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ABSTRACT 

 

The lungs of patients with Cystic Fibrosis (CF) are often chronically colonised by a plethora of 

microbial species, including the major CF pathogen Pseudomonas aeruginosa (P. aeruginosa). 

Herewith, when examining recalcitrant bacterial infections in CF, it is imperative to not only study 

pathogens in isolation, but rather, as part of ecological communities interacting at the species level. The 

successful invasion and robust virulence mechanisms of P. aeruginosa are influenced by members of 

the lung microbiome. Interspecies interactions can shape and often determine virulence evolution, 

mediated through synergistic and antagonistic behaviours. Moreover, species richness and composition 

act in concert to impact P. aeruginosa colonisation and may predict important clinical phenotypes – yet 

it is difficult in practice to tease apart the effects of diversity per se versus increased likelihood of 

encountering a key species at higher diversities. This project uses an ecological framework to 

disentangle the effects that community richness and community composition have on colonisation 

resistance in the CF airways and dissect how polymicrobial interactions shape P. aeruginosa virulence. 

By designing and implementing a modified random partition experiment, we were able to identify 

members of an artificially assembled microbial community that affect P. aeruginosa invasion and 

virulence-associated secretions such as pyoverdine and pyocyanin. This work provides a novel way of 

understanding microbial interactions in a clinical context, by applying an ecological framework to 

artificially assembled communities. This will pave the way for future work applying this framework to 

more “natural” CF microbial assemblages that closely reflect different clinical statuses of the CF lung. 
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1. INTRODUCTION 

 

1.1 Pseudomonas aeruginosa in Cystic Fibrosis 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa (P. aeruginosa) is Gram-negative, motile, aerobic bacterium, and one of the 

most prominent causes of human infectious disease. Part of the ESKAPE pathogen list [1, 2], P. 

aeruginosa has been widely known to cause persistent infections and is difficult to treat due to its 

intricate mechanisms of antibiotic resistance via acquired, adaptive, and intrinsic methods [3]. Biofilm 

formation, overexpression of efflux pumps, and antibiotic degrading enzymes are just some of the many 

ways in which this pathogen can persist successfully [3, 4].  

Cystic Fibrosis 

Cystic Fibrosis (CF) is an autosomal recessive disorder and the most common inherited disorder in 

Ireland, primarily affecting the lungs and digestive system. Mutations in the Cystic Fibrosis 

Transmembrane conductance Regulator (CFTR) gene lead to aberrant sodium and calcium ion 

transport, resulting in thick mucus accumulation and impaired mucociliary clearance, creating an 

environment conducive to infections [5]. The mucus build-ups serve as a reservoir of bacterial 

infections, a replicative niche in which pathogens can thrive [6]. Polymicrobial interactions, where 

multiple microbial species coexist, are of particular significance in the context of CF. These interactions 

can have complex implications for disease progression, treatment, and patient outcomes [6]. 

Environmentally-acquired P. aeruginosa infections are of great clinical importance in 

immunocompromised CF patients [7]. Its initial colonisation leads to a chronic persistent infection, 

which is a significant milestone in disease progression [8]. This pernicious infection in the lungs is often 

due to a multispecies biofilm mode of growth which dampens antibiotic efficacy [9]. P. aeruginosa 

displays a remarkable ability to adapt to the CF lung environment, with isolates from long-term chronic 

infections being phenotypically distinct from acute, more virulent isolates [10]. During chronic CF lung 

infections, P. aeruginosa undergoes a somewhat predictable trajectory of evolutionary adaptation, 

including loss of virulence factors, transition to a biofilm lifestyle, hypermutability, and increased 

antibiotic resistance [10, 11]. Together, these adaptations, combined with extensive within-patient 

diversity [12] and intricate polymicrobial interactions [5, 13], prove a hindrance to pathogen targeting 

and eradication. 
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1.2 Cystic Fibrosis as a polymicrobial disease 

Many diseases encompass a polymicrobial aetiology and the airways of CF patients are a pertinent 

example of this, harbouring diverse microbial ecosystems that can affect therapeutic interventions and 

outcomes [5, 14]. Therefore, it is crucial to probe infection from a polymicrobial and ecological lens, 

as would be representative of what is occurring in vivo [15]. Bacterial species found in the lung include 

Staphylococcus spp., Streptococcus spp., Burkholderia cepacia complex (BCC), and also include oral 

commensals such as Rothia mucilaginosa (R. mucilaginosa) and Rothia dentocariosa (R. dentocariosa), 

as well as fungi such as Candida and Aspergillus species [16].  Other notable microbes include 

Haemophilus influenzae, Stenotrophomonas maltophilia, Achromobacter xyloxidans, and 

Mycobacterium abscessus [5]. 

A growing body of evidence is showing that interactions between P. aeruginosa and other members of 

the CF lung community are relevant for clinically important traits such as virulence and antimicrobial 

resistance (AMR). While species such as Staphylococcus aureus and BCC have been shown to actively 

compete with, and in some cases inhibit P. aeruginosa growth via iron competition [17, 18], interactions 

with R. mucilaginosa have been recently shown to boost P. aeruginosa growth [19]. Despite tantalising 

evidence that community context shapes P. aeruginosa virulence and/or AMR, studies typically either; 

a) focus on just one or two species, or b) focus on change in gene regulation in P. aeruginosa, rather 

than evolved responses to CF microbiota [20]. This is an attractive approach, because it permits detailed 

and important molecular studies of often well-characterised isolates – yet applicability to the complex 

and dynamic nature of natural microbial communities may be limited.  

Community diversity/composition has also been shown to play an important role in driving CF lung 

microbiota changes during pulmonary exacerbations, suggesting possible predictions of P. aeruginosa 

burden and clinical outcomes [21]. There is evidence that CF community context also holds 

implications for the ability of P. aeruginosa to invade and colonise the airways [22]. Microbial ecology 

studies predict that more diverse communities tend to have colonisation resistance, and via mechanisms 

such as nutrient blocking, can impede the ability of pathogens to establish infections [22]. In CF, more 

diverse communities tend to be less likely to harbour P. aeruginosa, supporting the idea that community 

diversity can constrain this pathogen’s invasion. However, it is unclear whether diversity per se is the 

key factor promoting colonisation resistance, or if richer communities are simply more likely to contain 

a particular species/taxa that inhibits P. aeruginosa, thereby, community composition being a more 

pertinent factor. Teasing apart the effects of diversity versus composition is not a straightforward task, 

as it requires large manipulations of synthetic communities in which every single reciprocal interaction 

is tested and replicated multiple times. In this study, we use an ecological framework (random partition 

design) to pull apart the relative contribution of community composition versus diversity on P. 

aeruginosa invasion and virulence.   
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1.3 The Lung microbiome: Healthy versus CF 

Up until a few decades ago, the lungs were thought to be sterile and free from microorganisms [23]. 

However, we now know that the lungs harbour diverse microbial communities [24]. These microbes 

residing in the upper and lower respiratory tract play a significant role in maintaining respiratory health, 

contributing to metabolic homeostasis and colonisation resistance against pathogens [23, 24]. The 

healthy lung microbiome consists of bacteria from the genera Streptococcus spp., Staphylococcus spp., 

Veillonella spp., Prevotella spp., fungal species such as Aspergillus spp, and Candida spp, and also 

respiratory viruses such as rhinoviruses [24].  

 

The dynamic lung environment undergoes many changes during CF infection, creating a low-oxygen, 

nutrient-rich, and highly inflammatory niche for microbes to persist [25]. The thick mucus build-up in 

the airways often creates a physical barrier impairing oxygen diffusion from the airway lumen to the 

underlying cells and microbes. Moreover, chronic bacterial infections in the CF lungs trigger a pro-

inflammatory response. The recruitment of immune cells such as neutrophils to the sites of infection 

consumes oxygen, further decreasing oxygen availability in the mucus and surrounding tissue [26]. 

Some anaerobic bacteria can also create low-oxygen microenvironments, especially when in 

multispecies biofilms with  P. aeruginosa [27].  

The lung microbiome in patients with CF (pwCF) is typically less diverse than healthy individuals due 

to the selective pressure exerted by forces such as repeated antibiotic use, as well as the dominance of  

highly adapted pathogens such as P. aeruginosa and S. aureus [16]. The polymicrobial nature of CF 

infections results in biofilm formation – complex communities of bacteria embedded in a self-produced 

matrix of extracellular polysaccharide. P. aeruginosa is known to adapt this sessile biofilm lifestyle in 

the CF lung which enhances its survival and confers protection against antibiotics [11, 20].  

The CF respiratory tract comprises of the normal lung microbiota with shifts in relative abundance and 

richness as infections persist. The presence of oral and nasal commensals in sputum isolated from pwCF 

resulting from aspiration into the lower respiratory tracts is also seen [28] . While the link between the 

oral and lung microbiomes in CF has not been studied in depth, it is known that oral microbiota can be 

a  source of opportunistic pathogens that migrate to the respiratory tract and cause infection [29, 30].   

P. aeruginosa undergoes a switch from an aerobic to an anaerobic environment in the CF lung and this 

switch can introduce metabolic changes but also alterations in virulence factor production as these are 

closely coupled [31] . With the added factor of other microbial species, these changes can be difficult 

to predict when it comes to changes in antibiotic susceptibility, biofilm formation, and phenazine and 

siderophore production [32]. It is therefore important to consider whether the pathogen is in an aerobic, 

anaerobic, or even microaerophilic environment [27]. P. aeruginosa has great metabolic flexibility and 



9 
 
 

during anoxic or hypoxic conditions, can rely on nitrate sources [27]. However, this metabolic 

flexibility may be enhanced or even obstructed by the presence of other microbial community members 

in the CF airways.  

 

1.4 Polymicrobial interactions 

Polymicrobial interactions are key features of microbial communities. Species may facilitate another’s 

growth, for example via the secretion of “leaky metabolites”[33], public goods, and antibiotic-

degrading enzymes. Such facilitation has been proposed to play a role in CF microbial communities. 

For example, anaerobic bacteria such as Streptococcus spp. can create an anoxic environment which 

may be favourable to P. aeruginosa [34]. Iron-chelating siderophores may also be shared between some 

species, allowing a second species to grow when iron is unavailable [35-37].  However, while there is 

evidence for facilitation operating between species, this is largely based on pulling species out of their 

natural environment and testing in artificial conditions. It is still under debate as to whether facilitation 

plays a role in more complex microbiota, where populations are spatially structured and there is 

substantial within-species diversity. 

Competition is prevalent within microbial communities, and can typically result in 

bacteriostatic/bactericidal behaviours [17]. Microbes competing for the same ecological niche or 

nutrients may employ tactics such as producing toxins or siderophores, to outcompete or kill 

neighbouring competitors [28, 33]. The somewhat harsh CF environment requires bacteria to rapidly 

adapt to both the host as well as the bacterial community to survive and persist [38, 39]. Many CF 

pathogens communicate through quorum sensing, modulating their behaviours based on population 

density and environmental stimuli. This is particularly important in biofilm formation, a hallmark of 

recalcitrant CF infections and increased antibiotic resistance within the CF lung [38, 40, 41].  

In this project, a combination of six microbial species (five bacterial, one fungal) that have been 

previously identified in the CF lung were used. Due to practical constraints, these species are all aerobes, 

but the experimental framework employed here could equally be applied to anaerobes or a mix of 

aerobes and anaerobes. Below is a short description of the role each species plays in CF lung, as well 

as how each species might be expected to interact with P. aeruginosa. 
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1.4.1 S. aureus             

The interactions between the Gram-positive pathogen S. aureus and P. aeruginosa in CF is perhaps one 

of the most widely studied and characterised [42]. It was widely accepted that S. aureus was the 

dominant pathogen in the early years of pwCF and was often outcompeted and displaced by P. 

aeruginosa in teenage years [6, 43]. For a long time, this competitive interaction was the only one 

considered. More recently, several studies [44-46] have described that the two prevalent species can co-

exist. This change in dynamics is linked to evolution of bacterial strains in the CF lungs and changes 

the impact of infection and treatment, yet again proving the need to study CF infection and dynamic 

polymicrobial interactions, constantly undergoing evolutionary changes. An interaction that has been 

extensively studied, is how S. aureus influences P. aeruginosa pyocyanin production [47]. S. aureus 

and P. aeruginosa can coexist within polymicrobial biofilms in the CF lung. The presence of S. aureus 

and its secreted metabolites may alter the local microenvironment, altering nutrient availability, 

resulting in metabolic changes [31] that may induce P. aeruginosa pyocyanin expression as a response 

to environmental stressors [45].  

1.4.2 S. epidermidis and S. hominis                    

The upper respiratory tract harbours a bacterial community residing in the nasopharyngeal cavity. This 

microbiota protects against respiratory pathogens, providing colonisation resistance [30]. While having 

previously been described as commensals of the normal skin and mucosal microbiota in humans, S. 

epidermidis and  S. hominis have been shown to behave like an opportunistic pathogen, with S. 

epidermidis being involved in many healthcare associated infections, particularly associated with 

biofilm formation on medical devices [48]. These Gram-positive, coagulase negative coccus species 

may possibly interact with P. aeruginosa, competing for replicative niches, or affecting P. aeruginosa 

growth via secretion of bacteriocins such as hominicin in the case off S. hominis [49-51]. We can 

speculate that many interactions may take place between P. aeruginosa and these staphylococcal 

species, especially when all three members are in coculture. These may include competition for 

nutrients in the replicative niche, biofilm formation, or the use of public goods such as siderophores and 

overall impact community dynamics and P. aeruginosa virulence.  

1.4.3 R. mucilaginosa and R. dentocariosa                    

When it comes to lung conditions like CF, the oral microbiota might be a neglected source of infection. 

Although little is known about the oral-lung axis, we do know that commensals from the oral microbiota 

can be inhaled into the lungs' and upper respiratory microbiota's airways, especially in CF, with sputum 

isolated from pwCF originating from aspiration into the lower respiratory tracts containing oral and 

nasal commensals [29]. Opportunistic bacteria that move to the respiratory system and cause infection 

can also originate from the mouth microbiota (35, 50).  Gram-positive Rothia spp. are common dwellers 
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of the oral microbiome, but we know little to nothing about their potential role in CF. While not 

pathogenic themselves, we can hypothesise once aspirated into the upper airways, they may interact 

with P. aeruginosa via secreted metabolites as was shown in the case of R. mucilaginosa [19].  R. 

mucilaginosa was also recently shown to produce the metal-chelator enterobactin [52], which can 

strengthen our hypothesis that it plays a role in P. aeruginosa infections in CF due to the pathogen’s 

well studied need for iron in CF [53, 54].  

 

1.4.4 C. albicans           

The interactions between P. aeruginosa and fungal species, particularly C. albicans, in the context of 

CF lung infections has been a topic of interest in recent years. C. albicans has been shown to modulate 

P. aeruginosa virulence in many ways, both by direct nutrient blocking via iron competition, and 

indirectly disrupting regulatory networks of metabolite production. One way it does this is by producing 

the ethanol farnesol [55]. This molecule has been shown to interfere with the quorum sensing (QS) 

systems of P. aeruginosa [56]. QS is essential for bacteria to communicate and respond based on 

environmental stimulus, serving as the basis of coordinating virulence factor expression and initiating 

biofilm formation in many bacterial species. Unlike S. aureus increasing pyocyanin production, farnesol 

may inhibit expression of pyocyanin production via QS disruptions, thereby attenuating P. aeruginosa 

pathogenicity [57]. Farnesol has also been shown to impact metabolism of P. aeruginosa affecting its 

growth and survival in the CF lung [58].  

 

1.5 Applying ecological theory to understand colonisation resistance in the CF lung 

Natural microbial communities contain hundreds to thousands of species interacting on various levels. 

For this reason, computational studies to model polymicrobial disease in silico, have become 

increasingly popular in the field of microbial ecology to model and map out these interactions to assist 

in predictive analysis, which can only be achieved by understanding the complex interactions that are 

at play [59].  

Many studies using artificially assembled two-species microbial communities have shown interspecies 

interactions can drive important clinical phenotypes in P. aeruginosa, such as virulence and antibiotic 

resistance [13, 60] . However, natural bacterial communities, particularly within the host, contain many 

species engaging in complex webs of interactions. Modelling these interactions is no easy feat, and 

things become even more difficult when trying to recreate these complex and dynamic communities in 

the laboratory environment.  However, the field of ecology has been focused on understanding natural 

communities for decades, including the effect of species richness and diversity on the success of an 
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invasive species, for example. Hence, understanding CF microbial communities may be facilitated by 

bridging the gap between clinical microbiology and ecology. In 2009, Thomas Bell and colleagues [61] 

developed a model to unpick the relative importance of  community richness and composition on some 

attribute of community function (e.g. colonisation resistance, respiration), without the need to perform 

reciprocal interaction experiments with all members of a synthetic community. It is important to 

distinguish that species richness/diversity refers to how many species are present in a community and 

species composition refers to exactly what species are present and their identities. In the Bell [61] 

model, a random partition design coupled with linear models are used to test the relative contribution 

of each species to community function. An illustration of the experimental design is given in Fig. 1.  

 

Fig. 1. Experimental design of the random partition model. Schematic taken 

from key paper by Thomas Bell (2009) [61]. Each square is a species, with the 

numbers designating whether it is species 1, 2, 3, 4, 5, or 6.  

      

For an experiment with a species pool of S species, let δ = {R1, R2,…, Rd } be 

the set of all whole number factors of S, where R1 …Rd  is the number of species 

at each of the d richness levels. The vector δ therefore defines the species 

richness levels used in the experiment. For example, in this experimental 

setup, if S = 6, then δ = {1, 2, 3, 6} and d = 4.  

In our study, species are designated with a letter A, B, C, D, E, or F 
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This idea has been primarily applied to soil microbe studies [62-66] with broader investigations into 

phytoplankton importance in ecosystem functioning [67], highlighting how generally applicable this 

model can be. Despite this, this model has not yet been applied to microbes of clinical relevance in 

human disease. Here, we modified and applied this model to understand how CF community diversity 

and composition affect P. aeruginosa colonisation resistance, using a synthetic community containing 

six species. Communities will be established and left to stabilise overnight, before adding in P. 

aeruginosa and seeing how each community fares in its ability to prevent growth by this CF pathogen. 

Using this design, we aim to identify key species/communities affecting P. aeruginosa invasion ability, 

biofilm formation, virulence factor production, and AMR. Due to time constraints, we have focused 

solely on the effect background species might have on P. aeruginosa, although acknowledge that P. 

aeruginosa may in turn impact clinically relevant traits in background species Finally, while the 

experiments are typically performed in simple lab media, we also test whether findings are similar in 

artificial sputum. While the work presented here provides proof-of-concept that ecological framework 

could be useful in CF microbiology, it will also guide future longer-term work that applies this 

framework in natural, more complex CF communities, potentially in lab environments that mimic CF 

conditions such as ASM or a mouse model. 

 

1.6 Scope of this study 

This project aimed to combine ecological theory and coculturing of synthetic bacterial communities to 

understand how community context may drive evolution of clinically relevant phenotypes in the CF 

pathogen P. aeruginosa.  Phenazine and siderophore production, as well as biofilm formation are three 

well-established traits that are associated with worsening clinical outcomes in CF [13, 44]. We have 

incorporated these into this study to see how community context can alter these virulence factors and 

secretions, to ultimately see how interactions between P. aeruginosa and other community members of 

the lung microbiome can shape and drive virulence and help predict clinically relevant phenotypes and 

outcomes. The effects of community context on P. aeruginosa final densities short-term, long-term are 

investigated and the evolution of clinically relevant phenotypes examined, by quantifying changes in 

secreted virulence factors, biofilm formation, and antimicrobial resistance.  
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2. METHODS 

 

2.1 Strains 

2.1.1 Focal Species: Pseudomonas aeruginosa  

For Pseudomonas aeruginosa, the PAO1 strain was used (ATCC 15692, isolated from a burn wound). 

The Liverpool Epidemic Strain (LES) B58 was used as a Cystic Fibrosis (CF) strain to compare against 

the CF-naïve PAO1 isolate. Two deletion mutants derived from PAO1 were used; the isogenic mutant 

strain, PAO1∆PvdD∆PchEF which has a knockout of both primary and secondary siderophores, 

pyoverdine and pyochelin, and the phenazine mutant, PAO1∆phzABCDEFG which lacks the phenazine 

biosynthetic operon phzABCDEFG (provided by Prof Steve Diggle, Georgia Tech).  P. aeruginosa CF 

isolates CF03-i3, CF03-i4, CF03-i6, CF0i9, CF0i19, CF0i21, CF0i23, CF0i28, CF0i29, CF0i30, 

CF0i35, and CF0i37, (where CF03 is patient ID from the paper cited below, and “i” is the isolate 

number), were also used in this study [68]. These isolates all differ in their pyocyanin-producing 

abilities [12] .CF isolates were provided by Prof Joanne Fothergill (University of Liverpool).  

2.1.2 Background community 

Synthetic communities were constructed from six species: Staphylococcus aureus (S. aureus), 

Staphylococcus hominis (S. hominis), Staphylococcus epidermidis (S. epidermidis), Candida albicans 

(C. albicans), Rothia mucilaginosa (R. mucilaginosa), and Rothia dentocariosa (R. dentocariosa), all 

provided by Prof Joanne Fothergill (University of Liverpool). All strains were grown from glycerol 

stocks overnight in 6mL Brain Heart Infusion (BHI) broth. Cultures were grown shaken at 180rpm and 

37°C for 20 hours.  

 

2.2 Testing the effect of individual community species supernatant on P. aeruginosa growth 

2.2.1 Preparation of supernatant 

The six background community species, PAO1, and LESB58 were all individually grown from freezer 

stocks in 6ml BHI for 20 hours at 37°C, shaken at 180 rpm. The Optical density (OD; A600) was 

measured using a Biotek Epoch 2 plate reader. Cultures were standardised to an OD of 0.5 (~1x108 

cells) [69] in BHI broth, and 1ml of standardised culture was then transferred into a 1.5ml sterile 

Eppendorf tube. Supernatants were freshly prepared before use. Supernatants were collected by 

centrifugation at 8,000 x g for 4 minutes (Thermo Biosciences Micro CL 21 centrifuge), followed by 

filter sterilisation using a 2ml syringe (BD Emerald), and a 0.22μm PES syringe filter (Starlab).  
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2.2.2 Growth assays 

PAO1 and LESB58 were each grown in 6ml BHI for 20 hours at 37°C, shaken at 180 rpm. OD600 was 

standardised to 0.5 following a further 1:100 dilution in BHI broth (~1x105 cells). In a 96-well microtitre 

plate, 20μL of the standardised PAO1 was added to 21 wells containing 120μL BHI broth. 60μL of each 

background species supernatant was then added to these wells in triplicate (6 species x 3 wells each). 

Three wells contained 180μL fresh BHI and PAO1 as a supernatant-free control. To minimise 

evaporation, 180μL of BHI was added to outer wells of the plate and these also acted as sterile controls. 

The above procedure was repeated in another plate for standardised LESB58 culture using the same 

supernatants and experimental setup. Growth curves were obtained by using a Biotek Epoch 2 plate 

reader where OD600  measurements were recorded every 15 minutes for 24 hours at 37°C. Plates were 

shaken before each recording.  

 

2.3 Short-term Random Partition Model: How do background microbial community richness and 

composition impact P. aeruginosa final densities after 20h? 

We first investigated how community context (both species composition and richness), impacts final 

cell densities of P. aeruginosa (PAO1) after 24 hours of growth with synthetic CF communities. Strains 

were grouped into microbial communities of  six species (S=6) with species richness levels (R) of R=1, 

R=2, R=3, and R=6 using a random partition design described by Bell et al. [61]. At richness levels 2 

and 3, each species was selected exactly once per partition. For example, for two-species communities 

(R=2), partition 1 contains three sets of species, randomly assigned into pairs (e.g. A+E, B+C, D+F). 

For three-species communities (R=3), partition 1 contains two sets of three species selected at random 

(e.g. B+C+D, A+F+E). The partition process (randomly assigning species into richness sets) was 

performed twice. Each partition was unique; combinations were never repeated (Table 1). For richness 

level = 1, all six species were tested individually, and for richness level = 6, all six species were grown 

together. Each community was replicated twice, except the single species, which were replicated four 

times (technical replicates) and together, this gave 48 communities in a single 96-well plate (24 per 

partition). In addition to the 48 communities, PAO1 was grown alone in triplicate without any 

community species as a control (48+3) (Fig. 2). The same experiment was repeated weekly for three 

weeks, providing three biological replicates per community composition.  

To initiate the communities, overnight cultures of representative strains were standardised to OD600 = 

0.1, before further diluting 1:100 in BHI. Experiments were performed in 96 well plates. For 

communities where R =1, 180μL of the relevant diluted culture was added to each well.  For 
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communities where R =2, R=3 and R =6, 90μL, 60μL or 30μL of each species was added, respectively. 

Hence, the total bacterial volume added to each well was constant. BHI was added to outer wells to 

reduce evaporation (Fig. 2). The plate was incubated statically at 37°C for 20 hours. Following 

incubation, the presence of individual community members was confirmed by selective plating on 

Mannitol Salt Agar (MSA), Rothia mucilaginosa Selective Media (RMSM), and Sabouraud Dextrose 

Agar (SDA). Following this, 20μL of PAO1 culture, was added to every community at an initial density 

of 1x106 CFU/ml. Communities were then returned to the incubator for 20 hours at 37°C, after which, 

each community was serially diluted and plated onto Pseudomonas base agar supplemented with C-N 

to allow final PAO1 densities to be calculated. Again, the presence of background community members 

after PAO1 treatment was confirmed by selective plating. 

 

Fig. 2. Schematic of 96-well plate layout for short term random partition. Outer wells contained BHI 

broth to minimise evaporation (yellow). Partition 1 (Pink) and partition 2 (purple) were replicated twice. 

This gave two technical replicates for each two-, three-, and six-species community, and four technical 

replicates for each single species community. PAO1 was grown alone without any community in 

triplicate (blue). This experiment was repeated three times independently with the same set up as shown 

to give three biological replicates of each community and PAO1. 
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Table 1: Partition communities and their respective community IDs where R represents richness level 

and C represents combination, e.g., R2C1 = Richness 2, two species other than P. aeruginosa, 

Combination 1. The communities with richness levels 1 and 6 are present in partitions 1 and 2 as their 

community combinations cannot change. Partition 1 and 2 each contain unique sets of richness 2 (3 

communities with 2 species each), and richness 3 (2 communities with 3 species each) combinations 

without replacement. Every single possible combination was tested with various partition set ups, but 

for the purpose of the model and this thesis, only two partitions are shown as this should be enough to 

predict trends using the Bell random partition model. Species key: CA= Candida albicans, SA= 

Staphylococcus aureus, SH= Staphylococcus hominis, SE= Staphylococcus epidermidis, RD= Rothia 

dentocariosa, RM= Rothia mucilaginosa 

 

2.4 Extended (10-day) Random Partition Model: How do background microbial community 

richness and composition impact P. aeruginosa emergence of clinically relevant traits?  

Note: We use the term “evolution” here as 10-day extended partition was aimed to be a short-term 

evolution experiment due to the fact that ten days is sufficient for P. aeruginosa to undergo 

pathoadaptive mutations. This study only assessed phenotypic traits and so we cannot say if these are 

evolved genetic adaptations. We use “evolution” here to imply changes in trajectories and emergence 

of different clinically relevant traits. 

2.4.1Extended (10-day) Random Partition Model: Experimental setup  

While the previous experiment tested how P. aeruginosa growth is affected by community context, the 

timeframe of 20 hours was not sufficient to allow P. aeruginosa to undergo evolutionary changes in 

response to community context. To test how community context shapes P. aeruginosa evolution of 

clinically relevant phenotypes, we used the same partition design but extended the experimental 

timeframe to 10 days. The experiment was set up initially as described above (2.3) with communities 

Community ID Partition number Combination Species 

 

R1C1 1 + 2 A CA 

R1C2 1 + 2 B SA 

R1C3 1 + 2 C SH 

R1C4 1 + 2 D SE 

R1C5 1 + 2 E RD 

R1C6 1 + 2 F RM 

R2C1 1 AE CA+RD 

R2C2 1 BC SA+SH 

R2C3 1 DF SE+RM 

R3C1 1 BCD SA+SH+SE 

R3C2 1 AFE CA+RM+RD 

R2C4 2 AD CA+SE 

R2C5 2 BF SA+RM 

R2C6 2 CE SH+RD 

R3C3 2 ABC CA+SA+SH 

R3C4 2 DEF SE+RD+RM 

R6C1 1 + 2 A,B,C,D,E,F CA,SA,SH,SE,RD,RM 
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set up and grown overnight prior to PAO1 inoculation. However, in this experiment, communities and 

PAO1 were allowed to interact for 10 days during which P. aeruginosa may undergo coevolutionary 

changes in response to specific community members or richness levels. In the 10- day experiments, 

each community was replicated twice, including PAO1 grow on its own without any community (Fig. 

3). This resulted in 36 communities (18 x 2 communities independently evolving biological replicates). 

There were no technical replicates in this setup. (Fig. 3).   

Communities were transferred to fresh BHI broth every 24 hours to stimulate growth and colonisation 

of nutrient rich patches. Before the transfer, the samples were thoroughly homogenised via aspiration 

using an electronic multichannel pipette as the static conditions lead to biofilm growth at the bottom of 

the wells. After mixing, 20μL of each community was diluted in 180μL BHI broth, before adding 20μL 

of this diluted community to 180μL of fresh BHI media, and incubating for 24 hours at 37°C. This 

yielded a 1% transfer, as per standard methods for experimental evolution [70]. This process was 

repeated daily until transfer 9, after which the communities were serially diluted and plated out on 

Pseudomonas base agar supplemented with C-N to allow final PAO1 densities to be calculated. The 

presence of all background community members was confirmed after this 10-day period by selective 

plating, as before. Quantitative enumeration of background species was not feasible to perform although 

this would be essential to determine relative abundances over this time period.  

Note: Although background community species were allowed to evolve in this design (i.e. both PAO1 

and community members were transferred together), investigating if or how the background community 

themselves evolved during the experiment was beyond the scope of this thesis. For this thesis, we focus 

on how evolution in the presence of varying background microbial species composition and richness 

shapes P. aeruginosa evolutionary trajectories – focusing on clinically relevant traits.   
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Fig. 3. Schematic of 96-well plate layout for 10-day random partition experiment. Outer wells contained 

BHI broth to minimise evaporation (yellow).  Partitions 1 and 2, and PAO1 (blue) alone together gave 

18 communities (green). These were replicated (pink) giving two independently evolving biological 

replicates (R1=green, R2=pink). Matching replicates in R1 and R2 were from different overnight 

cultures and hence were biological and not technical replicates.  

 

 

2.4.2 Isolating P. aeruginosa from evolved communities 

In order to test how community context shapes P. aeruginosa evolution, PAO1 was first isolated from 

the background communities using the following method. Each evolved community (18 x 2 reps) (Table 

2) was serially diluted in Phosphate Buffer Saline (PBS). Briefly, 20μL of each community was added 

to 180μL of PBS. This was serially diluted 1 in 10 and 10μL of each dilution was spotted onto square 

plates of C-N (Cetrimide-Nalidixic acid) agar. C-N is an antibiotic supplement used to enhance the 

selective isolation of Pseudomonas species, particularly Pseudomonas aeruginosa.  C-N agar was made 

using Pseudomonas Base agar combined with 5ml 100% glycerol with the addition of the C-N 

supplement vial (1vial + 1ml ddH20 + 1ml 100% ethanol). The plates were incubated at 37°C. After 

18h, a sample/scrape of PAO1 was taken from each evolved population using a sterile pipette tip at the 

same dilution for all evolved populations (10-4 CFU/ml). This sample contained a snapshot of the 

genomic and phenotypic diversity of each evolved population, an alternative approach would have been 

to select multiple colonies from each population, however due to the large experimental design, this 
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would not have been feasible for this experiment. Evolved PAO1 population samples were inoculated 

into 6mL BHI and grown shaken at 180rpm and 37°C for 20 hours. Glycerol stocks (20%) were made 

from each evolved population by adding 600μL of bacterial culture and 400μL of 50% glycerol to 

cryogenic tubes. The populations were labelled as in Table 2 and stored at -80°C to be used for further 

phenotypic analyses. 

 

Table 2: Evolved PAO1 populations obtained from 10-day partition experiment. The PAO1 strain refers 

to the unique community from which it was isolated.  

  
Strain Community ID/Community Isolated from 

 

PAO1 A R1C1 - C. albicans 

PAO1 B R1C2 - S. aureus 

PAO1 C R1C3 - S. hominis 

PAO1 D R1C4 - S. epidermidis 

PAO1 E R1C5 - R. dentocariosa 

PAO1 F R1C6 - R. mucilaginosa 

PAO1 AE R2C1 - C. albicans, R. dentocariosa 

 

PAO1 BC R2C2 - S. aureus, S. hominis 

 

PAO1 DF R2C3 - S. epidermidis, R. mucilaginosa 

 

PAO1 BCD R3C1 - S. aureus, S. hominis, S. epidermidis 

 

PAO1 AFE R3C2 - C. albicans, R. mucilaginosa, R. dentocariosa 

 

PAO1 AD R2C4 - C. albicans, S. epidermidis 

 

PAO1 BF R2C5 - S. aureus, R. mucilaginosa 

 

PAO1 CE R2C6 - S. hominis, R. dentocariosa 

 

PAO1 ABC R3C3 - C. albicans, S. aureus, S. hominis 

 

PAO1 DEF  R3C4 - S. epidermidis, R. dentocariosa, R. mucilaginosa 

 

PAO1 A-F R6C1- C. albicans, S. aureus, S. hominis, 

S. epidermidis, R. dentocariosa, R. mucilaginosa 

 

PAO1 Evo                         No community, evolved in isolation  
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2.4.3 Quantifying clinically-relevant evolved changes in P. aeruginosa isolated from a 10-day 

partition experiment 

We next examined whether evolved P. aeruginosa populations displayed evolutionary changes in 

clinically important traits (pyoverdine, pyocyanin, biofilm formation, antibiotic resistance), and if such 

evolutionary changes were affected by background microbial community richness and composition.    

 

2.4.3.1 Pyocyanin measurement 

To measure the phenazine pyocyanin, glycerol stocks of evolved PAO1 populations were serially 

diluted in PBS and plated onto C-N agar and grown for 18 hours at 37°C. A scrape of each population 

was taken and inoculated in 6ml Lysogeny Broth (LB), grown for 24 hours at 37°C, shaken at 180 rpm. 

The ancestral unevolved PAO1 was also used this assay to compare the evolved populations and 

evolved PAO1 against. In the results for this assay (3.3.2.1), “PAO1” refers to PAO1 passaged alone 

without any community, and “Ancestor” refers to the unevolved ancestral strain of PAO1. The 

phenazine mutant PAO1∆phzABCDEFG which lacks the phenazine biosynthetic operon 

phzABCDEFG (provided by Prof Steve Diggle, Georgia Tech) was also used as a negative control. 

Overnight cultures of the ancestor and mutant strain were made in 6ml LB from glycerol stocks and 

also grown for 24 hours at 37°C, shaken at 180 rpm. The overnight cultures were standardised to OD 

0.5 (~108 CFU/ml) using M9 buffer. Cultures were further diluted 1 in 100 and then 60μL of each 

diluted culture was inoculated into fresh 6ml LB broth grown for or 24 hours at 37°C, shaken at 180 

rpm. The next day, 1ml of each culture was centrifuged at 18,000 g for 3 minutes (Thermo Biosciences 

Micro CL 21 centrifuge). The OD600nm was measured for each culture in triplicate and per capita 

pyocyanin was measured by measuring A691 for each supernatant, and then standardising by bacterial 

OD [12, 71]. The assay was repeated three times independently for all S1 and S2 populations, and the 

ancestor and mutant strains. 

 

2.4.3.2 Pyoverdine measurement 

Per capita production of the siderophore pyoverdine was measured using a pyoverdine-specific 

excitation-emission assay [12, 71]. Glycerol stocks of evolved PAO1 populations were serially diluted 

in PBS, plated onto C-N agar and grown for 18 hours at 37°C. A scrape of each population was taken 

and inoculated in 6ml LB grown for 24 hours at 37°C, shaken at 180 rpm. The ancestral unevolved 

PAO1 was also used this assay to compare the evolved populations and evolved PAO1 against. In the 

results for this assay (3.3.2.2), “PAO1” refers to PAO1 passaged alone without any community, and 

“Ancestor” refers to the unevolved ancestral strain of PAO1. The isogenic mutant strain, 
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PAO1∆PvdD∆PchEF which has a knockout of both primary and secondary siderophores, pyoverdine 

and pyochelin was used as a negative control. Overnight cultures of the ancestor and mutant strain were 

made in 6ml LB from glycerol stocks and grown for 24 hours at 37°C, shaken at 180 rpm. The OD of 

overnight cultures was measured at 600nm and then standardised to OD 0.5 (~108 CFU/ml) using M9 

buffer. Cultures were then further diluted 1 in 100, and 20μL of each diluted culture was added to 180μL 

Casamino acid (CAA) medium in a 96-well plate in triplicate, made iron-limited by the addition of 

freshly prepared filter-sterilised human Apo transferrin (100 μg/ml) and sodium hydrogen carbonate 

(20mM NaHCO3). Outer wells were filled with 200μL of CAA to reduce evaporation. Cultures were 

grown static for 24 hours at 37°C. The next day, cultures were mixed using a multichannel pipette and 

diluted 1 in 10 using PBS, before fluorescence was measured at 460nm following excitation at 400nm 

using a Biotek Epoch 2 plate reader. OD600nm was also measured and the ratio fluorescence/OD600 

was used to give a quantitative measure of per capita pyoverdine production as RFU (relative 

fluorescence units). The assay was repeated three times independently for all S1 and S2 populations, 

and the ancestor and mutant strains. 

 

2.4.3.3 Biofilm formation 

Scrapes of glycerol stocks of the evolved PAO1 populations were used to inoculate 6 ml LB for 24 

hours at 37°C, shaken at 180 rpm. Bacterial cultures were standardised to OD 0.1 using LB and 100μL 

of diluted culture was added per well in a 96-well microtitre plate in triplicate. The plate was incubated 

for 24-48 hours 37°C. The biofilms were stained using the crystal violet method [9, 72]. Briefly, cells 

are discarded by inverting and dabbing microtitre plate onto layers of paper towel and the wells are 

washed with PBS three times and dried to removed unattached cells. 125μL of 0.1% (w/v) crystal violet 

solution was added to each well and the plate incubated for 15 minutes at 37°C. The crystal violet was 

removed, the plate washed again with PBS. After the plate had dried, 125μL of 33% (w/v) acetic acid 

solution was added to each well to solubilise the crystal violet and incubated for 15 minutes at 37°C. 

Biofilms were quantified by reading the absorbance at 570nm using 33% acetic acid solution in a well 

as a blank to standardise against. 

 

2.4.3.4 Determination of minimum inhibitory concentration 

Evolved populations were tested for resistance to colistin. The minimum inhibitory concentration (MIC) 

of colistin was determined using the microbroth dilution method [73] in 96-well microtitre plates 

following EUCAST guidelines [74]. Colistin was used for this method as it cannot be used for Kirby-

Bauer disc diffusion tests due to its poor diffusing ability. We still, however wanted to test this as it is 
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an important last-resort drug for treating P. aeruginosa infection.  Populations were grown overnight at 

37°C, shaken at 180 rpm in Mueller Hinton (MH2) broth. Optical density at 600nm (OD600) was 

measured and cultures were standardised to 0.5 McFarland (OD 0.8-1). Two-fold serial dilutions of a 

10mg/ml colistin stock, starting at 256μg/ml were made in MH2, and both growth and sterile controls 

were included. The plates were incubated static for 24 hours at 37°C and then examined for growth by 

measuring (OD600). Growth was defined as OD600 > 0.07. The MIC values reported in Table 3 are 

the median of three independent biological replicates 

2.4.3.5 Kirby-Bauer disc diffusion assays 

Evolved populations were grown overnight at 37°C, shaken at 180 rpm in MH2 broth. OD600 was 

measured and cultures were standardised to 0.5 McFarland in microcentrifuge tubes. A cotton swab was 

then dunked into the tube and used to lawn the MH2 agar plate. The antibiotic discs were placed onto 

the agar within 15 minutes of spreading, in accordance with the EUCAST guidelines. The antibiotic 

discs were placed on the surface of the MH2 plates using an antimicrobial susceptibility disc dispenser 

(Oxoid). The plates were incubated for 20 hours at 37°C. The diameter of the zones of inhibition were 

recorded using a ruler immediately after removing the plates from the incubator. THE ATCC E. coli 

and P. aeruginosa strains were used as controls to ensure the discs were functioning properly. The 

experiment was carried out three times independently.  

Note: For all phenotypic analyses, the populations termed S1 (Bio Rep 1), and S2 (Bio Rep 2) will be used, unless 

stated otherwise. S1 and S1 populations began as biological replicates on day 0 of the 10-day partition experiment. 

Each replicate (S1 and S2) contained 2 partitions; P1 and P2 (see Tables 1 and 2). As the experiment progressed 

with each daily passage, these replicate populations evolved differently, i.e., PAO1 isolated from R1C1 

(comprising of species A, C. albicans) of the S1 set of populations is distinct from S2 set. This is why they will 

be treated as distinct evolved populations of P. aeruginosa, giving rise to a total of 36 evolved P. aeruginosa 

populations (18 S1 +18 S2), isolated from the 10-day partition communities.  
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Table 3: Summary of partition communities (biological replicates S1 and S2) containing independently 

evolved populations.  

Community ID        

(R=richness level, C=combination) 

 

Species Identity 

 (used when picking out individual species) 

R1C1 A 

R1C2 B 

R1C3                      C         P1 + P2 

R1C4 D 

R1C5 E 

R1C6 F 

R2C1 AE 

R2C2 BC 

R2C3                   DF             P1 

R3C1 BCD 

R3C2 AFE 

R2C2 AD 

R2C3 BF 

R2C4                  CE             P2 

R3C3 ABC 

R3C4 DEF 

R6C1 A,B,C,D,E,F  

                       (A-F)          P1 + P2 

PAO1 PAO  

              evolved alone      P1 + P2 

Ancestor PAO1 unevolved stock 

 

2.5 Experiments in CF-mimicking sputum media 

To test growth of P. aeruginosa in response to community context in a CF-like environment, Artificial 

Sputum Media (ASM) was prepared and used. 

2.5.1 ASM Preparation 

The ASM was prepared following the protocol of Kirchner et al.[75]. ASM contains type II mucin from 

porcine stomach, DNA from fish sperm, he iron-chelator diethylene triamine pentaacetic acid (DTPA), 

NaCl, KCl, KOH, egg yolk emulsion, and all essential and non-essential L-amino acids, all at 

concentrations found in an average pwCF. All ASM ingredients were purchased from Sigma-Aldrich. 

Briefly, 4g DNA was added slowly to 250ml of sterile water, and 5g mucin was dissolved in a further 

250ml of sterile water. 0.25g of each amino acid (except cysteine and tyrosine) was dissolved in 100ml 

sterile water. Cysteine (0.25g) was dissolved in 25ml water and tyrosine (0.25g) was dissolved in 25ml 

of 0.5M KOH. In a further 100ml of sterile water, 5.9g DTPA, 5g NaCl, and 2.2g KCl were dissolved. 

The DNA, mucin, amino acids, and 5ml egg yolk emulsion were combined, and the pH was adjusted to 

pH 6.9 using 1M Tris-HCL. The solution was made up to a total volume of 1L with sterile water. The 
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ASM was then filter-sterilised using vacuum pump (brand) and Millipore Steritop filter units with a 

pore size of 0.22μm and neck size of 45mm. 

2.5.2 Growth in ASM   

A simple co-culture experiment was set up to test P. aeruginosa growth in ASM with respect to 

community context. We tested PAO1 and LESB58 to compare how the naïve vs CF-adapted strain 

would fare in a CF-mimicking environment in the presence/absence of the background community 

members. Overnight cultures of PAO1, LESB58, and the six species were diluted in ASM to an OD600 

of 0.05 (~1x107 cells). Fourteen 30-mL glass universals containing 10mL ASM were set up as shown 

in Table 3. Diluted PAO1 and LESB58 cultures were inoculated into universals as monocultures 

(200μL), and with each of the background species (100μL + 100μL). ASM cultures were incubated at 

37°C for 48 hours, shaking at 65rpm.  

To dissolve the biofilm after 4 days of growth, a full sputasol vial (7.5ml) was mixed with 92.5ml sterile 

ddH2O. 10mL of this was added to universals containing 10mL ASM (1:1) to disrupt the biofilm. The 

ASM cultures were then incubated for 30 minutes at 37°C, shaking at 200rpm. P. aeruginosa (PAO1 

and LESB58) was isolated as mentioned previously. Briefly, 20μL of each culture was added to 180μL 

of PBS. Cultures were serially diluted 1:10 in and 10μL of each dilution (-1 to -8) was spotted onto 

square plates of C-N agar. The plates were incubated for 18 hours at 37°C, and the following morning 

CFUs were calculated via counting colonies at the higher dilutions. The ASM experiment was repeated 

independently three times to give three biological replicates.  

Table 4: ASM experiment set up. Fourteen 30mL glass universals containing 10mL ASM were 

inoculated as follows; 

PAO1 (PA) 

200μL 

PA + CA 

100+100μL 

PA + SA 

100+100μL 

PA + SH 

100+100μL 

PA + SE 

100+100μL 

PA + RD 

100+100μL 

PA + RM 

100+100μL 

LESB58  

200μL 

LES + CA 

100+100μL 

LES + SA 

100+100μL 

LES + SH 

100+100μL 

LES + SE 

100+100μL 

LES + RD 

100+100μL 

LES + RM 

100+100μL 

 

 

2.6 Statistical Analysis 

2.6.1 Partition experiments 

(i) Short-term 

Linear models in RStudio (2023.06.2+561) were used to quantify the effect of each background 

community species on PAO1 final densities (CFU/ml) by using two separate linear models to partition 
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the variance between community richness and species identity. The species coefficients provided by 

this method give a measure of the effect of each species on the focal strain final densities relative to an 

average species. PAO1 final densities were averaged across two technical replicates per community 

(i.e. two replicates within the same 96-well plate). Natural log-transformed PAO1 densities were 

assigned as the response variable and richness as a factorial explanatory factor as follows: 

Model 1: log(y) ~ richness 

 

To assess the effect of species composition on PAO1 final densities, each species (A-F) was individually 

fitted as a factor to a new model containing only the residuals of model 1. This identified how much 

variance in the model was explained by (a) richness, and (b) species composition. Model validation to 

confirm that the model complied with assumptions of normality was performed by plotting the residuals 

versus fitted values [76].   

 

Model 2: resid(Model 1)~-1+A+B+C+D+E+F  

 

In order to test whether PAO1 grown in communities at each richness level differed significantly from 

PAO1 growth in isolation ( i.e. red dash line in Fig.3A, 3B), Wilcoxon rank-sum one-sided t-tests were 

used, comparing PAO1 growth at each richness level against PAO1 growth alone; 25.9 (log 18x1010 

i.e. red dashed line in Fig. 3A, 3B),  quantified as the mean value of two technical replicates and three 

biological replicates.  

 

(ii) Long-term 

Densities of PAO1 after the 10-day passage experiment were quantified, and linear models were used 

in the same way as the short-term experiment to partition the variance between species richness and 

composition. Wilcoxon rank-sum tests were used as before to test whether PAO1 grown in communities 

at each richness level differed significantly from PAO1 growth in isolation; 31.19 (log 3.5x1013 i.e. red 

dashed line in Fig. 3A, 3B), quantified as the mean value of two biological replicates.  

 

2.6.2 Phenotypic assays on evolved populations 

All phenotypic assays were carried out independently at least three times for each of the S1 and S2 

populations and relevant control/mutant strains. Production values were averaged across 3 technical 

replicates for each population, which was itself replicated 3 times. Hence, each evolved population had 

three biological replicates per assay.   
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Pyocyanin and pyoverdine results were analysed using the Bell model similar to the short and long-

term partition experiments (2.6.2). Instead of quantifying the effect of background communities on 

PAO1 final densities, we looked at the effect of the communities on PAO1 pyocyanin and pyoverdine 

production (OD values).  

To test whether evolved PAO1 populations isolated from communities at each richness level differed 

significantly from the PAO1 ancestor (i.e. black dash line in Fig.5A), Wilcoxon rank-sum one-sided t-

tests were used, comparing PAO1 pyocyanin or pyoverdine production at each richness level against 

the ancestor.  

Normality of each data set was tested for using residuals vs fitted values, Q-Q plots, and histograms.  

To compare the means of each community with the means of the ancestor and evolved PAO1, Kruskal-

Wallis rank sum was used with subsequent post hoc Dunn's tests with Bonferroni adjustment to evaluate 

differences between communities and the ancestor. These analyses were performed using the 'dunn.test' 

package.  
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3. RESULTS 

 

3.1 Testing the effect of background community supernatant on P. aeruginosa growth. 

To examine the effect of the secretomes of individual background community strains on PAO1, growth 

experiments with cell-free supernatants were performed. PAO1 was grown individually with the 

supernatants of each of the background species overnight. A growth inhibiting effect by supernatants 

from C. albicans, R. dentocariosa, S. aureus, S. hominis, and in part, S. epidermidis, with the strongest 

effect from C. albicans, where final OD600 is ~0.5, while PAO1 grown alone reaches a final OD of 

~1.6 (Fig.2). The supernatants of the three staphylococci species all resulted in P. aeruginosa having a 

shorter, premature exponential phase, with S. aureus and S. hominis reducing growth rates and final OD 

greatly. S. epidermidis supernatant caused PAO1 to enter an earlier, shorter exponential phase and 

diauxic growth is observed. After a 10-hour lag period, a second growth phase is observed, and final 

OD is comparable to the wildtype. Diauxic growth is not seen for the other Staphylococcus strains, 

where stationary phase is after ~4-6 hours, and the final OD is ~1. Similar growth rates are seen when 

PAO1 is grown alone, or with R. mucilaginosa supernatant with the latter having a slightly higher final 

OD. As this experiment was done in duplicate, no statistical tests were performed.  

 

Fig. 2. Growth of P. aeruginosa PAO1 alone (PA), and with supernatants (s/n) of the six background 

species. CA; C. albicans, SA; S. aureus, RD; R. dentocariosa, SE; S. epidermidis, RM; R. mucilaginosa, 

SH; S. hominis. Data points represent the mean of two biological replicates.  
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3.2 Short-term Random Partition Model: How do background microbial community richness and 

composition impact P. aeruginosa final densities after 20 hours? 

We first investigated how community context (species richness and composition) impacts final cell 

densities of PAO1 after 20 hours of growth. Synthetic communities were established varying in both 

richness levels and species composition using the random partition design established by Bell et. al, 

(2009).  

3.2.1 Richness levels alone do not have a significant effect on PAO1 densities after 20 hours 

growth. 

There was no significant effect of community richness on PAO1 final densities (Linear model, effect 

of richness; F = 0.7342, DF = 3,27, p=0.5369), suggesting species richness, or at least richness alone, 

does not affect PAO1 final densities significantly, explaining just ~4% of the variation in the linear 

model. PAO1 final densities were significantly inhibited by the presence of background community 

species, when grown in the presence of 1, 2, or 3 species (Wilcoxon rank-sum one sided t-test; R=1, 

p=0.0001, V=171; R=2, p=0.0001, V=171; R=3, p=0.001, V=78; Fig. 3A, 3B; PAO1 growth vs value 

of red dashed line), but were not significantly reduced when cultured in the presence of all 6 species, 

(Wilcoxon rank-sum one sided t-test; R=6, p=0.19, V=3; Fig. 3A, 3B; PAO1 growth vs value of red 

dashed line). However, it should be noted that sample size for this statistical test varies between richness 

levels (i.e. R = 2 contains datapoints for 3 communities (3 biological replicates each), while R = 6 

contains datapoints for three biological replicates only, due to there being only one community of 

richness level 6, still resulting in full biological replicates for each community but graphed based on 

richness levels). 

 3.2.2 Species composition is an important predictor of PAO1 densities after 20 hours growth. 

While species richness had poor explanatory power in the linear model (explaining just 4% of the 

variation in the model), species composition did significantly affect PAO1 final densities, explaining 

~82% of the variation (Linear model, effect of species composition; F = 34.56, DF = 6,45, p<0.0001). 

When testing the effects of individual species, the model allows us to pinpoint species increasing or 

decreasing final PAO1 densities relative to an average species. Linear model coefficients (Fig. 4A.) for 

each species show the relative importance of a particular species for PAO1 final densities relative to 

the average of all species. Our model identified two species, C. albicans (species A) and R. 

mucilaginosa (species F), that were both associated with higher final PAO1 densities than the average 

species (p < 0.001 for both species) over the course of multiple partitions and individual experiments. 

Conversely, two species, S. hominis (species C; p < 0.001) and to a lesser extent, S. epidermidis (species 

D; p < 0.05), were associated with significantly decreased final densities of PAO1, relative to an average 

species. PAO1 grown in single-species communities with either R. mucilaginosa or C. albicans had the 
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highest final densities, while S. hominis and S. epidermidis had the lowest final densities. This suggests 

that, at least in this experimental setup, one-species communities were sufficient to predict dynamics of 

more diverse communities.   
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Fig. 3. (A) Final densities (log10(CFU/mL)) of PAO1 after 20 hours growth in communities of 

increasing richness levels 1, 2, 3, and 6, where a species richness refers to the number of species in the 

community other than PAO1. Red dashed line indicates the final mean density of P. aeruginosa grown 

alone, i.e. in a species richness of 0. Asterisks indicate that PAO1 densities at each richness level are 

significantly different from this red line (i.e. PAO1 densities are inhibited in communities relative to 

growth alone) Wilcoxon rank-sum tests, (*p <0.05, **p <0.01, ***p<0.001). Data from three 

independent experiments shown (experiments performed in three different weeks). (B) The data from 

(A) are shown as boxplots for individual communities, where interquartile range is represented by the 

median of three independent biological replicates for each community (Community ID), where 

R1=richness 1, R2=richness 2, etc; and C1=combination 1, C2=combination 2, etc. 
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Fig. 4. (A) Linear model coefficients depicting positive and negative effects of species A – F on growth 

of P. aeruginosa. Species A (C. albicans) and F (R. mucilaginosa) were found to significantly increase 

final densities of P. aeruginosa relative to other species in the community, while species C (S. hominis) 

and to a lesser extent species D (S. epidermidis) significantly decreased final densities. * p < 0.05, **p 

< 0.01, ***p <0.001. Negative linear model coefficients suggest an overall negative effect of that 

species relative to the average species (species C and D), whereas positive values (species A and F) 

indicate a positive or promoting effect relative to the average species in the model. (B) Enumeration of 

PAO1 CFUs by spot-plating. PAO1 from communities (R=1) with species A-F was serially diluted and 

spotted onto Pseudomonas isolation agar supplemented with C-N. Each strain except F reduces CFU, 

with the strongest reduction seen in C (S. hominis) at 3x107 CFU/ml.  A-F denotes the species, -1 to -8 

denotes dilution factor 101 to 108 . Image is representative of three independent experiments. 

 

3.3 Random Partition Model: The impact of community richness and composition on P. 

aeruginosa densities and the evolution of clinically relevant phenotypes after a 10-day passage 

experiment 

Experiment (3.2) tested whether background species composition and richness affected PAO1 final 

densities after 20 hours growth. Next, the experiment was extended to a longer (10-day) timescale, 
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which would allow PAO1 to undergo evolutionary changes in response to either different richness levels 

or specific species.  

3.3.1 Effect of community richness and composition on P. aeruginosa densities after a 10- day 

passage experiment  

The same linear model approach described above was used to test how richness and composition 

affected PAO1 densities after a 10-day passage experiment, with the same set of communities described 

in methods 2.3. Consistent with previous results after 20h growth, there was no significant effect of 

community richness on PAO1 final densities after the 10-day passage experiment (Linear model, NS 

effect of richness; F = 1.863, DF = 3,30, p = 0.16), with richness explaining just 16% of model variance. 

However, in stark contrast to the 20h short-term experiment, the 10-day experiment found that PAO1 

final densities were increased by the presence of background community species, when grown in the 

presence of 1, 2, or 3 species, relative to PAO1 densities when passaged alone (Wilcoxon rank-sum 

one-sided t-test; R=1, p=0.0013, V=78; R=2, p=0.0013, V=78; R=3, p=0.007, V=36 ; Fig. 5A, 5B; 

PAO1 growth vs value of red dashed line). Consistent with the short-term 20h experiment, no significant 

effect of growing in a 6-species community was observed relative to PAO1 growing alone (Wilcoxon 

rank-sum one-sided t-test; R=6, p=0.19, V=3; Fig. 5A, 5B; PAO1 growth vs value of red dashed line), 

although this is likely due to an n=2 biological replicates in this particular richness category as there is 

only one possible combination of richness level 6.  

Next, we tested whether community composition significantly affected PAO1 densities after the 10-day 

passage experiment, by fitting “composition” to the residuals of the species richness linear model. In 

contrast to the 20h short-term experiment, the 10-day passage experiment showed that PAO1 densities 

were not affected by species composition – composition explained just 7% of the variation in the model 

(Linear model, effect of composition; F = 0.3776, DF = 6,28, p = 0.0887). No species were identified 

that were associated with increased or reduced PAO1 densities, relative to an average species (p > 0.05 

for all species, Fig. 6). Hence, while the short term 20h experiment saw significant growth inhibiting 

effects of S. hominis and positive effects of R. mucilaginosa and C. albicans, extending the timeframe 

of the experiments negated these effects. While not significant statistically, we observe S. aureus 

trending towards a positive effect on P. aeruginosa final densities (Fig. 6A), and this was visualised in 

the spot plating (Fig.6B), showing S. aureus provided the least competition and/or inhibitory effects 

which suggests to some form of coexistence or mutual interaction occurring [45].  
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Fig. 5. (A) Final densities (log(CFU/mL)) of PAO1 after 10 days of growth  in communities of 

increasing richness levels 1, 2, 3, and 6, where a species richness of 3 indicates there are 3 species other 

than PAO1. Individual community IDs are also shown. Biological replicates (n=2) for each PAO1 

population are depicted as different shapes. Red dashed line indicates the final mean density of P. 

aeruginosa passaged i.e. in a species richness of 0. Asterisks indicate that PAO1 densities at each 

richness level are significantly different from this red line (i.e. PAO1 densities are increased in 

communities relative to growth alone), Wilcoxon rank-sum tests, (*p <0.05, **p <0.01, ***p<0.001). 

(B) The same data from (A) are shown for individual PAO1 populations (Community ID).  
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Fig. 6. (A) Linear model coefficients depicting positive and negative effects of species A – F on growth 

densities of P. aeruginosa PAO1 after a 10-day passage experiment. No species were identified that 

had significant impacts on PAO1 densities relative to an average species. Negative linear model 

coefficients suggest an overall negative effect of that species relative to the average species, whereas 

positive values indicate a positive effect relative to the average species in the model. While species C 

shows some inhibition of PAO1 densities, and species B shows some promotion of PAO1 densities, 

these results were not statistically significant. (B) Enumeration of PAO1 CFUs by spot-plating. PAO1 

from communities (R=1) with species A-F was serially diluted and spotted onto Pseudomonas isolation 

agar supplemented with C-N. A-F denotes the species, -1 to -8 denotes dilution factor 101 to 108 . Image 

is representative of three independent experiments. 
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3.3.2 Quantifying clinically-relevant changes in “evolved” P. aeruginosa  

After the extended 10-day partition experiment, day 10 populations were isolated from each partition 

community (see methods section 2.4.2). Phenotypic analyses were performed on PAO1 populations 

isolated from the background communities. This was to quantify that the changes observed during the 

experiment, such as colour and viscosity, were retained when PAO1 populations were isolated, and not 

just a direct short-term response that occurs only in the presence of other species. Phenotypes examined 

were production of virulence factors (pyocyanin and pyoverdine), antibiotic susceptibility, biofilm 

formation and colony morphology. 

 

3.3.2.1 Pyocyanin production 

Production of pyocyanin by PAO1 evolved populations was measured to test the impact of community 

context on this clinically relevant phenotype. Due to the interesting and unique evolutionary trajectories 

of the corresponding biological replicate pairs, we did not pool the replicates but instead treated the two 

replicates for each community as independently evolved populations of PAO1. For ease, the first set of 

biological replicates will be referred to as Set 1or S1 and the second as Set 2 or S2, i.e., there is an R1C1 

from set 1 and set 2 as each has varying pyocyanin production.  

While species richness did not have an effect on PAO1 final densities in the short-term and 10-day 

partition experiments, species richness did affect PAO1 pyocyanin production overall in both set 1; 

(Linear model, effect of richness; F=11.11, DF=4, 49, p < 0.001), explaining 40% of model variation, 

and set 2; (Linear model, effect of richness; F=4.609, DF=4, 55, p < 0.01(p=0.00279)), explaining 20% 

of model variation. 

PAO1 pyocyanin production was increased by the presence of background community species, when 

grown in the presence of 2 or 3 species relative to the unevolved ancestor (S1=Wilcoxon rank-sum test 

; R=2, p < 0.001, V=171; R=3, p < 0.01(0.0043), V=63; Fig. 7A; pyocyanin RFU vs value of black 

dashed line). No significant effect of growing in a 1- or 6-species community on pyocyanin production 

was observed relative to the pyocyanin production of the ancestor (S1=Wilcoxon rank-sum test; R=1, 

p=0.94, V=51; R=6, p=0.09, V=6; Fig. 7A; pyocyanin RFU vs value of black dashed line). The 

populations from set 1 (S1) displayed a similar richness-dependent effect where pyocyanin production 

was increased when PAO1 was evolved and isolated from 2- or 3-species communities, but not in the 

case of single-species, or 6-species communities (S2=Wilcoxon rank-sum test; R=1, p=0.16, V=109; 

R=2, p=0.0034, V=148; R=3, p=0.0053, V=72; R=6, p=0.09, V=6; Fig. 7B; pyocyanin RFU vs value 

of black dashed line). PAO1 from S1 evolved in isolation (R=0) displayed reduced pyocyanin 

production relative to the ancestor (One-sided t-test; Ancestor vs PAO1; p<0.05). Interestingly, PAO1 
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from S2 evolved alone did not show any significant change in pyocyanin production relative to the 

ancestor (One-sided t-test; Ancestor vs PAO1; p=0.79). This shows that two identical starting 

populations can undergo various “microevolutionary” changes, even in as short as a period of 10 days. 

Species composition also had a significant effect on pyocyanin production, explaining 59% of the 

variation for S1 populations (Linear model, effect of species composition; F=11.49, DF=6,48, p 

<0.001), and 14% of the variation for S2 populations (Linear model, effect of species composition; 

F=2.57, DF=6,54, p <0.05).  Linear model coefficients (Fig. 9) for each species show the relative 

importance of particular species for PAO1 pyocyanin production relative to the average of all species. 

Our model identified two species C. albicans (species A), and R. dentocariosa (species E), that 

negatively affect pyocyanin production (species A; p< 0.001, species E; p < 0.01). Hence, communities 

containing C. albicans and/or R. dentocariosa may be expected to inhibit pyocyanin production. R. 

mucilaginosa (species F) was associated with significantly high pyocyanin production (p < 0.001) 

suggesting that communities with this species may promote PAO1 pyocyanin production. Interestingly, 

we also found R. mucilaginosa to be positively affecting PAO1 final densities in the short-term partition 

experiment. It would be necessary in future to track the densities of the background community 

members, as in this case, this positive effect may be due to enhanced killing of R. mucilaginosa by P. 

aeruginosa, therefore resulting in low and high densities of R. mucilaginosa and P. aeruginosa 

respectively. 
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Fig. 7. Per capita pyocyanin production of S1 populations (A), and S2 populations (B), after 24 hours 

of growth. Pyocyanin was quantified by measuring fluorescence of culture supernatants at A691 and 

standardising by OD600. This gave the RFU (relative fluorescence units). Each population in both sets, 

S1 and S2, were tested independently three times (3 biological replicates). Richness level of 0 represents 

the PAO1 population evolved without any background community. Richness level of 1 contains all the 

populations evolved from one-species communities, richness level 2 contains populations evolved from 

2-species communities (three unique 2-species communities), and so forth. Black dashed line indicates 

the average pyocyanin production value of the unevolved PAO1 ancestor. Asterisks represent 

significance when comparing richness levels to the ancestor via Wilcoxon rank-sum tests, (*p <0.05, 

**p <0.01, ***p<0.001). 
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Fig. 8. Per capita pyocyanin production of S1 populations (A), and S2 populations (B), after 24 hours. 

Pyocyanin production was quantified via measuring the supernatant of cultures at A691 and 

standardising by the OD600. This gave the RFU (relative fluorescence units). Each population in both 

sets, S1 and S2, were tested independently three times (3 biological replicates).  Each bar represents the 
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mean of three biological replicates ±SD of each specific community in S1 and S2. The “Ancestor” refers 

to the original unevolved PAO1 strain (Black dashed line in Fig. 7 and “PAO1” is the evolved 

population that was passaged without any community. The PAO1 phenazine deletion mutant (∆phz) 

was used as a negative control as it lacks the phenazine biosynthesis operon. Kruskal Wallis, with Dunn 

post hoc tests were used to test for statistical significance between means of the groups when compared 

to the ancestor and PAO1 alone. The comparisons against PAO1 alone (“PAO1” on graph) are denoted 

on the graph with asterisks representing significance (*p <0.05, **p <0.01, ***p<0.001). 

 

A reminder that S1 (A), and S2 (B) are composed of evolved biological replicates from the extended 

partition experiment that were treated as individual evolved populations for phenotypic analyses, i.e. 

R2C1 from S1 (set 1) (A), and R2C1 from S2 (set 2) (B),  began as biological replicates in the extended 

partition experiment but PAO1 isolated from each them at the end were treated as two independently 

evolved populations despite having the same community composition. All phenotypic analyses carried 

out on each evolved population were always done three times independently.  

 

 

Fig. 9.  Linear model coefficients depicting positive and negative effects of species A – F on pyocyanin 

production of PAO1 evolved populations from S1 (A) and S2 (B) population sets. Negative linear model 

coefficients suggest an overall negative effect of that species relative to the average species, whereas 

positive values indicate a positive effect relative to the average species in the model. When looking at 

S1 (set 1) (A), species A, and E, C. albicans and R. dentocariosa respectively, were associated with 

lower P. aeruginosa pyocyanin production compared to average community species, whereas R, 

mucilaginosa (species F) was associated with increased pyocyanin production. For S2 (set 2) (B), 

species C, S. hominis was associated with negatively affecting pyocyanin production relative to the 

average species. Species A and B displayed a positive trend but were not found to be statistically 

significant in positively affecting pyocyanin values. (*p <0.05, **p <0.01, ***p<0.001).  
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3.3.2.2 Loss of pyoverdine production is seen in S2 evolved populations of P. aeruginosa but not 

in S1.   

The iron-scavenging siderophore pyoverdine was measured next using an excitation-emission assay. 

Unlike in the case of pyocyanin production, species richness did not have a significant effect on PAO1 

pyoverdine production for either of the set 1 or set 2 populations (Linear model, effect of richness; S1: 

p=0.07; S2: p=0.81). When looking at each richness level individually, growing in the presence of 2-

species communities had a significant effect on pyoverdine production (S1=Wilcoxon rank-sum test ; 

R=2, p = 0.013, V=28), while growing in the presence of 1-, 3-, or 6-species, had no significant effect 

on PAO1 production, (S1=Wilcoxon rank-sum test ; R=1, p = 0.36, V=64; R=3, p = 0.56, V=31; R=6, 

p = 0.18 V=0). Interestingly, for set 2, (S2 populations), there was a significant effect of growing in 1-

, 2-, and 3-species communities, with PAO1 isolated from these richness levels displaying significantly 

decreased pyoverdine production; (S2=Wilcoxon rank-sum test ; R=1, p <0.001, V=4; R=2, p <0.001, 

V=0; R=3, p <0.01 V=1). Similarly to the S1 populations, there was so significant effect of growing in 

a 6-species community, (S2=Wilcoxon rank-sum test; R=6, p =0.18, V=0).  

PAO1 from S1 evolved in isolation (R=0, Fig. 10A) showed no significant change in pyoverdine 

production relative to the ancestor (One-sided t-test; Ancestor vs PAO1; p=0.38). Interestingly, PAO1 

from S2 evolved alone (R=0, Fig. 10B) displayed a significant decrease or loss in pyoverdine 

production relative to the ancestor (One-sided t-test; Ancestor vs PAO1; p<0.05). This once again 

shows how two identical starting populations can undergo various “microevolutionary” changes, even 

in as short as a period of 10 days, and this result is inverse to what was seen regarding the PAO1 evolved 

alone populations in terms of pyocyanin production compared to the ancestor.  

There was overall no significant effect of species composition on pyoverdine production for S1 

populations, (Linear model, effect of species composition; F=2.07, DF=6,54, p=0.07), or for S2 

populations, (Linear model, effect of species composition; F=0.89, DF=6,54, p=0.51). However, when 

picking out the relative effects of individual species via linear model coefficients, we found that for S1 

populations (Fig. 12A), species E (R. dentocariosa) was negatively affecting pyoverdine production (p 

< 0.05), while species F (R. mucilaginosa) was found to be positively affecting pyoverdine production 

(p < 0.05). For S2 (Fig. 12B), species C (S. hominis) was associated with decreased pyoverdine 

production (p < 0.05). The trends seen here with R. dentocariosa and R.mucilaginosa were also 

observed in terms of pyocyanin production suggesting these species may play a role in directly or 

indirectly influencing the expression of these two putatively linked virulence factors. Each individual 

community for S1 and S2 populations was also compared to the ancestor and PAO1 evolved alone (Fig. 

11).  
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Fig. 10. Per capita pyoverdine production of S1 populations (A), and S2 populations (B), after 24 hours 

of growth in iron-limited CAA media, graphed in terms of richness. A pyoverdine-specific excitation-

emission assay was used to quantify production of the main siderophore in P. aeruginosa, pyoverdine. 

Evolved isolates were grown in LB, followed by overnight growth in CAA media made iron-limited by 

the addition of freshly prepared apo-transferrin and sodium bicarbonate. Pyoverdine production was 

quantified via measuring the fluorescence of cultures in CAA at 460nm following excitation at 400nm. 

The ratio fluorescence/OD600 was used to give a quantitative measure of per capita pyoverdine 

A  

B  

* 

*** 

*** 

** 

* 



44 
 
 

production. This gave the RFU (relative fluorescence units). Each population in both sets, S1 and S2, 

were tested independently three times, and biological replicates are shown on the graphs with the 

boxplots representing the average of each richness level. Richness level of 0 represents the evolved 

PAO1 population without any background community. Richness level of 1 contains all the populations 

evolved from one-species communities, richness level 2 contains populations evolved from 2-species 

communities (three unique 2-species communities), and so forth. Black dashed line indicates 

pyoverdine production value of the unevolved PAO1 ancestor. Asterisks represent significance when 

comparing richness levels to the ancestor via Wilcoxon rank-sum tests, (*p <0.05, **p <0.01, 

***p<0.001).  
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Fig. 11. Per capita pyoverdine production of S1 populations (A), and S2 populations (B), after 24 hours 

of growth graphed in terms of community ID/composition. Pyoverdine production was quantified via 

measuring the fluorescence of cultures in CAA at 460nm following excitation at 400nm. The ratio 

fluorescence/OD600 was used to give a quantitative measure of per capita pyoverdine production. This 

gave the RFU (relative fluorescence units). Each population in both sets, S1 and S2, were tested using 

this assay in triplicate (3 technical replicates in 96-well plate) and independently three times (3 

biological replicates). Each bar represents the mean of three biological replicates ±SD of each specific 

community in S1 and S2. The “Ancestor” refers to the original unevolved PAO1 strain (Black dashed 

line in Fig. 9(A), (B)) and “PAO1” is the evolved population that was passaged without any community. 

The PAO1 phenazine deletion mutant (∆pvd) was used as a negative control as it lacks the phenazine 

biosynthesis operon. Kruskal Wallis, with Dunn post hoc tests were used to test for statistical 

significance between means of the groups when compared to the ancestor and PAO1 alone. The 

comparisons against the ancestral strain are denoted on the graph with asterisks representing 

significance (*p <0.05, **p <0.01, ***p<0.001). 

 

 

 

 

Fig. 12. Linear model coefficients depicting positive and negative effects of species A – F on 

pyoverdine production of PAO1 evolved populations from S1 (A) and S2 (B) population sets. Negative 

linear model coefficients suggest an overall negative effect of that species relative to the average 

species, whereas positive values indicate a positive effect relative to the average species in the model. 

When looking at S1 (set 1) (A), species E, R. dentocariosa was negatively affecting pyoverdine 

production, relative to the average species, while species F, R. mucilaginosa was associated with 

increased pyoverdine production. For S2 (set 2) (B), species C, S. hominis was associated with 

negatively affecting pyoverdine production relative to the average species. Species A and B displayed 

a positive trend but were not found to be statistically significant in positively affecting pyoverdine 

values. (*p <0.05, **p <0.01, ***p<0.001).  
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3.3.2.3 Community context alters the antibiotic susceptibility of P. aeruginosa and is linked to 

multispecies biofilm formation with key species.  

To test the antibiotic susceptibility of the evolved PAO1 populations, we measured the Minimum 

Inhibitory Concentration (MIC) of colistin, a common last-resort antibiotic for P. aeruginosa infections. 

It was shown recently that bacteria evolving with C. albicans become phenotypically but not 

genotypically resistant to colistin, in response to magnesium ion competition [77]. Since many of our 

communities contain C. albicans, we wanted to test if a similar response was observed.  

For the six communities where C. albicans was present, three contained colistin resistant P. aeruginosa. 

Interestingly, when R. dentocariosa was present alongside C. albicans (i.e. the remaining three 

communities), no colistin resistance was observed in P. aeruginosa. We also found that of the six 

communities containing S. aureus, four of them harboured colistin resistant P. aeruginosa.  

The six species community did not affect colistin resistance, maybe due to all species being at lower 

relative abundances overall, so individual species have less of an effect. This would need to be 

confirmed by tracking densities of the background communities to compare abundances relative to P. 

aeruginosa, particularly in the higher richness levels where findings may be a result of differences in 

abundance, rather than composition having an effect.  

No significant differences were observed in the resistomes of the populations tested for any of the 

antibiotics analysed. However, there were some isolated heterogeneous communities displaying 

meropenem tolerance/resistance within some of the populations containing species A, C. albicans 

and/or species B, S. aureus. These colonies were grown again and the meropenem disc assay was 

repeated. We found that two out of the five sub-population were resistance to meropenem, with the 

other three displaying intermediate resistance (Fig. 13A, 13B). However, since this was only one 

passage, it is unknown whether this was due to a stable mutation or an amplification, or perhaps just 

passive resistance. This would need to be repeated with multiple passages to confirm whether this is a 

stable mutation for resistance and retained.  
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Table 5: Minimum inhibitory concentrations (MIC) of evolved P. aeruginosa populations and the 

partition community from which they were isolated. The microbroth dilution method was used to 

determine colistin resistance based on EUCAST breakpoints. P. aeruginosa isolated from 

communities with C. albicans or S. aureus showed resistance to colistin. The result is the mode of six 

biological replicates (S1 and S2 pooled). Asterisks indicate control results from ATCC strains. 

                                                              Colistin 

Strain Community 

Isolated from 

MIC Result 

ATCC 27853 

P. aeruginosa 

 2µg/mL S* 

ATCC 25922 

E. coli 

 

 

2µg/mL S* 

PAO1 Ancestral strain  2µg/mL S 

PAO1 A C. albicans 4µg/mL R 

PAO1 B S. aureus 4µg/mL R 

PAO1 C S. hominis 2µg/mL S 

PAO1 D S. epidermidis 2µg/mL S 

PAO1 E R. dentocariosa 2µg/mL S 

PAO1 F R. mucilaginosa 2µg/mL S 

PAO1 AE C. albicans 

R. dentocariosa 

2µg/mL S 

PAO1 BC S. aureus 

S. hominis 

4µg/mL R 

PAO1 DF S. epidermidis 

R. mucilaginosa 

2µg/mL S 

PAO1 BCD S. aureus 

S. hominis 

S. epidermidis 

2µg/mL S 

PAO1 AFE C. albicans 

R. mucilaginosa 

R. dentocariosa 

2µg/mL S 

PAO1 AD C. albicans 

S. epidermidis 

8µg/mL R 

PAO1 BF S. aureus 

R. mucilaginosa 

4µg/mL R 

PAO1 CE S. hominis 

R. dentocariosa 

2µg/mL S 

PAO1 ABC C. albicans 

S. aureus 

S. hominis 

8µg/mL R 

PAO1 DEF S. epidermidis 

R. dentocariosa 

R. mucilaginosa 

2µg/mL S 

PAO1 A-F C. albicans 

S. aureus 

S. hominis 

S. epidermidis 

R. dentocariosa 

R. mucilaginosa 

2µg/mL S 

PAO1 Evolved  2µg/mL S 
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Table 6: Antibiotic susceptibility of evolved populations of P. aeruginosa (PAO1). Kirby-Bauer disc diffusion 

assays were used test whether populations of PAO1 (S1 and S2) isolated from various communities after the 10-

day experiment, had altered antibiotic susceptibility profiles. Diameter of zone of inhibition (mm) were interpreted 

based on EUCAST guidelines, except for gentamicin which there is insufficient evidence for. Values are the 

average of three independent biological replicates. Green represents susceptibility and yellow represents 

intermediate resistance, based on EUCAST guidelines and diameter ranges. * Indicates zones of inhibition that 

contained heteroresistant colonies.  

(A) S1 Populations                                         Diameter of zone of inhibition (mm) 

 

 GEN TOB CAZ CIP MEM TZP 

PAO1A 25 25 24 30 22 23 

PAO1B 24 23 24 26 24 22 

PAO1C 25 24 25 29 25 23 

PAO1D 24 24 25 31 25 23 

PAO1E 25 24 24 29 26 24 

PAO1F 24 24 24 30 27 22 

PAO1AE 25 24 23 29 27 23 

PAO1BC 24 24 23 29 16* 23 

PAO1DF 24 24 24 27 25 23 

PAO1BCD 24 25 23 27 26 22 

PAO1AFE 24 24 23 29 18* 23 

PAO1AD 24 24 22 29 26* 23 

PAO1BF 25 24 23 29 25* 22 

PAO1CE 25 24 23 28 26 23 

PAO1ABC 25 24 25 29 27* 24 

PAO1DEF 25 23 24 29 27 24 

PAO1 A-F 24 24 23 29 26 24 

PAO1Evolved 24 24 24 30 26 23 

ATCC 24 23 24 30 28 24 

 

(B) S2 Populations                                          Diameter of zone of inhibition (mm) 

 

 GEN TOB CAZ CIP MEM TZP 

PAO1A 25 24 24 29 26 24 

PAO1B 24 24 25 31 26 24 

PAO1C 24 23 25 31 26 24 

PAO1D 23 25 24 30 27 24 

PAO1E 24 24 25 29 27 23 

PAO1F 25 25 24 31 27 24 

PAO1AE 25 25 24 30 28 23 

PAO1BC 25 24 24 30 26 24 

PAO1DF 23 23 24 30 26 23 

PAO1BCD 24 23 24 30 25 23 

PAO1AFE 24 23 25 28 24 23 

PAO1AD 24 23 24 30 26 23 

PAO1BF 23 24 24 29 28 24 

PAO1CE 24 23 25 30 27 23 

PAO1ABC 24 24 25 29 25 24 

PAO1DEF 24 23 24 30 26 24 

PAO1A-F 

PAO1Evolved 

ATCC 

24 

24 

24 

23 

23 

23 

24 

24 

24 

30 

28 

30 

26 

27 

28 

24 

22 

24 
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Fig. 13. Observation of heteroresistant clones arising from certain populations of PAO1 (C).  The values 

marked with an * from the S1 populations in Table 6 (A) were regrown and the Kirby-Bauer test using 

meropenem discs was performed again. A decrease in diameter size was seen from the heteroresistant 

colonies when compared to their respective populations (B), with two populations BF and ABC, going 

from susceptible to resistant based on their sub-population (A).  

 

3.3.2.4 Colistin and Meropenem resistance may be linked to biofilms containing key species.  

Biofilm assays were performed to assess if community context played a role in biofilm production and 

if key species produced more biofilm with P. aeruginosa. The partition communities were grown to 

allow biofilm formation before quantification via the crystal-violet staining method. Interestingly, 

P.aeruginosa produced more biofilm when grown with C. albicans (R1C1), and S. aureus (R1C2) (Fig. 

14). Two- and three-species communities containing S. aureus and/or C. albicans also exhibited 

increased biofilm, indicating that these species are key to promoting P. aeruginosa biofilm, when 

compared to P. aeruginosa in a single-species biofilm. These results align with the colistin-resistance 

communities and the communities that had meropenem heteroresistance, with S. aureus and C. albicans 

being the common key species.  

 

A B  C  
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Fig. 14. P. aeruginosa in multispecies biofilms. The partition communities were set up as described in 

3.2. They were allowed to grow for 24 hours before biofilm formation was assessed via the crystal 

violet staining method and absorbance (OD) was measured at 570nm. Values are the mean of three 

biological replicates ±SD. Kruskal Wallis, with Dunn post hoc tests were used to test for statistical 

significance between means of the groups when compared to PAO1 alone. Note: in this case, “PAO1” 

refers to the unevolved PAO1 ancestor, as these are not evolved populations, just a recreation of the 

short-term partition set up. Comparisons are denoted on the graph with asterisks representing 

significance (*p <0.05, **p <0.01, ***p<0.001). 

 

3.3.2.5 P. aeruginosa morphology is influences by community context  

Growth with R. mucilaginosa or R. mucilaginosa-containing communities results in two distinct 

P. aeruginosa phenotypes.  

When PAO1 was plated onto C-N isolation agar, distinct colony morphotypes were seen depending on 

which community PAO1 was isolated from. We consistently observed that when PAO1 was isolated 

from a community containing R. mucilaginosa, two distinct colony phenotypes were observed (Fig. 

15B). These were visible at dilutions of 10-7 and 10-8 (Fig. 15A). A larger more irregular-edged colony 

type was seen (Fig. 15C) that was highly fluorescent suggesting pyoverdine and/or pyocyanin 

production. The second morphotype (Fig. 15D) had smaller round colonies and appeared to be more 

mucoid. This aligns with studies suggesting the co-existence of high virulent subtypes alongside low 

* 

*** 

*

 

* 

*** 
** 

*

 

*** 
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secreting avirulent subtypes [12]. This change in P. aeruginosa colony morphology that is seen even 

after it is isolated suggests that growing in the presence of R. mucilaginosa drives phenotypic diversity 

in this pathogen, and that it is retained when the species is removed. R. mucilaginosa was found to be 

positively affecting pyocyanin production based on the linear model coefficients (Fig. 8 A) in the case 

of the S1 population set. The community ID that showed the most consistent emergence of these two 

morphotypes was R3C2 (comprising of species A, F, E). In the S1 population set, R3C2 had low 

pyocyanin production with no significant increase or decrease (Fig. 7 A), however for S2 (Fig. 7 B), 

R3C2 displays a significant increase in pyocyanin production. This once again highlights the variation 

in adaptation and emergence of different phenotypes in terms of virulence factor production. Pyocyanin 

production was tested for these subtypes, the suspected high producer fluorescent type (termed AFE.1), 

and the more mucoid type (AFE.2). This was only carried out once independently so statistical test 

could not be performed, but we can clearly see the stark difference in pyocyanin production of AFE.1 

when compared to AFE.2, and the ancestral, evolved in isolation, and mutant strains (Fig. 15 E). 

 

 

Fig. 15. Colony morphology of P. aeruginosa PAO1 grown on CN isolation agar (A, B). Two distinct 

morphotypes were seen (B), fluorescent, irregular-edged colony type (C), and a smaller round mucoid 

colony type (D). Termed AFE.1 (C) and AFE.2 (D), a pyocyanin assay was conducted (see methods 

xx) to see if the two morphotypes differed in pyocyanin producing abilities and AFE.1, as suspected, 

had increased pyocyanin production when compared to the ancestor, PAO1 evolved alone and to its 

population neighbour AFE.2. As there is only an n=1, statistical analysis could not be performed but 

further replicates would confirm this initial observation. 
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3.4 Growth in Artificial Sputum  

The complex nature of the CF lung environment is difficult to capture with lab experiments but is 

essential to understand how the oxygen and nutrient profiles, as well as mucin increase, can shape 

replicative niches and allow for pathogen adaptation. Artificial sputum media (ASM) was made using 

the protocol by Kirchner et. al [75]. Due to the length of this study, the partition could not be replicated 

in full in ASM, but since the media partition experiments revealed one-species communities (PAO1 

and one other background species) were sufficient to predict dynamics of more diverse communities, 

these communities were tested in ASM. The CF isolate LESB58 was also included as it would be 

expected to do better in a more CF-like environment compared to the “CF-naïve” PAO1 strain. 

All PAO1 community strains (Fig. 16A) had significantly decreased final densities when compared to 

PAO1 grown alone (Wilcoxon rank-sum test; R1C1=p<0.05, R1C3=p<0.05, R1C4=p<0.05, 

R1C5=p<0.05, R1C6=p<0.01), except PAO1 R1C2 (S. aureus). LESB58 strains (Fig. 16B) isolated 

from R1C2 (S. aureus), R1C4 (S. epidermidis), and R1C6 (R. mucilaginosa) had significantly higher 

final densities compared to LESB58 grown alone, (Wilcoxon rank-sum test; R1C2=p<0.05, 

R1C4=p<0.05, R1C6=p<0.05). LESB58 isolated from C. albicans (R1C1) was found to have a 

significantly decreased final density compared to the control, (Wilcoxon rank-sum test; R1C1=p<0.01).  

 

 

Fig. 16. Final densities of P. aeruginosa, PAO1 (A) and LESB58 (B) in artificial sputum medium 

(ASM) after 4 days of growth. PAO1 and LESB58 were each grown with each of the six background 

species (R=1) in ASM. All PAO1 community strains (A) had significantly decreased final densities 

when compared to PAO1 grown alone, except PAO1 R1C2 (S. aureus). LESB58 strains (B) isolated 

A B 
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from R1C2 (S. aureus), R1C4 (S. epidermidis), and R1C6 (R. mucilaginosa) had significantly higher 

densities than LESB58 while R1C1 (C. albicans) had significantly decreased final density compared to 

LESB58 alone. The experiment was repeated three times independently, and n=3 biological replicates 

are shown. Asterisks represent significance when comparing PAO1 or LESB58 isolated from 

communities to their respective controls grown without any species. Wilcoxon rank-sum tests, (*p 

<0.05, **p <0.01, ***p<0.001). PA=PAO1, LES=LESB58, “R1C1” in (A) refers to PAO1 isolated 

from community R1C1; (C. albicans and in (B) refers to LESB58 isolated from community R1C1; (C. 

albicans).  
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4. DISCUSSION 

 

Addressing the complexity of microbial communities has become a key element in understanding 

disease in the last decade. This study investigated the effects of microbial background communities on 

the growth and virulence of the predominant CF pathogen P. aeruginosa, more pertinently, the effects 

of species richness versus species composition. With the widespread acknowledgement of CF as a 

polymicrobial disease with unique within-patient diversity [5], it has become essential to study 

pathogens not in isolation, but as part of communities interacting on various levels. This ecological 

understanding of microbial community context may help bridge the gap between clinical studies and 

predictions of disease variation and patient prognosis.  

To tease apart the effects of species richness versus composition, a random partition design [61] was 

used. The results of this experiment allowed us to establish the model, which had originally only been 

applied to soil organisms [63-66], for a more clinical set of microbes and use it to identify the relative 

importance of bacterial richness and composition in driving P. aeruginosa growth and clinically-

relevant phenotypes. We found that species composition (absences and presence of key species) had a 

more pronounced effect on final densities of P. aeruginosa as opposed to richness (the number of 

species present) in both the short-term and extended partition experiments. We know that ecological 

interactions such as interbacterial competition can shape community structure and pathogenesis, but 

there may be other factors at play. Priority effects have recently gained renewed interest to study 

community assembly [78], where the impact a species exerts on other species depends on the species 

arrival order into the community [79]. In a bacterial community context for human disease, it can be 

described as the impact of early colonisers on a later coloniser within a community [80, 81]. This 

framework was applied to the random partition model with staggered inoculation, where the background 

community was given “priority” and time to stabilise before the pathogen inoculation, crudely 

mimicking P. aeruginosa invasion and colonisation in the lungs.  

We found that in the short-term partition experiment (Fig. 3, Fig. 4), that species composition had a 

significant effect on P. aeruginosa final densities. Using the linear coefficients, the model picked out 

C. albicans and R. mucilaginosa  to be positively affecting P. aeruginosa growth, while S. hominis, and 

to a lesser extent, S. epidermidis were found to negatively affect growth. Many studies have shown 

fungal-bacterial interactions in the context of CF, specifically looking at C. albicans and P. aeruginosa 

[58, 77, 82]. It has been shown that coexistence of C. albicans with P. aeruginosa can enhance biofilm 

via alginate-related extracellular matrix proteins as C. albicans increases ECM production in P. 

aeruginosa [83]. This corroborates studies on multispecies biofilms and may explain the higher 

densities of P. aeruginosa in my experiment in the presence of C. albicans [80, 83, 84]. The 
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morphological state of C. albicans i.e. hyphal or yeast form, was not examined during the experiment 

and may be of interest. 

The supernatant assay results, while preliminary, showed contrasting results to the trends seen in the 

partition experiment, particularly in the case of C. albicans. While in the partitions, we found C. 

albicans to be promoting P. aeruginosa final densities, we see its supernatant inhibiting P. aeruginosa 

growth when compared to the control (Fig. 2). This may suggest that C. albicans secretes some 

inhibitory molecule which may be found in the supernatant but raises the question as to why this 

inhibitory effect is reversed when the species are grown in co-culture as in the partition. Further 

replicates of the supernatant assay may identify this contradicting result. Furthermore the supernatant 

assay was performed under shaking conditions, while the partitions were static and this may have played 

a role in the spatial structure and distribution of secreted molecules due to the biofilm nature of the 

cultures [85].  

R. mucilaginosa was consistently found to be significantly increasing P. aeruginosa final densities, and 

communities that contained this species followed this promoting effect. While there is limiting research 

into P. aeruginosa and R. mucilaginosa interactions in lung disease, some studies have elucidated the 

effect of R. mucilaginosa metabolites in promoting P. aeruginosa growth and a similar phenomenon 

may be occurring here. A study investigating the CF lung microbiome found that R. mucilaginosa 

boosts P. aeruginosa growth via metabolite cross-talk and cross-feeding mechanisms [86, 87]. The role 

of Rothia spp. in the context of CF and its interactions with pathogens is not known. However, due to 

its putative metabolic versatility, for example, fermenting complex carbohydrates into metabolites such 

as short-chain fatty acids or amino acids, it has been suggested that ecologically it could serve as a 

supplier of substrates for more-specialised community members such as P. aeruginosa, particularly 

sub-populations that cannot degrade mucin [52, 86]. Hence, the communities containing R. 

mucilaginosa and/or C. albicans may be expected to facilitate an increased chance of successful P. 

aeruginosa establishment.  

While the specific contributions of S. hominis to CF community context requires further elucidation, it 

is evident that its potential role in inhibition of P. aeruginosa growth highlights the importance of 

focusing on microbial ecology and community dynamics in order to develop targeted therapeutic 

approaches that consider the complex polymicrobial nature of CF infections. It also shows how 

overlooked microbiomes such as opportunistic members of the skin and mucosal communities may be 

a potential area of focus when investigating species interactions with focal CF pathogens.  

Selective pressures during chronic infection (imitated crudely by the extended partition experiment), 

can drive both microbial competition and cooperation [88]. Extending the short-term partition allowed 

us to see if the effects seen short-term were sustained over a longer period of time as P. aeruginosa 
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adapted to the communities as this is what is seen in CF infection [11]. While there was no statistically 

significant effect of species richness or composition on final densities in the extended partition, we did 

see a similar trend of composition, and more importantly, key individual species (Fig.6) playing a 

modulatory role, as we observed in the short-term experiment.  

It has been shown that species interactions may evolve to be less negative over time, particularly in 

more diverse communities [63]. Species may be able to “block” P. aeruginosa initially (short-term), 

but overall cannot compete long-term (extended) or sustain this blocking [22]. The short-term partition 

effects not being evident in the longer extended partition highlights the importance of long-term 

evolution experiments, comprising of diverse microbial communities, to understand the ever-changing 

evolutionary landscape in chronic infections such as CF where dynamic pathogens like P. aeruginosa 

adapt and undergo many phenotypic and genotypic changes. The long-term loss of competition may be 

coupled with the naïve P. aeruginosa (PAO1) adapting to the background communities via various 

pathoadaptive phenotypes and alterations in virulence factor expression [11].  

The consistent insignificance of richness level 6, while showing that more diverse communities aren’t 

necessarily more efficient at preventing pathogen colonisation and growth resistance, may also just be 

a result of overcrowding of species and resource competition in vitro. This would need to be repeated 

in ASM or in vivo with a more detailed look on the species interactions, to pinpoint what exactly is 

causing this. Furthermore, it was not feasible in this experimental timeframe/set up, nor was it part of 

the scope of this project to track the densities and relative abundances of the background community 

members. However, we accept that this is a crucial limitation and must be focused on in future 

experiments. In higher richness levels, as time progresses, it is likely that P. aeruginosa adapted quickly 

and, in some communities, employed virulence factors to outcompete and kill other species. This would 

automatically result in lower abundances of other species and higher ones of P. aeruginosa. 

Due to the complex nature of each polymicrobial assemblage and the numerous combinations, it is 

difficult to distinguish between indirect and direct effects of the species on P. aeruginosa. For example, 

in communities with staphylococci, the species may not be directly affecting P. aeruginosa but it has 

been shown that Esp from S. epidermidis can degrade proteins associated with S. aureus biofilm 

formation [89]. This competitive behaviour may in turn, indirectly benefit P. aeruginosa growth. 

Background community interactions can provide replicative and nutritional “space” and dampen the 

effects of species that would otherwise inhibit P. aeruginosa.  

It is important to note that the partition experiments were carried out static and not shaking created a 

semi-structured environment which would affect dispersal and diffusion of metabolites and alter 

metabolic dynamics. While the structure was disturbed daily during the transfers in the extended 

partition, overall, we can assume there was a structured environment and we could expect to see 
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different results if these experiments were carried out shaking, as were most of the phenotypic analyses. 

It has been shown that structured and static environments can alter the relative fitness and competitive 

outcomes of P. aeruginosa when grown in co-culture with S. aureus [90]. The ASM provided a very 

structured environment mimicking the heavy mucus composition in the CF airways. The complexity of 

bacterial-bacterial interactions in a spatially structured environment such as ASM, with the added 

variable of oxygen levels, provides an insight into the effects of environment on pathogenic trajectories 

in chronic infection.  

To test the effects of community context on secreted virulence products in the panel of evolved 

populations, the phenazine pyocyanin was measured due to its putative role as potent virulence factor 

in P. aeruginosa and also its ability to act as a quorum sensing molecule often involved in biofilm 

stability [91, 92]. The inhibitory effects of C. albicans-containing communities on pyocyanin 

production corroborates literature on the interplay between fungal farnesol and phenazine interactions 

via inhibition of QS [57, 92]. Many studies have shown that C. albicans produces ethanol and farnesol 

in co-culture with P. aeruginosa and can affect phenazine production via stimulation of quorum sensing 

signalling [55-58], and this may be occurring in our coculture experiments. 

The primary siderophore pyoverdine was also measured. This iron-chelator is essential for P. 

aeruginosa to thrive in environments of low iron availability [12]. In the CF lung, iron levels are 

elevated [93] and so we expect adapted CF isolates of P. aeruginosa to undergo potential loss of 

function mutations for siderophore biosynthesis genes as there is no need to employ such a 

metabolically costly nutrient uptake mechanism. It is possible that the simple adaptation to the lab media 

and environment also drives loss of function mutations [94].  

A significant loss of pyoverdine was seen in many of the S2 populations, compared to the ancestor, but 

this trend was not visible in the S1 populations. While S1 and S2 populations are replicates and began 

from the same ancestor, it is likely that they followed different trajectories of adaptations during the 10-

day experiment, displaying phenotypic alterations, and possibly acquiring de novo point mutations [20]. 

A similar phenomenon can be seen in the most well-known and longest running long-term evolution 

experiment by Richard Lenski [95] and colleagues, where initial identical populations began to display 

altered phenotypes and metabolic capabilities. The most notable being the Ara-3 population which was 

found to contain clones that were able to grow aerobically on citrate [96]. This highlights the ever-

changing dynamics of adaptation in microbial populations.  

The polymicrobial nature of the CF airways is likely to have a significant impact on the clinical response 

to antimicrobial therapy and this was evident via the antimicrobial susceptibility testing of the evolved 

populations from the extended partition. Interesting trends were observed that both corroborated with 

and contradicted previous studies. Colistin susceptibility was tested via MICs using the microbroth 
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dilution method. For the six communities where C. albicans was present, three contained colistin 

resistant P. aeruginosa. This finding can be compared to a recent study that showed that C. albicans 

enhanced meropenem tolerance of P. aeruginosa [97]. This also recapitulates the putative interkingdom 

fungal-bacterial interactions between these species, and ultimately highlights how these interactions can 

affect antibiotic responses and clinical outcomes [98]. Interestingly, when R. dentocariosa was present 

alongside C. albicans (i.e. the remaining three communities), no colistin resistance was observed in P. 

aeruginosa. This suggests that R. dentocariosa could ameliorate the evolution of colistin resistance in 

P. aeruginosa, although this would need to be verified experimentally.  

We found that evolved PAO1 populations isolated from communities containing S. aureus were 

resistant to colistin. A previous study [60] found that LPS is truncated in P. aeruginosa in response to 

S. aureus, which may affect overall envelope charge and impact of colistin resistance. The correlation 

between biofilm formation and decreased antibiotic permeability has been studied extensively in many 

nosocomial pathogens such as Klebsiella pneumoniae [99], particularly looking at carbapenem-

resistance. While there are studies showing P. aeruginosa forms robust biofilms with C. albicans and 

S. aureus, there is little work linking these multispecies biofilms and their ecology to colistin and 

meropenem resistance [41, 100]. The biofilm results presented align with the colistin-resistance 

communities and the communities that had meropenem heteroresistance, with S. aureus and C. albicans 

being the common key species. These data suggest that these key species promote biofilm formation 

with P. aeruginosa, which in turn may indirectly lead to colistin and meropenem resistance.  

Dual-species biofilms between P. aeruginosa and C. albicans, and S. aureus have been extensively 

described in the literature. Interactions within the biofilm can have implications for disease progression 

and antibiotic treatment. Our linked antibiotic resistance and biofilm data suggest that a synergistic 

resistance interaction of may be occurring with P. aeruginosa and S. aureus co-existing in this biofilm 

mode [101]. In this microenvironment, stress induced by one species may trigger a resistance 

mechanism in the other which would overall enhance the resistance profile coupled with the added 

biofilm matrix [102]. It has been shown that multispecies biofilm with C. albicans increases the 

resistance of P. aeruginosa to meropenem within their mixed-species biofilm [97]. C. albicans may 

also promote P. aeruginosa biofilm formation by modulating its las/rhl QS system [103] which in turn 

can increase antibiotic resistance. Our observations with these multispecies biofilms and antibiotic 

resistance profiles for colistin and meropenem corroborate existing studies, and once again highlight 

the importance of polymicrobial interactions in infection and how the inevitable biofilm formation 

between these species can greatly worsen clinical outcomes in CF [13, 44]. 

The co-existence of highly virulent pathotypes of P. aeruginosa with more avirulent subtypes can be 

seen in the CF airways [12]. In this study, growth with R. mucilaginosa-containing communities 

induced the emergence of two distinct colony phenotypes of P. aeruginosa, with one displaying 
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increased pyocyanin production (n=1) and therefore, likely increased virulence. The effects of certain 

species promoting sub-populations of varying virulence in P. aeruginosa is of clinical significance 

when taken into the account the stark within-patient diversity of CF isolates. While studies have 

investigated abiotic drivers, such as antibiotic use, of these adaptations in depth, it may be of relevance 

to hone in on biotic factors, that is, the microbial community context. Understanding keystone species 

effects may shed light on what existing microbiome compositions are more efficient in withstanding P. 

aeruginosa colonisation and which species may exacerbate the virulence of this pathogen.  

The findings from this study can be applied broadly to the idea that while species richness/diversity 

may play an important role in microbial communities affecting pathogen virulence, these virulence 

trajectories and clinically pertinent phenotypes seem to be more affected by species composition. The 

presence of certain key species (such as those identified in this study) can overpower the effects of 

richness and induce promoting or inhibiting effects on virulence factor production of P. aeruginosa.  

 

OUTLOOK AND FUTURE PROSPECTS 

There is compelling evidence that multispecies interactions can modify the virulence capacity of P. 

aeruginosa short-term, as we have shown in this study, but also influence the pathogen’s evolutionary 

course long-term. In recent years, our understanding of P. aeruginosa’ s response to other species has 

greatly improved, but it is still unknown how these interactions affect virulence and clinically relevant 

phenotypes in a complex multispecies community. This study aimed to address this aspect using the 

random partition model and synthetic microbial communities.  

Understanding the extent to which virulence factors are influenced by members of the lung microbiome 

is an avenue for novel therapeutics in chronic lung infections. Building onto the community context 

framework established in this study could allow the development of “colonisation resistant” microbial 

communities that can withstand initial colonisation by pathogens, or the creation of communities 

comprising of commensals that can ameliorate virulence or alter pathoadaptive trajectories.  

While the scope and length of this project did not allow further investigations into many novel findings, 

it provides a framework from which to carry on future work, highlighting key interactions and species 

combinations that should be studied in order to understand the effects of community context on P. 

aeruginosa. This work also provides proof-of-concept via the application of the Bell model to study 

microbial communities relevant to human disease, which had not previously been done. This study 

highlights the benefits of studying human infection through an ecological lens and approaching CF as 

a polymicrobial disease. It also shows that short-term effects of microbial species dynamics don’t 
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always translate long-term, and there is a need for experimental evolution when trying to understand 

the evolutionary changes pathogens and commensals undergo during sustained chronic infection.  

It would be interesting to follow this work on, focusing on attempting to replicate the extended partition 

experiments in ASM and honing in on particular interactions such as the bacterial-fungal network of P. 

aeruginosa and C. albicans, the seemingly antagonistic relationship between P. aeruginosa and S. 

hominis, and to further elucidate metabolic factors of oral commensals such as R. mucilaginosa with 

respect to their role in potentially driving P. aeruginosa growth. Sequencing the evolved PAO1 

populations from the extended partition experiment may reveal some mutations, despite this experiment 

not being the classical length to be termed “long-term evolution”.  

Ecological concepts such as the “keystone species” that maintain homeostasis in the microbial 

community of the lungs and respiratory tract remain poorly understood. It remains unclear the state of 

dysbiosis that precedes P. aeruginosa colonisation. An approach to investigate this may involve 

longitudinal sampling of the airways [23, 104] prior to the establishment of a dominant pathogen such 

as P. aeruginosa, particularly if it is displacing the pre-existing pathogen S. aureus.  

This work can be seen as a proof-of-concept study and preliminary research in the establishment of a 

framework that allows us to predict how various ecological interactions between pathogens and 

commensals, or just between microbial species, affect virulence of focal pathogens in polymicrobial 

infections, such as P. aeruginosa in CF. The applications for this partition model approach are broad 

and can be applied to model polymicrobial disease in various sites of infection. From the findings of 

this study, we once again highlight how important it is to study the ecological interactions between 

pathogens and commensals in microbial communities, as they may shed light onto unresolved aspects 

of polymicrobial infections in human disease. 
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