 

 

The aim of my thesis has been to study Pseudomonas aeruginosa social traits in the 

context of furthering our understanding of the role social behaviours play in cystic 

fibrosis (CF) lung infections.  Applying cooperation- and cheating-based hypotheses to 

the evolution of these infections extends the current field of cystic fibrosis research and 

could result in the development of novel antibacterial treatments.  

 

6.1 Cheating over pyoverdin production  

In chapter 2 I determined that the fluorescence assay allows quick, efficient 

quantification of pyoverdin produced by P. aeruginosa isolates.  In chapter 3 I used this 

technique to analyse how the quantity of pyoverdin a P. aeruginosa isolate can produce 

affects its fitness and the fitness of any co-cultured isolate.  In this manner I was able to 

empirically confirm in vitro that pyoverdin is a social trait (Griffin et al., 2004; West et 

al., 2006) as it proved exploitable by evolved cheating phenotypes.  I also demonstrated 

the fitness consequences of decreased investment in pyoverdin production, finding that 

the positive or negative outcome of such reduction was determined by the social 

environment, i.e. whether a cheating isolate was cultured in mixture with a cooperative 

isolate or cultured in isolation.  Specifically I demonstrated that: 

 When cultured with a cheating isolate, the absolute and relative fitness (measured 

respectively as carrying capacity in stationary phase, and an increase or decrease in 

proportion in mixed culture over time) of a cooperative wild type isolate is 

positively correlated with the pyoverdin production of that cheat, as any 

contribution the cheat makes to the shared supply of this public good is beneficial 

to the wild type as well.  Cooperators cultured in the presence of severe cheat 
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phenotypes suffered a higher reduction in fitness than cooperators grown in the 

presence of weak cheat phenotypes, demonstrating how sensitive cooperative 

systems are to the presence of cheats.   

 When cultured with a cooperative wild type isolate, the relative fitness of a 

pyoverdin cheat is negatively correlated with its level of pyoverdin production, as it 

reduces the production cost for this pubic good but remains capable of exploiting 

the pyoverdin produced by other cells, allowing it to reallocate the saved energy 

cost to replication.  Cheats expressing the least investment in pyoverdin production 

in comparison to that of their paired wild-type expressed the highest relative fitness 

in mixed culture, and cheats expressing the least severe reduction in pyoverdin 

investment expressed the lowest levels of relative fitness in mixed culture.   

 Conversely, when cultured in isolation, the absolute fitness of a cheating isolate is 

positively correlated with its pyoverdin production, as this public good is beneficial 

to pseudomonal growth and there are no cooperative isolates present to appropriate 

pyoverdin from.  Cheats expressing the severest phenotypes were therefore severely 

handicapped in monoculture, expressed the lowest levels of growth. 

 The spontaneous emergence of such cheats is common, with all 11 ancestral 

isolates yielding loss-of-function mutants with significant pyoverdin deficiencies in 

less than 26 days.  It is therefore highly probable that these cheats present a 

recurring challenge to the maintenance of cooperative pyoverdin production among 

P. aeruginosa populations. 

 

This investigation initiated my investigations into the social trait phenotypes of P. 

aeruginosa and, with CF isolates forming part of the studied bacterial collection, 

provided the promising result that CF isolates are equally capable of evolving social 
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cheats over time.  This finding lends support to my theory that social traits play a key 

role in CF lung infections (Jiricny et al., 2010). 

 

6.1.1 Further work 

It would be ideal to repeat the above work in vivo.  Performing the competition assays 

in a suitable live model such as mice or waxmoth (Galleria mellonella) larvae (Miyata 

et al., 2003) would determine whether the isolated pyoverdin cheats are also able to 

exploit cooperative isolates when causing a mixed infection in a live host, or if my 

findings only apply in a controlled in vitro environment.  It would be additionally 

beneficial to repeat my experiments in vivo as previous work has shown that P. 

aeruginosa social behaviours such as pyoverdin production and quorum sensing can 

have significant effect on virulence when causing infections (Harrison et al., 2006; 

Popat et al., 2008; Rumbaugh et al., 2009).  These investigations used wild type and 

genetically engineered knock-out pseudomonads to draw their conclusions - it would be 

useful to determine whether my developed range of spontaneous pyoverdin mutants 

would exhibit a subtle range of virulence outcomes, or whether infection by a pyoverdin 

mutant would results in the same outcome regardless of the severity of the exhibited 

cheat phenotype. 

 

6.2 The role of social evolution in the cystic fibrotic lung  

In chapter 4 I developed a novel analytical method to quantify the number of P. 

aeruginosa cells in a microtitre culture existing in a biofilm or planktonic state.  This 

method allowed me to assay for differences in biofilm investment (i.e. the proportion of 

cells existing in biofilm per culture) between pseudomonal isolates from a large number 

of sources including soil, water, catheters, wounds and CF patient‟s lungs – the largest 
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biofilm analysis of its kind to date.  No significant effect of isolate source on biofilm 

investment was found: an unexpected result that indicates biofilm production may play 

less of a role in P. aeruginosa colonising new environments than previously thought. 

In chapter 5 I conducted a thorough investigation into how the production of social traits 

varies with the duration of infection in the CF lung.  I assayed a range of P. aeruginosa 

isolates selected for their level of exposure to the CF environment for 16 confirmed and 

putative social traits: biofilm investment; pyocyanin, pyoverdin, protease and elastase 

production; pyoverdin type; 3-oxo-C12-HSL, C4-HSL and C7-PQS production via 

bioluminescence assay; and 3-oxo-C12-HSL, 3-oxo-C6-HSL, C4-HSL, C6-HSL, C7-

HHQ, C7-HHQ-N-oxide and C7-PQS production by liquid chromatography/ mass 

spectroscopy (LC/MS) assay.  I found that pyoverdin production and the synthesis of 

the quorum sensing molecule 3-oxo-C12-HSL were reduced over time in the lung, and 

pyoverdin type underwent a significant change in selection from type I to type II 

pyoverdins over the same period.  Protease and elastase production exhibited a non-

significant trend indicative of reduced synthesis over increased time in the CF lung, 

which may prove significant on re-analysis with a larger data set.  My results confirm 

that certain social traits are undergoing reduction in production over time in the CF 

lung.  It is therefore a strong possibility that social behaviours could be playing a key 

role in the evolution of P. aeruginosa in the CF lung environment.  An alternative 

explanation for the reduced production of traits that I have observed is natural selection 

for adaptation to the lung environment, which selects for loss-of-function mutations in 

traits rendered redundant in the CF lung.  This selection for trait loss could be driven by 

numerous factors, including: the CF lung immune system; competing microflora; 

viruses; or antibiotic regimens (Mahenthiralingham et al., 1994; Pal et al., 2007).  

Mahenthiralingham et al. (1994), for example, demonstrated that CF isolates which had 
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lost their flagella over time in the CF lung could no longer be phagocytosed by 

macrophages (Mahenthiralingham et al., 1994).  If the loss of pyoverdin I observed 

causes an increase in isolate fitness it is therefore possible that this is driven by the 

complementary reduction of cell surface pyoverdin-receptors further inhibiting the 

ability of macrophage or phage to identify and phagocytose or infect P. aeruginosa.  

The CF lung is a highly complex environment, and all findings must be interpreted with 

this in mind (Harrison, 2007).   

 

6.2.1 Further work 

My investigation into the loss of social traits over time in the CF lung has presented 

several points that merit further analysis:   

 I would like to repeat my investigation on a P. aeruginosa collection that spans a 

higher number of CF patients.  I was only able to access P. aeruginosa isolates 

collected from 28 CF lungs, and would like to increase this sample size to 

determine whether the borderline trend revealed by my protease analysis may 

become significant with an increased sample size.  A significant reduction in 

protease over time in the CF lung would support my observed significant reduction 

in the synthesis of 3-oxo-C12-HSL, the QS signal which controls for protease 

production.  I would also like to extend my analysis further by assaying for other 

key microbial traits, such as antibiotic resistance, to further link the traits I analyse 

to the selective pressures of the CF lung environment. 

 If I successfully compete early and late CF isolates I can investigate whether the 

significant reduction in production of pyoverdin and 3-oxo-C12-HSL molecules 

over time has a positive or negative effect on P. aeruginosa fitness in the CF lung.  

The results of these competition analyses will determine whether CF isolate fitness 
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is increasing or decreasing over the course of infection.  The former results would 

indicate that the trait loss is beneficial to P. aeruginosa and evolution over the 

course of infection is therefore selecting for loss-of-function mutations (Lee et al., 

2005; Smith et al., 2006; Jelsbak et al., 2007).  Conversely, if CF isolate fitness is 

decreasing over time, this indicates that the loss of pyoverdin and 3-oxo-C12-HSL is 

deleterious.  One explanation for the latter finding is the „tragedy of the commons‟ 

hypothesis, wherein cheat phenotypes emerge and exploit cooperative behaviours, 

negatively affecting the overall success of the population (Griffin et al., 2004; West 

et al., 2006; Jiricny et al., 2010).   

 Palmer et al. (2005) have found evidence that CF lung sputum can prematurely 

activate P. aeruginosa QS signalling and even trigger the production of 

antibacterial toxins and Hoffman et al. (2010) demonstrated that fluctuations in 

nutrient availability in CF sputum can cause a metabolic shift in P. aeruginosa 

isolates that confers increased resistance to the antibiotics tobramycin and 

ciprofloxacin (Palmer et al., 2005; Hoffman et al., 2010).  These two studies 

illustrate the importance of replicating CF conditions as accurately as possible in 

vitro and I believe it essential to repeat all my experiments analysing acute and 

chronic CF isolates in CF sputum (or CF media if I cannot reliably access sputum) 

to verify that my results are robust.   

 Cheating is favoured in environments with low levels of migration and/or high 

levels of competition between relatives (Taylor, 1992; Griffin et al., 2004).  There 

is currently little evidence that CF isolates are transmissible between patients (in 

my analyses, for example, I was only able to acquire two CF isolates, DK-1 & DK-

2, that were isolated from more than one patient), supporting the idea that migration 

of isolates in the CF lung is low.  In addition, many researchers have found P. 
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aeruginosa isolated from CF sputum to be largely clonal (Oliver et al., 2000; De 

Vos et al., 2001; Lee et al., 2005; Wilder et al., 2009), indicating that relatedness 

within lungs is likely to be high.  I would like to verify these findings by isolating 

P. aeruginosa isolates from a range of locations in CF lungs removed during lung-

transplants and assaying them for genetic relatedness.  This would greatly aid my 

interpretation whether the loss of traits I have observed is indeed due to cheating - 

if the majority of P. aeruginosa in each CF lung are highly related this supports the 

emergence of cheating, but if the majority of isolates are genetically diverse, then 

competition between highly related cells is likely to be low and would not select 

strongly for cheating behaviour.  

 Should cheating behaviour prove to play a key role in driving isolate fitness in the 

CF lung, P. aeruginosa CF isolates would lend themselves perfectly to the 

development of Hamiltonian medicine, such as the Trojan Horse intervention 

strategy proposed by Brown et al. (2009) (Brown et al., 2009b). 

 I would also like to investigate the strength of positive selection for loss-of-function 

mutations in P. aeruginosa being driven by competition with other CF lung 

microflora, the evasion of the CF immune system, or resisting infection by viral 

pathogens found in the lung.  

 

In conclusion, my thesis illustrates that social behaviour plays a key role in determining 

the fitness of P. aeruginosa isolates, and provides evidence that social behaviours could 

be driving the evolution of pseudomonads causing CF lung infections.  My work also 

discusses the importance of accounting for social behaviours as well as genetic profiles 

to further the understanding of pathogenicity of P. aeruginosa infections. 
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Introduction

Over the last 40 years, evolutionary biology has revolu-

tionized our understanding of animal behaviour (Krebs &

Davies, 1997). Evolutionary theory predicts that natural

selection will favour individuals that maximize their

inclusive fitness (Hamilton, 1964; Grafen, 2006). A key

factor affecting fitness of an individual is the ability to

adjust behaviour in response to changes in the environ-

ment (phenotypic plasticity), rather than have behavio-

ural strategies fixed, depending on genotype. There is a

convincing body of evidence that natural selection has

favoured phenotypic plasticity in a variety of vertebrate

and invertebrate species (Charnov, 1992; Stearns, 1992;

Scheiner, 1993; Pigliucci, 1996; Agrawal, 2001; West-

Eberhard, 2003).

It has recently been suggested that micro-organisms

perform a number of cooperative behaviours, including

the formation of fruiting bodies and the production of

extracellular factors that benefit the local group (Crespi,

2001; Velicer, 2003; West et al., 2006, 2007a; Foster et al.,

2007). Cooperative behaviours add a new level of

complexity to phenotypic plasticity, as they can vary in

response to both the ecological and social environment.

For example, in a cooperatively breeding bird, the

decision to help or to breed can vary in response to the

number of empty breeding sites in the population (an

ecological factor) and ⁄ or to the number of helpers or the

kin relationship on a given nest (social factors). Condi-

tional adjustment of cooperative behaviour, depending

upon the social environment, has been shown in a range

of animals, including birds, mammals and social insects

(Abbot et al., 2001; Russell & Hatchwell, 2001; Clutton-

Brock, 2002; Griffin & West, 2003; Field et al., 2006;

Komdeur, 2006; Ratnieks et al., 2006). By contrast,

relatively little is known about the extent to which

microbes exhibit phenotypic plasticity with their social

behaviours; adjusting them in response to variation in

social conditions (Bassler & Losick, 2006; Keller &

Surette, 2006; Diggle et al., 2007a; West et al., 2007a).

We test whether Pseudomonas aeruginosa cells adjust

production of iron-scavenging siderophore molecules in

response to variations in the social environment. Iron is a
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Abstract

There is strong evidence that natural selection can favour phenotypic plasticity

as a mechanism to maximize fitness in animals. Here, we aim to investigate

phenotypic plasticity of a cooperative trait in bacteria – the production of an

iron-scavenging molecule (pyoverdin) by Pseudomonas aeruginosa. Pyoverdin

production is metabolically costly to the individual cell, but provides a benefit

to the local group and can potentially be exploited by nonpyoverdin-

producing cheats. Here, we subject bacteria to changes in the social

environment in media with different iron availabilities and test whether cells

can adjust pyoverdin production in response to these changes. We found that

pyoverdin production per cell significantly decreased at higher cell densities

and increased in the presence of cheats. This phenotypic plasticity significantly

influenced the costs and benefits of cooperation. Specifically, the investment

of resources into pyoverdin production was reduced in iron-rich environments

and at high cell densities, but increased under iron limitation, and when

pyoverdin was exploited by cheats. Our study demonstrates that phenotypic

plasticity in a cooperative trait as a response to changes in the environment

occurs in even the simplest of organisms, a bacterium.

doi:10.1111/j.1420-9101.2008.01666.x



major limiting factor for bacterial growth because most

iron in the environment is in the insoluble Fe(III) form

and is actively withheld by hosts during opportunistic

P. aeruginosa infections (Guerinot, 1994; Ratledge &

Dover, 2000; Wandersman & Delepelaire, 2004; Miethke

& Marahiel, 2007). In response to iron deficiency,

P. aeruginosa releases pyoverdin, the primary siderophore

of this species, into the local environment (Budzikiewicz,

2001; Visca et al., 2007). Pyoverdin production is a

cooperative behaviour (West et al., 2007b) as it can

provide a fitness benefit to neighbouring cells, which

can take up iron bound to pyoverdin produced by others.

Individuals that do not produce pyoverdin can avoid the

metabolic cost of its production, but potentially still

exploit the pyoverdin produced by others (West &

Buckling, 2003; Griffin et al., 2004; Harrison et al., 2006;

Buckling et al., 2007; Ross-Gillespie et al., 2007; Kümm-

erli et al., 2008). Thus, pyoverdin defective mutants,

which have been isolated in natural populations, are

potential cheats (De Vos et al., 2001; Visca et al., 2007).

Previous studies have demonstrated the underlying

regulatory pathways controlling pyoverdin production.

At the proximate level, pyoverdin production is regulated

by the sigma factor PvdS, which in turn is regulated by

the ferric uptake regulator (Fur) (Escolar et al., 1999;

Hantke, 2001; Visca et al., 2002; Ravel & Cornelis, 2003;

Wandersman & Delepelaire, 2004). In response to high

intracellular iron concentration, the Fur protein forms a

complex with iron and binds to the pvdS promoter, which

represses pyoverdin synthesis (Barton et al., 1996; Leoni

et al., 1996; Visca et al., 2002). Facultative expression of

genes of the pyoverdin synthesis pathway has since been

experimentally demonstrated in media supplemented

with differing amounts of iron (Tiburzi et al., 2008). In

contrast to this understanding at the genetic level, there

is a lack of information on what happens at the

phenotypic level, and the fitness consequences. In

addition, it is not clear how pyoverdin production is

adjusted in response to the social environment, and how

this may interact with iron availability.

In this paper, we first show that pyoverdin production

is extremely fine tuned in response to the amount of

extracellular iron available confirming previous find-

ings (Tiburzi et al., 2008). Moreover, such facultative

pyoverdin production is essential, as shown by our

experiments with constitutive pyoverdin-producing

mutants (i.e. strains that maintain high levels of

pyoverdin synthesis, irrespective of iron availability,

due to mutations in the fur gene), which revert back to

facultative production under high iron concentrations.

We then test whether there is facultative adjustment in

pyoverdin production in response to cell density and the

proportion of cheats within a population – two social

factors that can cause changes in extracellular iron

availability and in the efficiency of pyoverdin use under

natural conditions. Based on our knowledge of proxi-

mate mechanisms regulating pyoverdin production, we

predict: (1) a decrease in pyoverdin production per cell

with increasing cell density, as pyoverdin molecules

diffuse freely in the media and are therefore shared

more efficiently in the local environment at higher cell

densities (Greig & Travisano, 2004; MacLean & Gudelj,

2006); (2) an increase in pyoverdin production per

cooperative cell with increasing proportions of cheats, to

compensate for a higher proportion of exploitative

neighbours; and (3) that iron availability influences

both costs and benefits of pyoverdin production, as well

as the relative fitness of cooperators and cheats in mixed

cultures.

Materials and methods

Bacteria strains

We used P. aeruginosa strain PAO1 (ATCC 15692),

obtained from Pierre Cornelis’ laboratory (Vrije Univer-

sity, Brussels, Belgium; Ghysels et al., 2004), as the

pyoverdin-producing wild type (wt). This strain also

produces pyochelin, which is a secondary siderophore

that has a significantly lower affinity for iron (Anken-

bauer et al., 1985; Budzikiewicz, 2001). We also used

three different deletion mutants directly derived from

the specific PAO1 strain used (Ghysels et al., 2004):

strain PAO1DpvdD, which is unable to produce pyoverdin

(pvd)) as the pyoverdin synthetase pvdD is knocked out;

strain PAO1DpchEF, which is unable to produce pyoch-

elin (pch)) due to deletions of pyochelin synthetases pchE

and pchF; and PAO1DpvdD pchEF, which is a double

knockout defective for both pyoverdin and pyochelin

production (pvd) ⁄ pch)). Finally, we used two strains (C6

and A4) that constitutively produce pyoverdin due to

point mutations in the fur gene (Barton et al., 1996). A4

was derived from PAO1, whereas C6 was derived from

PA6261, a PAO1mutant with a deletion in the anr gene,

which controls anaerobic respiration in P. aeruginosa

(Barton et al., 1996).

We carried out all experiments in static 96-well

microtitre plates in 200 lL volumes of minimal-iron

media (CAA): 5 g casamino acids, 1.18 g K2HPO4Æ3H2O,

0.25 g MgSO4Æ7H2O, per litre; supplemented with 20 mMM

NaHCO3 (sodium bicarbonate) and 100 lg mL)1 human

apo-transferrin (Sigma, Gllingham, UK) (Meyer et al.,

1996; Griffin et al., 2004). Apo-transferrin is a powerful

natural iron chelator that binds free Fe(III) in the

presence of bicarbonate (Schlabach & Bates, 1975) and

prevents nonsiderophore-mediated uptake of iron by

bacteria. To prevent evaporation, we filled the outer

wells of each microtitre plate with sterile water and only

used the inner wells for experiments. In experiments

with wt, pvd), pch) and pvd) ⁄ pch), strains were cultured

from freezer stock for 24 h prior to experimentation in

30-mL glass universals containing 6 mL of standard

King’s medium B (KB) in an orbital shaker (200 rpm)

at 37 �C. We measured optical density (OD) at 600 nm
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and diluted denser cultures prior to experimentation

because strains differ slightly in their OD after a 24h

growth period in KB (wt: 1.213 ± 0.006, pvd):

1.247 ± 0.007, pch): 1.174 ± 0.014; or pvd) ⁄ pch):

1.116 ± 0.005). If experiments included the C6 and A4

strains, all cultures were grown from freezer stock for

24 h at 37 �C in 30-mL shaken glass universals contain-

ing 6 mL of minimal iron media (CAA). This was

performed to prevent C6 and A4 reverting back to

facultative pyoverdin production in iron-rich media prior

to experimentation.

Unless stated otherwise, we inoculated 105 bacteria

from KB cultures into CAA media and let them grow

under experimental conditions for 24 h at 37 �C in a

static incubator. We then measured OD at 600 nm.

Pyoverdin fluoresces green and can be quantified in

solution using a fluorimeter (SPECTRAPECTRAMAXAX M2; Molec-

ular Devices (Workingham, UK); excitation: 400 nm,

emission: 460 nm, cut off: 475 nm) (Ankenbauer et al.,

1985; Cox & Adams, 1985; Prince et al., 1993). Pyoverdin

is the only component measured in the culture using

these excitation and emission parameters: nonpyover-

din-producing strains give readings of zero. We used the

ratio RFU ⁄ OD as a quantitative measure of pyoverdin

produced per unit of bacteria (i.e. per cell).

Manipulating iron availability

To test the effect of iron availability on pyoverdin

production and bacterial growth, we added different

quantities (range 0–500 lMM) of Fe(III)Cl3 (ferric chloride;

Sigma) to the CAA media. We subjected all four bacterial

strains to nine different iron supplementation treatments

in 12-fold replication.

To assess fitness consequences of constitutive pyover-

din production, we subjected the fur mutants A4 and C6

to nine different iron supplementation treatments, as

described above, in ninefold replication and compared

pyoverdin production and population growth to the wt.

The fur gene is essential in P. aeruginosa (Barton et al.,

1996; Banin et al., 2005), such that high iron conditions

are lethal for fur mutants, and select for restoration of fur

function and reversion to facultative pyoverdin produc-

tion. Indeed, we found that cultures inoculated with fur

mutants showed decreased levels of pyoverdin produc-

tion with increased iron supplementation (see Fig. A1).

Using chrome azurol S (CAS) assays (Schwyn & Neilands,

1987; Shin et al., 2001), we could qualitatively demon-

strate that high iron concentrations resulted in high

reversion rates to facultative pyoverdin production,

presumably due to restoration of fur function. For C6,

reversion was complete in treatments with FeCl3
(‡ 2 lMM) such that no constitutive pyoverdin producers

were detectable after a 24-h growth phase, whereas for

A4 some constitutive pyoverdin producers could persist

under all iron concentrations (see Fig. A2). Despite

reversion to facultative pyoverdin production, our data

show that pyoverdin was significantly overproduced by

C6 and A4 compared with the wt in treatments with

relatively low iron supplementations (0–5 lMM FeCl3).

Pyoverdin overproduction and processes involved in the

restoration of fur function were associated with signifi-

cantly lower bacterial densities and therefore reduced

fitness in cultures with C6 and A4 and their revertants

compared with wt cultures (see Fig. A3).

Manipulating cell density

To test whether cell density influences the quantity of

pyoverdin produced per cell, we varied inoculum size

by adding approximately 103, 104, 105 or 106 cells from

wt cultures grown in KB to the CAA media. We carried

out experiments using three different iron supplemen-

tation regimes (0, 0.5 or 50 lMM FeCl3) in 24-fold

replication.

If pyoverdin production per cell is density dependent,

we expected a change in the pyoverdin concentration,

relative to cell density, at different time points during

growth. To test this, we inoculated 105 bacteria from wt

cultures grown in KB into CAA media and recorded cell

density and pyoverdin concentration over time (0–54 h).

This also allowed us to gather information on the

durability of pyoverdin molecules, which can be reused

multiple times and accumulate in the media (Faraldo-

Gómez & Sansom, 2003). We carried out the experiment

with three different iron supplementation regimes (0, 0.5

or 50 lMM FeCl3) in eightfold replication.

Manipulating wild type vs. mutant density

We competed the wt strain with the pvd) ⁄ pch) strain to

test whether wt cells (cooperators) upregulate pyoverdin

production in the presence of pvd) ⁄ pch) cells (cheats).

We mixed wt and pvd) ⁄ pch) from KB cultures in the

following proportions of wt culture volumes: 0.17, 0.33,

0.5, 0.67, 0.83 and 1; and inoculated 105 cells into CAA

media under three different iron supplementation

regimes (0, 0.5 or 50 lMM FeCl3) in 16- to 20-fold

replication. Volume ratios match cell ratios quite well,

although wt cultures grow to slightly higher densities

than pvd) ⁄ pch) in KB (volume mixing of 1 : 1 resulted in

a proportion of pvd) ⁄ pch) cells = 0.48). We tested

whether pyoverdin production per wt cell is a function

of the proportion of wt and pvd) ⁄ pch) cells in the media.

To account for changes in the proportion of wt cells, due

to competition with pvd) ⁄ pch), we used the average

proportion of wt cells before and after the competition as

the independent variable. We determined the initial and

final ratios accurately by plating out dilutions of mixed

cultures on KB agar and counting the number of colony-

forming units (CFUs). The two strains were distinguished

by their colour difference: wt colonies are green, whereas

pvd) ⁄ pch) colonies are white. We then calculated the

relative fitness (v) of pvd) ⁄ pch) as
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v ¼ x2ð1� x1Þ
x1ð1� x2Þ

where x1is the initial proportion of pvd) ⁄ pch) and x2 is

their final proportion. The fitness value of v therefore

signifies whether pvd) ⁄ pch) increased in frequency

(m > 1), decreased in frequency (m < 1) or remained

at the same frequency (m = 1) over the competitive

period.

Statistical analysis

We used regression models to test for significant rela-

tionships between iron availability, cell density, time,

pvd) ⁄ pch) density (independent variables) and the

pyoverdin production per cell (dependent variable). We

logarithmically transformed the values of pyoverdin

production per cell as well as iron concentration and

bacterial relative inoculation densities prior to analysis.

We performed linear and polynomial (quadratic and

cubic) regressions for all data sets and determined the

model that best fit our data following the procedure of

Crawley (2007). We used R 2.7.0 (http://www.r-pro-

ject.org/) for all statistical computations.

Results

Cells adjust pyoverdin production in response
to iron availability

The pyoverdin-producing strains (wt and pch)) increased

pyoverdin production as iron was increasingly limited

(Fig. 1a, linear regression on log-transformed values for

wt: r2 = 0.964, F1,106 = 2888, P < 0.00001; for pch):

r2 = 0.965, F1,106 = 2922, P < 0.00001). Under high iron

supplementation (FeCl3 ‡ 50 lMM), pyoverdin production

ceased completely. These results are consistent with a

similar pattern of facultative pyoverdin production in

response to iron supplementation described by Tiburzi

et al., (2008).

Pyoverdin production had a dramatic effect on popu-

lation growth and absolute fitness (Fig. 1b). At relatively

low levels of iron supplementation (0–5 lMM), the wt and

pch) strain grew to significantly higher densities than

pyoverdin-defective strains (pvd) and pvd) ⁄ pch)) (con-

trast comparisons following ANOVAANOVA: 10.8 < t232 < 21.1,

all P < 0.0001). Under these conditions, strain pvd) ⁄ pch)
hardly grew at all, whereas strain pvd) that is able to

produce pyochelin grew to intermediate densities, illus-

trating that pyochelin can only partly compensate for the

lack of pyoverdin. Population growth of pyoverdin-

defective strains (pvd) and pvd) ⁄ pch)) increased at

relatively high levels of iron supplementation (20––

500 lMM), although they grew to significantly lower

densities than pyoverdin-producing strains (contrast

comparisons following ANOVAANOVA: 5.6 < t185 < 7.1, all

P < 0.0001).

Cells adjust pyoverdin production in response
to cell density

In iron-poor environments (0 and 0.5 lMM FeCl3),

pyoverdin production per cell decreased significantly

with an increasing density of inoculum (Fig. 2, quadratic

regression for 0 lMM FeCl3: r2 = 0.593, F2,92 = 69.5, P <

0.00001; linear regression for 0.5 lMM FeCl3: r2 = 0.624,

F1,94 = 158.6, P < 0.00001). In the iron-rich environ-

ment (50 lMM FeCl3), bacteria produced no or very low

amounts of pyoverdin.

Our time-series analysis revealed that the amount of

pyoverdin per cell in the media varied significantly over

the growth period (Fig. 3a) and therefore as a function of

cell density (Fig. 3b). The relationship between the

amount of pyoverdin in the media and time (length of

Fig. 1 (a) Pyoverdin production per cell (RFU ⁄ OD600) and

(b) cell density (OD600) after 24-h growth in iron-depleted media

(CAA + 20 mMM NaHCO3 + 100 lg mL)1 apo-transferrin) supple-

mented with various quantities of FeCl3 (in lMM). Values are given

as mean ± 95% confidence interval (CI) across 12 replicates.

Pyoverdin-producing strains (solid lines): wt (filled circle) and pch)
(open circle). Pyoverdin-defective strains (dashed lines): pvd) (filled

square) and pvd) ⁄ pch) (open square).
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growth period) was best described by cubic regres-

sions (Fig. 3a, 0 lMM FeCl3: r2 = 0.798, F3,76 = 105.3, P <

0.00001; 0.5 lMM FeCl3: r2 = 0.794, F3,76 = 102.2,

P < 0.00001; 50 lMM FeCl3: r2 = 0.633, F3,76 = 46.3,

P < 0.00001). Hence, the amounts of pyoverdin per cell

increased rapidly after the lag phase (after 6 h) and peaked

at 9 h (50 lMM FeCl3), at 12 h (0.5 lMM FeCl3) or at 24 h

(0 lMM FeCl3) and decreased thereafter. Pyoverdin mole-

cules can be reused multiple times (Faraldo-Gómez &

Sansom, 2003); however, our time-series analysis shows

that pyoverdin detected at 12 h had completely disap-

peared after 24 h in the iron-rich environment (50 lMM

FeCl3), suggesting a limited durability.

Cells adjust pyoverdin production in response
to the presence of cheats

In iron-limited environments (0 and 0.5 lMM FeCl3), wt

cells (cooperators) significantly increased pyoverdin pro-

duction in the presence of higher proportions of nonpy-

overdin-producing cheats (pvd) ⁄ pch)) (Fig. 4a, linear

regression for 0 lMM FeCl3: r2 = 0.461, F1,108 = 94.2,

P < 0.00001; for 0.5 lMM FeCl3: r2 = 0.871, F1,88 = 594.4,

P < 0.00001). A negative relationship might be expected

simply due to the density effect observed in Fig. 2

(i.e. higher proportions of pvd ⁄ pch) mean lower wt

densities). However, the effect of pvd) ⁄ pch) cheat

frequency on pyoverdin production was four times

(0 lMM FeCl3) and three times (0.5 lMM FeCl3) stronger

(measured as the maximal difference in pyoverdin

production per cell between treatments) than the effect

seen in the density experiment, and occurred at a cell

density range 1000 times smaller than in the density

experiment. In the iron-rich environment (50 lMM FeCl3),

pyoverdin production was close to zero for all coopera-

tor-to-cheat ratios.

The nonsiderophore-producing pvd) ⁄ pch) strain (cheat)

exploited wt cooperators efficiently in the environment

where no iron was added: cheat fitness values were

significantly higher than one (Fig. 4b, two-tailed t-tests:

2.25 < t15–19 < 5.56, all P < 0.05). This fitness advantage

disappeared in the environments where iron was added

(0.5 and 50 lMM FeCl3), where pvd) ⁄ pch) fitness was

either not significantly different from one or significantly

lower than one, depending on the cooperator-to-cheat

ratio (Fig. 4b). The proportion of cheats had a marginally

significant effect on relative cheater fitness only in the

0 lMM FeCl3 treatment (ANOVAANOVA on log-transformed data:

F4,89 = 2.50, P = 0.048), whereas there was no signifi-

cant effect in the 0.5 lMM FeCl3 (ANOVAANOVA: F4,73 = 2.25,

P = 0.072) and 50 lMM FeCl3 (ANOVAANOVA: F4,73 = 0.84,

P = 0.50) treatments. In the 0 lMM FeCl3 treatment, cheats

with a proportion of 67% cooperators had significantly

lower fitness values than cheats in cultures with 50%

(contrast comparisons: P = 0.013) and 83% (P = 0.028)

cooperators. This observation does not have an obvious

biological explanation.

Fig. 2 Pyoverdin production per wt cell (RFU ⁄ OD600) as a function

of the bacteria inoculum size. Values are given as mean ± 95%

confidence interval (CI) across 24 replicates after 24-h growth in

iron-depleted media supplemented with 0 lMM FeCl3 (squares),

0.5 lMM FeCl3 (circles) or 50 lMM FeCl3 (triangles).

Fig. 3 (a) Quantities of pyoverdin per wt cell in the media and

(b) cell density (OD600) at different time points during the growth

period. Values are given as mean ± 95% confidence interval (CI)

across eight replicates after growth in iron-depleted media supple-

mented with 0 lMM FeCl3 (squares), 0.5 lMM FeCl3 (circles) or 50 lMM

FeCl3 (triangles).
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Discussion

We have demonstrated that the bacterium P. aeruginosa

facultatively adjusts the production of its primary sid-

erophore molecule, pyoverdin, depending upon the

social environment. Specifically, we have shown that

wild-type cells produce more pyoverdin at lower popu-

lation densities and when a high proportion of the

population is composed of individuals that do not

produce pyoverdin (cheats). Furthermore, facultative

adjustment of pyoverdin production in response to iron

availability significantly affected the competitive dyna-

mics between cheats and wild-type cells, such that the

relative fitness advantage that cheats experienced in

iron-depleted media disappeared in iron-rich environ-

ments as pyoverdin production ceased.

We have shown that pyoverdin production per wild-

type cell decreases with cell density (Fig. 2). We pre-

dicted this because, at higher densities, pyoverdin mol-

ecules are shared more efficiently, as fewer molecules are

lost due to random diffusion. Consequently, investment

in pyoverdin production can be reduced because fewer

molecules per cell are required to guarantee a sufficient

supply of iron. This finding further demonstrates that

pyoverdin production has social consequences for both

the focal cell that produces pyoverdin and other, neigh-

bouring cells and selection for pyoverdin production can

therefore be influenced by both direct and indirect fitness

consequences (Griffin et al., 2004; Kümmerli et al.,

2008). At higher cell densities, the relative importance

of indirect fitness consequences increases (Greig &

Travisano, 2004). In addition, the observation that

P. aeruginosa downregulates pyoverdin production in

the presence of higher numbers of cooperative conspe-

cifics contrasts with observations from between-species

competitive interactions, where P. aeruginosa cells upreg-

ulated pyoverdin production in the presence of compet-

ing Staphylococcus aureus bacteria (Harrison et al., 2008).

The reduction of pyoverdin production with increased

cell density contrasts with the production of a number of

extracellular products that are controlled by quorum

sensing (QS) and only released above a certain cell

density threshold (Diggle et al., 2007a, Bassler & Losick

2006). There is some controversy over whether or not

the regulatory pathways of QS and siderophores are

interlinked. Although some studies showed evidence for

such links (Stintzi et al., 1998; Whiteley et al., 1999;

Cornelis & Aendekerk, 2004; Juhas et al., 2004; Oglesby

et al., 2008), others could not confirm them (Schuster

et al., 2003; Wagner et al., 2003) or provided alternative

explanations (Bredenbruch et al., 2006; Diggle et al.,

2007c; Dubern & Diggle, 2008). It has been suggested

that QS coordinates release of extracellular products at

high population densities, when their production will

provide the greatest benefit (Diggle et al., 2007b; Sandoz

et al., 2007). We suggest that variation in the fitness

consequences of producing different extracellular prod-

ucts could account for the differences in their production

in response to cell density. If a product is essential for

growth, then it should be released at all population

densities, and hence less will be required per cell at

higher population densities due to more efficient sharing.

By contrast, costly extracellular products that are bene-

ficial, but not essential for growth, should only be

produced at higher population densities when their

production cost is diminished (Brown & Johnstone,

2001). Formal theory addressing this difference would

be extremely useful (Nadell et al., 2008).

How does facultative adjustment of cooperative behav-

iour affect the relative fitness of cooperators and cheats?

Facultative adjustment of pyoverdin production, as

opposed to fixed levels of production, benefits cheats

in low iron concentrations because cooperators are

Fig. 4 Competition between nonpyoverdin-producing pvd) ⁄ pch)
(cheats) and pyoverdin-producing wt (cooperators) in various

mixing ratios and its effect on (a) the pyoverdin production per

cooperator cell, and (b) relative fitness of cheats compared with that

of cooperators. Values with an asterisk are significantly different

from 1 (P < 0.05). Competitions took place over 24 h in iron-

depleted media supplemented with 0 lMM FeCl3 (squares and open

bars), 0.5 lMM FeCl3 (circles and grey bars) or 50 lMM FeCl3 (triangles

and black bars).
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stimulated into increasing production of pyoverdin to

compensate for exploitation (Fig. 4a). However, as iron

supplementation is increased, we have shown that wild-

type cooperator cells reduced (0.5 lMM) or switched off

(50 lMM FeCl3) pyoverdin production (Fig. 1a). Thus, the

total cost of pyoverdin production was reduced when it

was not needed, which increased the fitness of the

cooperators relative to the cheats when grown in mixed

populations (Fig. 4b). The overall effect of phenotypic

plasticity in environments with fluctuating iron avail-

abilities is therefore hard to predict, because, in mixed

populations, it provides a relative advantage to cheats at

low iron concentrations, but a disadvantage at high

iron concentrations. This emphasizes the importance of

examining both the ecological and social structure of

natural populations. Additionally, a mechanism to avoid

exploitation by cheats, and more generally by other

strains, would be to make pyoverdin molecules more

specific such that their uptake is limited to close relatives

(e.g. clonemates). In agreement with this idea, evidence

for diversifying selection at the pyoverdin locus has been

described (Fuchs et al., 2001; Smith et al., 2005).

Monocultures of pyoverdin-defective strains (pvd) and

pvd) ⁄ pch)) grew to significantly lower densities than

wild-type cultures under high iron availability (Fig. 1b)

suggesting that the knocked out genes (coding for

nonribosomal peptide synthetases) have other fitness-

related functions. This seems plausible because nonrib-

osomal peptide synthetases are multifunctional enzymes

generally involved in the syntheses of a variety of

exoproducts (Finking & Marahiel, 2004; Grünwald &

Marahiel, 2006).

To conclude, our results illustrate two points. First, we

have demonstrated phenotypic plasticity in response to

changes in the social environment in a cooperative trait

in bacteria. Phenotypic plasticity is also likely to affect

selection on the production of other extracellular bac-

terial products that have been proposed as potential

cooperative public goods (West et al., 2007a). Secondly,

the production of extracellular molecules such as sidero-

phores is often associated with virulence effects in the

host (Meyer et al., 1996; Rumbaugh et al., 1999; Takase

et al., 2000; West & Buckling, 2003; Harrison et al., 2006;

Harrison, 2007; Miethke & Marahiel, 2007). Thus, the

consequences of phenotypic plasticity and the relative

fitness of mutants compared with wild types may play a

key role in their within-host evolution.
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Faraldo-Gómez, J.D. & Sansom, M.S.P. 2003. Acquisition of

siderophores in Gram-negative bacteria. Nat. Rev. Mol. Cell Biol.

4: 105–116.

Field, J., Cronin, A. & Bridge, C. 2006. Future fitness and

helping in social queues. Nature 441: 214–217.

Finking, R. & Marahiel, M.A. 2004. Biosynthesis of nonriboso-

mal peptides. Annu. Rev. Microbiol. 58: 453–488.

Foster, K.R., Parkinson, K. & Thompson, C.R.L. 2007. What can

microbial genetics teach sociobiology? Trends Genet. 23: 74–80.

Fuchs, R., Schafer, M., Geoffroy, V. & Meyer, J.-M. 2001.

Siderotyping: a powerful tool for the characterization of

pyoverdines. Curr. Top. Med. Chem. 1: 31–57.

Ghysels, B., Thi Min Dieu, B., Beatson, S.A., Pirnay, J.-P.,

Ochsner, U.A., Vasil, M.L. & Cornelis, P. 2004. FpvB, an

alternative type I ferripyoverdine receptor of Pseudomonas

aeruginosa. Microbiology 150: 1671–1680.

Grafen, A. 2006. Optimization of inclusive fitness. J. Theor. Biol.

238: 541–563.

Greig, D. & Travisano, M. 2004. The Prisoner’s Dilemma and

polymorphism in yeast SUC genes. Biol. Lett. Suppl. 3: S25–S26.

Griffin, A. & West, S.A. 2003. Kin discrimination and the benefit

of helping in cooperatively breeding vertebrates. Science 302:

634–636.

Griffin, A., West, S.A. & Buckling, A. 2004. Cooperation and

competition in pathogenic bacteria. Nature 430: 1024–1027.

Grünwald, J. & Marahiel, M.A. 2006. Chemoenzymatic and

template-directed synthesis of bioactive macrocyclic peptides.

Microbiol. Mol. Biol. Rev. 70: 121–146.

Guerinot, M.L. 1994. Microbial iron transport. Annu. Rev.

Microbiol. 48: 743–772.

Hamilton, W.D. 1964. The genetical evolution of social behav-

iour. J. Theor. Biol. 7: 1–52.

Hantke, K. 2001. Iron and metal regulation in bacteria. Curr.

Opin. Microbiol. 4: 172–177.

Harrison, F. 2007. Microbial ecology of the cystic fibrosis lung.

Microbiology 153: 917–923.

Harrison, F., Browning, L.E., Vos, M. & Buckling, A. 2006.

Cooperation and virulence in acute Pseudomonas aeruginosa

infections. BMC Biol. 4: 21.

Harrison, F., Paul, J., Massey, R.C. & Buckling, A. 2008.

Interspecific competition and siderophore-mediated coopera-

tion in Pseudomonas aeruginosa. ISME J. 2: 49–55.

Juhas, M., Wiehlmann, L., Huber, B., Jordan, D., Lauber, J.,

Salunkhe, P., Limpert, A.S., von Götz, F., Steinmetz, I., Eberl, L.
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Kümmerli, R., Gardner, A., West, S.A. & Griffin, A.S. 2008.

Limited dispersal, budding dispersal and cooperation: an

experimental study. Evolution doi: 10.1111/j.1558-5646.2008.

00548.x.

Leoni, L., Ciervo, A., Orsi, N. & Visca, P. 1996. Iron-regulated

transcription of the pvdA gene in Pseudomonas aeruginosa: effect

of Fur and PvdS on promoter activity. J. Bacteriol. 178: 2299–

2313.

MacLean, R.C. & Gudelj, I. 2006. Resource competition and

social conflict in experimental populations of yeast. Nature

441: 498–501.

Meyer, J.-M., Neely, A., Stintzi, A., Georges, C. & Holder, I.A.

1996. Pyoverdin is essential for virulence of Pseudomonas

aeruginosa. Infect. Immun. 64: 518–523.

Miethke, M. & Marahiel, M.A. 2007. Siderophore-based iron

acquisition and pathogen control. Microbiol. Mol. Biol. Rev. 71:

413–451.

Nadell, C.D., Xavier, J.B., Levin, S.A. & Foster, K.R. 2008. The

evolution of quorum sensing in bacterial biofilms. PLoS Biol. 6:

e14.

Oglesby, A.G., Farrow, J.M. III, Lee, J.-H., Tomaras, A.P.,

Greenberg, E.P., Pesci, E.C. & Vasil, M.L. 2008. The influence

of iron on Pseudomonas aeruginosa physiology. J. Biol. Chem.

283: 15558–15567.

Pigliucci, M. 1996. How organisms respond to environmental

changes: from phenotypes to molecules (and vice versa).

Trends Ecol. Evol. 11: 168–173.

Prince, R.W., Cox, C.D. & Vasil, M.L. 1993. Coordinate regula-

tion of xiderophore and exotoxin A production: molecular

cloning and sequencing of the Pseudomonas aeruginosa fur gene.

J. Bacteriol. 175: 2589–2598.

Ratledge, C. & Dover, L.G. 2000. Iron metabolism in pathogenic

bacteria. Annu. Rev. Microbiol. 54: 881–941.

Ratnieks, F.L.W., Foster, K.R. & Wenseleers, T. 2006. Conflict

resolution in insect societies. Annu. Rev. Entomol. 51: 581–608.

Ravel, J. & Cornelis, P. 2003. Genomics of pyoverdine-mediated

iron uptake in pseudomonads. Trends Microbiol. 11: 195–200.

Ross-Gillespie, A., Gardner, A., West, S.A. & Griffin, A.S. 2007.

Frequency dependence and cooperation: theory and a test

with bacteria. Am. Nat. 170: 331–342.

Rumbaugh, K.P., Griswold, J.A., Iglewski, B.H. & Hamood, A.N.

1999. Contribution of quorum sensing to the virulence of

Pseudomonas aeruginosa in burn wound infections. Infect.

Immun. 67: 5854–5862.

Russell, A.F. & Hatchwell, B.J. 2001. Experimental evidence for

kin-biased helping in a cooperatively breeding vertebrate.

Proc. R. Soc. Lond. B 268: 2169–2174.

Sandoz, K.M., Mitzimberg, S.M. & Schuster, M. 2007. Social

cheating in Pseudomonas aeruginosa quorum sensing. Proc. Natl

Acad. Sci. USA 104: 15876–15881.

Scheiner, S.M. 1993. Genetic and evolution of phenotypic

plasticity. Annu. Rev. Ecol. Syst. 24: 35–68.

Schlabach, M.R. & Bates, G.W. 1975. The synergistic binding of

anions and Fe3+ by transferrin. J. Biol. Chem. 250: 2182–2188.

Schuster, M., Lostroh, C.P., Ogi, T. & Greenberg, E.P. 2003.

Identification, timing, and signal specificity of Pseudomonas

aeruginosa quorum-controlled genes: a transcriptome analysis.

J. Bacteriol. 185: 2066–2079.
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Appendix

We used two strains (C6 and A4) of Pseudomonas

aeruginosa that constitutively produce pyoverdin due to

point mutations in the fur gene (Barton et al., 1996) to

compare their performance with that of facultatively

pyoverdin-producing wt bacteria (PAO1). The fur gene is

essential in P. aeruginosa (Barton et al., 1996; Banin et al.,

2005), such that high iron conditions are lethal for fur

mutants, and selects for restoration of fur function and

reversion to facultative pyoverdin production.

Indeed, we found that pyoverdin production in cul-

tures inoculated with C6 and A4 significantly decreased

with increasing quantities of iron supplementation – a

pattern that is very similar to the facultative pyoverdin

production pattern shown by the wt strain (Fig. A1,

linear regression on log-transformed values, for

C6: r2 = 0.953, F1,79 = 1616, P < 0.00001; for A4: r2 =

0.945, F1,79 = 1351, P < 0.00001; for wt: r2 = 0.958,

F1,79 = 1846, P < 0.00001).

To determine whether the facultative pyoverdin-pro-

duction patterns by C6 and A4 were due to bacteria

strains having restored fur function, we compared phe-

notypes of cultures prior to and after the experiment on

CAS plates (Schwyn & Neilands, 1987; Shin et al., 2001).

The production of pyoverdin causes a colour change from

blue to orange in the CAS reagent, which leads to an

orange halo forming around the colonies on the agar

plate. Accordingly, colonies of a facultative pyoverdin

producer should have no halos on CAS plates supple-

mented with iron (100 lMM FeCl3), whereas halos should

appear on CAS plates with no iron supplementation. By

contrast, colonies of constitutive pyoverdin producers

Fig. A1 Mean pyoverdin production per cell

(RFU ⁄ OD600) in iron-depleted media sup-

plemented with various quantities of FeCl3
(in lMM). Comparisons between wild type

(filled circles) and (a) C6 fur mutant (open

triangles) and (b) A4 fur mutant (open

squares).
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should have halos, both on iron-rich and iron-poor CAS

plates. As expected, wt cultures plated onto iron-rich and

iron-poor CAS plates showed facultative pyoverdin pro-

duction patterns no matter whether cultures were plated

out prior to or after the experiment (Fig. A2). Moreover,

as expected, cultures of C6 and A4 developed halos, both

on iron-rich and iron-poor plates when plated out prior

to experimentation (Fig. A2). However, for C6 this

pattern changed when cultures where plated out after

the experiment. On iron-rich CAS plates, there were no

longer halos around colonies from cultures supple-

mented with FeCl3 (‡ 2lMM) illustrating that in these

experimental treatments only bacteria with mutations

restoring fur function could survive and grow (Fig. A2).

For A4, halos appeared on iron-rich CAS plates around

colonies from all iron supplementation treatments. This

indicates that some proportion of constitutive pyoverdin

producers survived in all treatments (Fig. A2). However,

the strong similarity of pyoverdin production patterns

between C6 and A4 in response to iron supplementation

(Fig. A1) suggests that mutations restoring fur function

emerged and spread in A4 as well.

Despite reversions to facultative pyoverdin production,

our data show that pyoverdin was significantly over-

produced by C6 and A4 when compared with the wt in

treatments with relatively low iron supplementations

(0–5 lMM FeCl3, contrast comparisons following ANOVAANOVA,

C6 vs. wt: t126=7.3, P < 0.00001, A4 vs. wt: t126 = 10.6,

P < 0.00001). Pyoverdin overproduction and restoration

of fur function were associated with significantly lower

bacterial densities, and therefore reduced fitness, in

cultures with C6 and A4 and their revertants when

compared with wt cultures (contrast comparisons follow-

ing ANOVAANOVA: C6 vs. wt: t232 = 7.4, P < 0.00001, A4 vs. wt:

t232 = 13.8, P < 0.00001, Fig. A3).
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Fig. A2 The effect of experimental treatments (FeCl3 supplementation in lMM) on whether or not colonies of Pseudomonas aeruginosa

produce pyoverdin on chrome azurol S (CAS) plates supplemented with no or high iron (100 lMM FeCl3). Pyoverdin production causes a

colour change from blue to orange in the CAS reagent, which leads to the formation of orange halos around colonies. Facultative

pyoverdin producers (PAO1) should have halos on low iron but not on high iron plates, whereas constitutive pyoverdin producers

(C6 and A4) should have halos on both low and high iron plates. The absence of halos around C6 colonies from experimental treatments

supplemented with FeCl3 ‡ 2lMM suggests that restoration of facultative pyoverdin production occurred.

Fig. A3 Mean cell density (OD600) after 24-h growth in iron-

depleted media supplemented with various quantities of FeCl3
(in lM). wt (closed circles), C6 fur mutant (open triangles), A4 fur

mutant (open squares).
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Introduction

Explaining cooperation is fundamental to understand the

major evolutionary transitions from individually repli-

cating organisms to complex, structured animal societies

(Leigh, 1991; Maynard Smith & Szathmáry, 1995). A

behaviour is cooperative if it provides a benefit to

another individual as well as to the performer and has

evolved, at least partially, because of this benefit to

another (West et al., 2007b). Recently, there has been

much interest in the primary role cooperative behaviours

play in the lives of microorganisms (Crespi, 2001; Velicer,

2003; West et al., 2006; Foster et al., 2007; West et al.,

2007a). Individual microbial cells routinely communicate

and cooperate to perform a range of activities, such as

biofilm formation, chemical defence, spore dispersal and

foraging for iron using siderophores.

In microorganisms, the social nature of a trait is usually

investigated by comparing the performance of coopera-

tive strains to mutant strains that do not perform, or

invest less in, that trait. If these mutant strains increase in

relative fitness by exploiting cooperative strains, they are

termed ‘cheats’. Cheats increase fitness by avoiding

or incurring less of the costs of cooperation, while

continuing to benefit from the cooperative behaviour of

others (Strassmann et al., 2000; Velicer et al., 2000; Foster
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Abstract

There is growing awareness of the importance of cooperative behaviours in

microbial communities. Empirical support for this insight comes from

experiments using mutant strains, termed ‘cheats’, which exploit the coop-

erative behaviour of wild-type strains. However, little detailed work has gone

into characterising the competitive dynamics of cooperative and cheating

strains. We test three specific predictions about the fitness consequences of

cheating to different extents by examining the production of the iron-

scavenging siderophore molecule, pyoverdin, in the bacterium Pseudomonas

aeruginosa. We create a collection of mutants that differ in the amount of

pyoverdin that they produce (from 1% to 96% of the production of paired

wild types) and demonstrate that these production levels correlate with both

gene activity and the ability to bind iron. Across these mutants, we found that

(1) when grown in a mixed culture with a cooperative wild-type strain, the

relative fitness of a mutant is negatively correlated with the amount of

pyoverdin that it produces; (2) the absolute and relative fitness of the wild-

type strain in the mixed culture is positively correlated with the amount of

pyoverdin that the mutant produces; and (3) when grown in a monoculture,

the absolute fitness of the mutant is positively correlated with the amount of

pyoverdin that it produces. Overall, we demonstrate that cooperative

pyoverdin production is exploitable and illustrate how variation in a

social behaviour determines fitness differently, depending on the social

environment.

doi:10.1111/j.1420-9101.2010.01939.x



et al., 2004; Greig & Travisano, 2004; Griffin et al., 2004;

Fiegna & Velicer, 2005; Fiegna et al., 2006; MacLean &

Gudelj, 2006; Diggle et al., 2007a; Sandoz et al., 2007;

Rumbaugh et al., 2009). The extent to which traits are

social is commonly tested by competing mutant strains

against wild-type strains and examining both the extent

to which the mutants are able to exploit the wild type

and the group level consequences. However, experi-

ments performed to date have utilized mutant pheno-

types that either carry large fitness effects, which can lead

to complications such as frequency-dependence (Ross-

Gillespie et al., 2007), or exhibit pleiotropic effects on

other traits (Foster et al., 2004; Diggle et al., 2007c). In

addition, many studies focus on genetic knockout

mutants that do not perform the putatively cooperative

trait and so have not tested the fitness consequences of

cheating to a greater or lesser extent (Foster et al., 2004;

Greig & Travisano, 2004; Fiegna et al., 2006; MacLean &

Gudelj, 2006; Diggle et al., 2007a; Ross-Gillespie et al.,

2007, 2009; Rumbaugh et al., 2009).

Here, we make and test specific predictions of the

consequences of cheating behaviour by using a collection

of mutants that differ in the extent to which they express

a potentially social trait. The trait that we examine is the

production of pyoverdin by the bacterium Pseudomonas

aeruginosa. Pyoverdin is a siderophore – an iron-scaveng-

ing molecule that is released extracellularly in response

to iron-limited conditions (Visca et al., 2007). Iron is an

essential nutrient but often a major limiting factor for

bacterial growth in both environmental and parasitic

strains as its commonest form, Fe(III), is insoluble under

normal conditions, and host organisms actively withhold

iron during bacterial infections (Ankenbauer et al., 1985;

Schwyn & Nielands, 1987; Ratledge & Dover, 2000;

Griffin et al., 2004). The production of pyoverdin is

metabolically costly to the individual; and as these

molecules can be utilized by other cells following release,

they represent a potential cooperative public good (West

& Buckling, 2003). We and others have previously

demonstrated that mutant P. aeruginosa strains that do

not produce siderophores are able to exploit the iron-

chelator production of other cells and that the presence

of such strains reduces population growth (Griffin et al.,

2004; Harrison & Buckling, 2005; Harrison et al.,

2006; Ross-Gillespie et al., 2007; Harrison et al., 2008;

Kümmerli et al., 2009a–c; Ross-Gillespie et al., 2009). The

knockout strains and PAO6609 mutant (Hohnadel et al.,

1986) used in these studies did not provide sufficient

variation in pyoverdin expression for our purposes. We

therefore generated and analysed a collection of novel,

spontaneously evolving pyoverdin mutants to investigate

the effects of varying investment in cheating behaviour.

In the first part of our article, we describe the isolation

of pyoverdin-deficient mutants, and characterize them at

both the phenotypic and genotypic level. We generated

artificial selection lines from 11 strains of P. aeruginosa,

representing different genetic backgrounds (see Materials

and methods section). We measured the pyoverdin-

producing ability of mutants isolated from these lines in

three ways: (1) measurement of expression of the

pyoverdin biosynthesis gene pvdE and the sigma factor

pvdS, which is involved in the regulation of pyoverdin

biosynthesis genes; (2) estimation of pyoverdin produc-

tion per cell by taking optical density and fluorescence

readings of cultures; and (3) measurement of the deple-

tion of iron from culture media. This enabled us to test

for correlations between genetic and phenotypic mea-

surements of pyoverdin production.

In the second part of our article, we describe the use

of mutant strains to test three more specific predictions

of the consequences of cheating. First, if a mutant is a

cheat, its relative fitness (measured by the increase or

decrease in proportion of cheats over a set time in

a competitive mixed culture) should be negatively

correlated with the quantity of public good that it

produces when competing in a mixed culture with a

wild-type, cooperative strain (Brown, 1999; West &

Buckling, 2003). Mutants that produce fewer public

goods will avoid greater costs of production, while

retaining the ability to exploit pyoverdin production of

cooperators. Second, when grown in a mixed culture

with a mutant, the absolute fitness of a cooperative

strain should be positively correlated with the quantity

of public good that the mutant produces. If mutants

produce any public good, then this will provide a benefit

to the wild-type individuals as well. Third, when grown

in monoculture, the absolute fitness of the mutant (i.e.

carrying capacity in the stationary phase) should be

positively correlated with the quantity of public good

that it produces. This prediction arises because the

public good provides a benefit, and emphasizes that

producing less public good can be either beneficial

(prediction 1) or costly (prediction 3), depending upon

the social environment.

Materials and methods

Creation of putative pyoverdin mutant–wild type pairs

We isolated 26 spontaneous mutants of putative reduced

pyoverdin production from selective lines initiated with

11 parental strains (Table 1). We grew the 11 parent

strains in monoculture for up to 25 days in 30-mL glass

universal vials containing 6 mL volumes of minimal

medium: CAA: 5 g casamino acids, 1.18 g K2HPO4.3H2O,

0.25 g MgSO4.7H2O, per litre. Cultures were incubated at

37 �C statically or in an orbital shaker at 1.34 g. Some

monocultures were also made iron-limiting [100 lg mL)1

of the iron-chelator human apo-transferrin (Sigma); and

20 mMM sodium bicarbonate (Schwyn & Nielands, 1987;

Meyer et al., 1996)] to further encourage the emergence

of siderophore mutants. At 24-h intervals, 60 lL of each

culture was transferred into 6 mL fresh medium. Every

3–4 days, we spread 20 lL of a 10)6 dilution of each
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culture onto King’s B (KB)-agar plates (1 L KB medium:

20 g proteose peptone N�3, 10 mL glycerol, 1.5 g

K2HPO4.3H2O, and 1.5 g MgSO4.7H2O per litre; with

12 g agar) and incubated these overnight at 37 �C. As

pyoverdin is a bright green pigment, we examined

mature colonies by eye and isolated those that appeared

paler than colonies of the ancestral wild type. A maxi-

mum of three colonies were isolated per line, each

potential pyoverdin mutant paired with a colony of wild-

type phenotype isolated from the same plate, i.e. of the

same line and cultured in identical conditions (see

Table S1).

We made stock cultures of each putative mutant clone

from overnight cultures grown at 37 �C in 30-mL glass

universal vials containing 6 mL volumes of standard KB

medium and frozen at )80 �C in a 3 : 2 mix of KB

glycerol: 50 ⁄ 50 KB medium ⁄ glycerol. Our isolates were

labelled using a three-character notation. For example:

1a+ was isolated from ancestral strain 1 (see Table 1) and

has a wild-type pyoverdin phenotype (indicated by +);

1a) has a mutant pyoverdin phenotype and was isolated

from the same selective line, at the same timepoint, as

1a+ (see Table S1).

Of the 26 putative pyoverdin mutants we generated by

this method, 19 proved to be true mutants following

pyoverdin production assay. This indicates that charac-

terisation of pyoverdin phenotype by eye is a reasonable

method for detecting mutants, but requires additional

measurements for full accuracy. The final mutant–wild

type pairs are listed in Table 1. In two instances (in lines

5 and 6), two phenotypically distinct putative sidero-

phore mutants were isolated from a single agar plate on

the same day (5a) & 5b), and 6a) & 6b)) and so were

paired with a single wild-type colony from that plate (5a+

and 6a+, respectively). Therefore, the 19 pyoverdin

mutants isolated across the collection were only paired

with 17 wild-type strains, making, on the inclusion of the

previously analysed PAO6609 and its paired wild type,

PAO1 (Griffin et al., 2004; Ross-Gillespie et al., 2007;

Kümmerli et al., 2009a), a collection of 20 mutant–wild

type pairs.

Engineered pyoverdin mutants

P. aeruginosa secretes two siderophores, pyoverdin and

pyochelin. We concentrated on the former, as its

iron-binding capacity is five-fold that of pyochelin

(Ankenbauer et al., 1985; Budzikiewicz, 2001). Although

our study did not measure the production of the

secondary siderophore pyochelin, we included three

siderophore-deficient single-gene knockout strains in all

experiments to ensure that, if present, pyochelin was not

interfering with any pyoverdin readings. These strains

were pyoverdin- and ⁄ or pyochelin-negative unmarked

deletion mutants engineered from PAO1 by knocking-

out the genes for the pyoverdin synthetase pvdD and ⁄ or

the pyochelin synthetases pchE and pchF (Ghysels et al.,

2004). These three strains were PAO1DpvdD (pvd-),

PAO1DpchEF (pch-) and PAO1DpvdD pchEF (pvd- ⁄ pch-).

The pvd- strain, as a well-established pyoverdin-deficient

mutant, was included as a control in some analyses.

Construction of pvdE and pvdS reporter fusions

The genes pvdE and pvdS are involved in the production

and release of pyoverdin. PvdS is an alternative sigma

factor that, among other functions, directs gene expres-

sion for and during pyoverdin synthesis (Leoni et al.,

2000). It is also known to regulate the expression of pvdE,

which plays an uncharacterized role in the biosynthesis

of pyoverdin (Visca et al., 2007).

To verify that our observations of pyoverdin produc-

tion in the mutant–wild type pairs were supported at the

genetic level, we conjugated pvdE lux-based reporter

fusions into 11 of the 19 mutant–wild type pairs (1b+ ⁄ 1b);

1c+ ⁄ 1c); 2a+ ⁄ 2a); 3a+ ⁄ 3a); 4a+ ⁄ 4a); 5a+ ⁄ 5a); 5a+ ⁄ 5b);

Table 1 Description of ancestral Pseudomonas aeruginosa strains.

Strain N� Strain name Strain description Laboratory source Reference

1 PAO1 (ATC 15692) Laboratory isolate Europe (Ghysels et al., 2004;

Rumbaugh et al., 2009)

2 PAO6049 Methionine auxotroph derived from

PAO1 by transposon-mutagenesis

Zürich, Switzerland (Rella et al., 1985)

3 Holloway isolate I Diverged PAO1 laboratory isolate Holloway collection, Nottingham, UK (Holloway et al., 1979)

4 Holloway isolate II Diverged PAO1 laboratory isolate Holloway collection, USA (Holloway et al., 1979)

5 Holloway isolate III Diverged PAO1 laboratory isolate Holloway collection, Italy (Holloway et al., 1979)

6 UCBPP-PA14 Human clinical isolate USA (Rahme et al., 1995)

7 ATCC 013 – American Type Culture Collection,

Manassas, VA, USA

8 1–60 Cystic fibrosis (CF) isolate Seattle, WA, USA

9 2–164 CF isolate Seattle, WA, USA

10 206–12 CF isolate Seattle, WA, USA

11 MSH Environmental Isolate Mount St. Helens, WA, USA
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7a+ ⁄ 7a); 9a+ ⁄ 9a); 10b+ ⁄ 10b); and 10c+ ⁄ 10c)) and pvdS

lux-based reporter fusions into nine of the pairs (1b+ ⁄ 1b);

1c+ ⁄ 1c); 2a+ ⁄ 2a); 3a+ ⁄ 3a); 4a+ ⁄ 4a); 7a+ ⁄ 7a); 9a+ ⁄ 9a);

10b+ ⁄ 10b); and 10c+ ⁄ 10c)), as previously described

(Diggle et al., 2007b).

Measuring pyoverdin production

We prepared experimental cultures from freezer stock in

200 lL volumes of KB medium in a 96-well microtitre

plate incubated at 37 �C, 1.34 g for 24 h. The 36 outer

wells of these plates, being more susceptible to evapora-

tion, were not inoculated with culture. 1 lL of each

culture was then transferred to a 200 lL volume of iron-

limited CAA in a 96-well microtitre plate. Plates were

incubated statically at 37 �C. The apo-transferrin in the

CAA binds iron, triggering siderophore production in

iron-starved bacteria. Siderophores compete with the

apo-transferrin for the iron and facilitate siderophore-

mediated iron uptake into cells.

After 24 h, we retrieved cultures (which had reached

carrying capacity in stationary phase) and assayed for cell

density at an absorbance of 600 nm (A600) (Ankenbauer

et al., 1985; Schwyn & Nielands, 1987) and for pyoverdin

production, measured in relative fluorescence units

(RFU), at an excitation wavelength of 400 nm and an

emission wavelength of 460 nm (Ankenbauer et al.,

1985; Cox & Adams, 1985; Prince et al., 1993) using

a fluorimeter (SpectraMax M2; Molecular Devices,

Wokingham, UK). We replicated each assay seven times

per culture and calculated the mean pyoverdin produc-

tion per cell by RFU ⁄ A600 (Kümmerli et al., 2009c).

Time and cell-density dependent measurement
of bioluminescence

To monitor expression of pvdE and pvdS, we diluted

6 mL 24-h KB cultures of the 20 lux-tagged strains

(1 : 100 in 200 lL volumes of fresh, iron-limited

medium) and cultured these statically in 96-well mic-

rotitre plates at 37 �C. We determined bioluminescence

as a function of cell density by using a combined,

automated luminometer-spectrometer (Genios Pro,

Tecan UK Ltd, Reading, UK). Luminescence and

turbidity (A600) were automatically measured every

30 min. We calculated luminescence per cell as relative

light units (RLU) ⁄ A600 at 10 h.

Measuring siderophore iron-binding capacity

The iron-binding potency of the pyoverdin produced by

each strain was determined as a percentage of sidero-

phore units (SU) using the functional chrome azurol S

(CAS) liquid assay (Schwyn & Nielands, 1987; Payne,

1994). We cultured the 20 mutant–wild type pairs and an

additional three replicates of PAO1 from freezer stock in

2 mL volumes of KB medium in 24-well microtitre

plates and incubated these in an orbital shaker (37 �C,

1.34 g).

After 24 h, we used 2 lL of each culture to inoculate

200 lL volumes of iron-limiting medium. Following 24-h

incubation at 37 �C, we measured the cell densities of the

cultures, diluted each to 0.1 A600 with double-distilled

(dd) H2O and centrifuged 1 mL at 10,400 g for 6 min. We

then removed 25 lL of supernatant from each culture

and diluted these 1 : 4 with 75 lL ddH2O in a 96-well

microtitre plate.

We then added 100 lL of CAS assay solution and 2 lL

of a shuttle solution of 0.2 MM 5-sulfosalicylic acid (Payne,

1994) to each well and left the plate to stand in the dark

for 30 m. We then measured the colour change-associ-

ated removal of iron from the CAS reagent at A630 using

the Spectramax M2. The mean A630 of five wells of

100 lL ddH2O with 100 lL CAS assay solution and 2 lL

shuttle solution was taken as the reference (r). We

calculated the iron-binding capacity of the supernatants

(s) in SU as

SU ¼ meanAr � As

meanAr

� �
� 100

We replicated each CAS assay four times and corrected all

measurements: dividing readings by the mean SU value

of the four PAO1 supernatants assayed per replicate.

Measuring relative mutant fitness

To determine the fitness of each pyoverdin mutant

relative to that of its paired wild type, we grew mutant

strains in competition with a paired wild type at a 1 : 10

ratio in 6 mL volumes of iron-limited medium. On KB-

agar plates, 20 lL of 104–106 dilutions of these mixed

cultures were plated at 0 h and again after 24-h incuba-

tion at 37 �C. This period covered the exponential growth

phase and the start of stationary phase.

Following 18-h incubation of the plates at 37 �C, we

recorded the number of mutant and wild-type colonies

on each. Colonies were scored by phenotype as well as

pigmentation. Counts were not performed after 18 h as

siderophores begin to diffuse into the agar, where they

can be taken up by neighbouring colonies and add to

their pigmentation. We calculated the relative fitness (v)

of each putative mutant by

v ¼ x2ð1� x1Þ
x1ð1� x2Þ

where x1 is the initial proportion of mutants in the

sample population and x2 is their final proportion (Otto &

Day, 2007; Ross-Gillespie et al., 2007, 2009). The value of

v therefore signifies whether cheats increase in frequency

(v > 1), decrease in frequency (v < 1) or remain at the

same frequency (v = 1). We replicated each competition

assay six times and took the mean fitness value to

indicate how efficiently the mutant could exploit its

corresponding wild-type strain when cultured in
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competitive conditions, increasing or decreasing in fre-

quency to the disadvantage or benefit of the wild type.

We repeated all fitness analyses, logging the raw values

of v before calculating the mean across the replicates, to

test for any bias resulting from within-replicate variation

in v. These analyses gave the same results and, no bias

being found, are not shown.

Statistical analyses

We used paired T-tests to test for significant differences in

bioluminescence, pyoverdin production and iron-bind-

ing capacity per cell between the pyoverdin mutants and

the wild-type strains. We used standard general linear

model methods implemented in MINITAB 15 (http://

www.minitab.com), and when required, logarithmically

transformed variables to normalize the residuals.

Results

Do the isolated mutants produce less pyoverdin than
their paired wild type?

The 19 pyoverdin mutants, PAO6609 and the pvd- and

pvd- ⁄ pch-strains produced significantly less pyoverdin

than their paired wild types, as measured by RFU ⁄ A600

(Fig. 1, paired T-test: T = 7.72, P < 0.0001). The mutants

also exhibited significantly lower levels of pvdE and pvdS

gene expression and iron-binding capacity (SU) than the

wild type (paired T-test: T = 4.97, P < 0.0001; T = 2.87,

P = 0.019; and T = 6.17, P < 0.0001, respectively).

Is there a correlation between gene activity and
phenotype?

We tested whether our quantification of pyoverdin

production correlated with gene expression and the

ability to collate iron, across the spontaneous mutants.

In the mutant lines with lux-based reporter insertions,

the relative pyoverdin production per cell was positively

correlated with both relative mutant pvdE gene expres-

sion (Fig. 2a, adjusted r2 = 0.39, F(1,9) = 7.26, P = 0.025)

and relative mutant pvdS gene expression (Fig. 2b,

adjusted r2 = 0.56, F(1,7) = 11.05, P = 0.013). Our mea-

surements of pyoverdin production in mutants estimated

from fluorescence and absorbance readings therefore

corresponded with the expression of both a synthesising

gene, pvdE, and a sigma factor that regulates pyoverdin

biosynthesis, pvdS. Furthermore, the pyoverdin produc-

tion per cell of the mutants was positively correlated with

iron-binding capacity (SU) (Fig. 2c, adjusted r2 = 0.42,

F(1,17) = 14.03, P = 0.002). Thus, the amount of pyover-

din released by each mutant was a significant indicator of

the capacity of that mutant to harvest iron from its

environment.

Is mutant growth in monoculture positively correlated
with pyoverdin production?

We first tested whether pyoverdin production is benefi-

cial to mutant growth in an iron-limited environment. As

predicted, in iron-limited media, the carrying capacity of

mutant strains at stationary phase was positively corre-

lated with their pyoverdin production. Mutants that

produced less pyoverdin per cell grew to lower cell

densities than monocultures of mutants expressing

higher levels of pyoverdin production (Fig. 3, all strains:

adjusted r2 = 0.45, F(1,19) = 17.24, P = 0.001 and

spontaneous mutants only: adjusted r2 = 0.43,

F(1,17) = 14.7, P = 0.001). Wild-type strains exhibited an

identical trend (data not shown, all strains: adjusted

r2 = 0.46, F(1,17) = 16.31, P = 0.001 and paired with

spontaneous mutants only: adjusted r2 = 0.48,

F(1,15) = 16.0, P = 0.001).
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ous mutants (circles), the mutagenized

PAO6609 mutant (triangle) and two genetic

knockout (KO) strains (squares) compared to

wild type (filled symbols). Values are

means ± 95% confidence intervals (CI)

across seven replicates.
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Does pyoverdin production by mutants provide a
benefit to wild-type cells in mixed culture?

We examined how the growth of wild types was

influenced by the presence of mutants. Wild-type strains

grew less well in mixed culture with their paired mutant

than they did in monoculture (paired T-test, all strains:

T = 3.06, P = 0.006; spontaneous mutants only,

T = 2.68, P = 0.015) suggesting a cost of exploitation by

mutants. Both the wild-type cell density and relative

fitness were positively correlated with the relative

pyoverdin production of their paired mutant (Fig. 4, cell

density, all lines: adjusted r2 = 0.61, F(1,19) = 32.39,

P < 0.0001; cell density, paired with spontaneous

mutants only: adjusted r2 = 0.58, F(1,17) = 25.33,

P < 0.0001; relative fitness, all lines: adjusted r2 = 0.39,

F(1,19) = 13.55, P = 0.002; and relative fitness, paired

with spontaneous mutants only: adjusted r2 = 0.38,

F(1,17) = 11.83, P = 0.003). This shows that pyoverdin

produced by the mutants can be utilized by the wild-type

cells and demonstrates that although mutants have

relatively reduced investment in pyoverdin synthesis,

they may still provide some benefit to neighbours.

In multiple regression, unlike in monoculture, the

quantity of pyoverdin produced by the wild type did not

significantly influence wild-type cell density at carrying

capacity in mixture (all lines: adjusted F(1,19) = 3.2,

P = 0.09 and spontaneous mutants only: F(1,17) = 2.16,

P = 0.16).

Is mutant fitness in mixture negatively correlated with
relative mutant pyoverdin production?

To determine the cost of pyoverdin production,

we examined how the fitness of mutants correlates

with relative pyoverdin production when grown in

competition with paired wild-type strains in iron-limited

conditions. In mixed cultures, the fitness of mutants,

relative to the wild type, was negatively correlated

with the mutants’ relative pyoverdin production

(Fig. 5, all strains: adjusted r2 = 0.49, F(1,19) = 20.21,

P < 0.0001 and spontaneous mutants only: adjusted

r2 = 0.6, F(1,17) = 27.63, P < 0.0001. Relative pyoverdin
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Fig. 2 Pyoverdin gene synthesis activity correlates with fluores-

cence and iron-binding activity. After 24-h growth in iron-limited

conditions, spontaneous mutant pyoverdin production relative to

that of the paired wild types was positively correlated with the

following: (a) relative mutant pvdE gene expression at 10 h;

(b) relative mutant pvdS gene expression at 10 h; and (c) relative

mutant iron-binding capacity at 24 h. Values are means across seven

replicates for relative pyoverdin production, one replicate for relative

bioluminescence, and across six replicates for relative iron-binding

capacity.
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Fig. 3 Pyoverdin production is beneficial in iron-limited conditions.

The cell density of mutants was positively correlated with the

amount of pyoverdin produced per cell (RFU ⁄ A600) when grown

in monoculture for 24 h. Symbols: spontaneous mutants (circles);

mutagenized PAO6609 (triangle); and genetic knockout pvd-

(square). Values are means across six replicates for cell density

and across seven replicates for pyoverdin production.
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production logarithmically transformed in both datasets),

demonstrating the benefit the mutants accrue by reduc-

ing investment in, and therefore the cost of, pyoverdin

synthesis.

Discussion

Our results demonstrate the social nature of pyoverdin

production in vitro and support all three of our theoretical

predictions on cheating behaviour. Specifically (1) in

mixed culture with a cooperative wild-type strain,

mutant relative fitness is negatively correlated with

mutant pyoverdin production; (2) in mixed culture, the

absolute and relative fitness of the wild-type strain is

positively correlated with mutant pyoverdin production;

and (3) in monoculture, absolute mutant fitness is

positively correlated with mutant pyoverdin production.

In addition, our results show strong correlations between

our three measurements of pyoverdin production:

pyoverdin biosynthesis gene expression, secreted pyover-

din fluorescence and pyoverdin iron-binding efficacy

(Fig. 2), indicating that any single method gives an

accurate representation of pyoverdin activity in P. aeru-

ginosa. Furthermore, as the spontaneous pyoverdin

mutants we selected from a diverse range of parental

strains all produced significantly lower levels of pyover-

din than their ancestral wild type (Fig. 1), it is probable

that the spontaneous emergence of cheats is a common

challenge to pyoverdin production in P. aeruginosa

populations.

In support of our first prediction, we confirmed that

the relative fitness of mutants is negatively correlated

with the relative amount of pyoverdin they produce

when grown in mixed culture with wild type (Fig. 5).

Mutants avoid the metabolic cost of production, but

retain the ability to benefit from pyoverdin produced

by a cooperator. The greater the reduction in pyover-

din production by the cheat, the greater its fitness

advantage when grown with a cooperator. Further-

more, previous work has shown that cooperators

compensate for the deficit in soluble iron created by

cheat consumption by upregulating pyoverdin produc-

tion (Kümmerli et al., 2009c). In support of our second

prediction, we observed that absolute growth (cell

density) and relative fitness of cooperative wild types

were positively correlated with relative pyoverdin

production of mutants in mixed culture (Fig. 4),

confirming that pyoverdin produced by the mutants

can be utilized by the wild type. We did not see, or

expect to see, a corresponding positive relationship
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Fig. 4 Pyoverdin production determines fitness of cooperators and

cheats in iron-limited conditions. Cell density (a) and relative fitness

(b) of the wild type were positively correlated with the relative

pyoverdin production of the paired mutants when grown in iron-

limited conditions for 24 h in a competitive 10 : 1 wild type: mutant

mix. Symbols: paired wild type of spontaneous mutants (circles);

PAO1 paired with mutagenized PAO6609 (triangle); and PAO1

paired with pvd- (square). Values are means across six replicates

for cell density and fitness and across seven replicates for relative

pyoverdin production.
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replicates for relative fitness.
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between wild-type fitness and pyoverdin production by

the wild type in mixture. This is because the benefit to

wild type will be obscured by increased relative fitness

of a cheat paired with a more cooperative wild type:

the more pyoverdin the wild type produced, the fitter

the cheat.

In support of our third prediction, we found that

mutants reducing investment in pyoverdin production

relative to the wild type to a greater degree were less

successful when grown in isolation in iron-limiting

conditions, achieving lower cell densities than the

mutants expressing higher levels of relative pyoverdin

production (Fig. 3). The mutants therefore increased

fitness by cheating in mixture but suffered reduced

fitness when grown in the absence of cooperators,

demonstrating that reducing investment in pyoverdin

production can be advantageous or debilitating, depend-

ing on the social environment. Overall, we demonstrate

the fitness consequences of varying investment in coop-

erative behaviours, the vulnerability of cooperative

behaviours to exploitation and how the fitness outcomes

of reduced pyoverdin production lie in opposing direc-

tions dependant upon whether cheats exist in isolation or

mixed culture.

Our results compare with recent investigations into

cheating behaviour in other microbes: slime moulds and

myxococci. Mutant Dictyostelium discoideum slime mould

strains have, for example, been observed to produce

more spores when forming fruiting bodies in mixed

populations than they do in clonal populations –

exploiting their neighbours to bias spore dispersal in

their favour (Strassmann et al., 2000; Khare et al., 2009).

In similar studies, Myxococcus xanthus mutants reduced

investment in fruiting body formation while increasing

relative spore production (Velicer et al., 2000; Fiegna &

Velicer, 2005; Fiegna et al., 2006). However, unlike

pyoverdin cheats, several of the M. xanthus mutant

strains did not suffer fitness consequences when grown

in isolation and some appeared to be facultative rather

than obligative cheaters (Fiegna & Velicer, 2005).

Furthermore, in the D. discoideum studies, over-represen-

tation of some strains in spores of mixed fruiting bodies

did not appear to be determined by competition over

spore cell allocation alone (Fortunato et al., 2003).

This suggests that whereas the relative fitness of the

P. aeruginosa mutants in our study is primarily

determined by the production of a single public

good (pyoverdin), the consequences of cheating over

cooperative fruiting body formation in slime moulds and

myxococci are more complex (Santorelli et al., 2008;

Khare et al., 2009).

In addition to demonstrating the social fitness

consequences of variation in cheating within cooperative

systems, our results provide a potential explanation for

a well-documented clinical pattern. P. aeruginosa is

routinely isolated from the immunocompromised lungs

of cystic fibrosis (CF) patients, where it accelerates

morbidity and mortality (Govan & Deretic, 1996; Hutch-

ison & Govan, 1999; Budzikiewicz, 2001; De Vos et al.,

2001). It has been repeatedly observed that P. aeruginosa

isolates that colonise the CF lung lose numerous cellular

functions over time, including social behaviours such as

siderophore production (De Vos et al., 2001; Smith et al.,

2006; West et al., 2006; Jelsbak et al., 2007). One expla-

nation is that such social traits are not necessary for

survival in the CF lung and are selected against as the

bacterial strain adapts to this environment, thereby

increasing isolate fitness (De Vos et al., 2001; Lee et al.,

2005; Smith et al., 2006; Jelsbak et al., 2007). However,

an alternative possibility is that social cheats emerge,

exploit and outcompete wild-type strains, resulting in a

reduction in cooperative activity and therefore social trait

expression (Griffin et al., 2004; West et al., 2006; Harri-

son, 2007; West et al., 2007a; Brown et al., 2009). In the

latter case, studies of social behaviour in P. aeruginosa

could inform antipseudomonal treatments for CF

patients: many antibiotics are designed to target actively

growing bacterial cells and so may be less effective in

treating social mutant strains that grow slowly (if at all)

in environments lacking locally produced public goods

(West & Buckling, 2003; Andre & Godelle, 2005; Harri-

son et al., 2006). Key tasks for the future are to repeat our

experiments in vivo as previous work has shown that

social behaviours can have significant effect on virulence

(Harrison et al., 2006; Rumbaugh et al., 2009) and to

conduct analyses of CF lung isolates that have reduced

social trait expression to determine whether this loss has

resulted in an increase or decrease in fitness, i.e. whether

P. aeruginosa CF isolates causing chronic illness are out-

competed or out-compete clonal isolates harvested at a

later stage of the same chronic infection.
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