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Abstract 

The discovery of antibiotics revolutionized modern medicine. Their discovery, however, 

was accompanied by the finding, that bacteria are able to develop mechanisms 

escaping the treatment with antibiotic compounds. Today, the development of 

antimicrobial resistance poses one of the most significant threads to public health 

world-wide.  

The gram-negative, rod-shaped opportunistic pathogen Pseudomonas aeruginosa is 

well known for its ability to thrive in numerous environments. This includes soil, water, 

and nearly every human tissue. It is the cause of severe nosocomial infections in 

immune compromised individuals such as for example patients suffering from the 

genetic disorder cystic fibrosis. In the latter, P. aeruginosa often develops life-long 

chronic infections. P. aeruginosa constantly evolves to adapt to its human habitat 

causing recurring exacerbations of lung function. Consequently, it is the major cause 

of morbidity and mortality in these patients P. aeruginosa infected patients receive an 

extensive antibiotic treatment, that is, however, often resulting in high-level antibiotic 

resistance in the pathogen.  

In this thesis, I investigated two major patho-adaptative mechanisms in the context of 

P. aeruginosa infections: Firstly, the mutational-induced overexpression of the efflux 

pump MexXY, that is known to transport a variety of antimicrobial classes from the 

bacterial cytosol into the extra-cytoplasmic space. I discovered a so far undetected 

dependency of the important resistance factor of aminoglycoside modifying enzymes 

on the activity of the efflux pump MexXY to reach high-level aminoglycoside resistance.  

Secondly, I investigated the transcriptional imprint of inactivating mutations in the gene 

sequence of the global regulator LasR that are regularly found in clinical P. aeruginosa 

isolates. I hypothesize that the inactivation of this global regulator is not abolishing the 

expression of certain genes per se but alters their expression dynamics. This shift in 

the timing of gene expression was dependent on the activity of the global regulator 

RhlR. 

I combined state of the art sequencing data with classical microbiological methods in 

order to gain global insights into the adaptation mechanisms of this important 

pathogen. 
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Zusammenfassung 

Die Entdeckung der Antibiotika hat die moderne Medizin revolutioniert. Ihre 

Entdeckung wurde jedoch von der Erkenntnis begleitet, dass Bakterien in der Lage 

sind, Mechanismen zu entwickeln, um der Behandlung mit antibiotischen Wirkstoffen 

entgehen. Heute stellt die Entwicklung der Antibiotikaresistenzen eines der größten 

Probleme für die öffentliche Gesundheit weltweit dar.  

Das gramnegative, stäbchenförmige opportunistische Pathogen Pseudomonas 

aeruginosa ist für seine Fähigkeit bekannt, in zahlreichen Umgebungen, wie z.B. 

Boden, Wasser und nahezu jedes menschliche Gewebe zu überleben. Es ist die 

Ursache schwerer nosokomialer Infektionen bei immungeschwächten Personen wie 

z.B. Patienten mit der Erbkrankheit Mukoviszidose. Hier entwickelt P. aeruginosa oft 

lebenslange chronische Infektionen, während derer es sich stetig an das menschliche 

Habitat anpasst. Dies führt zu wiederkehrenden Exazerbationen der Lungenfunktion. 

Folglich ist es die Hauptursache für Morbidität und Mortalität bei diesen Patienten. 

P. aeruginosa-infizierte Personen erhalten eine intensive Antibiotikatherapie, die 

jedoch häufig zu hochgradigen Antibiotikaresistenzen des Erregers führt.  

In dieser Arbeit habe ich zwei wesentliche patho-adaptive Mechanismen von 

P. aeruginosa-Infektionen untersucht: Zum einen die mutationsbedingte 

Überexpression der Effluxpumpe MexXY, die eine Vielzahl von Antibiotika-Klassen 

aus dem bakteriellen Zytosol in den extrazytoplasmatischen Raum transportieren 

kann. Dabei identifizierte ich eine bisher unentdeckte Abhängigkeit des wichtigen 

Resistenzfaktors der Aminoglykosid-modifizierenden Enzyme von der Aktivität der 

Effluxpumpe MexXY, um hochgradige Aminoglykosidresistenz hervorzurufen. Zum 

anderen untersuchte ich den transkriptionellen Fußabdruck von inaktivierenden 

Mutationen in der Gensequenz des globalen Regulators LasR, die regelmäßig in 

klinischen P. aeruginosa Isolaten detektiert werden. Ich stelle die Hypothese auf, dass 

die Inaktivierung dieses globalen Regulators nicht die Expression bestimmter Gene 

per se aufhebt, sondern deren Expressionsdynamik verändert. Diese Verschiebung im 

Timing der Genexpression war abhängig von der Aktivität des globalen Regulators 

RhlR. Ich habe dazu modernste DNA- und RNA-Sequenzierungsdaten mit klassischen 

mikrobiologischen Methoden kombiniert, um umfassende Einblicke in die 

Anpassungsmechanismen dieses wichtigen Pathogens zu gewinnen.  
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Chapter 1 Introduction 

1.1 Antimicrobial resistance – The “magic bullet” loses its power  

The ability to produce and broadly distribute antibiotic compounds to treat microbial 

infections revolutionized modern medicine. However, the treatment of bacterial 

infections with antibiotics is often accompanied by the development of resistances 

against these compounds, rendering therapy options gradually more scarce (1, 2). As 

the development of new antibiotics proves to be increasingly challenging, the 

development of antimicrobial resistance became one of the major threats to public 

health today (2–4).  

The spread of antimicrobial resistance is significantly accelerated due to genetic 

modifications following insufficient antimicrobial treatment (5, 6), as well as via the 

dissemination of mobile genetic elements as for example on plasmids or transposons 

(7–9). In 2016, an Escherichia coli isolate from an urinary tract infection has been 

isolated which harbored only two plasmids, but a total of 15 resistance genes including 

extended spectrum beta-lactamases (ESBL), aminoglycoside modifying enzymes 

(AME) and the colistin-resistance inducing gene mcr-1 (10). The detection of the latter 

is particularly worrying, as colistin is considered to be one of the ‘last-line’ antibiotics, 

administered when no other option remains (11). Another problem in this context is the 

possibility of rapid dissemination of highly drug resistant bacterial strains due to the 

intensive mobility of people in todays globalized world (12, 13). Thus, understanding 

of the mechanisms that promote antimicrobial resistance development on a genetic 

basis is of vital importance to not only identify new drug targets, but also to optimize 

and adapt diagnostic processes and treatment strategies. 

Special attention in this context is given to the so-called ‘ESKAPEE’ pathogens, i.e. 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, Enterobacter spp. and Escherichia coli. They 

pose serious threads towards patients worldwide due to their high virulence as well as 

high resistance potential (14). Consequently, the World Health Organization (WHO) 

recently published a priority list of bacterial species against which new antimicrobial 

compounds are urgently needed including especially antibiotic resistant isolates of 

those ESKAPEE species (2).  
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1.2 Pseudomonas aeruginosa – Versatility drives success. 

The WHO ranks carbapenem resistant P. aeruginosa as one of the three ‘Priority 1’ 

pathogens on their above mentioned list of globally important pathogens (15). 

The Gram negative, rod-shaped opportunistic pathogen P. aeruginosa is one of the 

leading causes of severe hospital acquired infections worldwide (14). Its extensive 

versatility towards different environments and stresses enables this pathogen to thrive 

in different habitats as soil, water as well as nearly every human tissue (5, 16, 17).  

A study analyzing the prevalence of Gram-negative bacteria in intensive care units 

(ICU) and non- ICU settings in the USA and Europe between 2009 and 2011 identified 

P. aeruginosa to be the third and second most often isolated species in ICUs 

respectively (18). This opportunistic pathogen poses problems especially in immune 

compromised patients, like HIV/AIDS patients, burn victims or patients with the genetic 

disorder cystic fibrosis (CF).  

The success of P. aeruginosa lies within its ability to rapidly adapt to changing 

environments. This is accomplished by a genome containing a high number of 

regulatory genes as regulators and other transcription factors, e.g. sigma factors, that 

are important for the initiation of transcription (19, 20). They are often organized in 

highly complex networks that facilitate a transcriptional ‘fine tuning’ of gene expression 

that allow the timely reaction of P. aeruginosa to a variety of stresses (21, 22).  

 

1.2.1 Pseudomonas aeruginosa and CF - Life-long chronic infections  

In CF, a mutation-derived inactivation or decrease in activity of the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene results in a dehydration and 

increased osmolarity of the periciliary fluid that covers the epithelium of the respiratory 

tract. The thickened mucus inhibits the natural mucociliary clearance of inhaled 

microorganisms and provides an attractive hotbed for bacterial infections (23, 24).  

Generally, the first pathogenic bacterial species to colonize the lungs of CF patients 

are Hemophilus influenzae and Staphylococcus aureus (25). However, P. aeruginosa 

infects the lungs of CF patients already at an early stage in the infection and by the 
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age of 18, 60- 80% of patients are tested positive for a P. aeruginosa colonization (26, 

27). Once it established an infection, P. aeruginosa outcompetes other species, and 

as a result, becomes the predominant pathogen found in the sputum of most adult 

patients (27, 28). It is well equipped for the long-term survival within the lungs of CF 

patients. Its metabolic capabilities (23, 24, 29) combined with a substantial arsenal of 

virulence factors to not only fight off competitors, but to gain access to host-derived 

nutrients (30–32) enables P. aeruginosa to thrive throughout the infection. The ability 

to form persistent biofilms that provide protection against the host-immune system (33–

36), environmental stresses or antibiotic treatment (37, 38) further facilitates its survival 

within the CF lung over long periods of time (39). 

The sometimes lifelong chronic infections of P. aeruginosa are accompanied by hyper-

inflammation, severe tissue damage and ultimately high mortality rates (17, 26, 28, 40, 

41). Consequently, the identification of P. aeruginosa in the sputum of CF patients is 

considered a hallmark for disease progression and eradication of the infection once it 

turns chronic is considered virtually impossible (42–44).  

 

1.2.2 Pseudomonas aeruginosa and antibiotic resistance – Understanding 

the enemy 

Patients with chronic P. aeruginosa infections receive an extensive antibiotic treatment 

that is, however, often not sufficient to eradicate the infection. This facilitates the 

emergence of antibiotic resistant clones (44–46). The underlying mechanisms of 

antimicrobial resistance in P. aeruginosa are multifaceted and can broadly be 

summarized into three categories: intrinsic, adaptive and acquired resistance via 

horizontal gene transfer (HGT). 

Intrinsic resistance can for example be conferred by chromosomally encoded antibiotic 

resistance enzymes such as the inducible cephalosporinase ampC (5) or the AME 

APH (3')-IIb (47). Moreover, the outer membrane of P. aeruginosa itself already 

contributes to the intrinsic resistance against multiple antimicrobial compounds being 

up to 100 times less permeable for a variety of compounds compared to E. coli (48).  
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Another mechanism of intrinsic resistance is the mutational resistance or target 

modification. In this case, entry or binding structures for antimicrobial compounds are 

altered, and the compound loses or reduces its affinity to its respective target.  

One well established class of target mutations are mutations of the topoisomerase 

genes gyrA/B and parC/E, collectively summarized as mutations in quinolone 

resistance determining regions (QRDRs). As the name suggests, mutations in QRDRs 

reduce the susceptibility to fluoroquinolones, an antibiotic class targeting the bacterial 

replication machinery (49).  

In a study analyzing 100 clinical P. aeruginosa isolates with respect to their 

topoisomerase allele status, it was shown that multiple QRDR mutations in one strain 

can amplify the resistance against ciprofloxacin compared to single mutations. 

Moreover, high-level resistance was detected in concert with the overexpression of 

multi-drug efflux pumps (50). However, the protection against fluoroquinolone can 

create fitness costs. Bernard and Maxwell identified a deficiency in DNA supercoiling 

for strains carrying mutations of the amino acid 87 in gyrA (49). Nevertheless, such 

fitness costs are not detected for most of the known QRDR mutations or can be 

alleviated via compensatory mutations (51).  

Adaptive and acquired resistance mechanisms are especially prevalent in the 

development of aminoglycoside resistance, as for example via acquired AMEs or the 

activity of efflux pumps and will be discussed in the following chapters. 

 

1.2.2.1 Pseudomonas aeruginosa and antibiotic resistance – 

Aminoglycosides 

Despite their known negative side effects, the bactericidal class of aminoglycoside 

antibiotics remains a cornerstone of the management of P. aeruginosa infections in CF 

patients. Aminoglycosides are administered either alone as a nebulized formulation or 

intravenously in combination with an anti-pseudomonal β-lactam antibiotic (44, 46).  

These compounds target the bacterial protein biosynthesis, more specifically, the 

ribosome. Their entry into the cell occurs in distinct phases: Initially, the cationic 

aminoglycosides interact with anionic structures on the surface of the outer membrane 

such as lipopolysaccharides (LPS) or polar phospholipid heads of Gram negative 
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bacteria (52). The molecules subsequently diffuse into the outer membrane, replacing 

divalent cations on their way through the membrane (53, 54). In P. aeruginosa, this 

“self-promoted” uptake was shown to permeabilize the outer membrane within 30 

seconds of contact (55). The following entry into the cytoplasm is dependent on an 

existing membrane potential, therefore dependent on the growth of the cell. Hence, 

this phase was termed energy dependent phase I (EDP-I). However, the exact 

mechanism of the aminoglycoside uptake in this phase is still not completely 

understood. Aminoglycoside molecules can overcome the inner cell membrane also at 

regions in which the membrane is slightly more permeable, i.e. regions affected by cell 

growth (52, 56). The energy dependent phase II (EDP-II) is induced when 

aminoglycosides reach ribosomes that are in the elongation phase of translation and 

bind to the tRNA binding site of the 16S rRNA of the 30S ribosomal subunit (57). This 

binding disturbs translation accuracy and results in misfolded proteins. The integration 

of such misfolded proteins into the cytoplasmic membrane results in a significant 

reduction of membrane integrity that is resulting in an EDP-I-independent rapid influx 

of additional aminoglycoside molecules (56, 58). Consequently, this process leads to 

a rapid shutdown of all translation, increasing membrane damage and the subsequent 

death of the cell. 

The main driver of clinically relevant, high-level resistance against aminoglycosides is 

the chemical modification of the antibiotic via HGT-acquired AMEs. These enzymes 

are classified based on the modification they catalyze: They either acetylate (N-

acetyltransferases = AACs), phosphorylate (O-phosphotransferases = APHs) or add 

an adenosine monophosphate (AMP; O- nucleotidyltransferases = ANTs) to various, 

but enzyme-specific, residues of the antibiotic. Each class of AMEs can be further 

classified into multiple sub-groups based on sequence variation and accompanying 

substrate range. Examples for various modifications catalyzed by AMEs are shown in 

Figure 1. 

 



Chapter 1 Introduction    JESKE 2021  

 

6 
 

 

Figure 1: Aminoglycoside modifying enzymes (AMEs) and their target in the structure of 

kanamycin B. (A) Kanamycin B and the various modification sites of AMEs. (B) Examples of kanamycin 

B modifications catalyzed by AMEs with three different cofactors and the resulting inactivated 

kanamycin B products. Legend: AAC = N- acetyltransferase; ANT = O-nucleotidyltransferase; APH = O-

phosphotransferase. Figure reproduced with permisson from (59). Copyright Wiley-VCH Verlag GmbH 

& Co. KGaA 

The frequent localization of AMEs on mobile genetic elements such as plasmids and 

integrons/transposons facilitates their dissemination even between species, and 

explains their broad distribution in the bacterial kingdom (8). Furthermore, the 

simultaneous presence of multiple AMEs combined with a carbapenemase on a single 

integron exemplifies the danger of the development of truly pan-drug resistant 

P. aeruginosa isolates (60, 61). 

Besides the modification of the aminoglycoside itself, the enzymatic methylation of the 

16S rRNA prevents the activity of the antibiotic (62, 63). The high structural similarity 

of the 16S rRNA methylase rmtA to methylases of aminoglycoside producing 

actinomycetes (62) exemplifies the route most antibiotic-inactivating enzymes take: 

Antibiotic producing bacterial species need mechanism to protect themselves from the 

product they produce. Once these resistance-conferring enzymes become mobilized 

on plasmids, integrons or transposons for example, they can be disseminated in the 

environment and into a variety of different bacterial species (8).  

Mutations in the ribosomal elongation factor G encoding fusA1 gene were recently 

identified to contribute to aminoglycoside resistance as well. The exact mode of action 

of these mutations is not fully understood, however, it is hypothesized that the change 

in the amino acid sequence of the protein impacts the binding affinity of 

aminoglycosides towards the ribosome (64). 
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Furthermore, the biofilm growth mode is well known to confer to increased antibiotic 

resistance and/or tolerance (65, 66). This can be explained by the reduced metabolic 

activity the biofilm forming population and a reduction in antibiotic penetration of 

biofilms, as demonstrated e.g. for the aminoglycoside tobramycin (67). This reduced 

penetration can at least in part be attributed to exopolysaccharide-linked extracellular 

DNA (eDNA) that is produced by P. aeruginosa during biofilm establishment (68–71). 

In respect to aminoglycoside resistance, eDNA serves multiple functions: For one, the 

negatively charged eDNA is able to bind the cationic aminoglycosides, preventing a 

direct interaction between the antibiotic and the bacterial cells (72, 73). Secondly, 

eDNA acidifies the medium and chelates cations like Mg2+ and thereby induces an 

phoPQ/pmrAB- dependent modification of the LPS via arnBCADTEF (74). This amino-

arabinose capping of the LPS reduces the affinity of aminoglycosides to the LPS and 

inhibits the main uptake route (52, 55). 

  

1.2.2.1 Pseudomonas aeruginosa and antibiotic resistance – Efflux pumps 

Another important intrinsic and adaptive resistance mechanism in P. aeruginosa are 

the presence and induction of chromosomally encoded efflux pumps. Generally, efflux 

pumps are classified into 5 super-families based on amino acid sequence homology 

(5): The ABC (adenosine triphosphate binding cassette) family, the MF (major 

facilitator) family, the SMR (small multidrug resistance) family, the MATE (multidrug 

and toxic compound extrusion) family and the RND (resistance nodulation-division) 

family (75). 

As for many Gram-negative bacteria, in P. aeruginosa the RND family is the most 

abundant family with 12 members being identified in its genome (5). Furthermore, this 

family is of significant clinical relevance, as it includes the so-called ‘mex’ systems (for 

multi-drug efflux) that are able to recognize multiple antibiotic classes as their 

substrates (76–83). This means that induction or mutational de-repression of such an 

efflux system results in increased resistance against multiple antibiotics, quickly 

generating multi-drug resistant (MDR) strains of P. aeruginosa (Table 1). 
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Table 1: Clinically relevant multi drug efflux pumps and their known substrates. List of substrates 

was summarized from (79, 84–86). 

Efflux pump Substrates 

MexAB-oprM 

Fluoroquinolones, macrolides, tetracyclines, lincomycin, 

chloramphenicol, novobiocin, β-lactams except imipenem, 

trimethoprim, sulphonamides, ethidium bromide, acriflavine, 

crystal violet, sodium dodecyl sulfate, aromatic 

hydrocarbons, homoserine lactones, cerulenin, 

thiolactomycin, irgasan, triclosan  

MexCD-OprJ 

Fluoroquinolones, macrolides, tetracyclines, lincomycin, 

chloramphenicol, novobiocin, penicillins except carbenicillin 

and sulbenicillin, cephalosporins except ceftazidime, 

flomoxef, meropenem, S-4661, crystal violet, ethidium 

bromide, acriflavine, sodium dodecyl sulfate, aromatic 

hydrocarbons, triclosan 

MexEF-OprN 

Fluoroquinolones, chloramphenicol, trimethoprim, aromatic 

hydrocarbons, triclosan, Pseudomonas quinolone signal 

(HHQ), norfloxacin 

MexXY 

Fluoroquinolones, macrolides, tetracyclines, lincomycin, 

chloramphenicol, aminoglycosides, penicillins except 

carbenicillin and sulbenicillin, cephalosporins except 

cefsulodin and ceftazidime, meropenem, S-4661, 

erythromicin 

 

RND family efflux pumps are generally organized in operons that are translated into 

the three structural proteins that assemble as a functional efflux pump (Figure 2): 

Spanning the cytoplasmic membrane as a trimer, the so-called ‘RND’ component of 

the efflux system is important for substrate specificity. It is the first component 

interacting with a given substrate. The exact role and position of the membrane fusion 

protein (MFP) in the assembled efflux pump is not fully determined. Still, two options 

are discussed: either it stabilizes the direct connection between the RND and the ‘outer 

membrane factor’ (OMF) component, or it functions as a connecting component 

between those two (87). Interestingly, even if only assembled as a dipartite structure, 

the RND and MFP components show activity that is, however, significantly increased 



Chapter 1 Introduction    JESKE 2021  

 

9 
 

once the OMF is added to the protein complex (88). The OMF serves as the connection 

to the extra-cellular medium, structurally resembling a barrel-like porin, assembling as 

a trimer (89). Its transport capability is dependent upon assembly with its cognate RND 

and MFS components (88). RND efflux pumps function as proton anti-porters, i.e. as 

a substrate is transported out of the cell, protons are transported into the cytoplasm 

either from the extra- or the periplasmic space (87). Moreover, Murakami and 

colleagues hypothesized, that the interaction of the proton with specific residues in the 

transport funnel induces a conformational change that enables the transport of the 

substrate out of the cell (87).  

 

Figure 2: Schematic structure and function of a RND family efflux pump and a simplified 

visualization of its expression. The positions of the major elements of the tripartite system assembling 

into a functioning RND family efflux pump are shown. The fluorinated aromatic compound is shown to 

highlight possible routes of an antibiotic recognized as a substrate by the assembled efflux pump. 

Legend: MFP = membrane fusion protein; RND = resistance nodulation component; OMF = outer 

membrane factor. Adapted with permission from (5). Copyright American Society for Microbiology. 
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Expression of efflux systems is tightly regulated by transcriptional regulators, generally 

acting as repressors, which are encoded upstream of the efflux pump operon. This 

repressor is able to bind the intergenic region between its own sequence and the 

operon it regulates, thereby blocking the induction of transcription at this promoter (5). 

This is the case for the clinically important ‘mex’ efflux systems MexAB-oprM, MexCD-

OprJ and MexXY. MexEF-OprN is an exception, as this efflux pump is under the control 

of a transcriptional activator, mexT (90). 

Another exception is MexXY (in some cases called AmrAB), as its operon does not 

encode an own OMF. Upon its discovery in 1999, it was shown that it is able to interact 

with the closely related OMFs OprM of the MexAB-OprM efflux system as well as with 

TolC of the E. coli AcrAB-TolC efflux pump (91). Furthermore, it is the only ‘mex’ efflux 

pump associated with resistance towards aminoglycosides in P. aeruginosa and was 

suspected to confer significantly to clinically relevant aminoglycoside resistance (5).  

MexY serves as the RND component, and MexX as the MFP of the efflux system (91). 

The expression of the operon is repressed by the divergently transcribed 

transcriptional regulator MexZ, located upstream of the mexX promoter region (92). 

MexZ was shown to bind as a dimer in a region between -104 and -64 base pairs (bp) 

relative to the adenine base of the methionine start codon of mexX (93). Under 

standard laboratory conditions, mexXY is repressed (94) or only expressed at basal 

levels (95). It was shown, that mexXY expression is induced by ribosome targeting 

agents like aminoglycosides and dependent on the MexZ anti-repressor ArmZ 

(PA5471)(95, 96). Under standard laboratory conditions, mexXY is repressed (94) or 

only expressed at basal levels (95). It was shown, that mexXY expression is induced 

by ribosome targeting agents like aminoglycosides and dependent on the MexZ anti-

repressor ArmZ (PA5471)(95, 96). ArmZ-dependent induction of the efflux pump was 

shown as a reaction to oxidative stress as well (97). During infection, the increased 

interleukin-8-induced neutrophil infiltration of the bronchial lumen creates oxidative 

stress via the secretion of reactive oxygen species (ROS)(98, 99). The prolonged high 

expression of mexXY can be genetically fixed by inactivating mutations in the negative 

regulator mexZ (100). Such MexXY overproducers are frequently identified in 

P. aeruginosa isolates of chronically infected CF patients (100, 101). 
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Furthermore, the aminoglycoside-induced membrane damage is sensed via the two-

component system amgRS, which is then able to increase MexXY production (102, 

103). Another two-compontent system, ParRS, is also able to induce mexXY 

expression, either by a mutation in parR (104) or in response to membrane-damaging 

zinc exposure (103). 

 

1.2.3 Pseudomonas aeruginosa and adaptation – co-existence shapes 

evolution 

As described above, the harsh environment in the CF lung, i.e. high levels of ROS, an 

increased number of cells of the innate immune response, constant antibiotic treatment 

and high osmolarity, pose extensive evolutionary pressure on P. aeruginosa (28, 44, 

46, 99). Consequently, P. aeruginosa gradually adapts towards this environment in 

order to increase its chances of survival. This adaptation can result in highly adapted 

and transmissible clinical isolates, as it was shown for the Danish DK2 clone (105, 

106).  

Due to the spatial isolation of single clones within the lung and a subsequent prolonged 

relatively independent evolution, various evolutionary trajectories can be followed by 

the different sub-populations (107, 108). However, the differences on the chromosomal 

level are not necessarily reflected in the transcriptional landscapes of these strains 

(107, 109). Despite differences in specific evolutionary pathways, multiple studies on 

the evolution of P. aeruginosa in the CF lung environment showed a significant 

convergence of the accumulation of specific mutations (39, 101, 110), including genes 

involved in global regulatory pathways (106). The genetic adaptation towards this 

infected habitat can be further accelerated by the emergence of the so-called 

‘hypermutator’ phenotype. Those hypermutators show an increased mutation rate due 

to mutations in the DNA mismatch repair system and are for example enriched in the 

CF context as well (111, 112). 

One of the most frequently detected phenotypes of P. aeruginosa during long-term 

infections are ‘mucoid’, i.e. alginate overproducing clones of P. aeruginosa. Their 

emergence indicates the switch to the chronic infection stage (113, 114). The 

mechanism of this switch is a mutation in the anti-sigma factor mucA and the liberation 

of the alternative sigma factor σ²² (alternatively named algU or algT). An active σ²² 
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induces a constant activity of the alginate biosynthesis machinery and an excessive 

export of the produced exopolysaccharide (113, 115, 116). Interestingly, mutations in 

σ²² that are counteracting this energy consuming phenotype are described as major 

patho-adaptive mutations as well (101, 110). This indicates, that certain patho-adaptive 

mutations might be selected against at later stages of the infection (101). 

Inactivating mutations in mexZ, the negative regulator of the above-described efflux 

pump MexXY are identified as hallmark mutations in P. aeruginosa during chronic 

infections in CF as well (39, 101). 

Another important mutation in the CF context is the inactivation of the quorum sensing 

(QS) regulator lasR (39, 101, 106, 117–119). As for the emergence of the mucoid 

phenotype, lasR mutants are associated with advanced disease progression as well 

as poor patient prognosis (120). This is of particular interest, as LasR is described as 

the so-called ‘master regulator’ of the P. aeruginosa QS systems (Figure 3).  



Chapter 1 Introduction    JESKE 2021  

 

13 
 

 

Figure 3: The quorum sensing networks of P. aeruginosa. A greatly simplified scheme of the three 

quorum sensing networks las, rhl and pqs with their cognate signaling molecules, interconnections and 

examples for produced virulence factors are shown. Reprinted with permission from (121). Copyright 

2015 American Chemical Society. 

P. aeruginosa uses three interconnected QS systems: The above mentioned 

transcriptional regulator LasR acts in concert with the autoinducer synthetase lasI 

(122). This synthetase produces the QS autoinducer N-3-oxo-dodecanoyl homoserine 

lactone (3-oxo- C12-HSL) that is able to activate LasR upon binding. Activated LasR is 

then able to bind promoter regions of a multitude of genes and operons, including its 

own promoter, acting as a transcriptional activator (123, 124). One of the activated 

genes is coding for another transcription factor rhlR (125). Similar to LasR, RhlR acts 

as an activator upon binding of its cognate signaling molecule N-butanoyl homoserine 

lactone (C4-HSL) that is synthesized by the autoinducer synthetase rhlI (125, 126). The 

transcription of both rhlR and rhlI is under the control of C4-HSL- activated rhlR, and it 

was shown that the mutational inactivation of RhlI results in abolished RhlR activity 
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(127, 128). Together, these two quorum sensing systems were shown to govern the 

expression of more than 300 genes, many of which are known to be important for 

P. aeruginosa virulence (129, 130). Besides the direct activation of rhlR transcription 

by 3-oxo-C12-HSL-bound LasR, the two quorum sensing systems are further 

interconnected by the ability of RhlR to bind LasR-specific promoters in late stationary 

phase (131).  

As both regulators activate their cognate signal synthetase, positive feedback loops 

are generated that amplify the respective signal. This might be controlled by the activity 

of the transcriptional regulator QscR that represses lasR and rhlR upon binding of 3-

oxo-C12-HSL (132, 133). However, the exact mode of action is not completely 

decrypted and the influence of multiple other components is constantly under 

investigation (133, 134). 

Pesci and co-workers identified 2-heptyl-3-hydroxy-4-quinolone (PQS) as a third 

quorum sensing system in P. aeruginosa (130). It is synthesized in a multi-step process 

from anthranilate (135) catalyzed by the gene products of the pqsABDCE operon and 

pqsH (136, 137). Importantly, the product of the last gene in the PQS synthesis operon, 

pqsE, is not necessarily required for PQS synthesis, as its activity can be 

complemented by TesB which is, however, less specific (138). The PQS synthesis 

machinery is under the direct control of the transcriptional regulator PqsR (or MvfR). 

As for the above described transcriptional regulators, PqsR activity is significantly 

enhanced by the binding of PQS (139). Furthermore, Wade and colleagues (139) 

showed a connection to the las and rhl systems, as pqsR expression was positively 

affected by LasR and negatively affected by RhlR. Interestingly, the expression of 

pqsH, important for the conversion of the PQS-precursor HHQ to PQS, is not under 

the control of PqsR, but rather of LasR (119, 140). Furthermore, under phosphate 

starvation conditions, PQS is able to activate the rhl QS system (141).  

With those complex and intertwined networks, P. aeruginosa has the capacity to 

orchestrate the production of important factors for the uptake of important metabolites 

or to fight off competitors if needed (21, 142, 143).  

Thus, it is interesting, that inactivating mutations in a major component of the 

P. aeruginosa QS networks like LasR are identified so frequently. Various studies have 

been done in order to shed light on this particular genotype:  
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Feng and colleagues for example showed, that lasR mutants are able benefit from the 

production of said virulence factors by the surrounding, non-lasR-mutant population, a 

phenomenon known as “cheating” (144). D’Argenio and colleagues identified a growth 

advantage of lasR mutants on certain carbon and nitrogen sources that are part of the 

CF lung environment (119). Another study identified an increased tolerance to alkaline 

stress when compared to WT isolates (145), creating a fitness advantage over 

competing bacteria under specific circumstances. Moreover, it was shown that lasR 

mutants evoke a significantly reduced production of neutrophil extracellular traps 

compared to isolates with a functioning LasR protein (35). This is accompanied by the 

finding that 3-oxo- C12-HSL acts as a chemoattractant for human polymorphonuclear 

neutrophils (PMN) in a T2R38-dependent manner as well (146). Interestingly, another 

study found a rather opposite effect of increased neutrophil recruitment by lasR 

mutants (118).  

Not only the habitat of the CF lung might be influencing the success of lasR mutants, 

lasR mutations seem to open alternative evolutionary trajectories in regard to the 

development of antibiotic resistance as well (147). A connection between QS and 

antibiotic resistance is further exemplified by QS autoinducers being substrate of the 

above described ‘mex’ efflux pumps (Table 1)(86, 148–150). 
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1.3 Aims of the thesis 

Bacterial infections, especially with MDR clones, pose serious threats and challenge 

healthcare systems on a global scale (14, 15, 151, 152).  

The goal of this thesis is to add to the understanding of the emergence of two major 

pathoadaptive genotypes (39, 101): The mutational inactivation of the efflux pump 

regulator MexZ, that leads to an overproduction of MexXY, and the inactivation of the 

global transcriptional regulator LasR. 

In order to accomplish that, transcriptional profiles of a large collection of clinical 

P. aeruginosa isolates recorded under standardized growth conditions (153) as well as 

whole genome sequencing data of the same strain collection (154) were re-analyzed. 

Investigating such a broad strain collection enables the detection of global 

transcriptomic imprints resulting from prolonged in-host evolution.  

The first part of the herein presented thesis focuses on the analysis of the constitutive 

overproduction of MexXY and its role in clinically relevant aminoglycoside resistance. 

As described above, its role in aminoglycoside resistance is well established. However, 

its impact on resistance levels is disputed, as recent studies did not detect increased 

mexXY expression as a response to prolonged aminoglycoside treatment (155, 156). 

Another study detected only limited impact on aminoglycoside resistance levels upon 

deletion of the efflux pump (157). The available genomic and transcriptomic data 

combined with antibiotic resistance profiles (154) enabled the investigation of the 

factors that lead to clinically relevant antibiotic resistance. In particular, the focus is the 

interaction between AMEs and the MexXY efflux pump in order to understand their 

interplay in the clinical context and to understand the frequent emergence of MexZ 

inactivation.  

In the second part, the transcriptional imprint of lasR mutations on global transcriptional 

patterns in P. aeruginosa is investigated. It is well established, that the inactivation of 

LasR results in a significant reduction in the expression of virulence factors known to 

be important for infection (158–160). However, the frequent emergence of lasR 

mutations shows, that there must be either a compensatory mechanism or the focus 

on the planktonic growth mode is not sufficient to understand the effect of lasR 

mutations. Therefore, gene expression dynamics between planktonic and biofilm 

growth conditions (161) are analyzed in order to investigate lasR mutants under more 
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infection relevant conditions. Moreover, the prolonged evolution in a background of a 

lasR mutation is likely to result in additional adaptation processes. This sheds further 

light on the long-term consequences such a mutation has on P. aeruginosa. It allows 

for conclusions on not only global transcriptional patterns important for infection but on 

the role of LasR in general. 
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Chapter 2 – MexXY and AMEs in aminoglycoside resistance 

2.1 Study introduction 

In this study, the goal was to shed further light on the impact of MexXY efflux pump 

expression on aminoglycoside resistance in clinical P. aeruginosa isolates. This was 

accomplished by re-analyzing recently published RNA and DNA sequencing data of a 

collection of clinical P. aeruginosa isolates from a variety of geographical origins and 

infection sites (153, 154).  

Elevated gene expression levels of mexXY were identified to be associated with slightly 

increased aminoglycoside resistance levels. Still, the main driver of clinically relevant 

aminoglycoside resistance was identified to be the acquisition of aminoglycoside 

modifying enzymes (AMEs) and mutations in the elongation factor G (fusA). 

Interestingly, the acquisition of an AME was strongly associated with mexY 

overexpression, and the full gentamicin acetyl-transferase-mediated gentamicin 

resistance potential was dependent on an active MexXY efflux pump. 

 

2.2 Materials and Methods 

2.2.1 Bacterial strains and growth conditions 

All strains used in this study are listed in Table 2. Gene expression for all efflux pumps 

and tobramycin minimal inhibitory concentration (MIC) values in 412 clinical 

P. aeruginosa isolates, which have been previously collected from different 

laboratories and clinics (154) was analyzed. Unless otherwise stated, bacteria were 

grown in standard rich medium culture conditions (LB medium) at 37°C and constant 

shaking (180 rpm). 
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Table 2: Strains used in this study. Strains that have been generated or used in this study are listed. 

Legend: GmR = gentamycin resistance as selection marker (162); CarbR = ampicillin/carbenicillin 

resistance as selection marker (163). 

Strain Plasmid Resistance Reference 

Pseudomonas aeruginosa    

    

PA14 WT - - (164) 

PA14∆mexAB - - this study 

PA14∆mexXY - - 
Dr. Monika Schniederjans 

(unpublished) 

PA14∆mexCD - - M. Markovic (unpublished) 

PA14∆mexEF - - M. Markovic (unpublished) 

PA14∆mexZ - - (50) 

PA14∆mexR - - (50) 

PA14∆mexZ/∆mexR - - (50) 

PA14 WT AME+ pSEVA621 GmR this study 

PA14∆mexXY AME+ pSEVA621 GmR this study 

PA14 ∆mexZ AME+ pSEVA621 GmR this study 

PA14 ∆mexCD AME+ pSEVA621 GmR this study 

PA14 ∆mexEF AME+ pSEVA621 GmR this study 

PA14 WT AME+/+OprM pSEVA634::oprM GmR this study 

PA14∆mexXY AME+/+OprM pSEVA634::oprM GmR this study 

PA14 ∆mexZ  AME+/+OprM pSEVA634::oprM GmR this study 

PA14 ∆mexAB AME+/+OprM pSEVA634::oprM GmR this study 

Escherichia coli    

    

E. coli S17 - - (165) 

E. coli DH5α - - (166) 

 

2.2.2 Preparation of chemo-competent E. coli  

An overnight culture of E. coli Dh5α or E. coli S17-1 was used to inoculate 50 mL LB 

medium and grown at 37 °C and constant shaking (180 rpm) until OD600 = 0.4 – 0.6. 

Cells were aliquoted into 2 x 25 mL tubes and incubated for 10 min on ice. Next, the 

cells were pelleted at 4000 rpm for 15 min and 4 °C. Pellets were re-suspended in 5 

mL cold 0.1 M CaCl2 and incubated for 5 min on ice. Another centrifugation step at 

4000 rpm at 4 °C was applied and the pellet re-suspended in 1 mL cold 0.1 M CaCl2 

supplemented with 15 % (v/v) glycerol. Cells were incubated for 15 min on ice and 
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subsequently divided into 100 µL aliquots, shock frozen with liquid nitrogen and stored 

at -70 °C. 

 

2.2.3 Transformation of chemo-competent E. coli  

Chemo-competent E. coli Dh5α or E. coli S17-1 were thawed on ice for 10 min. Next, 

the vector of interest was mixed carefully with the suspension and incubated for 

another 30 min on ice. A heat shock was applied at 45 °C for 40 seconds and cells 

were re-suspended in 900 µL LB. The culture was incubated for 1 h at 37°C and 

constant shaking (300 rpm) until 100 µL of the culture were plated onto an agar plate 

containing the respective antibiotic for selection. The remaining suspension was 

pelleted via centrifugation at 8000 rpm at RT, re-suspended in 100 µL LB and plated 

as well. Inoculated agar plates were incubated at 37 °C overnight. 

 

2.2.4 Transformation of electro-competent P. aeruginosa 

For each transformation, 1 mL of a P. aeruginosa overnight culture was pelleted via 

centrifugation for 5 min at 8000 rpm and resuspended in 1 mL 0.3 M sucrose. This was 

repeated once more, and the final pellet was re-suspended in 100 µL 0.3 M sucrose. 

The suspension was then mixed with 500 ng of the vector of interest and transferred 

into electroporation cuvettes (Gene Pulser Cuvette, Bio-Rad, 0.2 cm electrode gap). 

Electroporation was performed using a Gene Pulser II machine (Bio-Rad) at a voltage 

of 2.45 kV, a capacitance of 25 µF and a resistance of 200 Ω. After electroporation, 

cells were quickly re-suspended in 1 mL LB and incubated for at least 1.5 h at 37 °C 

and constant shaking (180 rpm). Subsequently, 100 µL of the suspension and 100 µL 

of a 1:100 dilution in LB were plated onto an LB agar plate supplemented with the 

respective antibiotic for selection.  Inoculated agar plates were incubated at 37 °C 

overnight. 
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2.2.6 Conjugation via bi-parental mating for the generation of deletion mutants 

The donor strain (E. coli S17-1 carrying the respective deletion vector) was incubated 

overnight in LB supplemented with the respective antibiotic for selection at 37 °C and 

constant shaking (180 rpm). Simultaneously, the recipient strain (P. aeruginosa) was 

incubated over-night in LB at 42 °C and constant shaking (180 rpm). Suspensions of 

each over-night culture with cell densities in a ratio of 2:1 (E. coli : P. aeruginosa) 

based on OD600 measurements were prepared. To wash the cells, centrifugation of the 

suspensions for 5 min at 8000 rpm and resuspension in 2 mL LB was performed. To 

concentrate the suspensions, the cells were again pelleted as before and re-

suspended into 100 µL LB. Next, the concentrated suspensions were mixed, 

centrifuged as before and resuspended into 50 µL LB. The mixed suspension was 

spotted onto a LB agar plate and incubated at 37 °C overnight. The next day, the cell 

spots were washed off the agar plate using 2 mL PBS and 100 µL were plated onto LB 

agar supplemented with the respective antibiotic and 10 µg/mL nalidixic acid as 

selection against E. coli. The agar plates were incubated for 24 h at 37 °C. To select 

for the second homologous recombination (167, 168), 10 mL LB-sucrose (10 % (v/v) 

sucrose) medium was inoculated with cell material from the overnight incubated 

selection plate and subsequently incubated over night at 37 °C and constant shaking 

(180 rpm). The next morning, 50µL of the over-night culture were used to inoculate 10 

mL of fresh 10 % sucrose supplemented LB and incubated for another 8 h at 37 °C 

and constant shaking (180 rpm). Finally, 100 µL of a 10-3 and 10-4 dilution of the cell 

suspension were plated onto LB agar supplemented with 10% sucrose. Gene deletion 

was assessed by PCR using the primers mexAB_FW3-HindIII and mexAB_RW2-

EcoRI and subsequent Sanger sequencing of the PCR products (Eurofins). 

 

2.2.6 Generation of deletion mutants 

Markerless deletions of structural efflux pump genes were performed as previously 

described (168). Primers for the amplification of adjacent regions of the targeted genes 

from UCBPP-PA14 genomic template DNA are listed in Table 3. Briefly, approximately 

500 bp located upstream and downstream of the target regions were amplified and 

then combined in an overlap extension PCR (to generate PA14∆mexXY, 
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PA14∆mexCD, PA14∆mexEF) (169). PA14∆mexZ, PA14∆mexR and the double 

mutant PA14∆mexZ/∆mexR have been generated in the frame of a previous study 

(50). The strains PA14∆mexCD, PA14∆mexEF and PA14∆mexXY were constructed 

by Marian Markovic (PA14∆mexCD, PA14∆mexEF) and Dr. Monika Schniederjans 

(PA14∆mexXY). PA14∆mexAB was constructed by amplifying approximately 500 bp 

HindII-BamHI and EcoRI-BamHI (all Thermo scientific) fragments respectively. They 

were then ligated iteratively into pEX18Ap (168) using the T4 ligase (Fermentas) to 

create pEX18-mexAB-KO. The plasmid was transformed into E. coli S17-1 via heat 

shock and subsequently transferred via conjugation into PA14 WT.  

The protocol of Hmelo et al. was followed subsequently (167): Initial uptake of pEX18-

mexAB-KO was ensured by the carbenicillin selection marker located on the plasmid.  

 

2.2.7 DNA sequencing and SNP calling 

I screened for mutations in mexZ (PA14_38380), encoding the negative regulator of 

MexXY and fusA1 (PA14_088200) encoding the elongation factor G in previously 

published whole genome sequencing data (153). Mapping was accomplished using 

stampy (version 1.0.23)(170) and variant calling was performed using SAMtools 

(version 0.1.19)(171) with UCBPP-PA14 (NCBI Reference sequence: NC_008463.1) 

or PAO1 (NCBI Assembly: GCA_000006765.1 ASM676v1) as a reference. Strain 

background was assessed based on the phylogenetic analysis documented in Khaledi 

et al. 2020 (154). PA7-like isolates were excluded in this study.  

SNPs extraction for the gene of interest was accomplished using the following 

command in linux: 

grep “Locus Tag” SNP Table > geneofinterest_background_SNPs.txt 

The resulting table was loaded into the statistical programming environment R (version 

3.6.3)(172) and non-synonymous SNPs per isolate were counted and visualized using 

the ggplot2 package (version 3.3.2)(173) in R. 

 

2.2.8 Detection of aminoglycoside modifying enzymes 
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The resistance genotyping tool ARIBA (version 2.10.2)(174) using the CARD (175) as 

resistance factor database (downloaded via the ARIBA command ‘getref card’ on 

2020/11/09) was employed to detect aminoglycoside modifying enzymes from the DNA 

sequencing reads directly in its default settings. The results were screened for 

resistance factor descriptions containing the term “aminoglycosides” (see linux 

command in 2.2.7 DNA sequencing and SNP calling) and excluded hits for mexZ as 

well as the chromosomally encoded APH(3')-II phosphotransferase from the analysis. 

Hits were summarized per Isolate, taking all detected AMEs into account. To test for 

plausibility of the AME detection, randomly picked contigs identified as AME-containing 

were analyzed using the web-interface BLASTN sequence alignment tool (176).  
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Table 3: Primers for the generation of the strains used. If the primer contained a restriction site, it is 

indicated by the respective enzyme at the end of the primer name. 

Target Region Primer Sequence Goal 

mexAB mexAB_FW3-HindIII 
GATAAGCTTCAATACAT

GGACG 
knockout of target 

region 

mexAB mexAB_RW3-BamHI 
TTAGGATCCAAAGGGC

CGAAATCG 
knockout of target 

region 

mexAB mexAB_RW2-EcoRI 
AGCGAATTCTGATGTCC

TTGGTCAGTT 
knockout of target 

region 

mexAB mexAB_FW2-BamHI 
TTCGGATCCAGCATATG

AAACGGTCCTTC 
knockout of target 

region 

mexCD mexCD_FP1_EcoRI 
ATGAATTCTATTCCAGG

TAGGACTGCCAGC 
knockout of target 

region 

mexCD mexCD_RP1+20bp 
GTTTGCGCATCTCGCT
CAGACACACCCGACCG

TTGATT 

knockout of target 
region 

mexCD mexCD_FP2+20bp 
AATCAACGGTCGGGTG
TGTCTGAGCGAGATGC

GCAAAC 

knockout of target 
region 

mexCD mexCD_RP2_XbAl 
AATTCTAGAACCAGGG

CGATCCGTG 
knockout of target 

region 

mexEF mexEF_FP1_EcoRI 
AATGAATTCATTCGACG

AGGAACTGGAGAAA 
knockout of target 

region 

mexEF mexEF_RP1+20bp 
ATCGACTGCGCGTGAA
TCAGCTTGACTCCGCC

AGTCG 

knockout of target 
region 

mexEF mexEF_FP2+20bp 
CGACTGGCGGAGTCAA
GCTGATTCACGCGCAG

TCGAT 

knockout of target 
region 

mexEF mexEF_RP2_XbAl 
AATTCTAGAATCAGGCT

GACCTGCAGTTG 
knockout of target 

region 

mexXY mexXY_FP1_XbAI 
ATCATCTAGATAGCTCG

TTCTCGTCGCTGC 
knockout of target 

region 

mexXY mexXY_RP1+20bp 
GTTTCGCTAGGGGCAT
CAGGTGGGTGTCCCTC

GATTCGT 

knockout of target 
region 

mexXY mexXY_FP2+20bp 
ACGAATCGAGGGACAC
CCACCTGATGCCCCTA

GCGAAAC 

knockout of target 
region 

mexXY mexXY_RP2_HindIII 
ACATAAGCTTAGCCTCT
ACTACGACAAGGCCAG 

knockout of target 
region 

oprM oprM_RBS_EcoRI_L 

ACCGAATTCTTTGTTTA
ACTTTAAGAAGGAGATA
TACCATGAAACGGTCCT

TCCTTTC 

amplification of 
target region 

oprM oprM_clon_HindIII 
ACCAAGCTTTCAGGCC

TGCGGATCTTCCT 
amplification of 
target region 
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2.2.8 Determination of aminoglycoside resistance in PA14 efflux mutants 

In order to compare gentamicin resistance levels among the diverse PA14 efflux pump 

mutants, overnight cultures of the bacterial strain of interest were harvested by 

centrifugation at 8000 rpm for 5 min and diluted to the chosen OD600 in Mueller Hinton 

2 medium (Sigma Aldrich) containing 2-fold dilutions of gentamicin (Roth, 

concentration range 50 µg/mL to 12800 µg/mL) or tobramycin (Serva, concentration 

range 4 µg/mL to 1024 µg/mL). Bacterial suspensions were inoculated for 24 h in 96-

well plates or in honeycomb 100-well plates (Oy Growth Curves Ab Ltd.) at 37°C and 

at constant shaking (180 rpm). Each well was inoculated with an optical cell density of 

OD600 = 0.01. The lowest concentration of gentamicin, which prevented growth of the 

bacteria to an OD600 of 0.1 was recorded. Optical density was measured with an 

EnSpire Multimode Plate Reader (PerkinElmer) or a BioscreenC MBR machine (Oy 

Growth Curves Ab Ltd.). 

To inhibit efflux pump activity 40 µM, 20µM or 0 µM (control) carbonyl cyanide m-

chlorophenyl hydrazine (CCCP; Sigma Aldrich) dissolved in dimethyl sulfoxide (DMSO, 

Sigma Aldrich) was added to the medium. Controls were supplemented with the 

respective volume of DMSO without CCCP. 

 

2.2.9 Statistical analysis 

To test for normal distribution of the compared groups the shapiro.test() function of the 

stats package in R (v3.6.1). If no normal distribution was observed (p- value < 0.05) in 

one of the groups, the wilcox.test() command with default settings from the same 

package was employed to test for statistical significance.  

Overrepresentation analysis was calculated using the phyper() command of the ‘stats’ 

package in R with the ‘lower.tail’ option set to ‘FALSE’ to test for enrichment. The 

command was set up in the following way: 

phyper(x-1, m,n,k, lower.tail = F) 

with x = number of AME positive and tobramycin resistant isolates; m = number of AME 

positive isolates; n = number of AME negative isolates; k = number of tobramycin 

resistant isolates. 
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2.3 Results 

2.3.1 mexY overexpression can be frequently found in clinical P. aeruginosa 

isolates 

In this study I took advantage of previously recorded transcriptome data on 412 clinical 

P. aeruginosa isolates grown in LB medium until late logarithmic phase (OD600 = 2) 

(153). Most of the clinical isolates exhibited resistance against at least one class of 

antibiotics (154), and about one third of the P. aeruginosa isolates have been isolated 

from CF patients. I focused on the expression of the MexXY-OprM efflux pump and 

extracted gene expression values for mexY across all isolates (Supplementary Table 

1). I defined a cut-off value for high mexY gene expression by analyzing the distribution 

of normalized reads per gene (nrpg) over all analyzed clinical isolates (Figure 4). I 

found a biphasic pattern of mexY gene expression and classified an isolate as 

overexpressing mexY, if at least 575.44 nrpg mapped to mexY (Figure 4; orange line). 

This resulted in the categorization of 53 % (n = 217) of the clinical isolates as mexY 

overexpressing. 9% (n = 37) of the isolates exhibited intermediate mexY expression 

values (between 229.09 and 575.44 nrpg) and 38% (n= 158) isolates were categorized 

as mexY low expressing isolates (Figure 4).  

 

 

Figure 4: Distribution of mexY expression values and cut-off values for high mexY expression 

across clinical P. aeruginosa isolates. The distribution of log10 expression values (nrpg) of mexY over 
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all analyzed clinical isolates (n = 412 (153)) is depicted. Cut-off values for high (orange line) and low 

(red line) mexY expression were defined as the 30% distance from the minimum between the two 

maxima of the distribution to the two maxima, respectively. 

Under non-inducing rich medium growth conditions, MexZ acts as a negative regulator 

of mexXY gene expression. I found at least one non-synonymous mutation in mexZ in 

86% (n= 187) of the mexY overexpressing clinical isolates. There was no clear 

mutational hot spot within the mexZ gene sequence (Figure 5; Supplementary Tables 

2 and 3), although isolates with high mexY expression levels tend to be enriched in 

mutations in the N-terminal region of the gene, in which the DNA binding domain was 

identified (100). Nevertheless, my results suggest that inactivation of the negative 

regulator MexZ leads to constitutive efflux pump overexpression in the majority of the 

analyzed clinical isolates. However, there are additional MexXY-OprM expression 

regulators, which might play a role in the data set. E.g. overexpression of the MexZ 

anti-repressor AmrZ or activating mutations in the sensor histidine kinase of ParRS 

have been described to positively control mexXY expression (100). 

 

Figure 5: mexZ mutation distribution of mexY high and low expressing clinical P. aeruginosa 

isolates. The frequency and localization within the amino acid sequence of non- synonymous mutations 

of the gene mexZ is shown relative to the number of mexY high (blue) and low expressing (red) isolates. 

Mapping was accomplished using stampy (version 1.0.23) and variant calling was performed using 

SAMtools (version 0.1.19) with published genomes of the type strains UCBPP-PA14 or PAO1 as 

reference. 
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2.3.2 Increased mexY expression has a limited impact on resistance against 

tobramycin 

I next evaluated whether higher expression of mexXY-oprM was associated with 

aminoglycoside resistance. Among the group of mexY overexpressing isolates, 51% 

(n = 110) were classified as tobramycin susceptible according to the standards defined 

by the Clinical and Laboratory Standards Institute (tobramycin minimal inhibitory 

concentration (MIC) < 16 µg/mL; Figure 6, Supplementary Table 1) (177), indicating 

that mexY expression is not of major importance for exhibiting clinical relevant 

resistance levels. Moreover, I screened the collection of clinical isolates for the 

presence of AMEs.  
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Figure 6: Correlation of tobramycin MIC values with mexY gene expression. Expression of mexY 

in 412 clinical P. aeruginosa isolates relative to the tobramycin minimal inhibitory concentration (MIC) 

as reported previously (153, 154). Clinical isolates exhibiting mexY expression levels above the orange 

line were defined to exhibit intermediate, and above the red line high mexY expression levels. The black 

line delineates the CLSI breakpoint for clinical resistance. The blue color code indicates that the 

respective clinical isolate does not harbor an aminoglycoside modifying enzyme (AME- isolates), while 

the red color code indicates that the isolates are AME positive (AME+). 

 

Nevertheless, I detected a significant, yet limited, impact of increased mexY 

expression levels on resistance towards tobramycin. Compared to the tobramycin 

susceptible isolates with low mexY expression (n = 151), the 110 tobramycin 

susceptible isolates with high mexY expression exhibited a two-fold higher mean MIC 

against tobramycin (2 µg/mL versus 1 µg/mL respectively, Figure 7). These results are 

in agreement with previously published data demonstrating that efflux pump 

expression does play - albeit a minor - role in the development of resistance against 

tobramycin (156, 157).  
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Figure 7: High mexY expression correlates with elevated MICs against tobramycin. MICs of 

tobramycin susceptible isolates (MIC < 16 µg/mL) were assigned to high and low mexY expression 

levels, respectively. Legend: Boxes comprise the MIC values of 50% of the clinical isolates in the 

respective group; red line = mean; statistical significance: p-value < 0.05, Wilcoxon rank sum test. 

 

2.3.3 Presence of aminoglycoside modifying enzymes and fusA1 mutations are 

drivers of resistance against tobramycin 

Besides efflux pump overexpression, the acquisition of genes encoding for 

aminoglycoside modifying enzymes (AME) is well known to confer to aminoglycoside 

resistance (8). I therefore screened the clinical isolate collection for the presence of 

AMEs. Within the group of tobramycin resistant isolates, 87% (n=111) harbored at least 

one AME (frequency of detected AMEs Figure 8), while in the group of tobramycin 

susceptible isolates only 5% (n = 14) contained at least one AME (Figure 6, red points; 

Supplementary Table 1). The presence of AMEs was thus significantly 

overrepresented in the resistant isolates (hypergeometric test for overrepresentation: 

p < 0.001) clearly indicating that a main driver for tobramycin-resistance is the 

acquisition of an AME.  
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Figure 8: Distribution of detected aminoglycoside modifying enzymes (AME) in the data set. The 

resistance genotyping tool ARIBA (version 2.10.2) using the CARD (175) as resistance factor data-base 

was employed to detect AMEs in the whole genome sequencing data of the analyzed strains. Results 

were screened for resistance factor descriptions containing the term “aminoglycosides” and hits for 

mexZ as well as the chromosomally encoded APH(3')-II phosphotransferase were excluded. 

Recently, mutations in fusA were identified to contribute to elevated resistance levels 

following prolonged aminoglycoside treatment (64, 155, 178). Thus, I investigated the 

impact of those mutations on the overall resistance pattern in the dataset 

(Supplementary Table 1). Of the overall 48 isolates with non-synonymous fusA 

mutations, six isolates (12.5 %) exhibited clinically relevant (MIC ≥ 16 µg/mL) 

tobramycin resistance levels that could not be attributed to the presence of an AME. 

This corresponds to 4.72 % of all tobramycin resistant isolates. 
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2.3.5 The full AME potential is dependent on mexXY expression 

Strikingly, 85% (n= 94) of the tobramycin resistant AME+ isolates also overexpressed 

mexY. Only few (n= 6) tobramycin resistant isolates that harbored an AME exhibited 

low mexY expression values. 11 isolates expressed intermediate mexY levels (Figure 

6). To test for a possible correlation of the presence of an AME and mexY expression, 

I compared mexY expression values of all AME+ isolates and all AME- isolates. I found 

a significant 6-fold increased median mexY expression in AME+ isolates (Figure 9, p-

value < 0.001).  

 

Figure 9: Presence of an AME correlates with high mexY expression. Normalized expression values 

(log10(nrpg)) of isolates that were identified as AME containing (AME+) and non-AME containing      

(AME-). Boxes comprise 50% of the values, red line = median; statistical significance: p-Value < 0.01, 

Wilcoxon rank sum test. 

Of note, this correlation was specific to mexY. No correlation was identified between 

the presence of an AME and the expression of RND genes encoded in other important 

efflux systems (mexB, mexD, mexF) (Figure 10; Supplementary Table 1). Interestingly, 

the expression of mexB seems to correlate negatively with the detection of an AME in 

the dataset.  

These results suggest a functional link of mexXY-oprM expression and the presence 

of an acquired AME. 
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Figure 10: AME possession and efflux pump expression. Normalized expression values 

(log10(nrpg)) of substrate specificity-providing efflux pump components (A) mexB, (B) mexD and (C) 

mexF of clinical P. aeruginosa isolates that were identified as AME containing (AME+) and non AME 

containing (AME-). Boxes comprise 50% of the values, red line = median. 
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To evaluate this further, I utilized strains harboring clean deletions of structural genes 

of important ‘mex’ efflux pump systems (PA14∆mexAB, PA14∆mexCD, PA14∆mexEF, 

PA14∆mexXY) and introduced a gentamicin acetyl-transferase on the cloning vector 

pSEVA621 (179) into the respective mutants, the PA14 WT as well as into 

PA14∆mexZ. The introduction of the AME into all strains conferred high gentamicin 

resistance levels (Figure 11).  

 

 

Figure 11: AME induced gentamicin resistance is impacted by the presence of the MexXY-OprM 

efflux pump. Gentamicin resistance levels of P. aeruginosa PA14 and mutants thereof. All strains were 

transformed with the pSEVA621 vector, harboring a gentamicin acetyl-transferase (AME+) (179). The 

∆mexAB AME+/+oprM strain was complemented with pSEVA634::oprM. pSEVA634 harbors the same 

acetyl transferase as pSEVA621. Red line depicts the median resistance level of at least 4 biological 

replicates; Test for statistical significance: Wilcoxon rank sum test; P-Value < 0.05.   

The introduction of the AME into ∆mexCD or ∆mexEF strains lead to resistance levels 

equally high as PA14 AME+, indicating that these pumps do not play the same 

important role for the full AME-mediated resistance phenotype as MexXY. However, 

when the AME was introduced into the ∆mexAB mutant, this mutant showed the same 

phenotype as the ∆mexXY AME+ strain (Figure 11), indicating that the MexAB-OprM 

efflux pump is important for the full resistance potential of the AME. However, this 
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phenotype was lost in the ∆mexAB mutant when complemented with oprM on the 

pSEVA634 expression vector (Figure 12). This suggests that the lack of OprM in the 

∆mexAB AME+ strain, rather than the activity of the MexAB-OprM efflux pump is 

responsible for the phenotype.  

 

 

Figure 12: Reduced gentamycin resistance of in the ∆mexAB AME+ strain is complemented by 

expression of oprM. Gentamicin resistance levels of P. aeruginosa PA14 and mutants thereof. All 

strains were transformed with the pSEVA634::oprM vector, harboring a gentamicin acetyl-transferase 

(AME+) (179). Red line depicts the median resistance level of at least 4 biological replicates; Test for 

statistical significance: Wilcoxon rank sum test; P-Value < 0.05.   

I then added the protonophore carbonylcyanid-m-chlorphenylhydrazon (CCCP), which 

has been demonstrated to inhibit efflux pumps (180) to PA14 WT AME+, PA14∆mexXY 

AME+ as well as PA14∆mexZ AME+ and again recorded gentamycin resistance levels. 

In agreement with a functional contribution of the efflux pump activity to the high AME-

mediated resistance levels, I observed a dose-dependent reduction of gentamicin 

resistance levels in the PA14 WT AME+ and the ∆mexZ AME+ strains, but not in the 

∆mexXY AME+ strain (Figure 13). It is important to note, that CCCP can also decrease 

the uptake of aminoglycosides via the disruption of the proton motive force (52, 55, 

92). However, I did not detect an increase in overall gentamycin resistance upon CCCP 
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addition, indicating that the experimental conditions used in this study are not 

interfering with aminoglycoside up-take.  

 

 

Figure 13: The protonophore CCCP reduces the gentamicin resistance levels of strains with 

active MexXY-OprM efflux pumps. Gentamicin resistance levels of P. aeruginosa PA14 and mutants 

thereof. DMSO-dissolved CCCP was added in a concentration of 40µM, 20µM and 0µM. Each box 

includes 50% of the data with of least 6 biological replicates; the asterisk indicates a p-value < 0.05, 

Wilcoxon rank sum test.   

In conclusion, my results show that a functional MexXY-OrpM efflux pump is important 

for the full exploitation of the resistance potential of the horizontally acquired 

gentamicin acetyltransferase.  
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2.4 Discussion 

Aminoglycosides remain important in the treatment of P. aeruginosa infections, despite 

their known toxicity (44, 46). In CF for example, tobramycin inhalation is applied as a 

means to control chronic infection, and as a first-line treatment for the eradication of 

early acquisition of P. aeruginosa. Resistance to aminoglycosides is, however, 

common (8, 46, 61, 181). Resistance typically results from drug inactivation by 

plasmid- or chromosome-encoded aminoglycoside modifying enzymes, or by 

mutation-driven resistance mechanisms (64, 155, 178). Nevertheless, resistance, 

because of increased efflux is also commonplace, particularly in isolates from CF 

patients and intensive care units (101, 182–184). Furthermore, aminoglycoside uptake 

was shown to be inhibited by the presence of mono- and divalent cations (55). Thus, 

the environment, e.g. in the CF lung might additionally impact aminoglycoside 

resistance levels.  

The P. aeruginosa genome encodes several multi-drug efflux pumps. MexXY-OprM is 

the only pump that has been described to export aminoglycosides (5, 79). In addition 

to aminoglycosides, various substances are known to induce the expression of mexXY 

such as fluoroquinolones or cephalosporins (185). Here, I correlated the expression of 

mexY, the substrate specificity-providing component of the MexXY-OprM efflux pump, 

in 412 clinical P. aeruginosa isolates from various geographical origins and infection 

sites with their respective tobramycin minimal inhibitory concentrations (MIC). The high 

number of constitutively mexY overexpressing isolates (53%) in the data set clearly 

shows the importance of the expression of the MexXY-OprM efflux pump in the clinical 

context. Furthermore, the high number of isolates in the strain collection that did not 

acquire an AME provided the unique opportunity to evaluate the contribution of mexXY 

gene expression to tobramycin MIC values across a large number of clinical isolates. 

Indeed, in agreement with previous studies, increased mexY expression positively 

correlated with a decrease in tobramycin susceptibility (157). This effect, however, was 

limited and in general, isolates that overexpressed the pump, exhibited MIC values that 

were only two-fold higher as compared to isolates that did not overexpress mexXY. In 

the majority of cases this did not result in clinically relevant resistance phenotypes. 

Instead, the main driver of clinically relevant resistance against tobramycin in this set 

of clinical isolates were horizontally acquired AMEs. They act by either acetylating, 
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nucleotidylating or phosphorylating specific residues of the aminoglycosides and 

thereby decreasing the affinity of the compound towards the ribosome (8, 57).  

Importantly, I observed a hitherto undetected high correlation between the presence of 

an AME and overexpression of mexY, indicating a relationship of pump overexpression 

and the exploitation of the full AME resistance potential. I showed that a laboratory 

strain that lacked the structural genes, mexX and mexY, did not gain the same 

aminoglycoside resistance level when harboring a gentamicin acetyltransferase as 

compared to the wild type or a mexXY overexpressing strain. In agreement, inhibition 

of efflux pumps via the protonophore CCCP (180) led to a concentration-dependent 

decrease in aminoglycoside resistance levels in mexXY-expressing strains, but had no 

effect on the strain lacking the efflux pump encoding genes.  

Thus, even though the efflux system on its own is not a major resistance determinant, 

it is obviously important for the development of high-level AME-driven resistance 

against aminoglycoside antibiotics. These results indicate that MexXY is working 

synergistically with the AME and could be involved in the export of the AME-modified 

aminoglycosides that otherwise would accumulate in the cell. Nevertheless, it is also 

conceivable that not the export of the modified aminoglycoside per se, but the 

enhanced activity of the efflux pump is important for the full resistance phenotype. In 

this context two things are interesting. First, in P. aeruginosa low extracellular pH 

increases resistance towards aminoglycosides (186, 187) and second, RND efflux 

pumps operate as drug/proton antiporters and their activity has been shown to lead to 

intracellular H+ accumulation (188). Thus, increased activity of MexXY in the presence 

of an AME and aminoglycosides, might lead to increased intracellular proton levels due 

to an elevated MexXY-driven efflux activity. The efflux pump-driven increase in the 

intracellular protons might further contribute to aminoglycoside resistance and possibly 

also to enhanced fitness under a variety of different stressful conditions. 
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Chapter 3 – How adaptation shapes the transcriptome of 

P. aeruginosa 

3.1 Study Introduction 

In this study, the transcriptomes of a set of 145 clinical P. aeruginosa isolates that have 

been classified into distinct biofilm growth clusters (154, 161) were re-analyzed. The 

focus was to identify transcriptional patterns, that hint towards diverging evolutionary 

routes in the course of the adaptation towards the human host. Interestingly, a 

clustering of the analyzed isolates based on 136 genes that exhibited a multi-modal 

gene expression distribution within the analyzed collection of clinical isolates correlated 

strongly with their respective lasR allele status. To gain more insights into the overall 

impact of lasR mutations on the P. aeruginosa transcriptome, the transcriptional 

profiles of a sub-set of 49 clinical P. aeruginosa isolates under both, planktonic and 

biofilm growth conditions (154, 161) with respect to their lasR allele status were 

investigated. 

This study resulted in the identification of a LasR core regulon as well as the 

identification of transcriptional patterns that hint towards a certain degree of pre-

adaptation of lasR mutant isolates towards the biofilm growth mode. This 

transcriptional pattern included the induction of complex carbon source as well as 

phosphate acquisition and uptake. 

Interestingly, the transcriptomes of the analyzed isolates grown under biofilm 

conditions showed only very limited differences, indicating, that the transcriptional 

changes caused by inactivating mutations of lasR are limited to the planktonic mode 

of growth. This complementation of the well-known LasR phenotype  (119, 120) was 

shown to be to a significant degree dependent on a functional transcriptional regulator 

RhlR.  

It can be hypothesized, that an important factor of the success of lasR mutants in the 

clinical context might be a change in expression dynamics that evoke a pre-adaptation 

towards biofilm growth and thereby reducing the adaptation costs when switching 

growth modes. 
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3.2 Materials and methods 

3.2.1 Bacterial strains and growth conditions 

I re-analyzed the transcriptional profiles of 414 previously characterized clinical 

P. aeruginosa isolates collected from a variety of laboratories and clinics (154). Unless 

otherwise stated, bacteria were grown in standard rich medium culture conditions (LB 

medium) at 37°C. The strains used additionally are listed in Table 4  

Table 4: Strains used in this study. 

Strain Plasmid Resistance Reference 

PA14 WT - - (164) 

PA14∆lasR - - (189) 

 

3.2.2 Planktonic growth transcriptomes 

The strains PA14 WT and PA14∆lasR were grown in 10 mL LB medium at 37 °C and 

constant shaking (180 rpm) until they reached an OD600 of 2.02 – 2.28. 1 mL of the cell 

suspensions were mixed with 1 mL RNAprotectct (Qiagen), incubated for 10 min at 

room temperature (RT) and centrifuged at 8000 rpm for 10 min. The supernatant was 

discarded, and pellets were stored at -70 °C for a maximum of 2 weeks. For RNA 

isolation, the samples were thawed on ice and subsequently centrifuged at 8000 rpm. 

Any supernatant left was discarded, and the pellet was thoroughly re-suspended in 

100 µL 1x TE buffer pH 8.0 (Invitrogen) supplemented with 800 µg/mL lysozyme. The 

suspension was then incubated for 10 min at RT and vortexed 2 x during the incubation 

time. RNA extraction was performed using the RNeasy MiniKit (Qiagen) with an initial 

QIAshredder™ step to remove cell debris following the manufacturers instructions. The 

final RNA pellet was solved in 50 µL RNAse-free water (Invitrogen) and DNA was 

digested using 1µL DNase (Ambion) per 50 µL RNA solution and with the addition of 

0.5 µL RNAse inhibitor RNAsin (Promega) to the digestion. Finally, the solution was 

centrifuged at 10000 rpm, the supernatant was saved, and RNA concentration was 

measured using the Quant-iT™ Qubit RNA BR Assaykit (Invitrogen).  
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3.2.3 Biofilm transcriptomes 

For the biofilm transcriptomes of the clinical isolates, a detailed description of the 

biofilm growth and subsequent RNA extraction, library preparation and sequencing can 

be found in (161). Briefly, P. aeruginosa isolates were inoculated at a starting OD600 = 

0.002 and incubated for 48h in LB at 37°C in a humid atmosphere. RNA was conserved 

by mixing resuspended biofilm cultures with an equal volume of RNAlater (Qiagen) and 

cell pellets were stored at -70°C over night. Isolation of total RNA was accomplished 

using the RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions and an 

initial QIAshredder™ step. After DNA removal (DNA-free™ Kit DNase Treatment & 

Removal, Ambion, Life Technologies) and rRNA removal (Ribo- Zero Bacteria Kit 

(Illumina, CA, USA), cDNA libraries were prepared using the ScriptSeq™ v2 Kit 

(Illumina). Sequencing was performed on an Illumina HiSeq machine in single- end (1x 

50bp) or on an Illumina Novaseq machine in paired-end mode (2x 50bp).  

The biofilm transcriptomes of PA14 WT and PA14∆lasR were recorded as described 

above with the exception of an addition of 0.5µL RNAse inhibitor RNAsin (Promega) 

to the DNase digestion. For both strains 3 biological replicates for which each consisted 

of the cell material of 10 pooled wells of a half-area 96-well µClear microtiter plate 

(Greiner Bio-One) were prepared. 

 

3.2.4 RNA sequencing library preparation 

RNA sequencing libraries of the planktonic and biofilm transcriptome samples were 

prepared by Astrid Dröge. 1 µg RNA was fragmented in the 10xFast AP-Buffer 

(Thermo Scientific) for 90 sec at 94 °C. DNA digestion was performed using the 

TURBO™ DNase (Invitrogen), supplemented with the FastAP alkaline phosphatase 

(Thermo Scientific) and the SUPERase·In™ RNase Inhibitor. This was followed by a 

RNA purification step using the RNA clean XP (Beckman Coulter) and finally solved in 

12 µL nuclease-free water (Invitrogen). Costom-made barcodes(L12-17 and L27-32) 

were ligated to the RNA using the T4 ligase (New England Biolabs) and the 

SUPERase·In™ RNase Inhibitor. The RNA was subsequently purified and 

concentrated using the RNA Clean & Concentrator™-25 Kit (Zymo Research), 

following the manufacturers instructions with the exception that the final elution step 
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was done into 32 µL nuclease free water. Robosomal RNA (rRNA) removal was 

accomplished using the Robo Zero Bacteria kit (Illumina). This was followed by an 

additional purification step using the RNA clean XP. Ar2/3Tr3 Adapter (Illumina) were 

added and cDNA was produced using the SMARTScribe Reverse Transcriptase 

(Takara) with the addition of the SUPERase In™ RNase Inhibitor. To provide the 

reaction with nucleotides, Deoxynucleotide (dNTP) Solution Mix (New England 

Biolabs) was utilized. Subsequently the ExoI Exonuclaese I (New England Biolabs) 

was used to digest unbound oligonucleotides. PCRs enrichment was performed using 

the AccuPrime polymerase (Invitrogen). The final AMPure PCR bead purification 

(Beckman Coulter) was eluted into a final volume of 23 µL. Quality checks were 

performed before, during and after the cDNA library preparation with the RNA Nano 

Kit and an Agilent Bioanalyzer 2100 (Agilent Technologies). Libraries were sequenced 

on a NovaSeq 6000 machine (Illumina) in 50 bp paired end mode. Mapping was 

accomplished using stampy (version 1.0.23)(170) against the UCBPP-PA14 reference 

genome (NCBI Reference sequence: NC_008463.1). 

 

3.2.4 DNA sequencing and SNP calling 

In order to identify mutation the sequence of lasR (PA14_45960), I screened the 

previously published whole genome sequencing data (153). Mapping was 

accomplished using stampy (version 1.0.23)(170) and variant calling was performed 

using SAMtools (version 0.1.19)(171) with UCBPP-PA14 (NCBI Reference sequence: 

NC_008463.1) or PAO1 (NCBI Assembly: GCA_000006765.1 ASM676v1) as a 

reference. Strain background was assessed based on the phylogenetic analysis 

documented in Khaledi et al. 2020 (154). PA7-like isolates were excluded in this study.  

SNPs extraction for the gene of interest was accomplished using the following 

command in linux: 

grep “Locus Tag” SNP Table > geneofinterest_background_SNPs.txt 

The resulting table was loaded into the statistical programming environment R (version 

3.6.3)(172) and non-synonymous SNPs per isolate were counted and visualized using 

the ggplot2 package (version 3.3.2)(173) in R. 
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3.2.5 Transcriptome analysis 

Data analysis was performed in the R statistical environment (version 3.6.3)(172). 

Normalization was performed using the command calcNormFactors() of the R-

Package edgeR (version 3.28.1)(190). Furthermore, the read coverage for each gene 

was assessed and genes with low coverage were excluded, i.e. genes had to reach 1 

count per million (cpm) in at least 21 isolates to be included in the analysis. Normalized 

read counts were extracted using the cpm() command of the same package. P-value 

correction outside of the edgeR-based differential gene expression analyses was 

calculated by p.adjust() of the ‘stats’ R-package (version 3.6.1) with the adjustment 

method ‘fdr’. 

Multimodality of gene expression was assessed by testing the normalized expression 

values of all genes of the tested 414 clinical P. aeruginosa isolates using the command 

modetest() of the R-package multimode (version 1.4)(191) in default settings. 

Multimodality was assigned when the calculated and corrected p-value was below 0.1. 

Isolates were sorted into an either high-or low expressing group by determining the 

last minimum before the last clear maximum of the distribution of expression values 

(see Supplementary File SF1). Next, the expression of each gene that met the 

definition of a multimodal gene distribution was evaluated in each isolate and isolates 

were sorted into one of two groups accordingly: High or low expression of the 

respective gene.  

Differential gene expression analysis was performed using the R-Package edgeR 

using the command glmQLFTest() to compare reads using a quasi-likelihood negative 

binomial generalized log-linear model. The results were further processed and 

evaluated using topTags() and significant differential gene expression was assigned 

using a corrected p-value of 0.05 as a cut-off. Unless otherwise stated, relevant 

differential gene expression was assumed with log2FC ≥ 1 for upregulation and 

log2FC ≤ -1 for down-regulation. 

KEGG (192) pathway enrichment was performed using the KEGGREST (version 

1.26.1) (193) package in R with the ‘pau’ pathways to map the differentially regulated 

genes onto. Enrichment was performed via the p.hyper() function of the stats package 

in R (for usage see 2.2 Materials and Methods). Significant enrichment was assigned 

with a corrected p-value cut-off of 0.05.  
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The regulon robustness and core regulon analysis was performed by calculating a 

differential gene expression of the individual lasR* isolates against all (n= 28) lasRWT 

isolates. Log2FC ≥ 1 or for Log2FC ≤ -1 or each gene was counted and summed over 

the number of tested (n= 21) lasR* isolates. Finally, the lasR core regulon was 

determined as the intersection of genes that showed a log2FC above or below the 

threshold in at least 90% of the isolates (n=19) and genes being significantly and 

relevantly regulated in the clean PA14∆lasR compared to PA14 WT. 

Multi-dimensional scaling (MDS) plots were calculated based on the normalized read 

counts created in the differential gene expression analysis described above and the 

PlotMDS() function in the ‘EdgeR’ package in R, taking all analyzed genes into account 

for the calculation of the dissimilarity matrix. Subsequently, the data was visualized 

using the ‘ggplot2’ R-package and the 95 % confidence interval ellipses were drawn 

using the stat_ellipse() command from the same package in default mode. 

Comparisons of gene cluster expression was generally performed by combining the 

complete transcriptional profiles of isolates of interest into a DGEList object as 

described above to subsequently perform the described normalization and low 

coverage gene exclusion. Expression values of the genes of interest were then 

extracted as library size-normalized reads per million (cpm() command in R) and a 

value of 1 was added  to the all nrpg values prior to log10 transformation in order to 

prevent the creation of infinite values.  

Statistical analysis was performed as described above (2.2 Materials and Methods). If 

both of the compared groups were identified as being normally distributed, the t.test() 

function implemented in the ‘stats’ R-package was performed in default settings.  
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3.3 Results 

3.3.1 Distribution of single gene expression values across clinical P. aeruginosa 

isolates 

I re-analyzed a collection of 414 clinical Pseudomonas aeruginosa isolates that has 

previously been transcriptionally profiled following growth in LB until an OD600 of 2 

(153). Here, I analyzed the distribution of the expression of single genes across all 

individual isolates. As exemplified in Figure 14A there were genes that exhibited high 

expression levels, while others exhibited low levels across most of the isolates. I also 

observed that some genes showed a much higher variation in the gene expression 

levels, with some isolates exhibiting lower and others higher values. In general, it 

seems that the higher the overall expression level of a particular gene, the higher was 

the variation among the different clinical isolates (Figure 14B).  

 

 

Figure 14: Distribution of gene expression profiles across 414 clinical P. aeruginosa isolates.  

(A) Distribution of the expression values for three example genes across the 414 clinical isolates: overall 

low cobK (blue) expression, high sahH (black) expression, and bimodal mexY (red) expression. (B) 

Mean gene expression values relative to the expression value range of all tested isolates. Expression 

values were normalized for gene length (RPKM). Legend Blue line = linear regression; adjusted R² = 0.7. 

There were also genes that were low expressed in one sub-group of clinical isolates 

but expressed at significantly higher levels in another sub-group. I identified 136 genes 

with such a bi-modal gene expression distribution and classified the isolates into either 

a high- or a low-expression group with respect to each of the bi-modal genes 

(distributions and cut-off visualization in Supplementary File SF1). The resulting binary 

dataset was clustered in a heatmap (Figure 15) in which I differentiated five gene 

clusters that exhibited similar distributions of bi-modal gene expression across the 
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clinical isolates. The largest cluster contained 76 genes (Figure 15; cluster 2; 

Supplementary Table S4). High- or low expression of those 76 genes were the main 

drivers of the clustering of the individual clinical isolates into two major groups.  

 

 

Figure 15: Bi-modal gene expression clustering in clinical P. aeruginosa isolates. Multimodal (R- 

package ‘multimode’, adjusted p-value ≤ 0.1) gene expression distributions were recorded, and clinical 

isolates were grouped into those that showed high expression (red) or a low expression (blue) of the 

respective gene. The resulting binary matrix was used as a basis for a heat map (binary clustering of 

rows and columns). The allele status of lasR of the clinical isolates (columns) was assessed. Non-

synonymous mutations were marked in green, and insertions/deletions/premature stop codons 

(InDel/STOP) in yellow. Bi-modal genes were assigned to overall 5 clusters, which were colored on the 

y-axis for better overview (Gene Cluster 1-5). Only genes that could be assigned to reference strains, 

PA14 and PAO1 were included. 

Furthermore, I found a significant enrichment of genes belonging to the KEGG pathway 

functional categories ‘phenazine biosynthesis’, ‘biofilm formation’ and ‘quorum 

sensing’ in this gene cluster (Table 5).  
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Table 5: Significantly enriched KEGG pathways in the set of genes with a bi-modal gene 

expression. KEGG pathways significantly enriched (adjusted p-value ≤ 0.05, hypergeometric test) in 

the set of genes that display bimodal gene expression in the analyzed dataset. KEGG pathways have 

been extracted using the KEGGREST (193) package in R.  

  Locus Tag Gene Name KEGG Pathway ID KEGG Pathway Name 

Cluster 
1 

PA14_09210 pchA pau01053 
Biosynthesis of siderophore group 
nonribosomal peptides 

PA14_09280 pchF pau01053 
Biosynthesis of siderophore group 
nonribosomal peptides 

PA14_38380 amrR pau01501 beta-Lactam resistance 

PA14_38395 - pau01501 beta-Lactam resistance 

PA14_38410 amrB pau01501 beta-Lactam resistance 

Cluster 
2 

PA14_51360 phnA pau00405 Phenazine biosynthesis 

PA14_51380 pqsE pau00405 Phenazine biosynthesis 

PA14_30630 pqsH pau00405 Phenazine biosynthesis 

PA14_51390 pqsD pau00405 Phenazine biosynthesis 

PA14_51350 phnB pau00405 Phenazine biosynthesis 

PA14_51420 pqsB pau00405 Phenazine biosynthesis 

PA14_51410 pqsC pau00405 Phenazine biosynthesis 

PA14_51430 pqsA pau00405 Phenazine biosynthesis 

PA14_16250 lasB pau02024 Quorum sensing 

PA14_19130 rhlI pau02024 Quorum sensing 

PA14_19100 rhlA pau02024 Quorum sensing 

PA14_51360 phnA pau02024 Quorum sensing 

PA14_19120 rhlR pau02024 Quorum sensing 

PA14_30630 pqsH pau02024 Quorum sensing 

PA14_40290 lasA pau02024 Quorum sensing 

PA14_51390 pqsD pau02024 Quorum sensing 

PA14_45940 lasI pau02024 Quorum sensing 

PA14_51350 phnB pau02024 Quorum sensing 

PA14_51420 pqsB pau02024 Quorum sensing 

PA14_51380 pqsE pau02024 Quorum sensing 

PA14_51410 pqsC pau02024 Quorum sensing 

PA14_51430 pqsA pau02024 Quorum sensing 

PA14_19100 rhlA pau02025 Biofilm formation 

PA14_30630 pqsH pau02025 Biofilm formation 

PA14_45940 lasI pau02025 Biofilm formation 

PA14_19120 rhlR pau02025 Biofilm formation 

PA14_51350 phnB pau02025 Biofilm formation 

PA14_43040 - pau02025 Biofilm formation 

PA14_51380 pqsE pau02025 Biofilm formation 

PA14_51390 pqsD pau02025 Biofilm formation 

PA14_19130 rhlI pau02025 Biofilm formation 

PA14_51410 pqsC pau02025 Biofilm formation 

PA14_51360 phnA pau02025 Biofilm formation 

PA14_51430 pqsA pau02025 Biofilm formation 

PA14_51420 pqsB pau02025 Biofilm formation 

Cluster 
3 

PA14_05540 mexB pau01501 beta-Lactam resistance 

PA14_05550 oprM pau01501 beta-Lactam resistance 

PA14_50250 fliS pau02040 Flagellar assembly 

PA14_50270 fliD pau02040 Flagellar assembly 

PA14_50340 flgL pau02040 Flagellar assembly 

Cluster 
4 

PA14_23450 orfM pau00052 Galactose metabolism 

Cluster 
5 

no significantly enriched KEGG pathways detected 
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I therefore evaluated whether clinical lasR negative isolates exhibit a distinct pattern of 

bi-modal distributed genes. To describe the lasR allele status in the 414 clinical isolates 

in more detail, I analyzed previously published whole genome sequencing data of the 

isolates (154). In addition to gene-inactivating mutations due to frame shifts (insertion 

or deletions, summarized as InDels) or pre-mature stop codons (STOP), there were 

also non-silent mutations that led to changes in the amino acid sequence of LasR 

(Supplementary Tables S5 and S6). As depicted in Figure 16, those mutations were 

found throughout the gene sequence. Nevertheless, there were marked peaks in the 

N-terminal and C-terminal region, which are involved in dimerization and DNA binding 

respectively (194, 195), indicating that they might result in the functional inactivation of 

LasR.  

 

Figure 16: Mapping of the non-synonymous mutations to the lasR PAO1 and PA14 reference. 

The lasR gene sequences of all clinical isolates that harbored non-synonymous sequence variations 

within lasR were mapped to their amino acid position within the protein. Variant calling was performed 

with the lasR gene sequence of PA14 and PAO1 for isolates of the respective background (154). The 

relative number of clinical isolates harboring the respective amino acid variation is shown. 

Insertions/Deletions and premature stop codons were excluded.  

As shown in Figure 15, indeed, there was a clear correlation of the expression status 

of bi-modal genes with the allele status of the transcriptional regulator LasR (Figure 

15; yellow and green squares). This indicates that variations in the expression pattern 

of most genes across the clinical isolates was associated with the presence/absence 

of a functional lasR gene. Furthermore, it underscores the dominant role of LasR in 

shaping the transcriptional profile in the analyzed collection of clinical isolates.  
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3.3.2 Identification of the core LasR regulon 

Since LasR is obviously a dominant factor that shapes the transcriptional profile of a 

large fraction of the analyzed clinical isolates, I aimed for the identification of genes 

that were differentially regulated in the group of clinical isolates that expressed a wild 

type lasR allele versus the group of isolates exhibiting a non-functional LasR. I 

concentrated the analysis on 28 clinical isolates with lasR alleles exhibiting no non-

synonymous sequence variations (as compared to the PA14 or PAO1 lasR gene 

respectively) and 21 clinical isolates with LasR inactivating (InDels/stop) mutant alleles 

(in the following described as lasRWT and lasR* isolates, respectively). By treating the 

isolates of the lasRWT and lasR* group as replicates, I calculated the differential gene 

expression among them. In total, 722 genes were differentially regulated (corrected p-

value ≤ 0.05, log2 fold change (log2FC) cut-off of ≥ 1). Of those, 412 genes were up- 

and 310 genes were downregulated in the lasR* isolates compared to lasRWT isolates 

(Supplementary Table S7).  

As might have been expected, inactivation of lasR in the lasR* isolates led to a reduced 

expression of genes encoding for important virulence factors, such as the phenazines 

(phzA-G1/2), the protease LasA (lasA), the elastase LasB (lasB) or rhamnolipids 

(rhlAB). Consequently, I identified genes belonging to the KEGG (192) pathways of 

phenazine biosynthesis, ‘quorum sensing’ and ‘biofilm formation’ as being significantly 

enriched (adjusted p-value ≤ 0.05, hypergeometric test) in the group of genes that were 

differentially expressed between clinical lasRWT and lasR* isolates (Figure 17A).  
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Figure 17: KEGG pathway assignment of the genes downregulated in lasR* isolates.                         

(A) Enrichment analysis of KEGG pathways in the group of up-regulated genes (log2FC ≤ 1, adjusted 

p-value ≤ 0.05) in the lasRWT compared to the lasR* isolates under planktonic growth conditions. Bars 

describe the number of differentially regulated genes relative to the total number of genes assigned to 

the specific KEGG pathway. relative to the total number of genes assigned to a KEGG pathway. (B) 

Venn diagram showing the overlap of genes that are up-regulated in the lasRWT as compared to the 

lasR* isolates with the genes that are up-regulated in PA14 WT as compared to PA14∆lasR.  

In order to verify this finding, I recorded the transcriptional profile of the reference strain 

UCBPP-PA14 (PA14 WT) compared to a clean lasR deletion mutant thereof 

(PA14∆lasR (196)) under the same conditions as for the clinical isolates described 

above (Supplementary Table S8). And indeed, of the genes that were significantly 

downregulated in the lasR* versus lasRWT isolates, 90 % were also differentially 

expressed in PA14∆lasR versus PA14 WT (Figure 17B). 

Next, I investigated to what extent the LasR regulon is conserved in the individual 

clinical lasR* isolates. Thus, I treated the 28 lasRWT isolates as replicates and 

calculated log2FCs against each of the 21 single lasR* isolates individually. 4876 genes 

were down regulated (above a log2FC = 1 threshold) in at least one lasR* isolate. 1202 

of those genes were differentially expressed in at least 10 isolates and 74 genes in all 

21 of the isolates. Of note 72 of those 74 genes that were commonly down regulated 

across all clinical lasR* isolates, were also identified as being part of the LasR regulon 

in the PA14 WT strain background (Figure 18, Supplementary Table S9). 
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Figure 18: Distribution of down-regulated genes across the clinical lasR* isolates. Genes that 

were down-regulated in single lasR* isolates were determined and the number of genes that were 

commonly down-regulated in 1-21 clinical lasR* isolates were recorded (blue bars). The number of 

genes that were identified to be also down regulated in PA14∆lasR compared to PA14 WT are marked 

in red. 

These results clearly indicate that there is a core gene set, which is expressed in a 

lasR-dependent manner across many different P. aeruginosa isolates. The results thus 

demonstrate that the analysis of regulons in different strain backgrounds has the 

potential to identify core gene regulons, and thus underscore the value of a 

transcriptional profiling approach of multiple clinical isolates. On the other hand, such 

an analysis provides the opportunity to identify background-specific adaptation 

processes, that likely reflect the genetic history of a given isolate or group of isolates. 

Table 6 lists the set of genes (n = 138), which I defined as the LasR core regulon. Only 

those genes were included, which were downregulated in at least 90% of the analyzed 

single clinical lasR* isolates (19 of 21 isolates) compared to the summarized lasRWT 

isolates and which were significantly downregulated in PA14∆lasR as compared to its 

PA14 wild type as well.  
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Table 6: The lasR core regulon. The core regulon was defined as the genes that showed a             

log2FC ≤ -1 in at least 90% of the analyzed lasR* compared to all lasRWT isolates and were significantly 

(corrected p-value ≤ 0.05) down regulated (log2FC ≤ -1) in PA14∆lasR compared to PA14 WT. Cells 

were grown in LB at 37°C and 180 rpm shaking until an OD600 = 2. 

Locus Tag Gene Name Locus Tag Gene Name Locus Tag Gene Name 

PA14_00650 - PA14_21000 - PA14_40310 - 

PA14_01490 - PA14_21010 - PA14_41500 - 

PA14_01760 nuh PA14_21020 - PA14_42910 - 

PA14_02220 - PA14_21030 - PA14_42940 - 

PA14_07430 - PA14_26020 - PA14_42950 - 

PA14_09400 phzS PA14_30570 potF PA14_42960 - 

PA14_09410 phzG1 PA14_30580 - PA14_42970 - 

PA14_09420 phzF1 PA14_30620 - PA14_42980 - 

PA14_09440 phzE1 PA14_30630 pqsH PA14_42990 - 

PA14_09450 phzD1 PA14_31150 - PA14_43000 - 

PA14_09460 phzC1 PA14_31290 pa1L PA14_43020 - 

PA14_09470 phzB1 PA14_31360 - PA14_43030 - 

PA14_09480 phzA1 PA14_32590 dipZ2 PA14_43040 - 

PA14_09490 phzM PA14_32600 - PA14_43050 - 

PA14_09700 pqsL PA14_32610 dsbG PA14_43090 - 

PA14_09900 prpL PA14_33290 - PA14_45940 lasI 

PA14_10360 - PA14_33450 treA PA14_45950 rsaL 

PA14_10380 - PA14_34020 - PA14_46510 - 

PA14_10490 - PA14_34330 - PA14_46520 - 

PA14_10500 ccoN PA14_34810 mxaA PA14_46530 - 

PA14_10530 - PA14_34820 - PA14_46540 - 

PA14_10540 fixG PA14_34830 - PA14_46550 - 

PA14_10550 cysI PA14_34840 - PA14_48040 aprI 

PA14_10560 - PA14_34870 chiC PA14_48060 aprA 

PA14_13360 - PA14_36310 hcnC PA14_48090 aprF 

PA14_13370 - PA14_36320 hcnB PA14_48100 aprE 

PA14_13380 - PA14_36330 hcnA PA14_48115 aprD 

PA14_13390 - PA14_36530 - PA14_48140 aprX 

PA14_15090 - PA14_36620 - PA14_49260 napB 

PA14_16250 lasB PA14_36820 - PA14_49310 - 

PA14_18630 eprS PA14_37745 - PA14_51350 phnB 

PA14_19100 rhlA PA14_37760 - PA14_51380 pqsE 

PA14_19110 rhlB PA14_37770 - PA14_51390 pqsD 

PA14_19120 rhlR PA14_37780 - PA14_51410 pqsC 

PA14_19130 rhlI PA14_38260 - PA14_51420 pqsB 

PA14_19870 ldh PA14_39880 phzG2 PA14_51430 pqsA 
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PA14_19900 - PA14_39890 phzF2 PA14_53250 cpbD 

PA14_19910 pdhB PA14_39910 phzE2 PA14_55080 - 

PA14_20610 lecB PA14_39925 phzD2 PA14_55940 - 

PA14_20900 - PA14_39945 phzC2 PA14_60750 pra 

PA14_20920 - PA14_39960 phzB2 PA14_61870 - 

PA14_20940 - PA14_39970 phzA2 PA14_63170 cueR 

PA14_20950 fabH2 PA14_40180 - PA14_66840 phaC2 

PA14_20960 - PA14_40200 - PA14_68930 - 

PA14_20970 cyp23 PA14_40290 lasA PA14_68940 - 

PA14_20980 - PA14_40300 - PA14_69560 hcpB 

 

3.3.3 Activation of gene expression in clinical isolates exhibiting a non-

functional LasR  

It is well established that LasR is a transcriptional activator that governs a large quorum 

sensing regulon. However, I also found that lasR mutations in the clinical isolates led 

to an increased expression of genes when compared to lasRWT isolates (Figure 19A, 

Supplementary Table S7). Table 7 lists a selection of 123 genes of distinct functional 

categories that were expressed at higher levels in the absence of lasR under planktonic 

growth conditions. The majority of those genes (n = 57) are associated with the 

degradation of complex carbon sources such as aromatic compounds or lipids.  
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Table 7: Selection of upregulated genes in lasR* isolates under planktonic growth conditions 

compared to lasRWT isolates. For a complete list of regulated genes see Supplementary Table S7. 

Genes can be assigned to multiple functional categories. 

Category Locus Tag 
Gene 
Name 

log2 

Fold 
Change 

Category Locus Tag 
Gene 
Name 

log2 

Fold 
Change 

Metabolism and 
transport of carbon 
sources     

Attachment 

   

 PA14_02760 catI 1,41  PA14_11070 cupB2 1,93 

 PA14_04550 glpQ 1,13  PA14_11080 cupB3 1,29 

 PA14_09980 dkgB 1,51  PA14_11090 cupB4 1,35 

 PA14_10590 hpcG 1,01  PA14_11100 cupB5 0,97 

 PA14_10600 hpaX 1,48  PA14_11110 cupB6 1,01 

 PA14_10610 hpcD 1,08  PA14_35390  pvcC 1,00 

 PA14_10630  hpcC 0,87  PA14_35420 pvcB 1,04 

 PA14_10640 hpaG2 1,07  PA14_35430 pvcA 1,61 

 PA14_10650 hpaG1 1,23  PA14_36990 - 1,14 

 PA14_10900 ydjL 1,55  PA14_37000 cupA5 1,45 

 PA14_10990  hpaC 0,92  PA14_37010 cupA4 1,31 

 PA14_11000 hpaA 0,96  PA14_37030 cupA3 1,37 

 PA14_11020 fabG 1,40  PA14_37040 cupA2 1,26 

 PA14_17610 potD 1,22  PA14_51460 cupC2 1,57 

 PA14_17620 potC 1,41 Potassium sensing   

 PA14_17630 potB 1,26  PA14_43370 kdpC 1,07 

 PA14_17640 potA 1,34  PA14_43380 kdpB 1,72 

 PA14_17930 glpD 1,27  PA14_43400 kdpA 1,84 

 PA14_23160 gltS 1,35  PA14_43405 kdbF 2,34 

 PA14_23170 hutG 1,17 Exopolysaccharide synthesis  

 PA14_23190 - 1,09  PA14_24480 pelA 0,85 

 PA14_26210 hisP 1,14  PA14_24550 pelF 1,18 

 PA14_26220 hisM 1,33  PA14_24560 pelG 1,26 

 PA14_26230 hisQ 1,71 Phosphate assimilation/T2SS  

 PA14_26240 hisJ 1,18  PA14_20300 phnC 1,39 

 PA14_26260 - 1,14  PA14_20320 phnD 1,57 

 PA14_32080 xylX 1,50  PA14_20330 phnE 1,58 

 PA14_32100 xylY 1,50  PA14_20370 phnH 1,75 

 PA14_34260 metI- 1,42  PA14_20380 phnI 1,46 

 PA14_34270 metN- 1,42  PA14_20390 phnJ 1,65 

 PA14_34280 metQ- 1,55  PA14_20400 phnK 1,35 

 PA14_34360 mtlD 1,18  PA14_21110 plcN 1,00 

 PA14_34370 mtlK 0,86  PA14_21410 phoA 1,37 
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 PA14_34390 mtlG 1,45  PA14_21620 oprP 1,53 

 PA14_34410 mtlF 1,48  PA14_31620 - 1,40 

 PA14_34420 mtlE 1,01  PA14_47300 phnW 0,85 

 PA14_42080 fadB 1,00  PA14_55440 hxcR 1,27 

 PA14_43420 - 1,18  PA14_55450 hxcQ 1,39 

 PA14_45000 gcl 1,45  PA14_55460 hxcZ 1,79 

 PA14_45010 hyi 1,37  PA14_55490 hxcT 0,83 

 PA14_45020 glxR 1,07  PA14_55500 hxcV 1,11 

 PA14_45030 ttuD 1,46 Iron acquisition   

 PA14_45050 pykF 1,41  PA14_01870 - 1,07 

 PA14_47920 - 1,28  PA14_02410 - 1,29 

 PA14_47930 - 1,10  PA14_06160 fiuA 1,04 

 PA14_47940 - 1,46  PA14_09970 fpvB 1,05 

 PA14_47960 - 1,09  PA14_10170 fepB 1,39 

 PA14_48000 - 1,29  PA14_13430 fecA 1,15 

 PA14_52810 dctM 1,06  PA14_20010 hasR 1,46 

 PA14_52820 dctQ 1,39  PA14_20030 hasD 1,13 

 PA14_52840 dctP 1,06  PA14_20040 hasE 1,29 

 PA14_52900 - 1,21  PA14_32740 optS 1,20 

 PA14_63620 lipC 1,21  PA14_33270 pvdG 1,32 

 PA14_63640 fadH2 1,64  PA14_33690 pvdE 2,51 

 PA14_64800 vanA 2,57  PA14_33700 pvdF 1,45 

 PA14_64810 vanB 1,72  PA14_33720 pvdN 1,66 

 PA14_65850 rocE 1,32  PA14_37730 - 1,63 

      PA14_33740 pvdP 0,96 

      PA14_37900 - 1,49 

Resistance      PA14_39650 cirA 3,77 

 PA14_18760 mexP 1,28  PA14_39820 ufrA 1,43 

 PA14_18780 mexQ 1,22  PA14_55340 exbD2 1,52 

 PA14_18790 opmE 1,20  PA14_55360 exbB2 1,06 

 PA14_32270 oprD3 1,71 Spermidine transport   

 PA14_60820 oprJ 1,26  PA14_17610 potD 1,22 

 PA14_60830 mexD 1,45  PA14_17620 potC 1,41 

 PA14_60850 mexC 1,54  PA14_17630 potB 1,26 

 PA14_73040 amiA 2,47  PA14_17640 potA 1,34 

 

Furthermore, 21 genes involved in various mechanisms of iron acquisition and a four 

gene operon (kdpABC) involved in sensing low extracellular potassium levels were 

detected. 12 genes that encoded for cup fimbriae as well as the biosynthesis of an 

exopolysaccharide (pel) were up-regulated as well in the lasR* isolates. Moreover, the 
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spermidine transport system potABCD exhibited increased expression levels in lasR* 

isolates compared to lasRWT isolates. There seems to be a focus on the acquisition of 

extracellular phosphate either via the phn transport system, the (extra cellular) 

degradation of phosphatidylcholine (glpQ and glpD), or the type 2 secretion system 

hxc (T2SS) in the lasR* isolates. Interestingly, also multiple resistance genes including 

the multi-drug efflux pump mexCD-oprJ were significantly upregulated. 

 

 

Figure 19: KEGG pathway assignment of genes that were up regulated in lasR* isolates.  (A) 

Enrichment analysis of KEGG pathways in the group of up-regulated genes (log2FC ≤ -1, adjusted p-

value ≤ 0.05) in the lasR* compared to the lasRWT isolates under planktonic growth conditions. Bars 

describe the number of differentially regulated genes relative to the total number of genes assigned to 

the specific KEGG pathway. (B) Venn diagram showing the overlap of genes that are up-regulated in 

the lasR* as compared to the lasRWT isolates with the genes that are up-regulated in PA14∆lasR as 

compared to PA14 WT. 

As opposed to the many genes that were consistently downregulated in the majority of 

the lasR* isolates (Figure 17), there were by far less genes that were commonly up 

regulated across the different lasR* isolates. As depicted in Figure 20, only one of the 

overall 3797 genes that reached the log2FC threshold in at least one clinical isolate 

was up-regulated in a maximum of 17 clinical lasR* isolates (PA_33800), and only 18 

genes were up-regulated in at least 10 of the 21 clinical lasR* isolates (Supplementary 

Table S10). This indicates that a lasR-dependent upregulation of the genes is to a 
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much higher degree dependent on the strain background. In line with this finding, the 

overlap between the genes that were upregulated in both, PA14∆lasR and the lasR* 

clinical isolates, was much smaller as compared to the genes that were commonly 

downregulated (Figure 19B, Figure 20).  

 

 

Figure 20: Distribution of genes up-regulated across the clinical lasR* isolates. Genes that were 

up-regulated in single lasR* isolates were determined and the number of genes that were commonly 

up-regulated in 1- 21 clinical lasR* isolates were recorded (blue bars). The number of genes that were 

identified to be also up regulated in PA14∆lasR compared to PA14 WT are marked in red. 

 

3.3.4 LasR becomes dispensable under biofilm growth conditions  

I did not only have the opportunity to re-analyze previously recorded transcriptional 

profiles of the analyzed lasR* and lasRWT isolates under planktonic growth conditions. 

I could also compare this planktonic transcriptome data to transcriptomes of the same 

isolates recorded under biofilm growth conditions (161). While the planktonic gene 

expression profiles of two groups of clinical isolates were separated in a multi-

dimensional scaling plot (MDS), their transcriptomes did not cluster when the isolates 

were grown under biofilm growth conditions (Figure 21). 
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Figure 21: Multidimensional scaling plot based on the transcriptomes of clinical lasR* and lasRWT 

P. aeruginosa isolates under planktonic and biofilm growth conditions. Cells were grown 

planktonically until an OD600 of 2 in LB at 37°C and 180 rpm (A) or static for 48h (B) to allow for biofilm 

formation before RNA isolation and subsequent sequencing. Data were normalized for the individual 

library size and genes with a coverage below 1 count per million were excluded from the analysis. 

Ellipses were drawn based on the 95% confidence interval. 

In accordance, only 53 genes (25 up-regulated and 28 down-regulated; Supplementary 

Table S11) showed a differential expression in the lasR* isolates under biofilm growth 

conditions (as compared to 722 genes under planktonic conditions). I also recorded 

the transcriptional profiles of PA14 WT and PA14∆lasR under biofilm growth conditions 

(Supplementary Table S12). Again, I detected a reduction (by approx. 20 %) in the 

overall number of differentially regulated genes between PA14 WT and PA14∆lasR 

under biofilm growth conditions (780 and 978 genes were differentially regulated under 

biofilm and planktonic growth conditions, respectively, Figure 22). 



Chapter 3 – How adaptation shapes the transcriptome of P. 
aeruginosa    JESKE 2021  

 

59 
 

 

Figure 22: Transcriptomes of laboratory-derived P. aeruginosa strains are more similar under 

biofilm growth conditions than under planktonic growth conditions. MDS plot including normalized 

global gene expression values of PA14 WT and its clean lasR deletion mutant (PA14∆lasR) under 

planktonic growth conditions (OD600 = 2; PL; in yellow and blue respectively) and 48h biofilm growth (BF; 

in green and red).  

My finding that the differential in gene expression in clinical isolates harboring a non-

functional lasR gene, can be alleviated under biofilm growth conditions is interesting 

and indicates that the activity of LasR becomes less important or even dispensable 

under biofilm growth conditions. I also found that genes of the pyocyanin biosynthesis 

gene clusters (phzG1, phzF1, phzG2, Supplementary Table S11) were even 

expressed at higher levels in the lasR* isolates under biofilm growth conditions. This 

demonstrates that despite the belonging to the core lasR regulon under planktonic 

growth conditions, they are not governed by LasR under biofilm growth conditions. 

Instead, there seem to be alternative ways to induce the phenazine biosynthesis genes 

under biofilm growth conditions that are even more efficient (Figure 23, Figure 25A and 
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B). My finding is in accordance with previous reports that described a strong pyocyanin 

production of late stationary phase-grown lasR mutants (197). 

 

 

Figure 23: lasR* isolates exhibit an increased expression of the phz1 operon under biofilm 

growth conditions. Expression values of the phzABCDEFG1 gene operon are depicted for lasRWT (n 

= 28) and lasR* (n = 21) clinical Isolates. Each box includes 50% of the data. The asterisk indicates a 

p-value of 4.27 x 10-4, using the Wilcoxon rank sum test. 

 

3.3.5 Virulence factor expression becomes independent of LasR but not of RhlR 

under biofilm growth conditions 

Previous work has shown that RhlR is able to regulate the expression of lasR- 

dependent genes in late stationary growth conditions, so that LasR becomes 

dispensable (131). Here, I aimed at evaluating whether also under biofilm growth 

conditions, LasR becomes dispensable due to the activation of RhlR in a LasR 

independent manner in the analyzed data set. I searched the set of clinical isolates for 

variants harboring inactivating mutations in both lasR as well as rhlR (mutation 
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mapping rhlR in Supplementary Table S13 and S14). I identified 22 isolates with no 

mutation in the two genes (lasRWT), 15 isolates with an inactivating mutation 

(InDel/Stop) exclusively in lasR (lasR*), and 7 isolates with InDel/stop mutations in rhlR 

and an InDel/stop and/or non-synonymous mutations in lasR (in the following named 

lasR**/rhlR*). As expected, the isolates harboring an additional rhlR inactivating 

mutation exhibited a significantly reduced expression of rhlI, the autoinducer synthase, 

which is under the direct control of RhlR (Figure 24).  

 

 

Figure 24: Double mutants of lasR and rhlR exhibit reduced rhlI expression compared to lasR* 

mutants and lasR/rhlR wild type isolates from the clinical isolate data set. Gene expression of the 

autoinducer synthase RhlI in clinical P. aeruginosa isolates. Samples are divided into isolates with InDel 

Mutations or premature stop codons in either only lasR (lasR*; n = 15), both lasR and rhlR (lasR**/rhlR*; 

n = 7) or in none of the two (WT; n = 22). In case of lasR**/rhlR* non-synonymous amino acid exchanges 

in the gene sequence of lasR were included as well. Reads are shown as log10 normalized million reads 

per gene. A value of 1 was added to all nrpg values prior to log10 transformation in order to prevent the 

creation of infinite values. Legend: Each box includes 50% of the data. Asterisk = statistical significance                 

(p-value ≤ 0.05). 
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I then analyzed the expression of operon structures that clearly belong to the LasR 

core regulon (genes that were commonly positively regulated by LasR under planktonic 

conditions) under biofilm conditions (Figure 25). I found that the expression of rhlAB, 

phzA1-G1, phzA2-G2 and hcnABC was independent on a functional lasR gene under 

biofilm growth conditions. The lasR* isolate expression levels even exceeded those of 

the lasRWT isolates. However, their expression was clearly dependent on a functional 

rhlR gene under biofilm growth conditions as the expression levels of these genes did 

not reach those of the wild type in the lasR**/rhlR* double mutants. My results thus 

demonstrate that RhlR acts downstream of LasR to impact on the expression of many 

genes, and that RhlR becomes activated under biofilm growth conditions independent 

of LasR to induce expression of genes that belong to the LasR core regulon.  

Of note, the expression of the alkaline protease biosynthesis genes (aprIAFEDX) was 

dependent on LasR even under biofilm conditions and the additional inactivation of 

RhlR did not reduce gene expression further (Figure 25). Furthermore, the PQS 

biosynthetic gene cluster (pqsABCDE) seemed to be independent of both LasR and 

RhlR under biofilm growth conditions.  
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Figure 25: Combined expression of lasR core regulon operons in clinical lasRWT, lasR* and 

lasR**/rhlR* isolates under biofilm growth conditions. Gene expression values (log10(nrpg+1)) of 

LasR core regulon operons in the lasRWT (n = 22), lasR* (n = 15) and lasR**/rhlR* (n = 7) clinical isolates 

under biofilm growth conditions. Reads are shown as log10 normalized million reads per gene. The 

expression of genes of each operon were treated as replicates. A value of 1 was added to all nrpg values 

prior to log10 transformation in order to prevent the creation of infinite values Expression values of (A) 

rhlAB (B) phzABCDEFG1 (C) phzABCDEFG2 (D) hcnABC (E) aprIAFEDX (F) pqsABCDE are depicted. 

Legend: Asterisk = p-value < 0.05. 

The same dependency on RhlR under biofilm growth conditions was identified when I 

compared the combined gene expression of all genes identified to be part of the LasR 

core regulon (n = 138, Table 6) between lasRWT, lasR* and lasR**/rhlR* isolates (Figure 

26). The overall expression of the lasR core regulon under biofilm conditions can 

therefore generally be attributed to a functioning RhlR protein. 
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Figure 26: Combined expression of lasR core regulon genes under planktonic and biofilm growth 

conditions. Gene expression values (log10(nrpg+1)) of the combined core lasR core regulon genes in 

the lasRWT (n = 22), lasR* (n = 15) and lasR**/rhlR* (n = 7) clinical isolates under planktonic (A) and 

biofilm (B) growth conditions. Legend: Asterisk = p-value < 0.05. 

I also analyzed operons that were expressed at higher levels in the absence of lasR 

under planktonic growth conditions (Figure 27,   
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Table 7). I found operons that were up-regulated in the lasR mutant under planktonic 

growth conditions (Figure 27 A-C) and this seemed to be dependent on a functional 

rhlR gene as the cupA2-5, phnCDEHIJK and pvdGEFN gene expression levels were 

back to the wild-type level in the double lasR/rhlR mutant. However, these operons 

(Figure 27 D-F) were not higher expressed in the lasR mutant isolates when grown 

under biofilm conditions. Their expression level was even below that of the wild type 

under biofilm conditions in the lasR deficient isolates and back to normal in the 

lasR/rhlR double mutants.  

 

Figure 27: Combined expression of operons that are negatively affected by the presence of LasR 

under planktonic conditions in clinical lasRWT, lasR* and lasR**/rhlR* isolates under planktonic 

and biofilm growth conditions. Gene expression values (log10(nrpg+1)) of genes negatively affected 

by lasR in the lasRWT (n = 22), lasR* (n = 15) and lasR**/rhlR* (n = 7) clinical isolates under biofilm 

growth conditions. The expression of genes of each operon were treated as replicates. Expression 

values of (A)/(D) cupA2-5; (B)/(E) phnCDEHIJK; (C)/(F) pvdGEFN. (A)-(C) are expression levels of the 



Chapter 3 – How adaptation shapes the transcriptome of P. 
aeruginosa    JESKE 2021  

 

66 
 

respective genes under planktonic growth conditions, (D)-(F) are expression values under biofilm growth 

conditions depicted. Legend: Asterisk = p-value < 0.05. 

Again, this was identified to be a general trend in this set of 412 genes that were up 

regulated in lasR* compared to lasRWT isolates under planktonic growth conditions 

(Supplementary Table S7) when comparing the combined gene expression of all 

analyzed genes (Figure 28). This finding is further underlining the importance of RhlR 

in the transcriptional adaptation towards a LasR inactivation in P. aeruginosa. 

 

Figure 28: Combined expression of genes that are negatively affected by the presence of lasR 

under planktonic conditions in clinical lasRWT, lasR* and lasR**/rhlR* isolates under planktonic 

and biofilm growth conditions. Combined Gene expression values (log10(nrpg+1)) of all genes           

(n= 412) negatively affected by LasR in lasRWT (n = 22), lasR* (n = 15) and lasR**/rhlR* (n = 7) clinical 

isolates under planktonic (A) and biofilm (B) growth conditions. Legend: Asterisk = p-value < 0.05. 
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3.4 Discussion 

An environment-induced trait might become fixed and thus be expressed constitutively 

in a population via genetic assimilation, a process known as genetic adaptation. 

In P. aeruginosa CF isolates, mucA and mexZ as well as lasR have been identified to 

be amongst the most frequently mutated genes (39, 101). They have been shown to 

play important roles in P. aeruginosa gene regulation: MucA acts as an anti-sigma 

factor that is involved in alginate biosynthesis (113), MexZ is the negative regulator of 

the multidrug efflux pump MexXY (81), whereas the production of important quorum 

sensing dependent virulence factors is controlled by LasR (194, 198).This is reflected 

in studies of ex vivo transcriptomes from clinical samples of chronically infected CF 

patients which exhibited reduced expression of important quorum sensing regulated 

factors, incuding hcnABC, lasA, lasB, aprX-F, aprA and rhlI. On the other hand, the 

expression of mexXY and algU, the latter being an alternative sigma factor that is 

activating alginate synthesis when repression of mucA is abolished, were shown to be 

expressed at increased levels compared to in vitro transcriptomes (106, 153, 199, 200). 

Those regulators of factors important for in vivo survival of P. aeruginosa seem to be 

mutational hot spots during chronic CF lung infections. Therefore, it is hypothesized 

that host-environment-induced phenotypic traits might become fixed by genetic 

assimilation during adaptation towards the human habitat.  

Long-term bacterial infections, for example in the CF context, induce the fixation of 

specific responses into the genome of the infecting microbes and therefore shape their 

behavior significantly (117). Investigating a high number of clinical P. aeruginosa 

isolates under both, planktonic and biofilm growth conditions, allowed me to gain 

insights into global adaptation strategies of P. aeruginosa towards the human host. 

Furthermore, the standardized cultivation of those isolates allowed the detection of 

permanent transcriptional imprints that develop during prolonged infections. 

The results of this study can generally be classified into three main findings: i) Isolates 

harboring inactivating mutations in lasR exhibit a distinct transcriptional profile that can 

be used to define a LasR core transcriptome and lasR mutants show signs of pre-

adaptation to the biofilm growth mode, ii) an inactivation of lasR has significant 

transcriptional impact under planktonic growth conditions, yet, this impact is abolished 

under biofilm conditions and iii) the compensation of the LasR inactivation under biofilm 
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growth conditions depends on the activity of RhlR in many, but not all cases. In the 

following, those findings will be discussed in more detail. 

A possible advantage of an inactivated LasR 

Despite the variances in gene expression across different isolates, there seems to be 

a common theme of transcriptional adaptation in clinical P. aeruginosa isolates that is 

linked to the functional inactivation of LasR. The analysis of gene expression 

distributions provides a valuable tool to detect those mutationally fixed states in gene 

expression that allow conclusions on underlying mechanisms and evolutionary routes 

during long-term bacterial infections.  

I found that the mutational inactivation of LasR is a major contributor to those global 

expression patterns within the analyzed dataset. Therefore, it can be described as a 

main driver of adaptation towards the human habitat. Not surprisingly, the lasR 

mutation is a well-known pathoadaptive mutation as a reaction to the evolutionary 

pressure within the lung of cystic fibrosis patients. It is associated with advanced 

disease progression and major changes in the expression of QS regulated genes (106, 

120, 198).  

In order to understand those adaptation processes, I classified the genes that were 

expressed differentially between lasR mutant and non-mutant isolates into groups. 

This way, I could verify the function of lasR as mainly an activator, given that especially 

the down regulation of genes in lasR mutants was conserved throughout the dataset. 

I combined the insights from my differential gene expression analysis of the set of 

clinical isolates, in which I compared lasR* to lasRWT isolates, with data I gained from 

the comparison of a laboratory derived PA14∆lasR mutant with its parental PA14 WT. 

This approach resulted in the definition of a core LasR regulon. I only included genes 

that have been significantly affected by inactivating mutations in lasR in a high number 

of the clinical isolates (90 %) as well as the laboratory derived PA14∆lasR mutant. 

Therefore, I described a robust core regulon that can now be used to gain further 

insights into P. aeruginosas LasR-governed QS systems. 

Additionally, my analysis revealed multiple infection-related transcriptional patterns 

that further support the understanding of the frequent lasR* phenotype emergence in 

the clinical context:  
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I detected increased expression of genes and gene clusters that are induced under 

biofilm growth conditions for lasRWT isolates and for metabolizing complex carbon 

sources like phosphatidylcholine as well as for the assimilation of phosphate.  

This finding is particularly interesting, as the analyzed transcriptional profiles have 

been recorded under rich media conditions and in planktonic cultures. Those 

transcriptional patterns are a clear sign of adaptation towards prolonged environmental 

stimuli the isolates endured during infection like the necessity to utilize carbon sources 

like amino acids and polyamines like spermidine that are a major components of the 

nutrients available in the CF lung (201, 202). Such a transcriptional imprint hints 

towards a pre-adaptation of lasR* isolates towards the biofilm growth mode already 

under planktonic growth conditions.  

Importantly, it cannot be excluded that the conditions within the human host not only 

select for lasR mutants but also for other adaptive mutations that are independent on 

the functional status of LasR. However, it is also conceivable that the lack of LasR 

drives the evolution of secondary mutations that result in adapted gene expression 

profiles, which alleviate the stress imposed by the lack of LasR.  

The finding goes in line with an increased expression of iron and phosphate uptake 

mechanisms under planktonic growth conditions in lasR* isolates, both being limited 

nutrients during infection (30, 203, 204) and are induced under biofilm growth 

conditions in lasRWT isolates as well. This is combined with an induction of genes 

important for biofilm maturation, i.e. cup fimbriae (205) and the exopolysaccharide Pel 

(68) in lasR* mutants already under planktonic growth conditions. Such adaptation 

processes might pose fitness advantages of lasR* over lasRWT isolates when 

competing for the establishment of new micro colonies within the respiratory tract 

during the course of a chronic infection. Differences in this ‘seeding dispersal’ 

mechanism have already been linked to QS in different species (206–208). However, 

a study by Purevdorj-Gage and colleagues only utilized a strain impaired in both, the 

las as well as the rhl QS systems (208). It would be very interesting to further 

investigate this interesting phenotype and identify the impact of the different QS 

systems on this behavior by differentiating between those QS systems. 

The overlap between genes that showed higher expression in lasR* or PA14∆lasR 

compared to the respective WT controls revealed only limited overlap. I hypothesize, 
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that the reduced overlap of genes upregulated in lasR* isolates and PA14∆lasR can 

be attributed to an already advanced adaptation of the clinical isolates towards a LasR 

inactivation. It can be further hypothesized, that even though the inactivation of LasR 

evokes a specific transcriptional pattern in regard to a reduction of expression of 

specific groups of genes, the evolutionary history and the specific ecological niche of 

an isolate influences the evolution of compensatory mechanisms. Such an evolutionary 

principle in which the evolutionary history dictated the following adaptation was already 

shown for the development of antibiotic resistance (209) and is likely applicable to 

bacterial evolution in general. 

 

LasR inactivation is not of importance in the biofilm growth mode 

The apparent reduced ability to produce virulence factors that are known to be 

important for a successful infection of a host (30–32) raises the question on the fitness 

advantage of such an evolutionary path in the infection context.  

Stunningly, the differences in expression patterns under planktonic growth conditions 

were absent when I compared biofilm-grown lasR* mutants and lasRWT with each 

other. Not only did the lasRWT expression values follow the mutants with respect to the 

above-described metabolic genes, the two groups were indistinguishable in an MDS 

plot. Moreover, it was very interesting to see that the expression of important virulence 

factors like phenazines and hydrogen cyanide in lasR* mutants was induced to, and in 

case of the phenazine operons, even significantly above lasRWT levels when the cells 

were grown as biofilms.  

Again, the analysis of PA14 WT and PA14∆lasR under both planktonic and biofilm 

growth conditions supports my findings. Even though the biofilm transcriptomes of 

PA14∆lasR are still distinguishable from those of PA14 WT in an MDS plot, there is a 

significant reduction of dissimilarity of their global expression values compared to the 

planktonic growth conditions. This correlates to a reduction in the number of 

significantly differentially regulated genes (P-value ≤ 0.05; log2 fold change ≥ 1) by 

20% between the two strains. It clearly shows a convergence of gene expression 

patterns under biofilm conditions.    

Such a, in relation to the growth phase, delayed induction of the virulence gene clusters 

is supported by the work of Cabeen, who identified a delay of their expression for 
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P. aeruginosa isolates and laboratory strains grown in a prolonged stationary phase 

(197). Therefore, it is likely, that a certain environmental cue might induce the 

expression of those important virulence factors independent of LasR, so P. aeruginosa 

is able to gain access to nutrients for example. The transcriptional imprint of nutrient 

acquisition, especially of phosphate, argues for that hypothesis as well. 

Due to the significant differences in the expression patterns in lasR* and lasRWT 

isolates under planktonic growth conditions, both groups exhibited different dynamics 

in gene expression to adjust to the biofilm growth mode. Interestingly, lasR* isolates 

need to regulate 1.52 times less genes compared to lasRWT isolates (25% and 38% of 

the whole genome respectively, Supplementary Table S13 and S14) when switching 

the growth mode. One might suggest that a reduced need to regulate a significant 

number of genes could result in a time or fitness advantage over competitors. This is, 

however, speculative and would need further studies for verification that lie beyond the 

scope of the herein presented work.  

Generally, those findings further strengthen the hypothesis of a pre-adaptation, or a 

highly advanced adaptation towards the biofilm mode of growth for lasR mutants that 

might explain their success in the context of chronic infections. 

 

RhlR as a key player in biofilm QS 

Furthermore, I could show that the induction of the LasR core regulon including 

important virulence factors is to a great extend dependent on a functional RhlR. The 

comparably low number of lasR/rhlR double mutants in the data set underlines the 

importance of the latter gene for the success of P. aeruginosa in the clinical context. 

Combined with the finding that the expression of the PQS-synthesis operon is not 

dependent on a functional RhlR protein, my data indicates a decoupling of the quorum 

sensing networks under biofilm conditions.  

Interestingly, the RhlR-dependent activation of important virulence factors allows the 

connection between environmental cues and virulence factor expression: the 

phosphate-starvation regulator phoB was shown to interact both directly and indirectly 

via rhlR and pqsR on the expression of the pyocyanin synthesis gene clusters (141). 

Such a starvation response under prolonged growth in stationary phase or as biofilms 

is likely, given the constant consumption of nutrients by the whole population.  
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Moreover, Meng and colleagues showed a direct competition of lasR and phoB for 

lasR-dependent promoters (210), underlining the possibility of an involvement of phoB 

in the herein presented data. The case of the genes showing RhlR- dependent 

increased expression in lasR* isolates under planktonic growth conditions that is not 

alleviated under biofilm growth conditions might argue for a certain level of competition 

between PhoB and RhlR in case of those genes when LasR is absent. 

The herein presented findings have important implications for the understanding of 

P. aeruginosa infections and the development of pathoadaptive mutations within a 

given population: The inactivation of lasR does not render the isolate avirulent, as the 

decreased virulence factor expression under planktonic growth conditions might 

suggest, it rather shifts their expression to a later time-point in the infection process. 

This might have an impact on the immune recognition of such isolates within the 

population as well. 

 

A coherent case for LasR inactivation in the clinical context 

I hypothesize, that the emergence of lasR mutations in a population can be explained 

by gene expression dynamics rather than the absence of gene expression per se. In 

the early, more planktonic-like stages of the infection, spontaneous lasR mutants 

emerge that ‘cheat’ on public goods as secreted phenazines or proteases and thereby 

save energy (117, 144). This might be accompanied by a reduced detection of lasR* 

mutants by the immune system. It was shown that lasR* mutants evoke a significantly 

reduced production of neutrophil extracellular traps compared to isolates with a 

functioning LasR protein (35). Furthermore, the auto-inducer produced by LasI, N-(3-

oxododecanoyl)-L-homoserine lactone (AHL-12), was shown to act as a 

chemoattractant for human polymorphonuclear neutrophils in a T2R38-dependent 

manner as well (146). In our lab, it was recently shown that membrane bound 

spermidine increases phagocytosis by RAW macrophages via activation of the PIP3 

pathway (211). Therefore, besides possibly serving as a carbon source, the import of 

extracellular spermidine might add to a decreased immune activation and therefore 

increase the possibility of survival for lasR* mutant isolates in the early stages of 

infection. Assays investigation the survival and recognition of lasR* and lasRWT isolates 
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that have mutations in the described spermidine transport pathway in presence of 

macrophages could answer this question.  

Once the isolates are switching their growth mode towards producing sessile biofilms, 

lasR* mutants are likely to be surrounded by a higher number of other lasR* mutants, 

simply by cell division. Therefore, it becomes important to produce virulence factors 

like phenazines as electron acceptors to ensure redox homeostasis (212)  and 

increase iron uptake (213), as the former producers are not necessarily in spatial 

proximity anymore. The increased production of phenazines in lasR* biofilms hints 

towards an increased need of additional electron acceptors possibly due to changes 

in nutrient fluxes that I could not detect. Another possibility would be the loss of a 

transcriptional ‘fine-tuning’ with regard to phenazine biosynthesis by the inactivation of 

LasR. This option would further underline the complex interdependency of the 

P. aeruginosa QS networks. 

Due to the already increased expression of cup fimbriae and Pel biosynthesis genes, 

a switch to the sessile, for the immune system less accessible growth state (28) could 

be accelerated for lasR* isolates. Combined with an already induced metabolism for 

complex carbon sources and iron uptake systems, lasR* isolates might be equipped 

with a fitness advantage in this situation of a growth-mode-switch. It might support their 

success of host colonization via seeding dispersal.  

The above-described (pre-) adaptation of lasR* isolates towards the biofilm growth 

mode already under planktonic growth conditions and the dispensability of LasR under 

said growth conditions serves as a cohesive explanation for their emergence in chronic 

infections. A dispensability of LasR, due to a decoupling of quorum sensing networks 

increases the likelihood of mutations in this gene during biofilm growth. Not only are 

lasR mutations not selected against, our laboratory showed a positive selection for 

mutations in this transcriptional regulator under biofilm growth conditions (214). 

Whether this effect is based on the above-described ‘cheating’ mechanism in the 

specific study or a true fitness advantage in this growth mode remains to be answered 

in future studies.   

When interpreting the data from a treatment perspective, the presented findings 

indicate possible challenges in the use of anti-virulence therapies that focus on single 

transcriptional factors. A chemical inactivation of LasR might induce clear anti-
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virulence potential in vitro. However, this effect is probably absent in the actual growth 

mode in an ongoing infection as other transcription factors take over the tasks of LasR. 

For the example of pyocyanin production, it would even increase the production of said 

virulence factor significantly. Thus, it might be important to adapt the search for anti-

infectives to more infection-like growth assays, possibly even adapted to specific 

within-host habitats to increase the possibility of finding adequate compounds.   
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Chapter 4 – Overall Conclusions 

The timely and adequate treatment of patients suffering from bacterial infections relies 

heavily on the understanding of the infecting microbe and the dynamics of infection. In 

this thesis, I re-analyzed an extensively characterized set of more than 400 clinical 

P. aeruginosa isolates (153, 154, 161) with the focus on understanding the functional 

consequences two clinically relevant genotypes. The analysis of a high number of 

isolates of the same species under comparable conditions allows the detection of 

fundamental mechanisms of bacterial adaptation that are key to the success of this 

species in a given environment.  

 

4.1. The MexXY-dependency of AMEs to establish full aminoglycoside potential 

In the first part of my thesis, I uncovered a so far undescribed dependency of the 

presence of aminoglycoside modifying enzymes (AME) on high mexXY efflux pump 

expression in order to achieve their full aminoglycoside resistance potential. The 

possibility that the role of the efflux pump in this case might not necessarily be the 

efflux of the aminoglycoside, but rather that efflux pump activity increases the stress 

tolerance of the respective isolate by increasing the intra-cellular proton concentration 

is very interesting. This would mark a new, so far undescribed effect of efflux pump 

activity in the context of resistance development and might be an important factor in 

the evolution towards efflux pump overexpression.  

In future studies it will be interesting to study the temporal dynamics of the correlation 

of high mexXY expression and AME activity. It would be worth analyzing whether a 

prolonged expression of an AME would indeed lead to a constitutive efflux pump 

induction that is then fixed by an inactivating mutation in mexZ. The impact of different 

levels of AME activity, for example via the controlled induction of the AME by inducible 

promoter constructs would be interesting in this context as well.  

On the other hand, the expression of the efflux pump could be a prerequisite rather 

than a result of AME activity. It is possible, that the above-mentioned stress alleviation 

by an already constitutively induced MexXY efflux pump might increase the possibility 

of AME uptake in the first place. Investigating HGT efficiency in a mexXY+ and mexXY-
 

background might answer this question.  
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4.2 The dispensability of LasR in infection relevant conditions 

The second part of the herein presented thesis focused on the investigation of the 

transcriptional imprint of lasR mutations on clinical P. aeruginosa isolates. It is well 

established, that P. aeruginosa lasR mutants exhibit decreased virulence factor 

expression under standard laboratory conditions (142). However, from an infection 

point of view, it is rather surprising that reduced virulence factor levels are an 

evolutionary advantage. I therefore re-analyzed a data set of transcriptional profiles of 

multiple clinical isolates that have been recorded under both, planktonic and biofilm 

growth conditions. This analysis resulted in the interesting finding, that the differences 

between lasR mutants and non-mutants was limited under biofilm growth conditions. 

This indicates, that LasR is dispensable under biofilm growth conditions and that other 

QS regulators like RhlR and possibly PhoB compensate LasR activity. As the biofilm 

is the predominant growth mode of P. aeruginosa in the lungs of CF patients for 

example (33–36), this statement is of high importance for future investigations of this 

frequently occurring (39, 119) phenotype. Especially regarding QS-focused therapy 

strategies. 

The definition of a LasR core regulon based on a combination of clinical isolates and 

laboratory-derived strains with defined genotypes draws a more complete picture of 

the complex nature of the emergence of lasR mutations. With my approach it was not 

only possible to investigate the direct effect of a LasR inactivation, but to investigate 

compensatory mechanisms that emerge over time as well.  

Future studies focusing the true nature of the LasR compensation during biofilm growth 

and the dynamics of biofilm development in lasR* and lasRWT isolates will surely help 

the understanding of this important phenotype. It will be very interesting to investigate, 

if there are differences in the seeding dispersal (215) potential of lasR biofilms 

compared to WT biofilms. The planktonic data set suggests a certain pre-adaptation of 

lasR* isolates towards the biofilm growth mode, thus, those isolates might be of 

advantage when switching from a planktonic to a sessile lifestyle. This stage of the 

biofilm is likely to be of high importance during the development of chronic 

P. aeruginosa infections and it will be interesting, whether lasR* isolates play an 

important role in this context. 
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This work further underlines the complex nature of the P. aeruginosa QS networks. 

Future studies on the involvement of different nutrient sources during infection and the 

interplay of starvation responses like the PhoB-governed phosphate depletion sensing 

on QS network will be of great benefit for the understanding und ultimately the 

treatment of P. aeruginosa infections. 

 

4.3 Outlook 

In my work I have shown the significant potential that lies within the analysis of a 

diverse collection of clinical isolates in order to investigate infection-relevant bacterial 

phenotypes. The genetic imprint that is generated during the evolution of the different 

isolates creates a high diversity. Therefore, conserved phenotypes or transcriptional 

patterns that are identified in such a data set, provide insights into fundamental 

processes during an infection. It is important to note, that my findings are only based 

on two growth conditions that are still relatively artificial. As it was shown in this work, 

the impact of the environment in which a certain strain or clinical isolate is analyzed 

greatly influences the outcome of experiments.  

Even though this does not come as a surprise, this work still highlights the need of 

more complex experimental set-ups that include varying environmental stresses and 

signals in order to fully understand P. aeruginosa during an infection. This holds true 

especially for clinical isolates that have adapted to highly specific and diverse 

environments. Investigating those environments will unravel the sophisticated and 

complex adaptation processes P. aeruginosa undergoes and that are driving its 

success in the clinical setting.  

The extent of the strain collection I was able to analyze, enabled me to uncover 

correlations that would otherwise not have been obvious. Only the integration of 

several data dimensions in a significant number of analyzed isolates led to a clear 

picture. Consequently, joined-force approaches of for example multiple research 

institutions and clinics on a global scale like the Pseudomonas aeruginosa consortium 

(216) or others (217) will aid and accelerate the identification of new therapeutic 

targets. Combined with an increased knowledge of P. aeruginosas reaction to or in 

certain environments will accelerate the development of treatment strategies that might 
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be able to further increase the life expectancy of chronically infected patients 

significantly. 

Furthermore, and equally important, these approaches hold the opportunity to identify 

well-known targets of treatment strategies as less important in the actual infection 

environment as originally thought. Thus, it will aid the focusing on truly infection-

relevant targets within the bacterial cell in order to find the most appropriate treatment 

of a given infection. 

One important consequence of the investigation of big numbers of clinical isolates of 

pathogenic bacterial species will be the improvement of already existing AMR-gene-

databases as for example the already existing CARD (175). Having such tools at hand 

will reduce the time needed for the identification of the appropriate antibiotic treatment 

significantly. Long-read, point of care-applicable sequencing technologies such as the 

Oxford Nanopore MinION combined with appropriate software tools like the ARIBA 

(174) tool used in the herein presented study will be and are already of great benefit 

to the treatment of patients and the identification of outbreaks in the hospital setting 

(218).  

Understanding the interaction of known resistance determinants, as for example the 

herein presented AMEs and the efflux pump MexXY, will help to predict clinically 

relevant resistance development before MICs reach problematic levels. Studies that 

exploit evolutionary dynamics during resistance development already show promising 

results (209). 

Our increasing ability to integrate data sets of increasing complexity that are created 

by an ever-growing number of technologies and methods will further enhance our 

understanding of infection related processes. One such example is the work of Khaledi 

and colleagues who used a machine learning approach to determine the importance 

of chromosomally encoded resistance determinants for resistance against multiple 

antibiotics in the herein presented data-set (154).  

However, such analyses can only be the beginning of more in-depth, traditional 

microbiological analyses to verify hypotheses based on in silico analyses.  
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Appendix 

Supplements 

Supplementary File SF1: Distributions and cut-off visualization. File including gene 

expression distribution of the 136 genes identified to be bimodal in the analyzed set of clinical 

Pseudomonas aeruginosa isolates (Figure 2). Bimodality was assessed using the R package 

‘multimode’ in default mode and with a cut-off of an adjusted p-value ≤ 1. Expression 

distributions are shown as density plots. Red line indicates expression cut-off between low 

expressing and high expressing isolates, n = number of analyzed isolates, Bandwidth = value 

used in the density() function of R to smoothen the plot. The density() function was used in 

default mode. 

Supplementary Table S1: Data collection for correlation study between mexY 

expression and AMEs. Table includes: Basic information on the isolates used (isolate 

information); expression values (nrpg) of the RND parts of clinically relevant efflux pumps 

(values taken from previously published data (154)); mexZ expression (data from (154)) and 

mutation counts; Tobramycin minimal inhibitory concentration values and AME 

counts/classification per isolate; fusA mutation detection. All values are shown per respective 

isolate. Expression data was originates from (154). DNA Sequencing data originates from 

(153). For details see 2.2 Materials and Methods. 

Supplementary Table S2: Mutation mapping of mexZ in PA14-like isolates. Mapping was 

accomplished using stampy (version 1.0.23)(170) and variant calling was performed using 

SAMtools (version 0.1.19)(171) with UCBPP-PA14 (NCBI Reference sequence: 

NC_008463.1) as a reference. Strain background was assessed based on the phylogenetic 

analysis documented in Khaledi et al. 2020 (154). PA7-like isolates were excluded in this study. 

Values of >0 were counted as mutations. 

Supplementary Table S3: Mutation mapping of mexZ in PAO1-like isolates. Mapping was 

accomplished using stampy (version 1.0.23)(170) and variant calling was performed using 

SAMtools (version 0.1.19)(171) with UCBPP-PA14 (NCBI Reference sequence: 

NC_008463.1) as a reference. Strain background was assessed based on the phylogenetic 

analysis documented in Khaledi et al. 2020 (154). PA7-like isolates were excluded in this study. 

Values of >0 were counted as mutations. 
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Supplementary Table S4: KEGG pathways and cluster assignment of the 136 genes 

identified to be bimodally expressed. Bimodality was assessed using the R package 

‘multimode’ in default mode and with a cut-off of an adjusted p-value ≤ 1. KEGG (192) pathway 

enrichment was performed using the KEGGREST (version 1.26.1) (193) package in R with the 

‘pau’ pathways to map the differentially regulated genes onto. Enrichment was performed via 

the p.hyper() function of the stats package in R (for usage see 2.2 Materials and Methods). 

Significant enrichment was assigned with a corrected p-value cut-off of 0.05.  

Supplementary Table S5: Mutation mapping of lasR in PA14-like isolates. Mapping was 

accomplished using stampy (version 1.0.23)(170) and variant calling was performed using 

SAMtools (version 0.1.19)(171) with UCBPP-PA14 (NCBI Reference sequence: 

NC_008463.1) as a reference. Strain background was assessed based on the phylogenetic 

analysis documented in Khaledi et al. 2020 (154). PA7-like isolates were excluded in this study. 

Values of >0 were counted as mutations. 

Supplementary Table S6: Mutation mapping of lasR in PAO1-like isolates. Mapping was 

accomplished using stampy (version 1.0.23)(170) and variant calling was performed using 

SAMtools (version 0.1.19)(171) with PAO1 (NCBI Assembly: GCA_000006765.1 ASM676v1) 

as a reference. Strain background was assessed based on the phylogenetic analysis 

documented in Khaledi et al. 2020 (154). PA7-like isolates were excluded in this study. Values 

of >0 were counted as mutations. 

Supplementary Table S7: Differentially regulated genes between clinical lasR* and 

lasRWT isolates under planktonic growth conditions. Cells were grown in 10 mL LB medium 

at 37 °C and constant shaking (180 rpm) until they reached an OD600 of 2. Differential gene 

expression analysis was performed using the R-Package edgeR using the command 

glmQLFTest() to compare reads using a quasi-likelihood negative binomial generalized log-

linear model. The results were further processed and evaluated using topTags() and significant 

differential gene expression was assigned using a corrected p-value of 0.05 as a cut-off. 

Unless otherwise stated, relevant differential gene expression was assumed with log2FC ≥ 1 

for upregulation and log2FC ≤ -1 for down-regulation. 
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Supplementary Table S8: Differentially regulated genes between PA14ΔlasR and      

PA14 WT under planktonic growth conditions. Cells were grown in 10 mL LB medium at 

37 °C and constant shaking (180 rpm) until they reached an OD600 of 2. Differential gene 

expression analysis was performed using the R-Package edgeR using the command 

glmQLFTest() to compare reads using a quasi-likelihood negative binomial generalized log-

linear model. The results were further processed and evaluated using topTags() and significant 

differential gene expression was assigned using a corrected p-value of 0.05 as a cut-off. 

Unless otherwise stated, relevant differential gene expression was assumed with log2FC ≥ 1 

for upregulation and log2FC ≤ -1 for down-regulation. 

Supplementary Table S9: Distribution of down-regulated genes across the clinical lasR* 

isolates. Genes that were down-regulated in single lasR* isolates compared to all lasRWT 

isolates were determined and the number of genes that were commonly down-regulated 

(log2FC ≤ -1 ) in 1-21 clinical lasR* isolates were recorded.  

Supplementary Table S10: Distribution of up-regulated genes across the clinical lasR* 

isolates. Genes that were up-regulated in single lasR* isolates compared to all lasRWT isolates 

were determined and the number of genes that were commonly up-regulated (log2FC ≥ 1) in     

1-21 clinical lasR* isolates were recorded. 

Supplementary Table S11: Differentially regulated genes between clinical lasR* and 

lasRWT isolates under biofilm growth conditions. Cells were grown inoculated at a starting 

OD600 = 0.002 and incubated for 48h in LB at 37°C in a humid atmosphere. Differential gene 

expression analysis was performed using the R-Package edgeR using the command 

glmQLFTest() to compare reads using a quasi-likelihood negative binomial generalized log-

linear model. The results were further processed and evaluated using topTags() and significant 

differential gene expression was assigned using a corrected p-value of 0.05 as a cut-off. 

Unless otherwise stated, relevant differential gene expression was assumed with log2FC ≥ 1 

for upregulation and log2FC ≤ -1 for down-regulation. 

Supplementary Table S12: Differentially regulated genes between PA14ΔlasR and PA14 

WT under biofilm growth conditions. Cells were grown inoculated at a starting OD600 = 0.002 

and incubated for 48h in LB at 37°C in a humid atmosphere. Differential gene expression 

analysis was performed using the R-Package edgeR using the command glmQLFTest() to 

compare reads using a quasi-likelihood negative binomial generalized log-linear model. The 

results were further processed and evaluated using topTags() and significant differential gene 

expression was assigned using a corrected p-value of 0.05 as a cut-off. Unless otherwise 

stated, relevant differential gene expression was assumed with log2FC ≥ 1 for upregulation 

and log2FC ≤ -1 for down-regulation. 
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Supplementary Table S13: Differentially regulated genes between lasR* under 

planktonic and biofilm growth conditions. For planktonic growth conditions, cells were 

grown in 10 mL LB medium at 37 °C and constant shaking (180 rpm) until they reached an 

OD600 of 2, For biofilm growth conditions, cells were grown inoculated at a starting OD600 = 

0.002 and incubated for 48h in LB at 37°C in a humid atmosphere. Differential gene expression 

analysis was performed using the R-Package edgeR using the command glmQLFTest() to 

compare reads using a quasi-likelihood negative binomial generalized log-linear model. The 

results were further processed and evaluated using topTags() and significant differential gene 

expression was assigned using a corrected p-value of 0.05 as a cut-off. Unless otherwise 

stated, relevant differential gene expression was assumed with log2FC ≥ 1 for upregulation 

and log2FC ≤ -1 for down-regulation 

Supplementary Table S14: Differentially regulated genes between lasRWT under 

planktonic and biofilm growth conditions. For planktonic growth conditions, cells were 

grown in 10 mL LB medium at 37 °C and constant shaking (180 rpm) until they reached an 

OD600 of 2, For biofilm growth conditions, cells were grown inoculated at a starting OD600 = 

0.002 and incubated for 48h in LB at 37°C in a humid atmosphere. Differential gene expression 

analysis was performed using the R-Package edgeR using the command glmQLFTest() to 

compare reads using a quasi-likelihood negative binomial generalized log-linear model. The 

results were further processed and evaluated using topTags() and significant differential gene 

expression was assigned using a corrected p-value of 0.05 as a cut-off. Unless otherwise 

stated, relevant differential gene expression was assumed with log2FC ≥ 1 for upregulation 

and log2FC ≤ -1 for down-regulation. 
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