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“The gods did not reveal, from the beginning, 

All things to us; but in the course of time, 

Through seeking we may learn, and know things better… 

This, as we well may conjecture, resembles the truth. 

But as for certain truth, no man has known it, 

Nor will he know it; neither of the gods, 

Nor yet of all the things of which I speak. 

And even if by chance he were to utter 

The perfect truth, he would himself not know it; 

For all is but a woven web of guesses.” 

- Xenophanes. Translation by Karl Popper, “The World of Parmenides.” 

 
 
 
 

“So we seek explanations that remain robust when we test them 

against those flickers and shadows, and against each other, and 

against criteria of logic and reasonableness and everything else 

we can think of. And when we can change them no more, we have 

understood some objective truth. And, as if that were not enough, 

what we understand we then control. It is like magic, only real.” 

- David Deutsch, “The Beginning of Infinity: Explanations That Transform the World.” 
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Popular Science Summary 

Since the beginning of the antibiotics revolution almost 100 years ago, the ability to control 

bacterial infections has transformed society in numerous ways, from the treatment of what 

used to be deadly diseases to how we produce food and do biological research. However, 

with the widespread use of antibiotics, the evolution of antibiotic resistance in bacteria is 

inevitable and the sparsity of novel antibiotic development in recent years means we now 

face a crisis of a globalised society reliant on antibiotics that every year becomes less effective 

at preventing the spread of infectious disease in humans, plants and animals. One of the areas 

where this is already a major health issue is in patients with Cystic Fibrosis, which is a heritable 

disease that makes the person highly vulnerable to chronic airway infections from pathogens 

with high degrees of antibiotic resistance – most notoriously the pathogen Pseudomonas 

aeruginosa. In the current project, I study the evolution of P. aeruginosa during its adaptation 

towards chronic airway infection in patients with Cystic Fibrosis. Specifically, I study the 

changes in metabolism, which is the term used for all of the processes related to the 

production and use of energy in the cell.  

In a collaboration between DTU and Rigshospitalet, the Molin/Johansen group has 

established a collection of more than 500 clinical isolates of P. aeruginosa, sampled from 

patients with Cystic Fibrosis over the course of their infection. By selecting 8 pairs of early- 

and late-stage isolates from highly adapted infection scenarios and comparing changes in how 

nutrients are taken up and processed, as well as which proteins are being expressed at 

relatively high or low levels, I was able to identify several changes in bacterial metabolism and 

general physiology that appear characteristic of adaptation to the patient environment. One 

apparent adaptation of particular interest was the dysfunction of the enzyme “pyruvate 

dehydrogenase”, which plays a key role in determining how much of the cells energy is 

derived from its most central and energy-efficient metabolic pathway, known as the Krebs 

Cycle.  

When inserting clinically evolved mutations of the genes encoding this enzyme into a 

laboratory strain of P. aeruginosa, it leads to many of the same changes in metabolism and 

general physiology seen in highly adapted clinical isolates. Furthermore, when tested in a 

stem cell-derived model system for airway infections, these mutant strains showed similar 

changes in pathology as those commonly seen for adapted isolates, most notably a reduced 
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immune response. In the thesis, I propose a mechanism by which this dysregulation directly 

affects the pathology of the bacteria, by increasing secretion of certain toxins and reducing 

e.g. growth and movement of cells to help avoid the immune system. By showing that 

metabolic adaptations directly regulate pathology and infection-specific mechanisms, this 

work provides evidence for the idea that metabolism is an important target for the 

development of next generation therapeutics and diagnostics, aimed toward chronic 

infections. Additionally, it suggests the key metabolic regulator pyruvate dehydrogenase as a 

specific example of such a target. 
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Abstract (English) 

Pseudomonas aeruginosa is a highly versatile pathogen with several mechanisms both for 

immune escape and antibiotic resistance, making it one of the most critical pathogens to 

develop new treatments against to mitigate the antibiotic crisis. Because of its metabolic 

versatility, P. aeruginosa is able to undergo rapid adaptation and specialization toward a 

diverse range of environmental niches. This is evident in the case of patients with the 

heritable disease Cystic Fibrosis, where mutations in the Cystic Fibrosis Transmembrane 

Conductance Regulator dysregulates epithelial fluid transport. This leads to abnormal 

accumulation of dehydrated mucus in the lungs, which provides a nutrient-rich environment 

for infecting microbes. By adjusting its metabolism and physiology to the solutions available 

for the various niches that exist in the CF airways, P. aeruginosa is able to achieve persistent 

infections, which cause chronic lung inflammation that can last for more than 30 years and is 

the predominant cause of morbidity and mortality.  

This study focuses on the evolution of P. aeruginosa metabolism during adaptation to the CF 

airways to identify key aspects of the strategies by which it achieves chronicity, and by 

extension how within-patient evolution of bacteria more generally leads to persistent 

infections, in order to identify potential targets for the development of novel therapeutic and 

diagnostic measures.  

The first chapter gives a general introduction to the clinical relevance and molecular biology 

of P. aeruginosa CF airway infections and elaborates on the specific aims and design of the 

project. The second chapter describes a study in which we develop a high-throughput method 

for dynamic exo-metabolomic analysis in order to screen large collections of clinical isolates 

for metabolic changes. The study demonstrates how dilution-resolved sampling from several 

time-shifted growth curves accurately captures the metabolic dynamics of traditional low-

throughput methods. The third chapter describes another study, where we select 8 pairs of 

clinical strains from different infection scenarios of P. aeruginosa in patients with Cystic 

Fibrosis based on reduction in growth rates as proxy for metabolic rewiring and apply the 

method described in Chapter 2 to identify commonalities in adapted metabotypes. Doing so, 

we identify clinical mutations in the aceEF genes encoding the key metabolic regulator 

pyruvate dehydrogenase as central to the adapted metabotypes and insert these mutations 

into the clean genetic background of PAO1. We combine this with proteomic analysis of both 
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clinical and genetically recombinant strains and demonstrate that these mutations in PAO1 

leads to a partial recapitulation of the persistent phenotype. We then verify the 

pathoadaptive nature of these mutations by testing the mutant strains in an air-liquid-

interface airway infection model system where they show reduced virulence and 

immunogenicity reminiscent of persistent infections. The fourth chapter gives a discussion of 

specific topics, where the obtained results may have interesting implications and finally, the 

fifth chapter gives a summary of the key findings and conclusions of the project and suggests 

some important directions for future research. 

Altogether, this work provides evidence that evolution of metabolism is not simply a 

biproduct, necessary for accommodating the persistent phenotypes, but directly promotes 

the establishment of persistent infections without relying on traditional antibiotic resistance 

mechanisms. Furthermore, it suggests that dysregulation of pyruvate dehydrogenase and the 

consequent change in the flux of pyruvate is a common strategy by P. aeruginosa to achieve 

chronicity in CF airway infections.  
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Resume (Dansk) 

Pseudomonas aeruginosa er et særligt fleksibel patogen med adskillige mekanismer for både 

undvigelse af immunsystemet og antibiotika resistens, hvilket gør det til en af de vigtigste 

bakterier at udvikle nye behandlinger imod for at forebygge antibiotikakrisen. På grund af ets 

metaboliske fleksibilitet, P. aeruginosa er i stand til at undergå hurtig tilpasning og 

specialisering imod en bred række miljøer. Det er tydeligt i tilfældet af patienter med den 

arvelige sygdom Cystisk Fibrose, hvor mutationer i proteinet ”Cystic Fibrosis Transmembrane 

Conductance Regulator” dysregulerer væsketransport i epitellaget. Dette leder til anormal 

ophobning af dehydreret slim i lungerne, hvilket fungerer som et næringsrigt miljø for 

inficerende mikrober. Ved at justere dets metabolisme og fysiologi til de løsninger der er 

tilgængelige i diverse nicher der eksisterer i CF-luftvejene, P. aeruginosa er i stand til at opnå 

vedvarende infektioner der forårsager kronisk lungeinflammation, som kan vare i mere end 

30 år og er den ledende årsag til morbiditet og dødelighed.  

Dette studie fokuserer på evolution af P. aeruginosa metabolisme under tilpasning til CF-

luftvejene for at identificere nøgleaspekter af de strategier det benytter for at opnå kronicitet 

og derved hvordan patient-specifik evolution mere generelt leder til vedvarende infektion 

med henblik på at identificere potentielle sårbarheder for udviklingen af nye behandlinger og 

diagnosticeringsmetoder.   

Det første kapitel giver en generel introduktion til den kliniske relevans og molekylærbiologi 

af P. aeruginosa CF luftvejsinfektioner og uddyber om de specifikke mål og design af projektet. 

Det andet kapitel beskriver et studie hvor vi udvikler en ”high-throughput” metode for 

dynamisk exo-metabolomisk analyse med henblik på at screene store samlinger af kliniske 

isolater for metaboliske ændringer. Studiet demonstrerer hvordan fortyndings-baseret 

sampling fra adskillige tidsforskudte vækstkurver korrekt fanger de metaboliske dynamikker 

fra traditionelle ” low-throughput” metoder. Det tredje kapitel beskriver et andet studie, hvor 

vi udvælger 8 par af kliniske isolater fra forskellige infektionsscenarier af P. aeruginosa i 

patienter med Cystisk Fibrose, baseret på deres reduktion i vækstrate som proxy for 

metaboliske ændringer og anvender metoden beskrevet i Kapitel 2 til at identificere 

fællestræk i tilpassede metabotyper. Ved at gøre dette identificerer vi kliniske mutationer i 

aceEF generne, der koder for den vigtige metaboliske regulator ”pyruvate dehydrogenase”, 

som centrale for de tilpassede metabotyper og indsætter disse mutationer i den rene 
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genetiske baggrund af PAO1. Vi kombinerer dette med proteomisk analyse af både kliniske 

og genetisk rekombinerede stammer og demonstrerer at disse mutationer i PAO1 leder til en 

delvis rekapitulering af fænotypen for vedvarende infektioner. Derefter verificerer vi den 

patoadaptive karakter af disse mutationer ved at teste de genetisk rekombinerede stammer 

i en luft-væske-interface luftvejsinfektionsmodel, hvor de udviser reduceret virulens og 

immungenkendelse der minder om vedvarende infektioner. Det fjerde kapitel giver en 

diskussion af specifikke emner, hvor projektets resultater kan have interessante implikationer 

og til slut giver det femte kapitel en opsummering af de vigtigste resultater og konklusioner 

fra projektet og foreslår vigtige retninger for fremtidig forskning. 

Tilsammen udgør arbejdet evidens for, at evolution af metabolisme ikke blot er et biprodukt, 

nødvendigt for at akkommodere fænotypen af vedvarende infektioner, men at det direkte 

fremmer etableringen af vedvarende infektioner uden at være afhængig af traditionelle 

mekanismer for antibiotikaresistens. Derudover så indikerer det at dysregulering af ”pyruvate 

dehydrogenase” og de konsekvente ændringer i flux af pyruvat er en ofte anvendt strategi af 

P. aeruginosa for at opnå kronicitet i CF luftvejsinfektioner.  
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Chapter 1: Introduction 

1.1 The antimicrobial resistance crisis 

The development of antimicrobial resistance (AMR) is specifically pointed to as one of the 

main challenges to address in the UN 2015-2030 sustainable development goals, with regards 

to health and well-being 1. In the widely cited Review on Antimicrobial Resistance (2016) 

commissioned by the UK government, it is projected that if the AMR crisis continues its 

current trajectory, absent novel solutions, by 2050 it will lead to an additional 10 million 

deaths annually and a cumulative loss of 100 trillion USD 2. It is important to note that this 

review has been strongly criticized by academic researchers for lacking reliable and 

comprehensive data leading to inappropriate extrapolations of e.g. resistant proportion of 

incidence rates and from bloodstream infection data to other infection types, as well as 

potential bias in the methods for attributing mortality to resistance – all pointing in the 

direction of overestimating the burden of resistance 3. In their critique, de Kraker et al., (2016) 

acknowledges that AMR presents a serious public health burden requiring urgent action as it 

is likely to increase over time but warns against forecasting decades into the future based on 

assumptions with no underlying empirical data to support them.  

More recently, a comprehensive empirical study of the global burden of antibacterial 

resistance was published, looking specifically at actual deaths associated with or attributable 

to antibacterial resistance in 2019 4. This found that AMR is one of the leading causes of death 

globally, especially severe in resource-poor areas, such as sub-Saharan Africa. In 2019, an 

estimated 4.95 million deaths were associated with AMR, with 1.27 million of those deaths 

being directly attributable to AMR 4. Using these results would make AMR the 12th leading 

GBD Level 3 cause of death globally, if based on directly attributable deaths, and the 3rd 

leading if based on AMR associated deaths 5. 

More than half of the worlds small and medium-sized enterprises focused on development of 

novel antibacterial drugs are located in the United States 6 and in 2019, the number of 

antibacterial investigational new drug applications (INDs) in active development in the US had 

declined to an 11-year low, while the number of new antibacterial INDs initiated had reached 

the lowest in three decades 7. Furthermore, the current global clinical pipeline is dominated 

by derivatives of already established classes with the same mode of action, which is likely to 
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lead to issues of cross-resistance for multidrug resistant gram-negative pathogens, such as P. 

aeruginosa 8. Of the 76 drugs in the current pipeline, 54 % are targeted at these most critical 

pathogens and only 5 % were based on new modes of action, while only one of the 12 new 

antibacterial drugs approved in the last 5 years was not a derivative of a previously approved 

class – stressing the urgent need for basic research and high-risk R&D into new antibiotics 

with novel modes of action 9. 

According to a 2017 World Bank Report and the Center for Global Development, this is due 

to a number of market failures with respect to development of novel antibiotics 5,10. In the 

World Bank Report, Jonas et al., (2017) predict that by 2050, AMR will lead to a decrease in 

annual GDP between 1.1 % - 3.8 %, which would be more severe than the 2008 global financial 

crisis, but for a longer time and disproportionally impacting low-income countries 10. One 

example of an attempt to circumvent these market failures is the US PASTEUR Act, a 

commitment to subscription-based purchasing of novel antimicrobials, which the US Center 

for Global Development estimates, when limiting the analysis to only antibacterials, to have 

a national return on investment (ROI) of 6:1 over 10 years and 28:1 over 30 years, while the 

global ROI is estimated to be 27:1 over 10 years and 125:1 over 30 years 5, with similar 

estimates for such a programme in the EU, UK, Canada and Japan 11–14. In their report, they 

describe the problem as follows: 

“There are three main pathways of impact. First, common infections will become less easily 

treated, causing more people to fall ill and die. Second, first-line antimicrobials are 

generally well-tolerated and easily administered; current second-and third-line antibiotics 

often come with more serious side-effects, and require intravenous administration or 

hospitalization. Finally, and perhaps most frightening, is the “nightmare scenario” in which 

modern medicine collapses because surgeries, chemotherapy, and other common 

interventions are no longer viable due to infection risk” 

- Towse and Bonnifield, (2022) 

It is also worth noting that according to the US Center for Disease Control, the Covid-19 

pandemic has further exasperated the situation by overwhelming the health sector and 

negatively impacting prevention, control and tracking practices for resistant infections, as 

well as leading to misdiagnosis and prescription of antibiotics to patients with Covid-19. This 
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has led to increased case-rates for many types of resistant infections, including a 32 % 

increase in hospital-onset multi-drug resistant (MDR) P. aeruginosa infections from 2019-

2020 15. 

 

1.2 Clinical relevance of P. aeruginosa airway infections of patients with Cystic Fibrosis 

In my project, I focus on the specific pathogen P. aeruginosa, which is one of the six most 

impactful pathogens identified in Murray et al., (2022). P. aeruginosa has also been listed by 

the WHO as one of three pathogens of critical priority for development of new antibiotics 16 

and is one of the six so-called “ESKAPE” pathogens which, in addition to being responsible for 

the vast majority of nosocomial infections, represent the most important paradigms of 

pathogenesis, transmission and resistance that we must learn to control, in order to deal with 

virtually any pathogen that might take their place 17.  

Specifically, this project relates to P. aeruginosa airway infections in patients with Cystic 

Fibrosis (CF), where it represents the leading cause of morbidity and mortality 18. CF is a 

heritable disease caused by a mutation in the Cystic Fibrosis Transmembrane Conductance 

Regulator (CFTR) protein, which affects the activity of chloride ion-transport channels in the 

airway epithelia. Dysregulation of this gene affects the osmolarity of the mucus, which is a 

part of our innate immune system, leading to dehydration and preventing its normal 

clearance by cilial cell beating. This in turn leads to abnormal accumulation of dehydrated 

mucus in the airways, which provides a nutrient-rich environment for infecting microbes, 

making the patients highly vulnerable to airway infections (La Rosa et al., 2019).  

The study by Murray et al., (2022) found that lower respiratory infections were the most 

impactful type of infection, making up more than 30 % of the deaths associated with AMR 

globally 4. It also found Pseudomonas aeruginosa to be one of the six leading pathogens for 

death associated with AMR, which together are responsible for more than 70 % of the 1.27 

million deaths directly attributable to AMR, and of the 4.95 million deaths associated with 

AMR 4, as seen on Figure 1. 
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Figure 1: Figures 3 and 4 from Murray et al., (2022) showing the death counts of different types of (A) infections and (B) 
pathogens. 

Thus, in addition to being an important health challenge in its own right, P. aeruginosa 

infections of the CF airways represents a model system that reveals insight applicable to both 

one of the most critical pathogens, as well as the specific environment of the lower airways, 

which is the most impactful type of infection of the modern world. 

Staphylococcus aureus is the organism causing most respiratory infections for CF patients 

earlier in life and was the primary cause of death before modern intensive antibiotic 



 

 

Page 5 

treatments were introduced. However, the success of anti-staphylococcal therapies revealed 

P. aeruginosa to be an important pathogen in the context of CF 20. Today, P. aeruginosa is 

associated with more severe outcomes, i.e. more pulmonary exacerbations and higher CRP 

levels than S. aureus 21. Moreover, once the patient has been exposed to P. aeruginosa, it 

tends to outcompete and replace S. aureus and all other microbes present in the airways, 

leading to reduced microbial diversity. For patients >34 years old, 60 % of airway infection 

cases involve P. aeruginosa and almost 40 % show only P. aeruginosa 22, as can be seen on 

Figure 2. 

 

Figure 2: Figure from the Cystic Fibrosis Foundation 2018 Patient Registry Annual Data Report (Cystic Fibrosis Foundation, 
2018) showing the change in microbial diversity in CF patients by age. 

This eventual take-over of P. aeruginosa is in large part due to its highly flexible metabolic 

repertoire, which allows rapid adaptation and specialization toward the various niches 

available in the CF airways 19. The colonization by P. aeruginosa induces the host immune 

system, as seen on Figure 3 from the rapid build-up of P. aeruginosa specific antibodies. This 

immune response is maintained constantly in the case of chronic infections, leading to chronic 

lung inflammation that causes tissue damage and impairs normal lung function. Eventually 

this results in respiratory failure, which is the reason for 95% of deaths in patients with CF 
20,23.  
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Figure 3: From Figure 2 of Folkesson et al., (2012) showing (A) schematic of typical progression of CF patients with P. 
aeruginosa airway infections and (B) the effect this has on the log titre of P. aeruginosa specific antibodies. 

These infections require severe and continuous antibiotic treatments, which help maintain 

lung function and has extended media life-span of patients to almost 50 years 24. However, 

these treatments also have many severe adverse effects and eventually the persistent 

infection develops resistance. Indeed, chronic P. aeruginosa infections often exhibit 

resistance toward all clinically relevant antibiotic classes 23. 

A more recent strategy that has seen substantial success are CFTR modulator treatments that 

focus on directly targeting the defective CFTR protein, either by improving its gating function 

(“potentiators”), helping to stabilize 3D conformation (“correctors”) or increase CFTR protein 

production (“amplifiers”) depending on the type of mutation in the patient 25–31. In addition 

to improving overall lung function, body mass index and sputum production 32, some studies 

also show a reduced prevalence of P. aeruginosa airway infections 33 although the remaining 

7-15 % yearly incidence rates still remain concerning and require further development of 

antimicrobial therapies especially targeted toward chronic phenotypes that may work 

synergistically with CFTR modulator treatment to improve long-term outcomes 34. 
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One area that has been historically understudied but is becoming increasingly relevant is the 

role of metabolism in antibiotic resistance 35–42. This also represents a novel area of targets 

for the development new antimicrobial treatments 6,9. Given that metabolism is known to 

function radically different in chronic infections 19,43 it may be possible to target metabolism 

of persistent phenotypes specifically, which could help to reduce adverse effects, as well as 

the selective pressure for development of resistance. 

 

1.3 Pseudomonas aeruginosa 

1.3.1 Metabolically versatile pathogen 

Pseudomonas aeruginosa is a Gram-negative bacterium ubiquitous in soil and water 

environments but primarily associated with habitats affected by human activity 44. It is an 

opportunistic pathogen capable of infecting both plants 45 and animals 46,47, as well as 

humans. Besides the CF airways, P. aeruginosa can also cause infections in people with other 

pulmonary obstructions 48, bladder catheters or intubations 49, burn wounds, diabetic foot 

ulcers and even in healthy subjects with no particular vulnerabilities 50,51. 

It is known to be highly ecologically versatile and resilient to changes in the environment, 

owing to its very large genome (5.5-7 Mb) that rivals even the size of simple eukaryotes 52. 

This large genome encodes many different regulators and transporters, as well as a diverse 

set of virulence factors and catabolic functions that provide it with responses to the wide 

array of challenges it may face in different environments 51. Its core genome consists of 665 

genes encoding essential functions 53, which is similar to the number of genes thought to be 

essential in CF airway environment 54. The remaining 99% of its pan-genome 53 is more 

flexible, leaving room for substantial genomic diversity within the species 55. P. aeruginosa 

has generally been separated into three phylogenetic groups represented by the common 

strains PAO1, PA7 and PA14 respectively 56, although recent studies suggest there may be two 

other phylogenetically independent groups 53. Most strains belong either to the PAO1 or PA14 

group, with PAO1 being used as the reference strain to clinical isolates in this study. 

Because P. aeruginosa is often found in environments where nutrient availability is limited, it 

has evolved a broad metabolic network capable of adapting it catabolic and anabolic 

pathways to the nutritionally and chemically diverse niches of both water, plants and animals 
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and allowing it to utilize a variety of both complex and recalcitrant carbon sources for growth 

and biosynthesis of specialized secondary metabolites 57–59. For example, the coupling of 

glycolysis with both the Entner–Doudoroff and Pentose Phosphate Pathways (EDP/PPP) 

supports high levels of reducing equivalents through hexose sugar assimilation 60,61 as well as 

the biosynthesis of alginate required for the mucoid phenotype often employed in infection 

scenarios 62. Organic and amino acids are assimilated and funnelled through the tricarboxylic 

acid (TCA) cycle, which provides the building blocks necessary to maintain relatively high 

growth rates 63–65.  

The TCA cycle also supports aerobic respiration, which is the most efficient pathway for 

energy production but also leads to the accumulation of Reactive Oxygen Species (ROS) that 

cause oxidative stress. This is likely to be exasperated by the host immune response during 

infection and so it may be adaptive to mitigate oxidative stress by reducing TCA activity e.g. 

by decoupling glycolysis from the TCA cycle and/or redirecting flux through the glyoxylate 

shunt 37,40,66. One potential mechanism for this, which will be studied in detail in this thesis is 

the dysregulation of the pyruvate dehydrogenase (PDH) complex, which connects glycolysis 

to the TCA cycle through the conversion of pyruvate (the end product of glycolysis) to acetyl-

CoA, which enters the TCA cycle. Mutations in the aceEF genes encoding the PDH-E1 and E2 

subunits respectively both appear to be selected for during adaptation to the CF airways 18 

and both genes show reduced expression in the transcriptional programme of P. aeruginosa 

when grown in CF sputum of chronically infected patients compared with the same strains 

grown under laboratory conditions, suggesting reduced activity in vivo 67. The fact that the 

aceA gene, which encodes the enzyme isocitrate lyase responsible for redirecting flux through 

the glyoxylate shunt, also shows increased expression under the same conditions suggest a 

synergistic effect where glucose metabolism and the TCA cycle are decoupled, with the TCA 

cycle working through the glyoxylate shunt, most likely supported by the assimilation of 

amino acids. Under most conditions, such an adaptation would need to have substantial 

benefits to off-set the fitness cost of the loss in capacity for energy production through 

aerobic respiration. 

P. aeruginosa is a facultative anaerobic meaning it can survive and grow both in the presence 

and absence of oxygen. This does not function as an either-or response dictated e.g. by a 

discrete regulon for low oxygen conditions but rather P. aeruginosa can modulate its 



 

 

Page 9 

transcriptome to balance anaerobic and micro-aerophilic respiration in response to different 

oxygen conditions as seen for example in the case of adaptation CF airways where oxygen 

availability is often limited 67,68. Even in the absence of oxygen, it is able to use nitrogen and 

potentially larger molecules such as thiosulfate to replace oxygen as electron acceptors for 

respiration 69. Indeed several operons related to denitrification (nir, nar, nos and nap) as well 

as one thought to encode thiosulfate reductase are all activated in the lung 

microenvironment, along with high oxygen affinity terminal oxidases that are able to make 

use of oxygen even at very low concentrations 67. Additionally, P. aeruginosa can make use of 

both pyruvate and arginine for fermentation to produce energy and support long-term 

survival without growth under anaerobic conditions when both oxygen and nitrogen are 

depleted 70–72. 

The CF airways generally provide an abundance of nutrients compared with most other 

environments but has limited availability of important cofactors such as iron and zinc due to 

the host activity restricting access to these in an attempt to inhibit bacterial growth. P. 

aeruginosa however has several strategies for adapting to this restriction, including the 

expression of iron- and zinc-independent variants of metabolic enzymes and stress regulators 

that typically rely on these as cofactors, as well as the production of a wide array of metal 

scavenging systems including the siderophores pyoverdine and pyochelin and molecules for 

zinc-sequestration and transport 67,73,74. 

 

1.3.2 Virulence factors 

In addition to the metal-scavenging molecules, P. aeruginosa produces many other types of 

virulence factors including phenazines that function as electron acceptors to maintain redox 

balance and protect against oxidative stress 75. It also produces five different secretion 

systems for delivering effector proteins into the extracellular space as well as directly injecting 

them into both the host and competing microbes as seen on Figure 4 76. 
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Figure 4: Figure 2 from de Sousa et al., (2021) showing the five different secretion systems encoded by P. aeruginosa. 

The type I secretion system (T1SS) is a simple system consisting of an outer membrane 

protein, an inner membrane ATP-binding cassette (ABC) transporter providing the necessary 

energy for transport and an adaptor protein connecting the two in the periplasm 77. This can 

produce e.g. the HasAp protein, which is important for early infections because it can bind to 

heme, allowing it to steal iron from the host haemoglobin 77,78. The T1SS can also secrete the 

virulence factors AprX 79 and the alkaline protease AprA 77,80. 

The type II secretion system (T2SS) transports large multimeric proteins that were folded in 

the periplasm through the outer membrane into the extracellular environment 81,82. This 

includes at least 14 different proteins with different effects such as elastases (LasB, LasA), 

phospholipases and lipases (PlcN, PlcH, LipA and LipC) and exotoxin A (ToxA) through the Xcp 

system, as well as the alkaline phosphatase LapA through the Hxc system under phosphate-

limiting conditions 83. Exotoxin A leads to the death of host cells through ADP-ribosylation of 

the host cell elongation factor-2, which inhibits protein synthesis 84. Elastases cleaves the 

main component of lung connective tissue elastin, thus degrading it 85 while phospholipases 

and lipases degrade surfactants, also in the pulmonary system, and interfere with normal 

immune function 86,87. 

The type III secretion system (T3SS) is a needle-like complex that can directly inject effectors 

such as the cytotoxic proteins ExoS, ExoT, ExoU and ExoY into the host cells 88. ExoS and ExoT 

disrupt the host cells’ signalling pathways through ADP-ribosylation of Ras 89–91, while ExoY 
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disrupts the actin in their cytoskeleton by increasing intracellular cAMP levels and ExoU 

causes tissue destruction through its activity as a lipase 92. The T3SS is also known to be 

related to the assembly of flagellar and is subject to highly complex regulation by at least 36 

genes in 5 different operons 93. It can be induced by several different signals including contact 

with host cells 94,95, Calcium limitation 93, cAMP levels 96 and spermidine 97. 

The type V secretion system (T5SS) is a simple system composed of autotransporters and two-

partner secretion systems 93 that transport proteins to the outward-facing side of the outer 

membrane where they remain unless released into the extracellular space by proteolytic 

cleavage 98. This includes EstA which is important for rhamnolipid production and affects 

motility and biofilm formation 99,100 and CdrA which also promotes biofilm formation, as well 

as LepA/LepB that secrete proteases that interfere with the host immune response 101,102. 

The type VI secretion system (T6SS), like the T3SS, is another needle-like complex that directly 

injects effectors into the target cells 103. It is a widespread strategy in gram-negative bacteria 

used for killing competing microbes but is employed slightly differently in P. aeruginosa 

following the game-theoretical tit-for-tat strategy 104. The T6SS is used by P. aeruginosa to 

inject both host cells and competing bacteria with effectors, such as the Tse1-6 proteins. 

While Tse1/3 hydrolyse peptidoglycan in periplasm of competing bacteria and Tse4-6 function 

directly as antibacterials, Tse2 works to arrest growth of both prokaryotes and eukaryotes 
76,105,106. There are three different loci encoding T6SS components referred to as H1-, H2- and 

H3-T6SS, all controlled by the global regulator RsmA 103. H1-T6SS encodes the phage-like 

needle structure responsible for projection of payloads onto bacterial surfaces 106,107 while 

H2-T6SS has been implicated in the internalization of P. aeruginosa in epithelial cells to evade 

the immune system and H3-T6SS is associated with pathogenesis 108. Both H2- and H3-T6SS 

are also regulated by the quorum sensing regulator PqsR 103,109. 

 

1.3.3 Quorum sensing and biofilm formation 

There are three Quorum Sensing (QS) systems in P. aeruginosa responsible for regulating 

bacterial communication and responding to the presence and density of other cells 110 by 

producing small signalling molecules called autoinducers that coordinate the activity of 

several functions including virulence factors, adhesion, motility and formation of biofilm 
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111,112. These three systems are the Las-, Rhl-, and Pseudomonas Quinolone System (PQS) 
113,114, which act in a highly coordinated way where the Las system induces both the rhl system 

and PQS, while the PQS induces the rhl system and the rhl system in turn inhibits PQS 115. Rhl 

is mainly responsible for inducing the expression of proteases, elastases, rhamnolipids, 

pyocyanin and HCN 116. PQS also regulates the biosynthesis of pyocyanin and rhamnolipids 109 

and has been associated both with iron acquisition, cytotoxicity, biogenesis of outer-

membrane vesicles, reduced metabolic activity to mitigate oxidative stress and immune 

modulation 117,118. 

All three QS systems are also involved in the formation of biofilms, which are structured 

communities of cells embedded in a matrix composed of e.g. polysaccharides and 

extracellular DNA 119,120. LasR regulates biofilm formation through the Psl system which in 

turn increases cell surface adhesion and synthesis of galactose/mannose-rich polysaccharides 
121–124, whereas RhlI regulates the Pel system, which relies on glucose-rich polysaccharides 

instead 125,126. Both are related to the initial stages of biofilm formation 120. Biofilm formation 

is also regulated by the two-component regulatory systems (GacS/GacA) and the nucleotide 

c-di-GMP, which coordinates a switch between and motility and polysaccharide biosynthesis 
109,127–129. 

Figure 5 shows the five stages of biofilm formation 130, the first being flagellar-mediated 

reversible surface-attachment by planktonic cells followed by a second stage characterized 

by the influx of motile cells to the location of the attachment which maintain Type IV pili 

mediated twitching motility to form microcolonies and upregulate expression of the algC, 

algD, and algU genes to promote the biosynthesis of alginate for the extracellular matrix. The 

third stage is defined by proliferation and loss of motility while the fourth stage is defined by 

the transition from a monolayer of cells into a three-dimensional structure. Finally, the fifth 

stage is the dispersion of new planktonic cells from the biofilm which can generate new 

biofilms 120,131. 
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Figure 5: Figure 1 from Saur et al., (2022) showing the five stages of biofilm formation. 

Because of the architecture of biofilms, they typically exist under oxygen-limiting conditions 

with increasingly low oxygen-availability at the deeper levels 132,133. Indeed, low oxygen 

availability seem to promote more robust biofilms for P. aeruginosa 134, which also means the 

oxygen-limited environment of the CF airways is highly suitable for biofilm formation 135. The 

same architecture also restricts access of antibiotics to lower levels of the biofilm and 

contributes to the increased tolerance observed for biofilms against surfactants, antibiotics 

and phagocytosis 136–138. 

In addition to biofilm formation, alginate production is also linked to the development of 

mucoidity, which protects P. aeruginosa from physical stress 139 and inflammation 140–143. 

Alginate production often appears to be upregulated in chronic P. aeruginosa CF airway 

infections 144 and is associated with worse outcomes for patients 145. This phenotype is most 

commonly derived from mutations in MucA which inhibits expression of the algD operon 

required for alginate biosynthesis by sequestering the σ-factor σ22 146–152. This same σ22 is 

also involved in the regulation of many genes related to virulence, motility and general stress 

response 145,153–155 suggesting mucoidity is coordinated with many other functions important 

for infection. 
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1.3.4 Adaptation of P. aeruginosa to the CF airways 

Despite the overall abundance in nutrients, the CF airways still present many complex 

challenges to the colonizing P. aeruginosa including oxidative stress from reactive nitrogen 

and oxygen species (RNS and ROS) released by the immune system to kill infecting bacteria 
156,157, limited access to e.g. oxygen, zinc and iron and high concentrations of antibiotics from 

modern intensive treatment regimens 67,73,74. P. aeruginosa responds by undergoing 

substantial metabolic rewiring to support a new balance between growth and more 

specialized functions such as the production of virulence factors for metal scavenging, 

exopolysaccharides for biofilm formation and surface modifications of both lipid composition 

and loss of O-antigen to help evade the immune system 67,158–161. It also has several strategies 

for mitigating the oxidative stress caused by the immune response, including the expression 

of enzymes that are either ROS-insensitive variants, RNS/ROS-scavenging or help repair other 

oxidized proteins or maintain redox balance 67,73,74. This, combined with its intrinsic antibiotic 

tolerance allows small subpopulations to persist despite the hostile conditions and eventually, 

through continuous selective pressure, transition to a chronic phenotype that is highly 

specialized to the CF airways 69. Figure 6 shows how P. aeruginosa adapts during transition to 

chronic infections. 

 

Figure 6: Figure 1 from Rossi et al., (2020) showing the convergent evolution of persistent phenotypes in P. aeruginosa CF 
airway infections. 
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Genomic analysis of large longitudinal collections of clinical isolates from different CF clinics 

have found frequent mutations in specific genes associated with metabolism (aceE, aceF) 

biofilm formation (mucA, algU, morA), antibiotic resistance (mexZ, nfxB, mexR, gyrA, gyrB, 

mpl), loss of virulence factors (ykoM, mpl), quorum sensing (lasR) and other regulatory 

systems (rpoN, nfxB, mexR, gacA, gacS) 18,162,163. However, in general, chronic infections are 

characterized by substantial genetic diversity and unique evolutionary trajectories in different 

patient lineages leading to a highly conserved set of phenotypic traits such as reduced growth 

rate, increased biofilm formation, protease secretion, reduced motility and loss of certain 

quorum sensing and virulence functions through convergent evolution 18,23,162–165. These 

studies also reveal that phenotypic changes occur rapidly in the first 2-3 years of infection in 

a manner dependent on genotypic changes but after that, further accumulation of mutations 

have little effect on the overall phenotype 164,165. Surprisingly, the development of antibiotic 

resistance is typically not among these initial phenotypic changes. Rather it can take decades 

before the strains acquire mechanisms that confer full antibiotic resistance. This remains a 

puzzle but some explanations that have been offered are centred around the intrinsic 

antibiotic tolerance that may be conferred either by the biofilm lifestyle or by slow stationary 

growth mediated by reduced metabolism 23. 

 

1.4 Project design 

1.4.1 Strain collection at Rigshospitalet 

To address this challenge of chronic P. aeruginosa CF airway infections, the Copenhagen CF 

Centre has established a strain collection of more than 500 longitudinally sampled clinical P. 

aeruginosa isolates across more than 34 different patients, which has been studied by the 

Molin/Johansen group to map out the evolution of P. aeruginosa in CF airway infections 

through Whole-Genome Sequencing, as well as transcriptomic, metabolomic and phenotypic 

analysis 18,43,67,164. Figure 7 shows the collection from a 2015 study where 474 clinical strains 

were Whole-Genome sequenced. 
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Figure 7: Figures 1-2 of Marvig et al., (2015a) showing (A) the collection of isolates, as of 2015, with icons indicating Clone 
Type of individual isolates separated by year of isolation on x-axis and patient on y-axis, as well as (B) schematic of the 
procedure of sampling, then carrying out Whole Genome Sequencing followed by comparative genomics to track evolutionary 
history of the clinical strains. 

Initially, the aim was to find genetic markers that could predict the potential for establishment 

of chronic infections in the clinic. In many ways, we are now understanding the role of specific 

mutations in different evolutionary trajectories leading to chronic infections. However, the 

multitude of different mutational profiles that can support similar persistent phenotypes 

makes it unlikely that chronic infections can be inferred from specific mutations alone. Rather, 

diagnostics based on such markers will require additional types of phenotypic markers that 

generalize to different evolutionary trajectories. 

 

1.4.2 Objectives of PhD project 

In this project, I investigated the metabolic changes that underlie the transition to persistent 

phenotypes. First, I selected out the most relevant clinical isolates based on reduction in 

growth rate from early to late clinical isolates of different infection lineages as proxy for 

metabolic adaptation to the CF airways to screen them for convergent changes in nutrient 

utilization using dynamic exometabolomics. I also investigated if frequently occurring clinical 

mutations in the aceE and aceF genes, encoding the key metabolic regulator pyruvate 

dehydrogenase, promote persistent phenotypes by testing the extent to which the persistent 

phenotype was recapitulated when these mutations were inserted into the clean genetic 

background of PAO1.  
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Overall, the aims of this project were:  

 First, to develop a high-throughput method for dynamic exo-metabolomic analysis of 

large numbers of strains, which was required to be able to screen our collection in 

sufficient detail for convergent changes in metabolic profiles.  

 Second, to apply this method to the selected clinical strains to find links between 

adapted metabotypes and infection-related functions. 

 Third, to determine the specific effects of the metabolic adaptation of pyruvate 

dehydrogenase dysregulation and its role in transition to a persistent phenotype. 
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Chapter 2: High-throughput dynamic exo-metabolomics 

2.1 Metabolomics as tool for studying metabolism 

Metabolomics is the direct study of the many metabolites produced and consumed by the 

organism as part of its metabolic activity. Broadly, this can be divided into endo-

metabolomics, which is the study of the metabolites inside the organism, and exo-

metabolomics, which focuses on the effect of metabolism on metabolites outside the 

organism. Exo-metabolomics is done by analysing changes in extracellular metabolite 

concentrations of a defined growth medium caused by the specific assimilation and secretion 

of metabolites during cell growth 166.  

While endo-metabolomics generally provides a more direct description of the physiological 

state of the cell when sampled, there are several advantages to exo-metabolomics that are 

the reason it was used in this study. First, endo-metabolomics requires careful quenching of 

the sample to freeze metabolic activity at exactly the right time to get snapshots of the cell-

state that are comparable between samples. Second, the destructive nature of the sampling 

means that time-resolved data quickly becomes unfeasible to collect when scaling up the 

experiment. The comparable simpleness of exo-metabolomic sampling and the fact that 

multiple time-resolved samples can be collected from the same culture makes it an effective 

tool for large-scale applications, such as broad screening of metabolism for many strains. 

Additionally, endo-metabolomics is generally focused on the effect of the environment on the 

physiology of the organism, but information about the effect of the organism on the 

environment is highly relevant to the biological context of an infection, where you have a 

complex environment with competing microbes and antagonistic immune cells. 

 

2.2 Widespread applications of exo-metabolomics 

The method has widespread applications and has been used for basic research in the 

metabolism of bacterial species such as Escherichia coli, Corynebacterium glutamicum, 

Bacillus licheniformis and Saccharomyces cerevisiae 167, as well as strain classification 168–170. 

It has been used as biosensor e.g. for contamination in micro-algal fermentation 171 and toxins 

in wastewater 172, as a bioremediation tool for the decontamination of polluted soils 173 and 

for monitoring flavor-impacting bioprocesses in wine fermentation. 174,175. Exo-metabolomics 
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has also been used to study the metabolism of key organisms of interest in the design of cell 

factories for sustainable bioproduction, e.g. through metabolic pathway discovery in 

Aspergillus nidulans 176 and interrogation of the role of carbon catabolite repression in 

Pseudomonas putida 177,178. It has also been suggested as a promising approach for identifying 

quorum sensing molecules in pathogens that can be targeted by drugs in a way that prevents 

biofilm formation without threatening survival, thus allowing for the development of 

resistance-resistant antibiotics 179. 

 

2.3 Need for high-throughput method for dynamic exo-metabolomic sampling 

Characterizing bacterial metabolic profiles has so far largely been limited to low-throughput 

methods, making in-depth analysis of large collections of strains across several conditions 

challenging. To solve this issue, we applied a serial-dilution method similar to those described 

in previous papers 180,181 studying growth and biofilm formation and investigated whether this 

method might be suitable for dynamic exo-metabolomic studies as well. For this method to 

be a reliable tool, it is important to establish whether or not metabolism is conserved among 

cells of one biological replicate growing in the different wells of a dilution-row during 

cultivation, such that the metabolomes of dilution-resolved samples at different growth 

states correspond to the metabolomes of one culture at all of those growth states.  

For this reason, the method was benchmarked against a conventional low-throughput time-

resolved cultivation approach using laboratory strains of P. aeruginosa in Synthetic Cystic 

Fibrosis Medium (SCFM) – a rich media mimicking the CF airway environment and 

Pseudomonas putida in minimal media similar to that used for this organism in industrial 

bioproduction. This was done by comparing biological parameters such as metabolic profiles, 

rate of assimilation and, in the case of P. aeruginosa in SCFM, assimilation hierarchy. Both 

microtiter- and deep well plates were tested to optimize the method with respect to oxygen 

conditions, culture volumes and dilution factor. 

The study reveals an overlap between the bacterial metabolic profiles and assimilation 

hierarchy, irrespective of the cultivation strategy, suggesting high robustness and flexibility of 

the high-throughput dilution-resolved method. Deep-well plates provided the best cultivation 

setup yielding consistent and comparable metabolic profiles across conditions and strains. 
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Altogether, the results illustrate the usefulness of this technological advance for high-

throughput analyses of bacterial metabolism for both biotechnological applications and 

automation purposes. The following section encloses the paper published on this work in 

Microbial Biotechnology, (2021).  

Following the validation of the method, we applied it to all clinical isolates selected for study 

in the current project for a total of 272 samples analysed, which will be discussed further in 

Chapter 3. 

 

2.4 "High-throughput dilution-based growth method enables time-resolved exo-metabolomics 

of Pseudomonas putida and Pseudomonas aeruginosa", Microbial Biotechnology (2021) 
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Chapter 3: Metabolic specialization drives reduced pathogenicity in Pseudomonas 

aeruginosa infections in cystic fibrosis patients 

3.1 Previous exo-metabolomic studies of P. aeruginosa in CF airways 

Exo-metabolomics has also been applied for studying infection dynamics. In the context of P. 

aeruginosa, it has been used to study the relationship between media composition and 

assimilation hierarchies 182, production of the virulence factor PrmC 183 and the role of carbon 

catabolite repression in biofilms compared to free planktonic cells 184.  

One study by Behrends et al., (2013) used single time-point exo-metabolomic analysis of 

overnight cultures from 179 clinical isolates of P. aeruginosa across 18 patients with CF to 

study the changes in metabolism as a function of infection age and specific patient 

environments. Figure 8 below shows the clinical data, metabolomic data and dependence of 

metabolite concentrations on either infection age or patient environment respectively. 

 

Figure 8: Figures 1, 3 and 4 from Behrends et al., (2013) showing years of infection, stationary phase metabolite 
concentrations and sum of squares by time compared with by patient. 

While they found some trends e.g. a tendency toward reduced acetate production and 

trehalose utilization as a function of infection age, they also found that the most important 

factor determining the metabolic state was not the time spent adapting to the airways, but 

the specific patient environment the isolate was sampled from – as illustrated by all points 

representing metabolites being below the blue line in the sum of squares comparison plot.  

However, metabolism is a highly dynamic process, and a lot of information is lost when 

looking only at a single time-point. Dynamic exo-metabolomics instead aim to capture the 

innate dynamicity of metabolism, by taking several time-resolved samples along the growth 
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curve and analyzing them together. Using this method for six clinical isolates of P. aeruginosa, 

representing different stages of adaptation in one patient, La Rosa et al., (2018) instead 

looked at changes in assimilation and secretion profiles and the overall shift in nutrient 

preferences, i.e. the order of assimilation of the various metabolites, to identify convergence 

toward an adapted metabotype. This adapted metabotype was characterized e.g. by 

increased secretion of pyruvate, lactate and glycine and reduced secretion of ornithine at late 

growth stage, as well as an assimilation hierarchy tailored to the CF sputum – see Figure 9 

below. 

 
Figure 9: Figures 4-5 from La Rosa et al., (2018) showing assimilation and secretion profiles of specific metabolites and shift 
in overall assimilation hierarchy of metabolites for highly adapted clinical isolates. Red indicates highly adapted isolates; 
purple indicates intermediate adapted and green indicates naïve isolates. 

All of the metabolite profiles seen on Figure 9 show differential secretion and subsequent 

reassimilation in different strains, which is an example of something that would be missed or 

misinterpreted by looking only at single time-point snapshots of the exo-metabolome – 

especially in late-stationary phase. This highlights the importance of time-resolved data when 

studying metabolism.  

Due to feasibility, the study by La Rosa et al., (2018) only looked at isolates from one patient 

and as we see from Behrends et al., (2013), the specific patient environment plays a major 

role in metabolic adaptation. Thus, in order to obtain conclusive and more generalized results 
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on the metabolic adaptation related to CF airway infections, there is a need to look for 

convergence in adapted metabotypes between patients. To this end, the high-throughput 

method described in Chapter 2 was applied to a collection of 16 clinical isolates from 8 

different CF patients. The following section encloses the manuscript, in preparation for 

publication, containing and building on these findings. 

 

3.2 "Metabolic specialization drives reduced pathogenicity in Pseudomonas aeruginosa 

infections in cystic fibrosis patients", In preparation (2023) 
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Abstract 

Metabolism provides the foundation for all cell functions. In pathogenic bacteria carrying-out 

persistent infections, metabolism functions radically differently compared to more naïve 

strains of the same species. However, whether this is simply a consequence of necessary 

accommodations to the persistence phenotype or if metabolism plays a direct role in 

achieving persistence in the host is still unclear. Here, we characterize the change in 

metabolome and proteome of eight infection scenarios of Pseudomonas aeruginosa in people 

with cystic fibrosis that show a shift in metabolic functions aligned with a persistence 

phenotype. We identify clinical mutations in the key metabolic enzyme pyruvate 

dehydrogenase leading to a host specialized metabolism. When tested in an air-liquid-

interface airway infection model system, recombinant laboratory strains harboring pyruvate 

dehydrogenase mutations exhibit reduced virulence and immunogenicity recapitulating the 

persistence phenotype of clinical isolates. Altogether, these results provide evidence for the 

direct adaptiveness of metabolism during a persistent infection and the intrinsic role of 

metabolism in supporting pathogenicity. Moreover, it confirms the role of the pyruvate 

dehydrogenase as pathoadaptive gene. 

 

Introduction 

Metabolism of bacterial pathogens is a central process involved both in cell duplication but 

also in pathogenicity and virulence. Accordingly, nutrient availability in the host 

microenvironment guides the bacterial phenotype to trigger specific responses 186. Nutritional 

restriction as consequence of a change in environment, for instance, can prompt the 

activation of specific virulence factors required to carry out an infection and succeed in the 

host. One example is the activation of the type III secretion system (T3SS) in response to acidic 

pH and nutrient limitation such as that found in the lumen of the Salmonella-containing 

vacuole during S. enterica infections 187,188. Similarly, abnormalities in calcium homeostasis, 

as occurring in several host microenvironments or diseases, signals the activation of the T3SS 

cascade in Pseudomonas aeruginosa and Vibrio parahaemolyticus providing an 

environmental cue for bacterial pathogens to activate their virulence repertoire 189,190.  
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However, metabolism is not a static process but can dynamically change and specialize 

accordingly to the specific nature of the host environment. In P. aeruginosa clinical strains 

infecting people with cystic fibrosis (CF), for example, it has been observed that bacteria 

modify their metabolic preference to accommodate the specific needs of the infection 191,192. 

The development of antibiotic resistance and bacterial adaptive evolution, moreover, provide 

the ground for chronic persistent infections lasting for decades 193. Auxotrophy, specialized 

assimilation of carbon sources, secretion of high value metabolites and differential oxygen 

requirements of adapted clinical strains suggest a specific bacterial strategy to properly 

support the phenotype requirements in the host and contemporarily ensure the appropriate 

functionality of the cell 194. The nutrient-rich mucus present in the airways of CF patients 

provides ample possibility of metabolic specialization with the aim of properly supporting the 

evolutionary events required for the establishment of a successful infection 195.  

In persistent infections, adaptive evolution plays a fundamental role in improving the 

bacterial phenotype to overcome antibiotic treatment and other stresses, to hide from the 

host immune system, and to endure in the host long term 196,197. Specific pathoadaptive 

mutations are selected for during within-patient evolution, providing the genetic foundation 

for increased persistence in the patient 198,199. While antibiotic resistance mutations are 

specifically accumulated as consequence of the antibiotic treatment, it is still unclear how 

other mechanisms such as reduced growth rate or metabolic specialization contribute to 

persistence 191,200. Laboratory studies in P. aeruginosa and E. coli have shown the involvement 

of specific metabolic mutations associated with changes in antibiotic susceptibility and 

virulence 201–205. However, limited knowledge is available on their relevance and purpose in 

clinical isolates of P. aeruginosa during an infection. Moreover, the extent to which metabolic 

specialization provides per se a specific fitness advantages or if it is merely a fitness associated 

cost of other required phenotypes remains still unknown. Furthermore, the specific selective 

forces (for example antibiotic treatment or the immune system) leading to decreased growth 

rate and metabolic specialization are still unknown. 

By analyzing in detail, the metabolic profiles of clinical strains of P. aeruginosa isolated from 

CF patients at different stages of evolution, we identified distinct metabolic configurations 

supported by changes in both assimilation and secretion of metabolites and by changes in 

proteome allocation. Moreover, we characterized a specific mechanism of metabolism 
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specialization involving the metabolic enzyme pyruvate dehydrogenase (PDH), which is 

essential for the processive fluxes through central carbon metabolism. Surprisingly, 

recombinant strains containing single mutations in PDH showed reduced infection capabilities 

and immunogenicity in an air-liquid-interface (ALI) infection model system. Such strains 

displayed a chronic-like phenotype as consequence of reduced expression of T3SS and 

increased T6SS determinants. Interestingly, such mutations occur frequently in clinical 

isolates of P. aeruginosa, suggesting that metabolic specialization as an adaptation to the host 

environment might be explicitly selected for at early stages of an infection to counterbalance 

the activity of the host. Altogether these results provide a rationale for metabolic 

specialization during CF airway infections. 

 

Results 

Growth rate reduction as proxy for within patient adaptation 

To gain insight on the metabolic adaptation occurring in P. aeruginosa clinical isolates during 

the infection of CF patients, we selected 8 pairs of clinical isolates from different infection 

scenarios, i.e. 8 distinct clone types (> 10.000 unique SNPs) 18 isolated from different patients. 

Each pair was composed of one early (first P. aeruginosa isolated in the patient of that clone 

type) and one corresponding late clinical strain of the same clone type, longitudinally isolated 

from the same patient (Fig. 1A). Reduced growth rate was used as proxy for within-patient 

evolution of metabolism, allowing to assemble a diverse and variegated collection of clinical 

isolates spanning between 1.4 and 7 years of within-patient evolution. When grown in 

Synthetic Cystic Fibrosis Media (SCFM) designed to mimic the conditions of CF-mucus 54, early 

isolates present a high growth rate comparable to the reference strain PAO1 whereas the late 

isolates show a 2.2- to 5.1-fold reduction in addition to a halved maximal optical density 

(Paired t test, P = 0.002) (Fig. 1A-B). Moreover, some late isolates are unable to grow on 

minimal medium in presence of single carbon sources such as glucose, lactate or succinate, 

suggesting the development of some metabolic constraints (Fig. 1C).  

Despite belonging to distinct clone types, a certain level of phylogenetic convergence is shown 

by the strains since, on the final branch of the phylogeny tree, early and late isolates tend to 

group closely within each group (early and late) rather than close to their clone type (Fig. 1D). 
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The distribution of mutations either accumulated or reverted during patient evolution differs 

between clone types, suggesting different evolutionary trajectories in each patient, including 

hypermutation events (Fig. 1E). However, mutated genes are similarly enriched between 

clone types (pyoverdine biosynthetic process for GO and bacterial secretion system and 

porphyrin metabolism for KEGG), suggesting conserved targets of within-patient evolution 

(Fig. 1F). 

 

Fig. 1 

Within patient evolution selects for specialized metabotypes 

To evaluate the degree of metabolic specialization of the clinical isolate, dynamic exo-

metabolomics was performed on cells growing in SCFM. PCA of the extracellular 

metabolomes reveals the presence of three distinct late specialized metabolic configurations, 

here defined “metabotypes” (DK15 and DK55 metabotype 1; DK12 metabotype 2; DK03, DK13 

and DK36 metabotype 3). In these metabotypes, late isolates separate from each respective 

early isolate and from the rest of the non-adapted metabotypes (Fig. 2A). While PCA 

emphasizes the largest differences in the metabolome profiles, hierarchical cluster analysis 

clearly separates early from late strains, indicating a certain degree of metabolic 
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specialization in all late isolates (Fig. 2B). Indeed, both the hierarchy of assimilation (ordered 

by metabolite half-lives, OD50) and the secretion of metabolites differ between early and late 

isolates (Fig. 2C-D). Specifically, metabotype 1 shows reduced assimilation of the amino acids 

Lys, Gly, Ile, Leu, Phe, Thr, Tyr and Val, as well as secretion of pyruvate by strain DK55 late; 

metabotype 2 shows increased assimilation of glucose, Ala, Asp, Glu, Gly, Pro, Ser, Arg and 

His, and rapid secretion of high concentrations of pyruvate; and metabotype 3 shows 

increased assimilation of glucose and lactate, differential assimilation of Ala, Asp, Glu, His and 

Pro, as well as secretion of pyruvate by strain DK36 late (Fig. 2C-D). Late DK13, DK36 and DK41 

strains also secreted low concentration of formate. Notably, all late isolates secreted acetate, 

albeit at different concentration and with different profiles, whereas the early isolates did not 

(Fig. 2D). Unsurprisingly, the net balance between assimilated and secreted metabolites (total 

mM) varies between early and late strains (Fig. 2E), which positively correlates with the lower 

max OD of the late isolates (Pearson’s r = 0.9; P = 0.0023) (Fig. 1B and 2E). This suggests either 

a specific metabolic configuration for the late isolates, which objective is not biomass 

accumulation, or an apparent inefficient metabolism.  
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Fig. 2 

Changes in proteome allocation support the metabolic specialization 

To evaluate the contribution of the proteome composition to the metabolic specialization of 

clinical strains, we quantified 2061 proteins for all 17 strains by whole cell proteomics and 

identified 740 proteins as differentially expressed in at least one comparison of either clinical 

strains to PAO1 or late to corresponding early strains. Similarly to the metabolomic analysis, 

PCA separates late from early proteomes, suggesting that changes in metabolite profiles 

might be rooted in the proteome plasticity (Fig. 3A, B). Most of the early and some of the late 

proteomes co-localize with the reference strain PAO1, indicating little or no changes in 

proteome allocation (cluster 2) (Fig. 3A, B). However, proteomes of the late strains of DK03, 

DK12, DK17, DK36, DK55 lineages separate from the respective early strains, forming two 

clusters of adapted proteomes (DK03 cluster 1; DK12, DK17, DK36, DK55 cluster 3) (Fig. 3A, 

B). Notably, the early and late DK03 strains form an independent cluster, indicating a lineage 
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specific proteome signature which may explain the already reduced growth rate of the early 

isolate (Fig. 1A and 3A, B).  

A similar result is obtained when performing hierarchical clustering analysis specifically on the 

235 proteins differentially expressed between late and early strains belonging to the Clusters 

of Orthologous Groups (COG) categories involved in metabolism. The adapted metabotypes 

DK12, DK36 and DK55 and DK17 (cluster B) separate from the naïve metabotypes (cluster A), 

supporting the hypothesis that metabolic specialization is likely rooted in changes in 

expression of proteins involved in cellular metabolism (Fig. 3C). Notably, cluster B is 

characterized by a higher number of differentially expressed proteins in the categories of 

amino acids and lipid metabolism, as well as energy production and conversion relative to 

cluster A (Fig. 3D and Fig. S1A). Similarly, several categories of proteins involved in the 

metabolism of amino acids, fatty acid and sugars are differentially enriched in naïve and 

adapted clone types (Fig. S1B), providing an explanation for the altered hierarchy of 

assimilation of the amino acids and the reduced growth rate of the late adapted metabotypes 

(Fig. 2C, D). 

Although late strains of DK12, DK36, DK55 belong to different metabotypes, their proteomes 

move in the same direction (Fig. 3A-C). This indicates that similar proteomes can sustain 

distinct metabolic configurations which ultimately depends on the specific metabolic fluxes 

and on metabolic regulation. Moreover, proteome adaptation can be achieved without 

rewiring of metabolism, as shown by DK17 which belongs to cluster 3 (late strain) and cluster 

B (Fig. 3A-C), but do not present any major metabolic rewiring (Fig. 2A, B).  

Interestingly, several enzymes belonging to the Entner-Doudoroff (EDP), Embden-Meyerhof-

Parnas (EMPP), glycolysis and Tricarboxylic Acid Cycle (TCA) pathways are upregulated in the 

early and late strains relative to PAO1, indicating a specific and convergent configuration of 

central carbon metabolism enzymes which is optimal for the resources available in the 

airways (Fig. 3E and S2). For example, our metabolomic data show that several late strains 

(metabotypes 2 and 3) exhibit increased glucose assimilation which is in agreement with the 

increased expression of pathways involved in glucose assimilation (enzymes 3, 11, 12, 18) (Fig. 

3E). Similarly, fumarate hydratase (enzyme 33) together with the enzymes involved in Trp, 

Phe and Tyr catabolism (enzymes 65 and 66) show increased expression likely to better 
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accommodate the increased assimilation of amino acids that are catabolized through the TCA 

cycle (Fig. 3E). This hypothesis is corroborated by the changes in expression (both increased 

and decreased) in late vs early strains of several enzymes involved in amino acids, glucose, 

and lactate catabolism and of their respective transporters (Fig. 3E). This proteome 

configuration supports the overflow of amino acids through central carbon metabolism which 

leads to the secretion of pyruvate in late strains of DK12, DK36 and DK55 (Fig. 2D and 3E).  

 

Fig. 3 
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Changes in virulence traits during within-patient evolution 

Analysis of the differentially expressed proteins enriched when comparing late vs early 

isolates shows that most of the changes are rooted in adaptation to the infection 

environment, specifically in the redox balance and virulence of strains (Fig. 4A and S1B). 

Indeed, the categories of proteins for which expression changes in most of the lineages are 

phenazine biosynthesis (KEGG) and secondary metabolites biosynthetic process (GO) which 

are both deeply connected with the cell homeostasis, metabolism and virulence 206,207. Not 

surprisingly, several clone types contain mutations in genes belonging to the pyoverdine 

biosynthetic process (GO) category (Fig. 1F), and several mutated genes shared between 

metabotypes belong to the COG category of secondary metabolites biosynthesis, transport 

and catabolism (Fig. S1B). Interestingly, several changes in protein expression are already 

shown by early strains relative to PAO1, indicating a different response of the clinical strains 

to the airway-like conditions of the SCFM (Fig. 4A). Specifically, early strains show increased 

expression of proteins involved in alginate production, hydrogen cyanide (HCN), phenazine 

biosynthesis and PQS (Pseudomonas quinolone signal), and decreased expression of proteins 

involved in flagella biogenesis, lipopolysaccharide (LPS) O-antigen metabolism and 

pyoverdine production (Fig. 4B). The adapted metabotypes, specifically strains belonging to 

cluster B, show convergent upregulation of proteins related to alginate and phenazine 

production, PQS and type VI secretion system (T6SS), suggesting an active role of metabolism 

in virulence regulation (Fig. 4C and S3). Interestingly, the DK12 late strain also shows a 

reduced expression (-1.5-fold reduction) of the type III secretion system (T3SS) secreted factor 

ExoT, which induces apoptosis in the host cells 208. Overall, the identified pattern suggests a 

reduced immunogenicity of the clinical strains relative to PAO1, which is in line with their 

persistence during the infections. 
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Fig. 4 

Pyruvate dehydrogenase mutations modulate virulence in ALI infections 

Screening for mutations which could explain the metabolic specialization of the late isolates 

led to the identification of mutations in the pyruvate dehydrogenase complex (PDHc) 

encoding genes aceEF in late strains of DK12 and DK36. The PDHc catalyses the conversion of 

pyruvate into acetyl-CoA connecting sugar metabolism to the TCA cycle. Interestingly, the 

aceEF genes are defined as candidate pathoadaptive due to frequent mutation during CF 

airway infections 18 and their in-situ expression is reduced in clinical strains, as evidenced by 

meta-transcriptomic analysis of sputum samples collected from chronically infected patients 
67. This indicates an undescribed role of the PDHc during infection. To evaluate their 

contribution to the bacterial phenotype, independently of the underlining historical 

contingency, we generated recombinant PAO1 derivatives containing the +TCCC duplication 

(position 813) in the aceF gene from the late DK12 strain, and the T>C SNP (position 551) in 

the aceE gene from the late DK36 strain (Fig. 5A). The aceF mutation leads to a frameshift of 

translation while the aceE mutation leads to a Phe to Ser change. The recombinant aceE and 

aceF mutant strains show a reduction in growth rate and an increased secretion of pyruvate 

similar to that of the late DK12 and DK36 strains respectively (Fig. 1A, 2D and 5B-C). The aceE 

mutant strain shows a milder phenotype (lower growth rate reduction and lower pyruvate 
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secretion) compared to the aceF mutant strain, suggesting a partial functionality of the PDH 

complex. Indeed, supplementing acetate to the bacterial culture to replenish the pool of 

acetyl-CoA fully restores the growth phenotype of the aceE strain, while it restores it only 

partially in the aceF strain, confirming a much more significant effect of the aceF mutation. A 

similar effect is seen when supplementing the clinical strains with acetate (Fig. 5B). Screening 

for other aceEF mutations in our strain collection, showed the presence of 18 different 

mutations including 4 indels which support the idea that modulation of the PHDc might be 

selected for specifically during airway infections (Fig. S4). Surprisingly, when testing 

phenotypes such as biofilm formation, motility, redox susceptibility, pyoverdine production 

and antibiotic susceptibility, no differences are shown, except for a slight decrease in 

twitching motility and tobramycin susceptibility, between the PAO1 wild type strain and the 

aceE and aceF mutant strains (Fig. S5). 

To characterize the effect of the aceE and aceF mutations more broadly, we performed whole 

cell proteomics of the recombinant strains including the PAO1 reference strain in presence 

and absence of acetate. In total, we quantified 3246 proteins and identified 449 as 

differentially expressed in at least one comparison of either mutant vs wild type strain or of 

mutant strain in presence vs absence of acetate. In absence of acetate, the proteomes of the 

mutant strains aceE and aceF cluster in different quadrant than that of PAO1. More than 50% 

of variance on PC1 separates the aceF strain proteome from that of PAO1, while only less than 

20% variance on PC2 separates the proteome of the aceE strain from that of PAO1 (Fig. 5D). 

As previously reported, the supplementation of acetate benefits both the aceE and aceF 

strains which proteomes move closer to that of PAO1 (Fig. 5D). This effect is accentuated in 

the aceF mutant strains where the supplementation of acetate decreases the number of 

differentially expressed proteins by more than half (from 301 to 126) (Fig. 5E). Unsurprisingly, 

several enzymes involved in central carbon metabolism, amino acid catabolism and 

specifically those involved in pyruvate and acetyl-CoA metabolism (lactate dehydrogenase 

(41), acetyl-coenzyme A synthetase (6), citrate synthase (28)) were upregulated in the aceF 

mutant strain, while expression returned to physiological levels by the addition of acetate 

(Fig. 5F and S6A).  As shown for the clinical isolates DK12_L and DK36_L, the categories of 

proteins involved in amino acid and lipid metabolism, and energy conversion were the most 

dysregulated ones (Fig. S6B). Similarly, proteins involved in terpene, propionate, isoprenoid 
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and branched-chain amino acids which are directly connected to pyruvate and acetyl-CoA 

metabolism were statistically enriched in the aceF mutant strain indicating a reorganization 

of both central and peripherical pathways to cope with the lack of acetyl-CoA (Fig. S6C). 

Importantly, the aceE and aceF mutant strains show increased expression of proteins involved 

in alginate production and T6SS and reduced expression of proteins involved in the T3SS, 

including the secreted factor ExoT, similar to the profiles shown by the late clinical isolates of 

DK12 and DK36 (Fig. 4 and 5G). 

 

Fig. 5 

In P. aeruginosa infections, the activity of the type III secretion system (T3SS) influences the 

degree of virulence of P. aeruginosa strains by injecting host cells with effector proteins that 

promote colonisation 209. Since the aceF and aceE mutant strains show a different virulence 

expression profile than that of the PAO1 laboratory strain, we performed host-bacteria 

infection using an air-liquid-interface (ALI) infection model system composed of differentiated 

airway epithelial cells and the recombinant aceF and aceE mutant strains. Interestingly, the 
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aceF mutant strain shows a broad suppression of virulence including reduced epithelium 

damage and immune recognition during the infection (Fig. 6). The transepithelial electrical 

resistance (TEER) which quantifies the tightness of the tight junctions between epithelial cells, 

the LDH release which serves as a biomarker of cytotoxicity and the bacterial count, which 

quantifies the growth and penetration of the bacteria through the epithelium to the 

basolateral side of the ALI transwells all show reduced values after 14 hours of infection when 

compared to the PAO1 wild type strain (Fig. 6A). This is in line with the ∆pscC mutant strain 

defective in T3SS which shows a severely reduced virulence. The aceE strain instead shows a 

profile similar to that of PAO1, indicating that this mutation does not influence the bacterial 

penetration (Fig. 6A). However, it does show a reduced IL-8 release relative to PAO1, 

suggesting a lower degree of immune-recognition from the epithelial layer and consequent 

recruitment of the immune system at the site of infection, although still at an intermediary 

level compared with the aceF and ∆pscC strains (Fig. 6B). These results are corroborated by 

the confocal microscopy images, which show a similar degree of co-localization of bacterial 

cells on the airway epithelium for the PAO1 and aceE strains and of the aceF and ∆pscC 

respectively. It is also worth noting that only the PAO1 wild type strain appears to cause nuclei 

shedding in the epithelial cells, as seen from the nuclei in blue situated above the epithelial 

layer in red (Fig. 6C). This mechanism of reduced cellular damage and immunogenicity is not 

dependent on the growth defect of the aceF strain, since the ∆pscC strain shows similar 

virulence of the aceF mutant strain but a wild type-like growth rate.  

Interestingly, the DK12 late strain has a reduced expression of the exoenzyme T (ExoT) and 

no impactful mutation in the T3SS, supporting the hypothesis that the aceF mutation 

contributes to the virulence phenotype of the clinical strain. Similarly, the DK15 late strain 

shows a reduced ExoT expression and a reduced expression of isocitrate lyase, which has also 

been associated with reduced T3SS activity 203. In our longitudinal collection of clinical strains 

of P. aeruginosa, 12 clone types (89 isolates) harbour mutations in the aceEF genes and 

additional mutations in one or more genes encoding either the secreted factors or parts of 

the T3SS injectosome. In 9 lineages (clone types in specific patient), the PDHc mutations are 

present without or have been accumulated before the accumulation of mutations in the T3SS 

injectosome. The T3SS mutations occur before the PDHc mutations in 7 lineages and 

concurrently in 4 lineages, already at the start of infection (Fig. S7). These results suggest a 
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role for the aceEF mutations prior of those on the T3SS. Moreover, they provide direct 

evidence of the contribution of metabolism to the bacterial virulence and transition to the 

persistence phenotype. 

 

Fig. 6 

 

Discussion 

Metabolism constitutes a central process of the cell and, in long-term infections, requires 

optimization and specialization to account both for the nutritional resources presents in the 

environment and the phenotype requirements of the cell. Several studies have shown that 

metabolic specialization occurs in clinical isolates of P. aeruginosa 43,185,210. However, little is 

known if metabolic specialization is convergently selected for and if specific metabolic 

configurations provide selective advantages during an infection. The CF environment is a 

complex and stressful environment where different selective forces including antibiotics, the 

immune system and specifically macrophages and dendritic cells together with their secreted 
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cytokines and ROS, push evolution of the infecting bacteria 23. Most of the bacterial 

adaptation occurs during the first years of infection but surprisingly, antibiotic treatment is 

not the main driver of adaptation since during this period bacteria retain their susceptibility 

while still persisting in the host despite the treatment 164. This may suggest that metabolic 

specialization is not simply a consequence of other more important fitness gains but could be 

specifically selected for, providing increased fitness in the host environment.  

By analysing the metabolic profiles of different lineages of P. aeruginosa adapted to the 

airway environment, we show that all infection lineages underwent a substantial metabolic 

rewiring during adaptation in CF patients, moving toward a seeming overflow metabolism 

characterized by increased rate and amount of assimilation of nutrients such as amino acids 

and secretion of acetate by all late strains 71,211–215. Such metabolic rewiring is associated with 

a change in proteome allocation which, together with the accumulated mutations in 

metabolic genes, provide the ground for the metabolic specialization of the bacteria. Some 

adapted strains are characterized by the secretion of high amounts of the metabolite 

pyruvate, due to mutations in the genes aceE (SNP) and aceF (Indel) encoding pyruvate 

dehydrogenase, which is a central enzyme involved in carbon metabolism. Insertion of the 

aceE and aceF mutations in the laboratory background of P. aeruginosa PAO1 recapitulates 

the metabolic profile (pyruvate secretion) and the chronic-like phenotype (T3SS 

downregulation, upregulation of T6SS, phenazines and alginate biosynthetic pathway and 

slow growth) of the late clinical isolates. Testing the aggressiveness of the recombinant strains 

in an ALI culture infection model system confirmed that the aceE and aceF mutant strains 

show reduced penetration and stimulation of the immune system when compared to the 

control strain.  

Interestingly, the aceE and aceF mutant strains show upregulation of the T6SS and specifically 

the Tse2 effector together with the H2-T6SS locus involved in the growth arrest of both 

prokaryotic and eukaryotic cells 76,105,106, and in the internalization of P. aeruginosa in 

epithelial cells to evade the immune system 108. Furthermore, the strains containing 

mutations in the aceF gene show reduced expression of the T3SS and specifically the ExoT 

effector, which can explain the reduced virulence during infections in the ALI infection model 

system. This expression profile might provide protection from other invading bacteria and 

alter the relationship with the host and its immune system. These results are consistent with 



 

 

Page 53 

previous knowledge showing that mutations in the PDHc leads to repression of T3SS in P. 

aeruginosa 216,217. Importantly, aceE and aceF mutations predominantly precede the also 

frequent T3SS mutations in our collection, indicating a fundamental and broader role of the 

PDHc mutations during evolution within the host. The fact that 63% of aceE and aceF 

mutations are SNPs compared to 27% of Indels suggests that the activity of PDHc can be 

modulated to balance the fitness costs and gains according to the specific host. Thus, distinct 

PDHc mutations may lead to different outcomes such as reduced immunogenicity and/or 

reduced disruption of the epithelial layer based on the specific effect of the mutation. 

Subsequent mutations on other virulence-related factors may fine-tune the phenotype by 

stabilizing or augmenting the effect of the PDHc mutations. 

Pyruvate is an essential substrate for P. aeruginosa since it allows long-term survival without 

growth through pyruvate fermentation, which may be done in parallel with arginine 

fermentation to help stabilize extracellular pH 71. In PAO1, this occurs only when TCA activity 

is inhibited by the depletion of both oxygen and nitrate 71, whereas PDHc-mutations may 

serve as an alternative mechanism for ensuring consistent TCA-inhibition in clinical strains. 

Moreover, pyruvate fermentation is key for the formation of microcolonies of biofilm, while 

its depletion leads to biofilm dispersal and enhanced antibiotic killing, both in vitro and in an 

in vivo porcine burn wound model 218,219. These results have led some to suggest pyruvate-

depletion by treatment with active PDH as an effective anti-biofilm therapy 219. Conversely, 

inhibition of the PDHc and redirection of the pyruvate flux has been suggested both as a 

potential anti-inflammation therapy for chronic metabolic diseases 220 and as a cancer 

treatment 221.  

It is important to note that fine-tuning of the flux through the mitochondrial PDHc in 

macrophages, dendritic cells and other immune cells is crucial for regulating their polarization 

and thus the balancing between pro- and anti-inflammatory responses 220,222–234. Indeed, LPS-

induced polarization of macrophages is prevented by pharmacological inhibition of pyruvate 

import into the mitochondria 231. Moreover, flux through the PDHc controls the production 

of the antibacterial cytokine Itaconate 223,224,227,230,231. Indeed, secretion of pyruvate by the 

PDHc mutant strains, might influence the distribution and activity of macrophages and 

dendritic cells present in the airways by a mechanism of cross-feeding. Thus, the PDHc 

dysregulation seen in the clinical isolates may serve as a mechanism for ensuring consistent 
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TCA inhibition and pyruvate fermentation, active pyruvate secretion, increased biofilm 

production and finally reduced immunogenicity. These combined mechanisms can explain the 

reduced aggressiveness shown by the aceE and aceF mutant strains in the ALI culture infection 

system and provide a rationale for the broad accumulation and maintenance of PDHc-

mutations in our collection of P. aeruginosa clinical isolates. Moreover, it suggests a highly 

complex and near universal role of pyruvate in regulation of a diverse set of cells (pathogen 

and host) and their respective functions in vivo through a conserved central metabolite. 

Altogether our results strongly indicate that metabolic specialization, especially within the 

pyruvate node, is specifically selected for in the CF airway environment. For this reason, the 

aceE and aceF genes are under high selective pressure and considered pathoadaptive genes 
18. Moreover, the expression of the PDHc is kept at a low level in the airways, as shown by the 

analysis of the transcriptional profile of in situ sputum samples 67, indicating that modulation 

of pyruvate metabolism is evolutionarily beneficial. Importantly, aceE and aceF mutations not 

only change the bacterial phenotype, but they reduce the activity of the immune system to 

provide immune escape and successfully establish persistent infections. Such a mechanism 

might be used years before the development of antibiotic resistance and therefore be of high 

relevance for the establishment of a chronic phenotype. Understanding specific mechanisms 

linking metabolism, energy balance and virulence and most importantly how the relationship 

between the host and the pathogen changes during an infection could therefore provide new 

opportunities for improved and more efficient treatments which go beyond the classical 

antibiotic regimens. 

 

Methods 

Media preparation 

Synthetic Cystic Fibrosis Media 2 (SCFM2) is a defined rich medium that mimics the nutrient 

conditions of the CF airways to provide a more accurate model of the conditions during 

infection. SCFM2 was prepared according to the protocol described in Turner et al., (2015). 

To reduce viscosity and allow for HPLC analysis, DNA and mucins were excluded 235. The main 

carbon sources in the media are lactate (9.3 mM) and glucose (3.0 mM), but it also contains 

several amino acids, as well as the amino sugar N-acetylglucosamine and the lipid 1,2-
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dioleoyl-sn-glycero-3-phosphocholine (DOPC). For a full description of the composition, see 

Turner et al., (2015).  

M9 minimal media was prepared from a 10x stock of salts and supplemented with either 

lactate, glucose or succinate respectively to a final concentration of 20 mM, as well as with 

vitamins and trace elements (33.7 mM Na2HPO4; 22.0 mM KH2PO4; 8.55 mM NaCl; 9.35 mM 

NH4Cl; 1 mM MgSO4; 0.3 mM CaCl2; 1 μg/mL biotin; 1 μg/mL thiamine; 134 μM EDTA; 31 μM 

FeCl3; 6.2 μM ZnCl2; 0.76 μM CuCl2; 0.42 μM CoCl2; 1.62 μM H3BO3; 0.081 μM MnCl2; pH = 

7.2). 

Pseudomonas isolation agar (PIA) plates were prepared by dissolving 11.26 g of PIA powder 

(Sigma Aldrich) and 10 mL of 50 % glycerol in 240 mL tap water and autoclaving for 15 min. at 

121 C. After cooling to 60 C, PIA was supplemented to a final concentration of 5 mM acetate 

and 30 µg/mL gentamycin, before adding 20 mL per plate and incubating the plates at room 

temperature overnight.  

Luria Broth (LB) media was prepared by dissolving 25 g of LB powder (Sigma Aldrich) in 1 L of 

distilled water and autoclaving for 15 min. at 121 C. King’s B media was prepared for the 

pyoverdine assay (20 g/L proteose peptone; 8.61 mM K2HPO4; 12.46 mM MgSO4; 10 % 

Glycerol; pH = 7.2). 

 

Growth rate determination 

Growth rates were determined from growth curves by inoculating 1 µL of ON culture in 149 

µL of media in 96-well microtiter plates (Cat. No. 650001; Greiner Bio-One, Kremsmünster, 

Austria), covered with plate seals (Ref. 4306311, Thermo Fisher Scientific, United Kingdom) 

and incubated at 37 C and 250 rpm in a BioTek ELx808 Absorbance Microtiter Reader (BioTek 

Instruments Inc., Winooski, VT, USA) for 24 – 48 hours, depending on when stationary phase 

is reached. To avoid extended lag phase from changes in media composition, precultures were 

done in the same media as the cultivation experiment. Blanks were subtracted from OD600-

measurements and values converted to cm-1 (using Greiner dimensions for pathlength), then 

imported to the software JMP version 15.0.0. The stationary phase was excluded, and growth 
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rates were calculated by fitting the Exponential 3P model to the exponential phase (r2 > 0.99). 

Mean ± sd was calculated from biological replicates. 

 

Dynamic exometabolomics 

Sampling 

High-throughput sampling for dynamic exometabolomic analysis of clinical isolates was 

carried out in 96-well deep well plates (Cat. No. 0030502302; Eppendorf, Hamburg, Germany) 

with an air:liquid ratio of 1:1, as described in 236. Both cultures and precultures were done in 

SCFM and incubated in an orbital shaker at 37 C and 250 rpm. Immediately before sampling, 

OD600 of the cultures were measured from 40 µL in a SynergyTM MX microtiter plate reader 

(BioTek Instruments Inc., Winooski, VT, USA). The remaining culture was sampled by 

centrifugation of deep well plates at 4 °C and 1740 G for 30 min. and supernatants were stored 

at -80 C until HPLC-analysis. 

HPLC 

Samples were thawed at 4 °C and analysed by two different methods: one for quantification 

of organic acids and sugars and one for quantification of amino acids. For organic acids and 

sugars (glucose, lactate, formate, acetate and pyruvate), a Dionex Ultimate 3000 system 

(Thermo Scientific,Waltham, United States) with a HPx87H ion exclusion column (125-0140, 

Aminex, Dublin, Ireland), equipped with a guard column (125-0129, BioRad, Hercules, 

California, United States) and guard column holder (125-0131, BioRad, Hercules, California, 

United States) was used. Samples were injected with an injection volume of 20 µL and eluted, 

using a 5 mM H2SO4 mobile phase, at an isocratic flow of 0.6 mL min−1 at 45°C for 30 min. 

Pyruvate was analysed by UV detection at a wavelength of 210 nm, using a System Gold 166 

UV-detector (Beckman Coulter, Brea, United States), while the rest were analysed by RI 

detection, using a Smartline RI detector 2300 (KNAUER Wissenschaftliche Geräte, Berlin, 

Germany).  

For amino acids (aspartic acid, glutamic acid, serine, histidine, glycine, threonine, arginine, 

alanine, tyrosine, valine, phenylalanine, isoleucine, leucine, lysine and proline), 20 μL of the 

thawed sample was diluted 1:10 by mixing with 80 μL Ultrapure MilliQ water and 100 μL of 
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internal standard (20 μg/mL 2-aminobutyric acid and sarcosine) before injection of 56.5 μL 

into the instrument. Prior to injection into the column, derivatization of amino acids was 

performed in the HPLC-instrument by automatic mixing with the following eluents: (i) 0.5% 

(v/v) 3-mercaptopropionic acid in borate buffer 0.4 M at pH 10.2; (ii) 120 mM iodoacetic acid 

in 140 mM NaOH; (iii) OPA reagent (10 mg/mL o-phtalaldehyde and 3-mercaptopropionic acid 

in 0.4 M borate buffer); (iv) FMOC reagent (2.5 mg/mL 9-fluorenylmethyl chloroformate in 

acetonitrile); and (v) buffer A (40 mM Na2HPO4, 0.02% (w/v) NaN3 at pH = 7). Following 

derivatization, the samples were separated isocratically on a Dionex Ultimater 3000 HPLC 

with fluorescence detector (Thermo Scientific, Waltham, United States) through a Gemini C18 

column (00F-4439-E0, Phenomenex, Værløse, Denmark) equipped with a SecurityGuard 

Gemini C18 guard column (AJ0-7597, Phenomenex, Værløse, Denmark) with 5 mM H2SO4 at 

a flowrate of 1 mL min−1 at 37°C for 31 min. Amino acids were detected using an UltiMate™ 

3000 Fluorescence variable wavelength UV detector (FLD-3400RS, Waltham, Massachusetts, 

United States). Standard curves for each metabolite were used to quantify absolute 

concentrations for a total of 20 metabolites. All chromatograms were analysed with the 

software Chromeleon v7.2.9. 

Data analysis 

To compare assimilation and secretion dynamics between clinical isolates with radically 

different growth-curves, metabolite concentration (mM) was plotted against “Relative 

growth” – defined as SampleOD / FinalOD for each strain. Small variations in specific metabolite 

concentrations between different batches of SCFM were observed and concentrations were 

standardized by dividing specific metabolite concentrations in each sample with the specific 

concentration in the relevant batch and multiplying by the standard concentration for SCFM. 

To allow for log-transformation of concentrations, missing values were replaced with 20% of 

the lowest concentration detected for any metabolite in any sample. Principal component 

analysis (PCA) and hierarchical cluster analysis (HCA) were done on Cmetabolite of all quantified 

metabolites for 16 samples (8 time-points from biological duplicates) of each strain. PCA was 

done on covariance and HCA using Ward’s method for cluster analysis, based on the specific 

metabolomes (time-resolved samples) of each strain. 
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The assimilation hierarchy of each isolate was determined by ordering metabolites by their 

half-life (OD50), defined as the normalized OD600-value, where 50 % of the starting 

concentration of a metabolite is present. For metabolites not assimilated past 50 % of initial 

concentration, no OD50 can be determined. To calculate the OD50 for each strain/metabolite, 

the concentration was plotted against OD600 and the fit of several sigmoidal models 

(Gompertz 3P and 4P, Logistic 4P, 4P Hill and 5P, Probit 4P and Mechanistic Growth) were 

analysed, using the “model fit” function in JMP version 15.0.0. The mechanistic growth model 

(Equation: a(1 – bExp(–cx)) where a = asymptote, b = scale and c = rate) had the best fit across 

AICc, AICc Weight, BIC, SSE, MSE, RMSE and R2 and was selected as the general model for 

assimilation and secretion dynamics. OD50-values were calculated from this model, using the 

inverse prediction formular with Y = 0.5*Y0 in each case. The mechanistic growth model was 

also fit to concentration plotted against “relative growth” and used to calculate the total 

amount (mM) of metabolite assimilated during growth, using the prediction formular with 

“Relative growth" = 1. These were summed for all metabolites to calculate the total mM 

carbon sources assimilated by each strain. All figures were created in JMP version 15.0.0 and 

finalized in Adobe Illustrator. 

 

Proteomics of clinical isolates 

Sampling 

To maintain a 1:1 air:liquid ratio, as in the metabolomic analysis, 25 mL SCFM cultures were 

inoculated in 50 mL Falcon tubes at OD600 = 0.05 from ON cultures, also done in SCFM, and 

incubated in an orbital shaker at 37 C and 250 rpm. Five biological replicates were inoculated 

from separate ON cultures and sampled at mid-exponential phase by centrifugation for 15 

min. at 4 C and 4000 rpm. Pellets were washed twice with 1 mL PBS, transferred to 1.5 mL e. 

tubes and spun down for 15 min. at 4 C and 15000 rpm, before being stored at -80 C. Before 

sampling, growth curves of all strains were done under the same conditions and used to 

define a mid-exponential phase for sampling. For PAO1, as well as all early clinical isolates and 

the late isolates of clone types DK13, DK15, DK36 and DK41, stationary phase was reached 

within 18 hours with final ODs of 0.9 – 1. For these strains, mid-exponential phase was defined 

as OD = 0.5. The late clinical isolates of clone types DK03, DK12, DK17 and DK55 all showed 
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biphasic growth with a pseudo-stationary phase of OD = 0.3 – 0.5 within the first 18 hours, 

followed by a prolonged secondary growth phase that eventually would reach OD = 1 after 

18 to 36 hours. For these strains, mid-exponential phase was defined as OD = 0.2, based on 

the first growth phase. To obtain comparable protein yields for these four strains, each 

replicate was prepared as 75 mL inoculum from one ON culture and split in three 50 mL Falcon 

tubes containing 25 mL culture each before incubation. When sampling, the OD of each 

culture was measured and used to calculate a mean ± sd of the sample OD. The three pellets 

from one replicate were combined during the resuspension in PBS of the first washing step. 

Sample-preparation 

Pellets were placed in an ice bath and thawed for 20 min. before being resuspended in 1 mL 

of Lysis buffer (100 mM Tris, 50 mM NaCl, 1 mM TCEP, 10 % glycerol, pH = 7.5) with cOmplete 

Mini protease inhibitor (Roche), 1 tablet pr. 25 mL Lysis buffer to avoid proteolytic activity. 

Cells were lysed, while on ice, by sonication at amplitude 10 for 3x 10s cycles with 20s cooling 

between. Cell debris was removed by centrifugation for 15 min. at 4 C and 15000 rpm and 

transfer of 800 µL supernatant protein extract to new e. tubes. The protein concentration in 

each sample was determined from three technical replicates measured by Bradford assay and 

protein extracts were stored at -80 C. To remove salt from the Lysis buffer, 100 µg protein 

pellets were prepared by acetone precipitation. Specific volumes of each protein extract were 

aliquoted, containing 100 µg protein each, and mixed with 5x volume of -20 C acetone, 

vortexed and incubated ON at -20 C to allow protein aggregation. Samples were then 

vortexed and centrifuged for 10 min. at 10 C at 15000 rpm. Supernatant was removed and 

pellets left to air-dry for 30 min. Pellets were then resuspended in 50 µL Guanidium HCl cell 

lysis buffer (6 M Guanidinium hydrochloride (GuHCl), 5 mM tris(2-carboxyethyl)phosphine 

(TCEP), 10 mM chloroacetamide (CAA), 100 mM Tris–HCl, pH = 8.5), placed in thermomixer 

for 30 min. at 60 C and 600 rpm and then stored at -20 C until the next day. Tryptic digestion 

was done at constant shaking for 8 hours at 400 rpm, followed by addition of 10 µL 10% TFA. 

StageTipping was carried out using C18 as resin (Empore, 3M, USA).  

LC-MS/MS 

LC-MS/MS was carried out using a CapLC system (Thermo Fisher Scientific Inc., Waltham, USA) 

coupled to an Orbitrap Q-exactive HF-X mass spectrometer (Thermo Fisher Scientific Inc., 
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Waltham, USA). The first samples were captured at a flow of 10 µl/min on a precolumn (µ-

precolumn C18 PepMap 100, 5 µm, 100 Å) and then at a flow of 1.2 µl/min. Peptides were 

separated on a 15 cm C18 easy spray column (PepMap RSLC C18 2µm, 100Å, 150 µmx15cm). 

The applied gradient went from 4% acetonitrile in water to 76% over a total of 60 minutes. 

MS-level scans were performed with Orbitrap resolution set to 60,000; AGC Target 3.0e6; 

maximum injection time 50 ms; intensity threshold 5.0e3; dynamic exclusion 25 sec. Data 

dependent MS2 selection was performed in Top 20 Speed mode with HCD collision energy 

set to 28% (AGC target 1.0e4, maximum injection time 22 ms, Isolation window 1.2 m/z). After 

acquisition, the raw data were analyzed using the Proteome discoverer 2.4 software with the 

following settings: Fixed modifications: Carbamidomethyl (C) and Variable modifications: 

oxidation of methionine residues. First search mass tolerance 20 ppm and a MS/MS tolerance 

of 20 ppm. Trypsin as enzyme and allowing one missed cleavage. FDR was set at 0.1%. The 

Match between runs window was set to 0.7 min. Quantification was only based on unique 

peptides and normalization between samples was based on total peptide amount. For the 

searches the Pseudomonas aeruginosa PAO1 reference proteome (UniProt Proteome ID 

UP000002438) was used.  

Data analysis  

Data was reduced from 3011 proteins quantified to 2061 by elimination of proteins that were 

either 1) Not listed as “High” confidence under “Protein FDR Confidence: Combined”, 2) Not 

identified as “OS=Pseudomonas aeruginosa” or 3) Not quantified in at least three of five 

biological replicates for all 17 strains included in the analysis. Missing value imputation was 

done for missing values, based on the abundances from three or more biological replicates of 

that strain. Abundances were log2-transformed and Principal Component Analysis (PCA) and 

hierarchical clustering analysis were performed using the software JMP Pro version 15.0.0.  

Differential expression was determined by two-way ANOVA with Tukey’s multiple 

comparisons test, using the software GraphPad Prism 9.3.1, and defined as those protein-

comparisons where Adjusted P value ≤ 0.05 and Log2(Fold-Change) ≥ |0.6|. Using the three 

comparisons “Late/Early”, “Late/Control” and “Early/Control” for each Clone Type (with 

Control being PAO1), 609 proteins were identified as differentially expressed in at least one 

of the relevant comparisons. 
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Enrichment analysis of functional categories was performed using the DAVID Functional 

Annotation Bioinformatics Microarray Analysis tool, with input being lists of the Locus Tags 

associated with proteins that were differentially expressed, separated into lists of 

upregulated and downregulated proteins, for each of the relevant strain-comparisons. The 

reference genome was set as Pseudomonas aeruginosa. 

 

Proteomic analysis of aceEF mutants 

Sample preparation 

Cell pellets were collected and stored following the same protocol as clinical isolates for three 

biological replicates of PAO1, aceE and aceF in SCFM in presence and absence of 5 mM acetate 

with mid-exponential OD600 = 0.5. Pellets were thawed and then kept on ice. Two (3-mm 

zirconium oxide) beads were added to each sample. Then, Lysis Buffer (6 M Guanidinium 

hydrochloride, 5 mM TCEP, 10 mM Chloroacetamide, 100 mM Tris-HCl pH 8.5) was added at 

99 °C and samples were incubated for 5 min. in Tissuelyzer (Retsch, MM 400) at 25 Hz. 

Because of large cell pellets, this was done twice, first in 150 µL and then repeated with an 

additional 100 µL of Lysis Buffer. Samples were then boiled, still at 99 °C, in heat block 

(Eppendorf Thermomixer C) for 10 min. while shaking/mixing at 2000 rpm and then 

centrifuged for 10 min. at 15000 G. Protein concentration was determined with micro BCATM 

Protein Assay Kit (Thermo Scientific, prod #23235). Trypsin/Lys-C Buffer was prepared by 

dissolving 0.1 µg/µL trypsin in 50 mM AmBic (Ammonium Bicarbonate, Cas nr.: 1066-33-7) 

and used to dilute samples 1:12 for trypsin digest. Samples were then placed in thermomixer 

with 400 rpm shaking at 37 °C for 12 hours, then kept at 4 °C. Reaction was stopped by 

addition of 10 µL 10 % TFA and centrifuged for 10 min at 20 °C and 4000 rpm (Heraeus, 

Multifuge X1R, centrifuge, Thermo Scientific). Desalting was done by stagetipping with C18 

filter (Solaµ HRP 2mg/1ml 96 well plate, Thermo Scientific) plugs activated with 1x 100 µL 

MeOH (1 min at 1000 G at 20 °C), 1x 100 µL buffer B (80 % CH3CN, 0.1 % Formic acid) (1 min 

at 1000 G at 20 °C) and 2x 100 µL buffer A´ (3 % CH3CN, 1 % TFA) (1 min at 1000 G at 20 °C). 

Samples were spun through C18 column at 1500 G for 2 min at 20 °C and washed twice with 

100 µL buffer A (0.1 % Formic acid), then spun down at 1500 G for 1 min at 20 °C. Next, 

samples were eluted with 2x50 µL buffer B for 1 min at 1000 G and reduced to 5 µL by running 
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on Eppendorf concentrator plus, at room temperature for 6 hours. Finally, peptide samples 

were resuspended in 40 µL of 0.1 % Formic acid and kept at 4 °C until MS-analysis. 

MS analysis 

Peptides were loaded onto a 2cm C18 trap column (ThermoFisher 164946), connected in-line 

to a 15cm C18 reverse-phase analytical column (Thermo EasySpray ES904) using 100% Buffer 

A (0.1% Formic acid in water) at 750bar, using the Thermo EasyLC 1200 HPLC system, and the 

column oven operating at 30°C. Peptides were eluted over a 70 minute gradient ranging from 

10% to 60% of 80% acetonitrile, 0.1% formic acid at 250 nl/min, and the Orbitrap Exploris 

instrument (Thermo Fisher Scientific) was run in DIA mode with FAIMS ProTM Interface 

(ThermoFisher Scientific) with CV of -45 V. Full MS spectra were collected at a resolution of 

120,000, with an AGC target of 300% or maximum injection time set to ‘auto’ and a scan range 

of 400–1000 m/z. The MS2 spectra were obtained in DIA mode in the orbitrap operating at a 

resolution of 60.000, with an AGC target 1000% or maximum injection time set to ‘auto’, and 

a normalised HCD collision energy of 32. The isolation window was set to 6 m/z with a 1 m/z 

overlap and window placement on. Each DIA experiment covered a range of 200 m/z resulting 

in three DIA experiments (400-600 m/z, 600-800 m/z and 800-1000 m/z). Between the DIA 

experiments a full MS scan is performed. MS performance was verified for consistency by 

running complex cell lysate quality control standards, and chromatography was monitored to 

check for reproducibility. 

Data analysis 

The raw files were analyzed using SpectronautTM (version 16.2) spectra were matched against 

the Uniprot Pseudomonas aeruginosa PAO1 proteome. Dynamic modifications were set as 

Oxidation (M) and Acetyl on protein N-termini. Cysteine carbamidomethyl was set as a static 

modification. All results were filtered to a 1 % FDR, and protein quantitation done on the MS1 

level. The data was normalized by RT dependent local regression model 237 and protein groups 

were inferred by IDPicker. Subsequent analyses and exclusion criteria were kept the same as 

for clinical isolates. 

 

Construction of aceEF mutants 
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DNA cloning 

Derivatives of pACRISPR were constructed with the Uracil Specific Excision Reagent (USER) 

cloning 238. For this method, primers were designed to create matching short overlaps 

between the DNA fragments that should be stitched together in the final plasmid. At the 

edges of these overlaps in the primers thymines were replaced with uracils. The plasmids are 

listed in Table S1, and primers in Table S2. Briefly, target DNA fragments were amplified with 

the primers using Phusion U polymerase kit (Thermo Fisher Scientific, USA). The resulting PCR 

products were treated with FastDigest DpnI enzyme (Thermo Fisher Scientific, USA) for 30 

minutes at 37˚C to remove the template plasmid. Afterwards, USER® Enzyme (New England 

Biolabs, USA) was added to the mixture, which was further treated for 15 minutes at 37˚C, 

followed by stepwise decrease of 2˚C per minute until the temperature reached 10˚C. The 

mixture was then placed on ice and added to the ice-cold chemically competent Escherichia 

coli DH5alpha cells. After 30 minutes of incubation on ice, the cells were treated at 42˚C for 

30 seconds, followed by 5 minutes on ice. Afterwards, SOC medium was added, cells were 

recovered for 1 hour at 37˚C with shaking, and finally seeded on LB agar plates supplemented 

with 100 µg/ml ampicillin. On the next day, PCR was performed with the random colonies 

using OneTaq® 2X Master Mix (New England Biolabs, USA) to confirm the correct insertions. 

Selected colonies were grown in liquid LB, plasmids were extracted from them using 

NucleoSpin Plasmid kit (Macherey Nagel, Germany) and sequenced with Sanger method 

(Eurofins Scientific, Luxembourg). 

Genome editing 

Precise mutations in the genome of P. aeruginosa PAO1 were introduced using the previously 

developed CRISPR-Cas9 system 239. The system consists of two plasmids, pCasPA and 

pACRISPR. The first one, pCasPA, carries the genes necessary for cleaving DNA at specific sites 

(cas9), subsequent repair via recombination (λ-Red) and a counterselection marker for 

plasmid curing (sacB). The template for the introduction of target mutations and single guide 

RNA (gRNA) gene were inserted in plasmid pACRISPR. P. aeruginosa genome editing generally 

followed the original protocol 240. Briefly, the cells were transformed with pCasPA plasmid via 

electroporation, as previously described 241 and selected on LB agar plates with 50 µg/ml 

tetracycline. The resulting strain was further transformed with the appropriate derivative of 
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pACRISPR plasmid (Table S1) using the similar method but with the addition of 0.2% arabinose 

in the growth medium and plated with 50 µg/ml tetracycline and 150 µg/ml carbenicillin. For 

the second crossover the resulting colonies were grown in liquid LB at 37 ˚C for 2 hours, 

afterwards arabinose was added to 0.2% to induce the expression of the editing system. Cells 

were further incubated for 2 hours and streaked on LB agar plate containing 5% sucrose. On 

the next day colony PCR was used to confirm the presence of desired mutations. PCR 

fragment of the genome around the mutation was extracted with Zymoclean Gel DNA 

Recovery Kit (Zymo Research, USA) and sequenced with Sanger method (Eurofins Scientific, 

Luxembourg). 

 

Phenotypic screening of aceEF mutants 

Validation of pyruvate secretion 

To further validate the aceEF mutants, pyruvate secretion was measured on HPLC-U1 as 

described above. 9 mL SCFM cultures were inoculated in 12 mL inoculation tubes and 

incubated at 37 C and 250 rpm in an orbital shaker. Samples were taken at 0, 4, 8 and 24 hours 

by measuring OD of 1 mL in cuvettes, transferring 850 µL to e. tubes, centrifuging at 21xG for 

7 minutes at 4 C and transferring 750 µL supernatant to new e. tubes, which were stored at -

80 C until HPLC. 

MIC determination 

MIC concentrations were determined by microdilution experiments. First, overnight cultures 

in SCFM and LB respectively were standardized to OD600 = 0.5 and serial diluted to a final 

dilution of 1:2500 to reach 5x 105 CFU/mL in 10 mL fresh media. From this inoculation, 190 µL 

were transferred to each well in columns of 96-well microtiter plates. Antibiotic stocks were 

set up with 20x the desired concentration in each well and 10 µL were added to the wells for 

a final volume of 200 µL. Growth curves were measured at 37 C and 250 rpm for 24 hours and 

MIC determined as the minimum concentration necessary to inhibit growth, shown as final 

OD. 

Oxidative stress 
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3 mL of overlay LB agar (0.5 %) was inoculated with 100 µL of LB overnight culture 

standardized to OD600 = 1. The inoculated overlay agar was poured on a pre-cast LB agar plate 

and set to solidify for 10 minutes. Diffusion disks made of filter-paper was saturated with 5 

µL of fresh 30 % H2O2 and placed in triplicate on the solidified overlay agar. Resistance to 

oxidative stress was measured as the diameter of the clearance zone around disks after 

incubation at 37 C for 24 hours. 

Pyoverdine production 

Overnight cultures were prepared in King’s B medium. OD was measured and supernatant 

sampled by centrifugation at 17 G for 5 min. Relative pyoverdine concentration was measured 

as the fluorescence at 400/460 nm excitation/emission on a Synergy H1 Hybrid Multi-Mode 

Reader (BioTek Instruments, Winooski, VT, USA) and relative pyoverdine production 

calculated by normalizing against OD600.  

Biofilm formation 

Potential for biofilm formation was assayed by measuring attachment ratio to NUNC peg lids 
242. Strains were grown at 37 °C at 150 rpm in Nunc 96-well plates with 150 µl of LB medium 

and sealed with parafilm to avoid evaporation. Peg lids (NUNC cat no. 445497) were used 

instead of the standard plate lids. After 24 hours, OD600 was measured and used as reference 

of planktonic growth. The peg lids were washed with 180 µl PBS and transferred for 15 min 

to a microtiter plate containing 160 µl of 0.01% crystal violet. The peg lids were then washed 

three times with 180 µl PBS to remove unbound crystal violet. The peg lids were transferred 

to a microtiter plate containing 180 µl of 99% ethanol, to detach the adhering cells from the 

peg lid and to read the OD590. Surface attachment ratio was calculated as OD590/OD600. 

Motility assay 

LB agar motility plates were prepared with agar concentrations of 0.3 % (swimming), 0.6 % 

(swarming) and 1.5 % (twitching). Single colonies of the strains from LB plates were 

transferred with a sterile 10 µL pipette tip. For swimming plate, strain is deposited in the 

middle of the plate. For swarming, the colony is placed on the surface of the agar plate. For 

twitching, the colony is stabbed through the agar to the bottom of the plate. Motility was 
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measured as the diameter of the motility zone around the deposited colony after incubation 

at 37 C for 24 hours for swimming and swarming and 48 hours in the case of twitching. 

 

Infection of ALI cultures 

GFP-Tagging of aceEF mutants 

aceEF mutants were tagged with GFP, following a previously described method for 4 parental 

mating using a mini Tn7 delivery-method 243. Briefly, a conjugation mixture was prepared from 

overnight cultures in LB for the helper strains E. coli BF13 (100 µg/mL Ampicillin) and E. coli 

prK600 (6 µg/mL Chloramphenicol), as well as the P. aeruginosa target strain (No antibiotics) 

and E. coli Tn7(GFP)-vector strain (100 µg/mL Ampicillin) in a ratio of 1:1:1:3 and 

supplemented with prewarmed LB to final volume of 1 mL. The mixture was spun down at 

7,000 G for 2 min. to avoid damage to surface pili required for conjugation and washed twice 

in 1 mL prewarmed LB. The conjugation mix was resuspended in 30 µL prewarmed LB and 

plated on a 13-mm cellulose acetate filter membrane placed on nonselective LB agar and 

incubated at 37 C overnight. After incubation, the bacterial lawn was resuspended in 200 µL 

LB and vortexed for 30-60 seconds. 100 µL of undiluted and 1:10 diluted suspension 

respectively was plated on selective Pseudomonas isolation agar plates with Gentamycin (30 

µg/mL) and supplemented with 5 mM acetate to ensure growth of PDHc dysregulated target 

strains and incubated at 37 C overnight. Transformant colonies were identified by green 

fluorescence and grown in LB with gentamycin (30 µg/mL) for glycerol stocks. Identity of 

transformants was validated by comparing growth rate to the untagged target strain. 

Cell culture 

The human multipotent airway Basal Cell Immortalized Non-Smoker 1.1 (BCi-NS1.1) line was 

isolated from a bronchial brushing of a healthy non-smoker subject and immortalized using 

the retrovirus-mediated expression of human telomerase reverse transcriptase (hTERT) 244. 

BCi-NS1.1 cells were cultured in Pneumacult-Ex Plus medium (STEMCELL Technologies, 

05040) supplemented with Pneumacult-Ex 50x supplement (STEMCELL Technologies, 05008), 

96 ng/mL hydrocortisone (STEMCELL Technologies, 07925) and 10 µM Y-27632 ROCK inhibitor 

(Bio-Techne #1254/10) in a 37°C, 5% CO2 humidified incubator. Following expansion, 1.5 x 105 
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cells were seeded onto 6.5-diameter-size transwells with 0.4 μm pore polyester membrane 

inserts (Corning Incorporated, 3470) previously coated with human type I collagen (Gibco, 

A1048301). Air-Liquid Interface (ALI) was established once cells reached full confluency by 

removing media from the apical chamber and replacing media in the basolateral chamber 

with Pneumacult-ALI maintenance medium (STEMCELL Technologies, 05001). Pneumacult-

ALI maintenance medium was supplemented with Pneumacult-ALI 10x supplement 

(STEMCELL Technologies, 05003), Pneumacult-ALI maintenance supplement (STEMCELL 

Technologies, 05006), 480 ng/mL hydrocortisone and 4 µg/mL heparin (STEMCELL 

Technologies, 07980). ALI cultures were grown in a 37 ºC, 5% CO2 humidified incubator for 30 

days, with media replacement every 2-3 days. Epithelial polarization was monitored by 

measurements of the transepithelial electrical resistance (TEER) using a chopstick electrode 

(STX2; World Precision Instruments). Following 15 days under ALI conditions, the apical 

surface was washed with 1x Phosphate Buffered Saline (PBS) every media change to remove 

accumulated mucus. 

Bacteria and infection of ALI cultures 

All strains were streaked from glycerol stocks onto lysogeny broth (LB) agar plates and grown 

at 37°C overnight. Following growth, a single colony was picked from the plate and grown 

overnight in LB medium at 37°C with agitation (220 rpm). Before infection, bacteria in the 

stationary phase were diluted to an OD600 of 0.05 grown in LB medium to the exponential 

phase (OD600 = 0.4 – 0.6), washed and resuspended in PBS at a density of 105 CFU/mL. Fully-

differentiated BCi-NS1.1 cells were inoculated with 103 CFU from the apical side diluted in 10 

µL PBS. Control wells were incubated with PBS-free bacteria. The initial inoculum was 

confirmed by plating serial dilutions on an LB-agar plate and counting the colonies. Cells were 

incubated for 14h at 37 ºC. Following infection, 200 µL of PBS was added to the apical side 

and the TEER was measured. This apical solution and the basolateral media were collected to 

quantify CFU on both chambers of the transwells. The apical and basolateral CFU were 

determined by platting 10 µL of 6-fold serial dilutions on LB-agar plates in technical replicates. 

Additionally, the basolateral media was collected for measuring LDH release (see 

Measurements of Lactate dehydrogenase (LDH) release section) and BCi-NS1.1 cells were 

stained (see Confocal Microscopy section). 
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Confocal Microscopy 

BCi-NS1.1 cells on transwell inserts were rinsed once with PBS and fixed by adding 4% (wt/vol) 

paraformaldehyde (PFA) to both apical and basolateral chambers for 20 min at 4 °C. After 

washing, cells were permeabilized and blocked for 1 h with a buffer containing 3% Bovine 

Serum Albumin (BSA), 1% Saponin and 1% Triton X-100 in PBS. Cells were stained on the apical 

side with Phalloidin-AF488 (Invitrogen, 65-0863-14) and TO-PRO3 (Biolegend, 304008) diluted 

in a staining buffer (3% BSA and 1% Saponin in PBS) at a 1:500 dilution for 2h at room 

temperature. Transwells were removed from their supports with a scalpel and mounted on 

glass slides with VECTASHIELD® Antifade Mounting Medium (VWR, VECTH-1000). Images 

were acquired with a Carl Zeiss LSM 510 Confocal Laser Scanning Microscope (40× 

magnification, 1.3 oil) and analysed using the ImageJ software. 

Measurements of Lactate dehydrogenase (LDH) release 

Following infection, the LDH release was quantified to determine induced epithelial 

cytotoxicity, using the kit Invitrogen™ CyQUANT™ LDH Cytotoxicity Assay Kit (Invitrogen, 

C20301) according to the manufacturer´s instructions. LDH release was measured using 50 µL 

of basolateral media per sample in triplicates. The absorbance was measured at 680 nm and 

490 nm. 

Statistical Analysis 

All statistical analyses were performed in GraphPad Prism 9 (GraphPad Software, CA, USA). 

Data are represented as mean ± standard error of the mean (SEM). Replicates represent 

independent experiments performed with cells from different passages. Statistical 

comparisons were calculated using Two-Way ANOVA for TEER and CFU measurements and 

One-Way ANOVA for LDH and IL-8 measurements. Statistical significance was considered for 

p-value < 0.05. 

 

Figure legends 

Figure 1: Selection of clinical isolates based on growth and WGS data 
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A) The growth rate (hour-1) of each clinical isolate is shown as circles (early), triangles (late) 

and square (PAO1 control), coloured by clone type. The fold change from early to late clinical 

isolate of each clone type is shown as bar chart and as number value at the base of each bar. 

B) The maximal optical density (maxOD) of all isolates, grouped by early vs. late. Overall, 

maxOD is higher for early than for late isolates. Statistical significance was calculated by 

Unpaired Welch t-test and significance is indicated as *** (p < 0.001). C) Growth rate (hour-1) 

of each strain in M9 minimal media containing 20 mM of a single carbon source glucose (Glu), 

lactate (Lac) or succinate (Suc). Growth rates are shown in coloured cell plot with a gradient 

from 0 (white) to 1.2 (dark blue) hour-1. PAO1 is included under ‘Early’ and crossed out under 

‘Late’. D) Phylogenetic bootstrap consensus tree constructed by maximum parsimony analysis 

using the subtree-pruning-regrafting algorithm with search level 1, 10 replicates and a 

bootstrap consensus value of 50 % using the software MEGAX 245–247. The tree was inferred 

from concatenated strings of 8600 positions in the genome containing non-intergenic SNPs in 

one or more strains, relative to PAO1 from WGS. Strain is indicated by the same symbols as 

panel a-b and by written clone type in blue (early) and red (late). E) Stacked bar chart showing 

the frequency of mutation types in each infection lineage by four categories: Indels (orange), 

Nonsense SNPs (blue), Missense SNPs (green) and Intergenic mutations (red). The total 

number of mutations (accumulated or reverted) in the specific infection lineage is written 

above each bar. F) Enrichment analysis of COG-categories from lists of mutated Locus Tags in 

each infection lineage, using the DAVID Functional Annotation Bioinformatics Microarray 

Analysis tool with the reference genome set as Pseudomonas aeruginosa. The fold-

enrichment in each lineage is shown in purple boxes for all COG-categories enriched in one or 

more lineages. 

 

Figure 2: Exometabolomic analysis shows adapted metabotypes characterized by secretion of 

acetate and pyruvate 

A) Principal Component Analysis (PCA) showing the separation of strains based on their exo-

metabolomes at 8 time-points in biological duplicates. Clinical isolates are shown as circles 

(early) and triangles (late) and coloured by clone type, while PAO1 is shown as a black square. 

Dashed arrows in the colour of the specific clone type shows some of the most noticeable 
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trajectories from early to late isolate in a given infection lineage. The analysis was done on 

covariance for concentrations of all 20 metabolites quantified. B) Hierarchical cluster analysis 

(HCA) of the same data, using Ward’s method, showing a general separation into three 

clusters: 1) DK12-Late; 2) All other late isolates; and 3) All early isolates and PAO1. Early 

isolates are indicated as blue, late isolates as red and PAO1 as black. C) Assimilation 

hierarchies of each strain. Symbols/colours indicate strain, following the same system as 

panel A, and each dot represents the half-life (OD50) of a specific metabolite mapped to a 

single x-axis showing OD in log-scale. The change in assimilation hierarchy during adaptation 

is indicated by semi-transparent lines in the colour of the clone type, connecting the half-life 

of a specific metabolite in the early isolate with its half-life in the corresponding late isolate. 

D) Secretion plots showing the concentrations of acetate, pyruvate and formate (mM) plotted 

against relative growth (OD600), separated into early and late isolates. Clone types are 

indicated by colour, with shaded areas representing the 95 % confidence intervals. E) Table 

showing the total amount (mM) of carbon sources assimilated for each strain. Clone Types 

are separated by grey boxes with “E” indicating early and “L” indicating late isolate. 

 

Figure 3: Proteomic analysis of metabolism for clinical isolates 

A) Wide Principal Component Analysis (PCA) showing the separation of clinical strains based 

on correlation for proteomes at mid-exponential phase when grown in SCFM. Clinical isolates 

are shown as circles (early) and triangles (late) and coloured by clone type, while PAO1 is 

shown as a black square. Dashed arrows in the colour of the specific clone type shows some 

of the most noticeable trajectories from early to late isolate in a given infection lineage. 

Proteomes were defined as mean Log2(abundance) of five replicates for each of the 2061 

proteins quantified by whole-cell proteomics. B) Dendrogram for Hierarchical Cluster Analysis 

(HCA) of the same data, using Ward’s method, showing the same clustering as seen by PCA 

(cluster 1 containing DK03 early and late strains, cluster 3 containing the DK12, DK17, DK36 

and DK55 late strains clearly separated by PCA and cluster 2 containing all remaining clinical 

strains along with the PAO1 reference strain). Clinical isolates are displayed the same as in 

panel A and labelled by clone type in blue (early), red (late) or black (PAO1). C) Dendrogram 

of the 8 infection lineages, based on the same method for Log2(fold-change) of the 235 
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proteins from COG categories related to metabolism that were found to be differentially 

expressed in at least one lineage (cluster A containing DK03, DK13, DK15 and DK41; cluster B 

containing DK12, DK17, DK36 and DK55). Clone types are displayed as circles following same 

colouring as panels A-B. D) Overlayed parallel plots showing the sum of instances of 

differentially expressed proteins in cluster A (Blue, shaded) compared with cluster B (red, 

transparent), broken down by COG categories related to metabolism. E) Metabolic maps 

showing the differences between early clinical strain vs PAO1 (left) and late vs early clinical 

strains (right) in pathways related to the catabolism of nutrients present in SCFM through 

central carbon metabolism. Arrows represent individual metabolite-conversions and are 

coloured by the pathway they belong to if at least one enzyme involved in that conversion is 

differentially expressed in more than one clone type – either with dashed (downregulated) or 

full (upregulated) lines, or both. Enzymes responsible for each reaction are indicated by 

numbered circles. For details on individual enzymes, see Figure S2. Transporters shown below 

the map as arrows crossing bacterial cell membrane with specific proteins labelled in 

parenthesis. Asp, Glu and Acetate are labelled with stars to indicate that they are represented 

in two places on the map, due to being involved in different parts of central carbon 

metabolism. 

 

Figure 4: Proteomic analysis of virulence for clinical isolates 

A) Enrichment analysis separated into KEGG and GO terms. Icons represent individual 

lineages, separated by specific the specific comparisons (Early vs. PAO1; Late vs. PAO1; Late 

vs. Early) and coloured by fold-enrichment. Red indicates the fold-enrichment of upregulated 

proteins, while blue indicates the fold-enrichment of downregulated proteins. B) Differential 

expression of virulence factors in early clinical strains vs. PAO1. Icons represent specific 

differentially expressed proteins, coloured by lineage and separated by category. The y-axis 

indicates Log2(Fold change). C) Differential expression of virulence factors in late vs. early 

clinical strains, shown by hierarchical cluster analysis of differentially expressed proteins 

separated into alginate biosynthesis, phenazine biosynthesis, PQS and T6SS respectively. 

Colour indicates Log2(Fold change), red for upregulated and blue for downregulated proteins. 
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Figure 5: Phenotypic screening of aceEF mutants and effects of acetate supplementation  

A) Schematic of the location and type of mutation for the aceE (left) and aceF (right) clinical 

mutations found in DK36 and DK12 late strains and inserted into PAO1 wild type respectively. 

B) Growth rate (hour-1) in SCFM2 (blue) and SCFM2 supplemented with 5 mM acetate (red) 

for PAO1 wt and aceEF mutant strains, as well as the DK12 & DK36 late clinical isolates 

carrying each mutation respectively. Icons represent biological replicates. Significance of 

differences in growth rate for each strain grown in SCFM2 +/- acetate was assessed by two-

tailed unpaired parametric Welch t-test and indicated as * (p < 0.05), ** (p < 0.01) or **** (p 

< 0.0001). C) Pyruvate secretion (mM) of PAO1 wt (yellow), as well as aceE (cyan) and aceF 

(magenta) mutant strains after 4, 8 and 24 hours of growth in SCFM2. Icons represent 

biological replicates. D) PCA and HCA of whole-cell proteomics. Icons indicate the proteomes 

of strains grown in SCFM2 in presence (unfilled) and absence (filled) of acetate. HCA 

dendrogram is shown in top right corner of PCA plot. E) Number of differentially expressed 

proteins for each strain, when comparing the same strain grown in presence vs. absence of 

acetate (purple) or when comparing each mutant strain to the PAO1 reference, either in 

absence (orange) or presence (green) of acetate. F) Subset of metabolic map seen on Fig. 3 

with arrows indicating differential expression of metabolic enzymes related to pyruvate and 

acetyl-CoA metabolism for mutant strains vs. PAO1 in absence (left) or presence (right) of 

acetate. G) Differential expression of virulence factors in the aceE (left) and aceF (right) 

mutant strains vs. PAO1 in SCFM2 without acetate. Icons indicate specific proteins that are 

upregulated (red plus) or downregulated (blue circle). 

 

Figure 6: PAO1 aceF shows a decreased ability of infecting airway epithelial cells 

A) Mean ± SEM for Transepithelial Electrical Resistance (TEER) (Ω∙cm2) indicating tight-

junction disruption, LDH release into the basolateral media indicating cytotoxicity and Colony 

Forming Units (CFU) in the apical and basolateral ALI compartments, as well as B) IL-8 release 

into the basolateral media indicating immunogenicity caused by the invading bacteria 

following 14 hours of infection with the different strains in fully-differentiated BCi-NS1.1 cells 

and of the TEER before infection. Icons indicate biological replicates of PAO1 (yellow), aceE 

(cyan), aceF (magenta), ∆pscC (green) and empty control ‘Mock’ (black). Statistical 
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significance was determined by Two-Way ANOVA for TEER and CFU measurements and One-

Way ANOVA for LDH and IL-8 measurements and indicated as * (p < 0.05), ** (p < 0.01), *** 

(p < 0.001) and **** (p < 0.0001). C) Confocal images of ALI transwells following infection 

with P. aeruginosa in green (GFP), epithelium in red (Phalloidin) and nuclei in blue (To-pro). 

Scale bar = 40 µm.  
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Chapter 4: Discussion 

4.1 Clinical strains show EPS-LPS switching consistent with itaconate utilizing phenotype 

The reduced flux of pyruvate through the PDHc caused by increased inhibition by PDK is 

known to disrupt TCA activity and divert the citrate-derived cis-aconitate toward the 

production of itaconate 227,231, which is a central metabolite in regulating the immune 

response 223,224. Itaconate also has direct antibacterial properties, interfering with their 

metabolism through inhibition of both the enzyme Isocitrate Lyase and the ability to 

assimilate acetate 223. It has been suggested that P. aeruginosa has a relatively unique genetic 

ability to adapt metabolically to utilize itaconate for biofilm production, while replacing LPS 

with EPS to induce further itaconate production, turning immune cells into feeder cells that 

help sustain P. aerugionsa biofilms 233, while presumably making the environment more 

hostile for competing microbes. This LPS to EPS switching phenotype was reported based on 

increased gene-expression of the EPS-associated algADRUQ and pelA genes and a reduced 

expression of the LPS-associated wbpAGY genes. This is consistent with what we see for 

protein expression in all clinical strains compared to PAO1 – but especially in the case of DK03, 

which may be related to its atypical proteome allocation. Figure 10 shows a schematic of the 

proposed interaction, as well as the differential expression of EPS and LPS related genes and 

proteins in Riquelme et al., (2020) and the current study, respectively. 

 

Figure 10: Panel A-B from Riquelme et al. (2020), Cell Metabolism. A) Schematic of the proposed mechanism for hijacking of 
host immune cells. B) LPS and EPS related genes found to be expressed at decreased and increased levels respectively are also 
differentially expressed in same direction for PAO1 in Glucose, when supplemented with Itaconate. C) Differential expressions 
of LPS and EPS related proteins follow same pattern in early clinical isolates vs PAO1 (Same holds for late strains vs PAO1). 
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It is beyond the scope of this thesis to delve into this type of host-pathogen interactions in 

more detail. However, future work is necessary to determine how the modulated secretion 

of pyruvate by P. aeruginosa may affect the immune system during chronic infections. 

 

4.2 Pseudomonas Quinolone System (PQS) upregulated in clinical strains 

The biggest difference in protein expression between clinical strains (early and late) and 

PAO1, both in terms of abundance and convergence, is the downregulation of the four LPS O-

antigen related proteins WbpABEG discussed in the previous section and the upregulation of 

the four PQS related proteins PqsABCD (See Appendix C). PQS is one of three quorum sensing 

systems important for chronic infections 248, iron acquisition, cytotoxicity, outer-membrane 

vesicle biogenesis, and modulation of the host immune system 117, as well as stimulating the 

destruction of damaged cells and reducing metabolic activity in response to oxidative stress 
118. Because of its crucial role in regulating virulence, the PQS system has been heavily studied 

as a potential target for development of novel antimicrobials, although most of the focus has 

been on PqsR 248–255. Another potential target that has been heavily studied is PqsE, which 

regulates most traits controlled by the transcription factor RhlR 248,256–258 and is required for 

the expression of H3-T6SS 108,259. However, neither of these potential targets show any 

differential expression in clinical strains, with PqsE being the only protein of the pqsABCDE 

operon where this is the case.  

PqsD, which we do find to be convergently and substantially upregulated in all 16 clinical 

strains, has also been suggested as a potential target for the phage-protein Qst which, in 

addition to facilitating infection, leads to reprogramming of acetyl-CoA related metabolism 

and inhibits cell division in P. aeruginosa 260. The highly convergent and substantial 

upregulation of PqsD in clinical strains, in contrast with the lack of any differential expression 

observed for PqsR and PqsE, may suggest it holds more promise as a potential target for 

antibacterial therapies aimed at P. aeruginosa CF airway infections. 

 

4.3 Dnr is downregulated in adapted metabotypes 

The Dnr transcriptional regulator is mainly known for being required for denitrification 261–264 

in P. aeruginosa but has also been implicated in the regulation of H2-T6SS 265 and AckA 71 
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under anaerobic conditions similar to those of the CF lungs. AckA is one of the enzymes 

required for converting acetate to acetyl-CoA, which presumably is what re-establishes 

normal growth rates in PDHc dysregulated strains by replacing pyruvate with acetate as a 

source of acetyl-CoA, allowing continued TCA activity. Figure 11 shows the differential 

expression of Dnr in late clinical strains and the aceE mutant strain, as well as a schematic of 

the conversion of pyruvate and acetate into acetyl-CoA. 

 

Figure 11: A) The -Log2(Fold change) of the Dnr transcriptional regulator in late vs early clinical isolates (Same holds for late 
strains vs PAO1) for lineages in Cluster A (left) and B (middle), as well as in the aceE mutant strain (right) when compared to 
PAO1 wt in SCFM2 in absence (+/- mutation) and presense (Ace) of acetate or when compared to itself in presence of acetate 
(+/- Acetate). B) Schematic showing the metabolism of pyruvate and acetate as it relates to the TCA cycle with the roles of 
aceEF and AckA coloured orange.  

Interestingly, Dnr is extremely downregulated by insertion of the aceE clinical mutation and 

slightly upregulated by acetate supplementation. However, it is completely unaffected by 
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insertion of the aceF clinical mutation. Moreover, Dnr was specifically downregulated in the 

late clinical strains of all lineages with proteome allocations that cluster separately from the 

typical PAO1-like cluster but not in any of the early strains, suggesting some adaptive role for 

reduced expression of Dnr in the CF airways, potentially making it a relevant target for novel 

therapies aimed at reducing fitness of the chronic infections.  

 

4.4 BfmRS may coordinate metabolism and virulence mediated by Acetyl-P 

One potential mechanism for the regulation of virulence through PDHc mutations is the Two-

Component system BfmRS, which is an orthologue of the RhpRS system in Pseudomonas 

syringae, where it coordinates metabolism and virulence in response to environmental 

conditions 266–268, as seen on Figure 12. 

 

Figure 12: Deng et al. (2014), Nucleic acids research. Schematic of proposed model for acetyl-P mediated RhpRS regulation of 
T3SS in P. syringae. 

This system is regulated in part by endogenous acetyl-P levels, which can be modulated by 

supplementation with acetate 266, since acetyl-P is an intermediary product of the conversion 

of acetate to acetyl-CoA. Thus, when acetyl-CoA is depleted in PDHc dysregulated strains, due 

to their inability to derive it from pyruvate, this would lead to reduced levels of acetyl-P and 
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potentially inhibit the BfmRS virulence response. Conversely, acetate supplementation should 

restore normal physiological levels of acetyl-P in the cell, reactivating its capacity for this 

virulence response. Notably, the bfmRS genes are wholly deleted early in certain infection 

lineages of P. aeruginosa CF airway infections 18 but are fully intact in both early and late 

clinical strains of the Clone Types DK12, DK36 & DK55 where we see dysregulation of PDHc in 

the current study, supporting the idea that suppressing this system is pathoadaptive. It may 

be that the metabolic mutations in PDHc provides an alternative mechanism for inhibition of 

this system in a less all-or-nothing way than complete deletion of the genes, allowing 

modulation and coordination with metabolism and growth phenotype for the virulence 

response in a way that is more responsive to changes in the environment. 

 

4.5 Pyruvate plays an important role in many different types of pathologies 

Pyruvate is a metabolite of critical importance in almost all living cells due to its role as master 

fuel for the highly conserved central carbon metabolism of the TCA cycle and as such plays an 

important role in many different areas of human health and disease 269. Several studies have 

suggested treatments targeted toward the activity of PDHc and regulation of pyruvate in 

different contexts. For example, PDK-mediated inhibition of PDHc has been suggested both 

as a potential anti-inflammation therapy for chronic metabolic diseases 220 and as a cancer 

treatment by targeting the metabolic Warburg effect in tumour cells, which functions very 

similar to the overflow metabolism observed here for P. aeruginosa 221. Conversely, treatment 

with active PDHc for the depletion of pyruvate has been suggested as anti-biofilm therapy 

against P. aeruginosa infections 219. Indeed, pyruvate has also been associated with biofilm 

formation in several pathogens other than P. aeruginosa, including E. coli, S. aureus, 

Clostridioides difficile, Candida albicans, Candida tropicalis and Streptococci 270–277. Recently, 

pyruvate has also been studied as a potential biomarker for Covid-19 due to high circulation 

in critically ill patients 278. All this suggests a highly complex and near universal role of pyruvate 

in a diverse set of pathologies, which must be taken into consideration when designing 

treatments targeted at its role in one specific context. 
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Chapter 5: Conclusion and future directions 

The aims of this project were to:  

 Develop a method for high-throughput dynamic metabolomic screening of large 

collections of isolates for differences in metabolic profiles.  

 Apply this method to search for adaptive metabotypes in clinical isolates of P. 

aeruginosa CF airway infections. 

 Study the effects of the candidate pathoadaptive genes aceEF in a clean genetic 

background.  

In summary, the dilution-based method for high-throughput sampling accurately captures the 

metabolic dynamics of low-throughput time-resolved methods and allows for more detailed 

and direct analysis of metabolic variation in large collections of strains than was previously 

feasible. This approach could be enhanced with few modifications by integrating it with 

automated liquid handling robots, making it feasible to scale up experiments to test 

numerous different variables including how variations in media composition affects the 

metabolism of different lineages. By applying this method to clinical strains of different 

infection scenarios before and after the substantial decrease in growth rates typical of chronic 

phenotypes, I was able to identify a general adapted metabotype common for all scenarios, 

characterized by the secretion of acetate and increased assimilation of amino acids, and a 

more specific one, characterized in part by the secretion of pyruvate, for lineages with 

impactful mutations in the aceEF genes encoding the key metabolic regulator pyruvate 

dehydrogenase. Inserting these clinical mutations in the PAO1 clean genetic background 

demonstrated their pathoadaptive nature by recapitulating the chronic phenotype to varying 

degrees. Beyond the reduction in growth rate and secretion of pyruvate, aceEF mutations also 

led to an upregulation of T6SS and biosynthesis of phenazines and alginate, as well as a 

reduction in T3SS and bacterial recognition by host cells. 

Further studies are required to elucidate how these changes are modulated by the specific 

effects of the many different missense SNPs in aceEF genes seen for different infection 

lineages. For example, it may be interesting to couple enzymatic assays of the specific activity 

of different PDHs with competition assays of mutant strains in infection models to see if the 

specific activity of the enzyme is balanced around some fitness peak. It would also be very 
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interesting to see how much of the naïve phenotype can be restored by inserting fully 

functional aceEF genes in the clinical strains to determine the extent to which the chronic 

phenotype is under direct control of PDHc activity in strains that have many more adaptive 

mutations accumulated in concert with aceEF. Additionally, although aceEF mutant strains 

did not show increased antibiotic resistance, the question still remains if the altered 

metabolism and growth dynamics could confer some degree of antibiotic tolerance to the 

strains by promoting the survival of a small number of cells that may then regrow once 

antibiotic treatment has been suspended. Moreover, the effects that different pyruvate 

secretion profiles by P. aeruginosa may have on host immune cells require further study in 

infection models that more accurately capture the host-pathogen interactions in vivo e.g. by 

introducing immune cells to the ALI culture model. More work is also required to decipher 

the exact mechanism by which aceEF mutations affect e.g. virulence factors in the transition 

to the chronic phenotype. For example, double mutants of aceEF and the regulators bfmRS 

or dnr respectively may help determine if either of these regulatory systems mediate the 

effects PDHc dysregulation on virulence and help explain the broader physiological 

consequences in more detail. Additionally, it would be interesting to measure the effects of 

aceEF mutations on endogenous acetyl-P levels. Acetyl-P is an important signalling molecule 

involved in many different regulatory systems related to virulence 211,279–281 and the fact that 

it is also an intermediate of the conversion between acetate and acetyl-CoA makes it likely to 

be affected by the reduced acetyl-CoA production caused by mutations in PDHc. 

Another emerging application of the large data sets that are becoming more and more 

feasible to generate with the increase in high-throughput methods is the construction of 

Genome-Scale Models that integrate genomic, transcriptomic, proteomic and metabolomic 

data to construct in silico models of organisms that predict behaviour under novel conditions 
282,283. Although mainly applied in E. coli due to the amount of knowledge and data available 

for this organism, the method has also been used e.g. to predict gene essentiality and links 

between growth and virulence in the PAO1 and PA14 laboratory strains 284. In principle, the 

WGS data already available for clinical strains, along with the proteomic and metabolomic 

data generated in the current study could be integrated with further studies to generate 

strain-specific metabolic network models of P. aeruginosa that take into account different 

clinically relevant evolutionary histories. 
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Metabolism is the most foundational and conserved aspect of biology across all living 

organisms. In particular, the biochemistry of the TCA cycle and its role in the production of 

energy remains much the same for widely different organisms. This gives changes in 

metabolism a certain reach to affect physiological changes both endogenously and by 

interference for a wide array of organisms, including both host and pathogen cells. Since 

pathogens like P. aeruginosa are actually evolving during infections, whereas the host is not, 

this presents a highly asymmetrical set of opportunities for the pathogen to adapt its 

metabolism to the host environment, including changes that directly interfere with the host 

metabolism. Such changes can be further coordinated with endogenous changes, e.g. the 

formation of biofilm as may be the case for the altered flux of pyruvate in P. aeruginosa 

persistent infections supported by overflow metabolism from assimilation of large amounts 

of amino acids from the environment. One promising albeit preliminary finding that is worth 

noting is that the CFTR modulator treatment Trikafta seems to reduce the concentration of 

amino acids in the CF airway sputum, which may help undermine the fitness of these adapted 

metabotypes, reshaping the niche space to require different metabotypes for achieving 

chronicity in the future 285.  

Although the challenge of eradicating persistent airways infections of P. aeruginosa in 

patients with CF is itself of great importance, this reach and foundational nature of metabolic 

adaptations makes them likely to be of general importance beyond the specific bacterial 

species or underlying disease. Thus, to help address the antimicrobial resistance crisis, future 

research into the development of persistent infections must include a more detailed 

understanding of what metabolic strategies are available to the infecting pathogens and how 

those strategies can be effectively undermined.  
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Appendix A: Supplementary Materials for "High-throughput dilution-based growth 

method enables time-resolved exo-metabolomics of Pseudomonas putida and 

Pseudomonas aeruginosa", Microbial Biotechnology (2021) 

Supplementary Figure 1 

 

Figure 13: Assimilation plots of all quantified metabolites for Pseudomonas aeruginosa PAO1 cultivated in SCFM. The 
concentration of each metabolite in Erlenmeyer flasks (blue symbols and lines), and deep-well plates (red symbols and lines) 
is shown relative to the OD at which supernatant samples were collected. Shaded areas indicate the 95% confidence intervals 
of the curves (cubic spline fitting). 
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Supplementary Figure 2 

 

Figure 14: Assimilation hierarchy (A and B) and assimilation rate (C and D) determined using the data from three (blue bars) 
or two (red bars) biological replicates for the dilution-resolved (A and C) and time-resolved (B and D) methods. The error bar 
indicates the SEM (Standard Error of the Mean). Differences between rates were evaluated by Unpaired Welch t-test with 
significance indicated as ‘ns’ where P > 0.05 and ‘**’ where P < 0.01. 

 

Supplementary Table 1 

All data is available in online version of paper (DOI: 10.1111/1751-7915.13905; ISSN: 1751-

7915).  
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Appendix B: Supplementary Materials for "Metabolic specialization drives reduced 

pathogenicity in Pseudomonas aeruginosa infections in cystic fibrosis patients", In 

preparation (2023). 

Supplementary Figure 1 

 

Figure 15: A) Number of differentially expressed proteins (top) and Log2(Fold change) of individual differentially expressed 
proteins in late vs. early clinical isolates, separated by lineage and on the x-axis by COG categories. B) Complete enrichment 
analysis showing fold-enrichments separated by comparison and lineage on x-axis and by KEGG and GO terms on y-axis. 
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Supplementary Figure 2 

 

Figure 16: A) Metabolic map in the same style as Fig. 3E for late clinical strains vs PAO1. B) Table of genes/Locus Tags of all 
metabolic enzymes included in the map. C-D) Bar charts showing Log2(Fold change) of all differentially expressed proteins 
highlighted on the metabolic maps. Icons coloured by lineage and separated into three comparisons on x-axis (Early vs PAO1; 
Late vs Early; Late vs PAO1). Panel C contains metabolic enzymes and panel D contains transporters. 
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Supplementary Figure 3 

 

Figure 17: A) Hierarchical cluster analysis in the same style as Fig. 4C, showing differential expression in late vs early clinical 
strains for several more virulence categories. B) The Log2(Fold change) of differentially expressed proteins in late vs early 
clinical strains separated into the relevant virulence categories and further separated into the two main clusters from panel 
A. Icons are coloured by lineage and lines depict the difference in mean Log2(Fold change) between the two clusters. 
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Supplementary Figure 4 

 

Figure 18: Schematic of all 18 unique mutations observed for aceE (top) and aceF (bottom) in our collection of clinical isolates 
of P. aeruginosa. Grey lines indicate mutation site and letters indicate nucleotide-sequence coloured by type of mutation. 
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Supplementary Figure 5 

 

Figure 19: A) Potential for biofilm formation (surface attachment) of PAO1 wt (blue), as well as aceE (red) and aceF (green) 
mutant strains and DK12 & DK36 late clinical strains after 24 and 48 hours respectively. For the clinical isolates, strain is 
indicated on the x-axes and incubation time is indicated as blue (24 hours) and red (48 hours). Attachment is measured as the 
ratio of surface-attached cells (OD590) to total number of cells (OD600) after incubation. For PAO1 wt and aceEF mutants, all 
strains were compared by One-Way ANOVA. For clinical isolates, each strain was compared to itself after 24 and 48 hours of 
incubation respectively, using two-tailed unpaired parametric Welch t-test. Significance is indicated as ‘ns’ (p > 0.05), * (p < 
0.05), ** (p < 0.01), *** (p < 0.001). Same colouring and statistical analysis for PAO1 and mutant strains in panel B-D. B) 
Motility measured as the diameter (mm) of the zone of growth in motility plates (LB agar). Swimming motility was clearly 
visible after 24 hours of incubation. Swarming and twitching plates required 48 hours of incubation. C) Redox sensitivity 
measured as the diameter of the clearance zone (mm) on bacterial lawns (LB agar) of each strain from H2O2 diffusion disks 
after 24 hours. D) Pyoverdine production measured as relative fluorescence (F/OD600) of each strain after 24 hours of growth 
in King’s B medium. For panel A-D, icons indicate biological replicates and bars represent the mean ± SEM. E) MICs of PAO1 
wt and aceEF mutant strains. Each cell represents the maxOD of growth curves under the given condition, following the colour 
gradient to the right of each heatmap. The MIC is the concentration where no growth is observed (white). Each heat map 
shows the MIC for all three strains for a given antibiotic (Ceftazidime, Meropenem, Piperacillin, Azithromycin, 
Chloramphenicol, Ciprofloxacin and Tobramycin). Concentrations (µg/mL) increase 2-fold downward on the vertical axis and 
the specific strain is given on the horizontal axis. Azithromycin MICs were determined in LB, while all other MICs were 
determined in SCFM2. Piperacillin was used in combination with the β-lactamase inhibitor Tazobactam.  
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Supplementary Figure 6 

 

Figure 20: A) Metabolic map in the same style as Fig. 3E for aceF mutant strain vs PAO1 reference in SCFM2 in absence (left) 
and presence (right) of acetate. B) Parallel plot showing the number of differentially expressed proteins, separated by 
metabolic COG categories, in aceE (cyan) and aceF (magenta) mutant strains vs PAO1. C) Enrichment analysis showing fold 
enrichment on x-axis separated by KEGG and GO terms on y-axis for aceE (left) and aceF (right) mutant strains vs PAO1. 
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Supplementary Figure 7 

 

Figure 21: Longitudinal collection of P. aeruginosa clinical isolates from CF airways. Icons indicate isolates carrying mutations 
in genes encoding PDHc (red squares) and/or T3SS (purple triangles) proteins, as well as isolates with no mutations in either 
(grey dots). Isolates are separated by Clone Type and further separated by patient-specific lineages within Clone Types (A, B, 
C). The x-axis shows the length of infection (years) since the first isolate of the given lineage. 

 

Supplementary Table 1: Strains and plasmids used in this study 

Strain Genotype Source 
PAO1 P. aeruginosa PAO1 wild type Lab stock 
PA018 P. aeruginosa PAO1; aceE t551c This work 
PA019 P. aeruginosa PAO1; aceF +tccc 816-819  This work 
PA020 P. aeruginosa PAO1; aceF Δgccgctccggcccaggcc 618-636 This work 
Plasmid Description Source 
pCasPA Vector carrying Para-cas9 and λ Red recombination system; TetR 239 
pACRISPR Template vector for homology flanks and sgRNA integration; CabR 239 
pIP243 Editing plasmid to introduce aceF +tccc 816-819; CabR This work 
pIP244 Editing plasmid to introduce aceF Δgccgctccggcccaggcc 618-636; CabR This work 
pIP251 Editing plasmid to introduce aceE t551c; CabR This work 
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Supplementary Table 2: Primers used in this study 

Primer 
name 

Sequence Description 

PNJ1377 ACACAUTATACGAGCCGGATGATTAATTGTC Reverse to amplify the 
backbone of pACRISPR 

PNJ1378 ACTTTTCAUACTCCCGCCATTCAGAAG Forward to amplify the 
backbone of pACRISPR 

PNJ1379 AGACCAUGGGTATGGACAGATCTCA Reverse to amplify sgRNA 
PNJ1533 ATGTGUGGGATGCGACCCTTGGGACCGCGTT 

TTAGAGCTAGAAATAGCAAGTTAAAATAA 
Forward to amplify sgRNA, 
aceF +tccc 

PNJ1534 ATGGTCUAGAGCCAGCGTCCAGGACATCAAGG Forward, aceF +tccc left flank 

PNJ1535 ACCGCUGGCTTTCACTTCGCTC Reverse , aceF +tccc left flank 

PNJ1536 AGCGGUCCCTCCCAAGGGTCGCATCCTCAAGG Forward, aceF +tccc right flank 

PNJ1537 ATGAAAAGUCTCGAGACCGGGACCAGCAGGCCGTC Reverse , aceF +tccc right flank 

PNJ1541 ATGTGUGGACCGGCAGCCGCTCCGGCCCGTTTTAGAGCTAGAAATAGCAAGT
TAAAATAA 

Forward to amplify sgRNA, 
aceF –N18 

PNJ1542
b 

ATGGTCUAGAAATCCCCAGTCCCAAGGCCGGG Forward, aceF –N18 left flank 

PNJ1543 AGCGGCGCCUTCCACCTTCAG Reverse , aceF –N18 left flank 

PNJ1544 AGGCGCCGCUCCGGCAGCCGAAGAGCAACCGGCAGCGGCGCCCGCCGCCGA
GCAG 

Forward, aceF –N18 right flank 

PNJ1545 ATGAAAAGUCTCGAGATCGGCAGTACGGTCAGCTTGAC Reverse , aceF –N18 right flank 

PNJ1568 ATGCCGAUATACTATGCCGATGATTAATTGTCAACAATTAATTAAAGG Forward to amplify sgRNA aceE 
t551c 

PNJ1569 ATCGGCAUAGGTGGGGAACTGCCAGAAGTCGTTTTAGAGCTAGAAATAGCAA
GTTAAAAT 

Reverse to amplify sgRNA aceE 
t551c 

 

Data availability 

All data are available upon request. 
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Appendix C: Additional comments on proteomic convergence 

In addition to the enzymes shown on the map, we also found convergence (defined as > 1 

CTs) in the differential expression of enzymes related to fructose and glyoxylate (alg44, algD, 

algG, PA1500), as well as many proteins related to Arginine (arcC, ureAC, spdH, aguB) and 

other amino acids (dhcB, mmsA, PA1337, hisF2). Additionally, proteins related to oxygen 

(ccoP1, PA0141) and nitrogen (nirS, nosZ) were convergently downregulated during infection. 

Proteins related to methane (PA3628) and GTP (PA3043) were upregulated, while PA4645 

related to GMP was downregulated. The transporters msbA (lipids) and potD (polyketides) 

were convergently downregulated, while aatJ (Glu/Asp) was upregulated in late isolates. A 

number of proteins related to secondary metabolites were also differentially expressed in a 

convergent fashion, namely Glycan (algF, wbpG, ponA), phenazines (phzB2, phzG1), folate 

(folC), butanoate (dhcB), porphyrin (hemN), cyanide (hcnC), Acetaldehyde-P (phnX), 

pyochelin (pchDG), glutathione (PA2813, PA4511) and NADPH-quinone (PA1225). 

We also found convergent upregulation in the Two Component systems phoP, pfeR, copR, 

dctP and hxuR, modulation of mexXY and downregulation of algR, oprD and pilA. The quorum 

sensing proteins pqsABCD were all the most strongly upregulated proteins in early isolates 

and subsequently downregulated in late isolates, albeit still expressed at much higher levels 

than PAO1. Additionally, many proteins of the T6SS injectosome are upregulated during 

infection (clpV1/V2, hcp1/C1/C2, vgrG1/G2a, tssB1/C1/J1), while the secreted factor secF is 

downregulated. For motility, proteins associated with flagellar (fliCD, PA1095) were severely 

downregulated already in the early isolates and remained so, while proteins related to 

chemotaxis (dppA3, pctB) were more affected in late isolates. 
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