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Summary 

Pseudomonas aeruginosa is found in various environments and is well-known as an opportunistic 

human pathogen causing acute and chronic biofilm-associated infections in humans. It poses a major 

threat due to its ability to form biofilms, the emergence of antibiotic resistances and its virulence. 

We used genome-wide high-throughput transposon sequencing technology and transcriptional 

profiling approaches to unravel those genes, which are important to establish the two relevant 

phenotypes of biofilm growth and antibiotic resistance in P. aeruginosa as well as to characterize the 

mutual regulation of the virulence-associated gene pair lasR/rsaL. 

Therefore, we generated transposon insertion libraries in several P. aeruginosa strain backgrounds 

(laboratory strains and clinical isolates) and used Tn-Seq to quantify the fitness of all genes after 

either biofilm growth or after ceftazidime (CAZ) exposure. As expected, for survival under biofilm 

growth conditions, we show that alginate expression and the adaptation to microaerophilic growth 

conditions play a key role. On the other hand, transposon insertions in genes involved in motility and 

PQS signaling provided a higher fitness during biofilm growth. Interestingly, also unexpected cell 

processes were identified as important for biofilm growth, such as the involvement of the SOS 

response as well as several tRNA modifying enzymes. For survival under CAZ exposure, we show that 

in three CAZ-resistant P. aeruginosa clinical isolates, whose intrinsic β-lactamase ampC expression is 

not elevated, mainly expression of genes involved in the peptidoglycan recycling pathway, in biofilm 

formation and penicillin-binding proteins are important besides induction of ampC. However, the 

mechanism of induction of ampC in the isolates studied is unknown and requires further 

investigation along with the involvement of permease AmpG, mediating the transport of 

muropeptides into the cell, which seems to play a yet underestimated key role in the CAZ resistome. 

Our results provide new insights into the adaption of P. aeruginosa to biofilm growth conditions as 

well as its CAZ resistome, supporting the use of transposon insertion sequencing as a global genomic 

technology for understanding the establishment of difficult-to-treat P. aeruginosa infections.  

In the Tn-Seq analysis, we identified the quorum-sensing regulator lasR as one of the genes beneficial 

for biofilm growth, when knocked out and thus we wanted to characterize its regulation pattern in 

more detail. P. aeruginosa’s biofilm formation and production of virulence factors depends highly on 

a functional quorum sensing system. Therefore, we evaluated whether the overlapping 

transcriptional regulator gene pair lasR and rsaL is involved in mutual regulatory events, such as 

transcriptional interference and interference by natural antisense transcripts. We introduced various 

gene expression constructs into a P. aeruginosa PA14 wild-type and a PA14 lasR/rsaL double deletion 

mutant, and found that although complementary RNA is produced, this does not interfere with the 
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sense gene expression levels of lasR and rsaL and does not have functional consequences on down-

stream gene regulation. Our data suggest that the natural gene organization including partial overlap 

at the 3' ends of the lasR/rsaL genes is based on a finely balanced system that prevents dominant 

and unilateral control of one gene over the other. 

Zusammenfassung 

Pseudomonas aeruginosa ist in der Lage unter verschiedenen Umweltbedingungen zu überleben und 

ist als opportunistischer Krankheitserreger bekannt, der akute und chronische Infektionen beim 

Menschen verursacht. Aufgrund seiner Fähigkeit Biofilme zu bilden mitsamt vermehrtem Auftreten 

von Antibiotikaresistenzen, stellt er eine große Bedrohung dar. Wir haben Transposon-

Sequenzierung als genomweite Hochdurchsatztechnologie sowie Transkriptionsprofile verwendet, 

um diejenigen Gene zu identifizieren, die für die beiden relevanten Phänotypen Wachstum im Biofilm 

und Antibiotikaresistenz in P. aeruginosa wichtig sind, sowie die gegenseitige Regulation des 

virulenz-assoziierten Genpaares lasR/rsaL zu charakterisieren. 

Hierfür generierten wir Transposon-Insertionsbibliotheken in mehreren P. aeruginosa-Stamm-

Hintergründen (Laborstämme und klinische Isolate) und verwendeten Tn-Seq, um die Fitness aller 

Gene sowohl nach Biofilm-Wachstum als auch nach Ceftazidim (CAZ)-Einfluss quantitativ zu 

bestimmen. Wie erwartet, zeigen wir für das Überleben unter Biofilm-Wachstumsbedingungen, dass 

die Expression von Alginat und die Anpassung an mikroaerophile Wachstumsbedingungen eine 

Schlüsselrolle spielen. Auf der anderen Seite sorgen Transposon-Insertionen in Genen, die an 

Motilität oder PQS-Signalisierung beteiligt sind, für eine erhöhte Fitness während des Biofilm-

Wachstums. Interessanterweise wurden auch unerwartete Zellprozesse als wichtig für das Biofilm-

Wachstum identifiziert, wie z. B. die Beteiligung der SOS-Gene, sowie mehrerer tRNA-

modifizierender Enzyme. Für das Überleben unter CAZ-Einfluss zeigen wir, dass in drei CAZ-

resistenten klinischen Isolaten von P. aeruginosa, deren intrinsische β-Laktamase ampC-Expression 

nicht erhöht ist, neben der Induktion von ampC vor allem Expressionen von Genen, die am 

Peptidoglykan-Wiederverwertungsprozess oder an Biofilmbildung beteiligt sind, sowie Penicillin-

bindende Proteine wichtig sind. Der detaillierte Mechanismus der ampC-Induktion in den 

untersuchten Isolaten ist jedoch unbekannt und erfordert weitere Untersuchungen zusammen mit 

der Beteiligung der Permease AmpG, die den Transport von Muropeptiden in die Zelle vermittelt und 

eine bisher unterschätzte Schlüsselrolle im CAZ-Resistom zu spielen scheint. Unsere Ergebnisse 

liefern neue Erkenntnisse für P. aeruginosa bezüglich der Anpassung an Wachstumsbedingungen im 

Biofilm sowie des CAZ-Resistoms. Sie führen zudem zu einem besseren Verständnis der Etablierung 
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von schwer zu behandelnden P. aeruginosa Infektionen auf Basis der globalen Genomtechnologie 

Transposon-Insertionssequenzierung. 

In unseren Tn-Seq-Analysen haben wir den Quorum-Sensing-Regulator lasR als eines der Gene 

identifiziert, die für das Biofilm-Wachstum von Vorteil sind, wenn sie ausgeschaltet werden. Aus 

diesem Grund wollten wir sein Regulationsmuster genauer charakterisieren. Die Biofilmbildung von 

P. aeruginosa und die Produktion von Virulenzfaktoren hängt stark von einem funktionierenden 

Quorum-Sensing-System ab. Wir untersuchten, ob das überlappende Transkriptionsregulator-

Genpaar lasR und rsaL einen gegenseitigen Regulationsmechanismus besitzt, wie z. B. 

transkriptionelle Interferenz und Interferenz durch natürliche Antisense-Transkripte. Wir brachten 

verschiedene Genexpressionskonstrukte in einen P. aeruginosa PA14-Wildtyp und in eine PA14 

lasR/rsaL-Doppeldeletionsmutante ein und stellten fest, dass, obwohl komplementäre RNA 

produziert wird, diese die Sense-Genexpressionslevel von lasR und rsaL nicht beeinträchtigt und 

keine funktionellen Konsequenzen für downstream Gene hat. Unsere Daten deuten darauf hin, dass 

die natürliche Genorganisation mitsamt partieller Überlappung an den 3'-Enden der lasR/rsaL-Gene 

auf einem fein ausbalancierten System basiert, welches eine dominante und einseitige Kontrolle des 

einen Gens über das andere verhindert. 
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 Introduction 1

Infectious diseases are a serious threat to human health worldwide. Among them, lower respiratory 

tract infections (3.0 million deaths), diarrheal diseases (1.4 million deaths), and tuberculosis (1.3 

million deaths) are ranked within the top ten causes of deaths per year worldwide according to the 

World Health Organization (WHO in 2016) [3]. Even with current technologies, medical knowledge, 

and a raising awareness towards vaccinations, the number of deaths caused by infectious diseases 

remains high over the last 20 years and is not declining. Today’s society develops fast and incidentally 

supports emerging antibiotic resistances in bacterial pathogens due to irresponsible use of 

antibiotics. Furthermore, the higher movement of people all over the globe supports the spread of 

new diseases to unaffected communities and nations and is causing big problems as can be seen 

right now with the 2020 SARS-CoV-2 pandemic. 

Broad-spectrum antibiotic treatments in the clinics raised the number of multi-drug resistant 

bacteria within the last years, during the so-called antibiotic era. Together with Acinetobacter 

baumanii and Enterobacteriaceae, Pseudomonas aeruginosa is ranked a “critical” pathogen on the 

2017 WHO priority list for Research and Development of new antibiotics worldwide [4]. To overcome 

this multi-drug resistance (MDR) threat will not be easy. The scientific and medical community, the 

government and the population itself will have to follow several solution strategies in order to 

combat multi-drug resistant pathogens. Solutions might imply development of new antibiotics and 

even more importantly the successful medical combinational treatment of already existing 

antibiotics, the combination of antibiotic treatment with supporting medication as well as a 

responsible use of antibiotics. To prevent drifting back into or, as some would say, staying in a broad-

spectrum antibiotic era, precise and fast diagnostics will be of crucial importance to personalize 

therapeutic treatments. In order to fight MDR and infectious diseases efficiently, it is indispensable 

that basic research on infectious pathogens continues including research on discovering and 

characterizing antibiotic resistance mechanisms. As important as it is to understand the genetic 

background of pathogenic mechanisms to conquer a host and to survive the host’s defense 

mechanisms, is the understanding of bacterial communication (quorum sensing) and bacterial 

communities, such as biofilms, in which bacteria are harder to eradicate, compared to planktonic 

cells. Biofilm formation is strongly associated with the establishment of chronic infections [5]. It is 

therefore of importance to understand which genes are involved in bacterial biofilm formation in 

order to develop novel strategies for biofilm control. 
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 P. aeruginosa ‒ an opportunistic biofilm-forming pathogen 1.1

Depending on the environment, cell density and surface texture, P. aeruginosa grows in two states: 

as planktonic cells or as a biofilm community. Planktonic cells are single cells growing in liquid 

surroundings. Biofilms are cell clusters that adhere to various surfaces (living and non-living). 

Whereas in a planktonic state P. aeruginosa is often motile and able to conquer new environments, it 

becomes sessile in a biofilm state, and also more successful in surviving harsh environmental 

conditions while still able to colonize new niches by dispersal from the microbial clusters [6].  

As a pathogenic organism, P. aeruginosa represents a special thread to human health when 

organized as a biofilm. Up to 80 % of human bacterial infections involve biofilm-associated 

microorganisms according to the National Institutes of Health (NIH). These involve Gram-negative P. 

aeruginosa and Enterobacteriaceae as well as Gram-positive Staphylococcus epidermidis, 

Staphylococcus aureus and Streptococcus species [7]. In addition, the NIH revealed that biofilm 

formation is associated with 65 % of microbial infections and 80 % of chronic infections worldwide 

[8]. Biofilm infections are mainly chronic causing low-grade immune responses and thus contribute 

to patient morbidity [7], [9]. Due to their high frequency and their resistance to antibiotic 

treatments, biofilm infections are rarely eradicated and cause substantial healthcare costs [10]. 

Among several biofilm-associated pathogens, which cause severe nosocomial infections in 

immunocompromised hosts, P. aeruginosa is the most dominant fate-determining pathogen in cystic 

fibrosis (CF) patients as well as a serious problem in patients with burn wounds [11], [12]. 

P. aeruginosa forms biofilms within the host and in various environmental surroundings, and thus 

protects itself from innate immune clearance and outer stress factors, respectively [13]–[16]. P. 

aeruginosa biofilms develop in a multi-step process involving initiating attachment to a living or non-

living surface by planktonic bacteria, which becomes irreversible. Attached cells aggregate, produce 

an extracellular matrix and form micro colonies, which continue to mature and grow in a three-

dimensional community. From the mature biofilm, planktonic bacteria can be released to colonize 

other surfaces and therefore ensure dispersion of bacteria and biofilm (Figure 1) [7], [17]. Compared 

with corresponding planktonic cells, biofilms exhibit an altered phenotype, especially with regard to 

gene transcription and interaction with each other [6], [18], [19]. 
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Figure 1: Different stages of biofilm formation. Planktonic free-swimming bacteria (a) adhere to the surface 
(b) irreversibly (c). Bacteria aggregate and form micro colonies as they perform cell division and produce an 
extracellular matrix (d) until they develop a mature multi-layered 3-dimensional biofilm architecture (e). 
Bacteria can be actively released from the biofilm as planktonic cells (f), ready to colonize other surfaces or can 
be passively released by mechanical disruption (g). This figure is adapted from [7]. 

Within the P. aeruginosa biofilm, cells produce extracellular polymeric substances (EPS) in order to 

hold cells together and attach to a surface [18], [20]. These EPS are mainly composed of 

biomolecules, exopolysaccharides, extracellular DNA (eDNA) and polypeptides. EPS provide a 

hydrated polar mixture contributing to the structural architecture of the biofilm [17], [21], [22] as 

well as a chemically complex matrix serving as a storage facility for nutrients [18], [19]. P. aeruginosa 

produces among others three polysaccharides (alginate, Pel, and Psl) that are determinant for the 

initial formation and stability of the biofilm structure [23]–[25]. During biofilm initiation virulence 

factors such as type IV pili and flagella as well as lipopolysaccharides (LPS) contribute to the 

aggregation (cell-to-cell and cell-to-surface) [26]–[28]. Especially for P. aeruginosa intercellular 

communication using autoinducer N-(-3-oxododecanoyl)-L-homoserine lactone as a signaling 

molecule, thus employing quorum sensing, is of crucial importance in the biofilm development [29]. 

Once a biofilm is established, it generally shows resistance towards the actions of the innate and 

adaptive human immune system, but also to the actions of antimicrobial agents and disinfectants. 

Consequently, it becomes almost impossible to eradicate.  

Thus, in order to meet the urgent medical need for novel therapy options, new knowledge on 

etiological mechanisms underlying the establishment of biofilms and the evolution of biofilm 

resistance is essential. Identification of the set of genes that are required for biofilm establishment 

and biofilm-associated tolerance might lead to new targets that could become the basis for the 

development of novel anti-biofilm therapies [2].  
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 P. aeruginosa ‒ a multidrug-resistant nosocomial pathogen 1.2

P. aeruginosa has emerged as an opportunistic pathogen of major clinical relevance [30]. Its 

extensive metabolic versatility facilitates survival not only in different aquatic and terrestrial habitats, 

but also in the human host. P. aeruginosa infections can establish at various host sites and can 

progress into life threatening acute or chronic infections [31]–[33]. Its extensive genome ranges from 

5.5 to 7 Mbp (and about 6000 encoded genes), which confers an outstanding capacity for adaptation 

to stressful conditions and thus resulting in a high capacity for antibiotic resistance development 

[34], [35]. Acquired resistance in P. aeruginosa is achieved by horizontal gene transfer of resistance 

determinants and chromosomal mutations, making it a very challenging pathogen to eradicate 

through classical antibiotic treatment [36]. In fact, the number of cases increases, in which an 

infection with P. aeruginosa has become virtually untreatable, as it is able to develop resistances to 

almost all classes of antibiotics [37]–[39]. 

Among antibiotics, there are bacteriostatic agents, which hinder cell growth and proliferation by 

inhibiting protein production and there are bactericidal agents, which induce cell death [40]. The 

later inhibit DNA, RNA, cell wall synthesis or protein production. In the clinics, predominantly β-

lactams, aminoglycosides and fluoroquinolones are used to treat P. aeruginosa infections [41] (see 

Figure 2). β-lactams (e.g. piperacillin, ceftazidime, imipenem, meropenem and aztreonam) are 

intervening with the synthesis of bacterial cell walls. Aminoglycosides (e.g. gentamicin, tobramycin, 

amikacin) bind to the 30S subunit of the ribosome inhibiting protein synthesis [42]. And 

fluoroquinolones (ciprofloxacin, levofloxacin) inhibit DNA replication by interfering with changes in 

DNA supercoiling [35]. 
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Figure 2: Summarizing overview of antibiotic targets (left) and resistance mechanisms to antibiotics in Gram-
negative bacteria (right). Illustration is created based on Deutsche Apotheker Zeitung (DAZ) 2014, Nr. 5, S. 40, 
30.01.2014 

 β-lactam antibiotic ceftazidime  1.3

Ceftazidime (CAZ) is a third-generation cephalosporin with a broad-spectrum activity against Gram-

positive bacteria and Gram-negative bacteria, including P. aeruginosa. For decades cephalosporins 

have been used in the clinics as a treatment of bacterial infections in critically ill patients due to its 

broad-spectrum activity, proven efficacy and well characterized pharmacokinetic and 

pharmacodynamic properties [37], [43]. However, difficult to treat infections with multi-drug 

resistant bacteria are becoming increasingly common, which leads to the worldwide spread of 

extended-spectrum β-lactamases (ESBL) [44] and therefore to a great challenge for the clinical 

efficacy of β-lactam antibiotics. 

Structurally, CAZ is composed of a four-member β-lactam ring fused with a six-member 

dyhydrothizine ring [43] (see Figure 3). Its two characteristic side-chains are an amino-acyl group 

with an aminothiadiazole ring together with a carboxypropyloxyimino chain as well as a methyl-

pyridinium group, both of which confer increased activity against Gram-negative bacteria and P. 

aeruginosa in particular [45]. 
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Figure 3: Chemical structure of ceftazidime. Figure from [43]. 

Like other β-lactams, CAZ inhibits cell wall biosynthesis. The cell wall of Gram-negative bacteria is 

essential for the cell survival and is composed of murein, protein, lipopolysaccharide and lipid [46] 

and includes conserved peptidoglycan layers having several roles including counteracting osmotic 

pressure, providing shape and allowing cell division [36]. The peptidoglycan is composed of two 

alternating sugars, N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), which are 

cross-linked through stem peptides attached to MurNAc residues [47], [48]. The cell wall turnover is 

a constant cycle of synthesis and degradation, which requires interaction of penicillin-binding 

proteins (PBP), N-acetylmuramoyl-L-alanine amidases, endopeptidases, carboxypeptidases, and lytic 

transglycosylases [48], [49]. High-molecular-weight PBPs link GlcNAc and MurNAc sugars by their 

transglycosylase activity and cross-link stem peptides by their transpeptidase activity. Low-

molecular-weight PBPs control the extent of cross-linking by their endopeptidase and 

carboxypeptidase activities [47]. Ceftazidime, as a β-lactam, binds irreversibly to the active site of 

PBPs and thus prevents the cross-linking of the peptidoglycan units (see Figure 4 exemplarily shown 

for penicillin). When a certain ratio of PBPs is inactivated, the peptidoglycan cell wall gets 

unstabilized leading eventually to the bacterium’s cell lysis. 

 Mechanisms of bacterial resistance to β-lactams 1.4

The three main mechanisms known so far by which P. aeruginosa resists the action of antibiotics 

include restricted uptake or immediate efflux, antibiotic target changes and drug inactivation [42]. 

The outer membrane of P. aeruginosa acts as a strong selective barrier to the uptake of many 

antibiotics, including the β-lactam CAZ. Reduced antibiotic uptake can be enhanced by loss of outer 

membrane porins [37]. Once inside the cell, antibiotics can be exported by several different efflux 

systems of which in P. aeruginosa the Resistance Nodulation Division (RND) family seems to be the 

most significant contributor to antibiotic resistance [50]. Three RND type efflux systems provide 

resistance to β-lactams, namely MexAB-OprM, MexCD-OprJ and MexXY-OprM, of which the first was 

shown to provide the broadest range of β-lactam efflux [51], [52]. Next to efflux pumps, resistance to 
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β-lactam antibiotics in P. aeruginosa can be achieved by production of altered penicillin-binding 

proteins (PBPs) with a lower binding affinity for most β-lactam antibiotics and the production of β-

lactamases. β-lactams exert their antibiotic effect by interfering with the activity of the bacterial 

PBPs, which are responsible for cross-linking the peptidoglycan component of the bacterial cell wall 

[37]. Inhibiting the transpeptidation activity results in the disruption of the integrity of the cell wall, 

which ultimately leads to cell lysis. While target mutations in PBPs are commonly observed in the 

resistance development of Gram-positive pathogens, production of β-lactamases is the more 

common resistance mechanism in Gram-negative bacteria. Clinically important opportunistic 

pathogens such as Enterobacteriaceae and P. aeruginosa possess widely distributed chromosomally-

encoded AmpC variant β-lactamases. In wild-type strains, ampC expression is usually at a very low 

basal level, but it is highly inducible in the presence of selected β-lactams. The induction of ampC 

causes enzymatic inactivation of many β-lactams [53]. In general, the induction of the β-lactam 

activity involves three major gene products intimately linked to the peptidoglycan recycling pathway: 

AmpR (a LysR-type transcriptional regulator), AmpD (a cytosolic amidase), and AmpG (an inner 

membrane permease)[54]. In P. aeruginosa additionally ampE (coding for an inner membrane-bound 

sensory transducer), dacB (coding for a D-alanyl-D-alanine carboxypeptidase also known as PBP4), 

and nagZ (coding for an N-acetyl-β-D-glucosaminidase) are involved in the regulatory network of 

ampC induction (schematic overview in Figure 4) [55]–[60].  
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Figure 4: Known β-lactam resistance mechanisms in P. aeruginosa. These include a mucoid layer, outer 
membrane porins, efflux pumps, PBP alterations, β-lactamase upregulation and penicillin-binding protein (PBP) 
inhibition by penicillin. Figure modified from [55] and [61]. 

Under non-inducing conditions, AmpR interacts with UPD-MurNac-peptides (N-acetylglucosaminyl-

1,6-anhydro-, N-acetylmuramyl-tri (or tetra) peptides), which are processed breakdown products of 

peptidoglycan, and which are converted to UDP-MurNac-pentapeptides for incorporation into the 

peptidoglycan to complete the recycling process. Interaction of these UDP-MurNAC-pentapeptides 

with AmpR leads to repression of ampC transcription. Under inducing conditions, there is an 

accumulation of MurNac-peptides in the cytoplasm, which cannot be efficiently processed by AmpD. 

These MurNac-peptides seem to displace the UDP-MurNac-pentapeptides from AmpR, converting 

AmpR into a transcriptional activator of ampC. In P. aeruginosa ampC expression is coordinately 

repressed by three AmpD homologues. While inactivation of AmpD has been shown to lead to a 

constitutive activation of ampC, inactivation of AmpG, the permease involved in channeling the 

MurNac-peptide signal into the cytoplasm, confers non-inducible and low-level β-lactamase 

expression to the bacterial cell [56], [62], [63]. 

Many Gram-negative bacteria acquire resistance following horizontal transfer of genes encoding β-

lactamases. Among those, extended-spectrum β-lactamases and carbapenemases possess a broad 

resistance towards almost all β-lactams. In P. aeruginosa mainly metallo-β-lactamase 

carbapenemases (IMP, VIM, NDM, SPM, GIM, AIM and FIM) and serine carbapenemases (GES, KPC 

and OXA) have been described [64]–[68].  
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  Quorum sensing regulator lasR and its negative regulator rsaL 1.5

P. aeruginosa is equipped with a large arsenal of virulence factors. Expression of many of the 

respective P. aeruginosa virulence genes is orchestrated by two hierarchical organized homoserine 

lactone (HSL)-dependent quorum sensing (QS) systems, the las and the rhl system [69]–[72]. The QS 

receptor protein LasR is at the very top of the hierarchy. LasR binds the N-3-oxo-dodecanoyl-HSL 

(3OC12-HSL) and activates the transcription of a large regulon, which includes the rhl QS-system and 

many virulence genes. LasR also promotes 3OC12-HSL signal production by increasing the 

transcription of the 3OC12-HSL synthase encoding gene, lasI [73]. Another gene, which is part of the 

LasR regulon, is rsaL. RsaL is a negative regulator [74], [75]. It represses the expression of genes 

under the positive regulation of LasR, such as phzA1, phzM and hcnA [74]. RsaL also represses 

transcription of the 3OC12-HSL synthase encoded by lasI by directly binding to its promoter [76], [77].  

Among the pattern of interaction between regulatory factors, three component feed-forward loops 

(FFL) are common [78]. They allow a coordinately controlled dynamic output of gene expression. A 

FFL comprises a transcription factor that regulates a second transcription factor. Both transcription 

factors bind the regulatory region of a third target gene and thus jointly control its expression [79]. 

As the transcriptional activator LasR activates not only the transcription of lasI but also the 

transcription of rsaL, which encodes a transcriptional repressor of lasI, this network motif is termed 

an incoherent type-1 feed-forward loop [79]. The LasR/RsaL FFL network motif pattern was 

previously shown to confer robustness with respect to fluctuation in the levels of LasR to the 

LasR/RsaL-controlled phenotypes such as 3OC12-HSL synthesis and pyocyanin production [80].  

In addition to FFLs, fine-tuning of regulatory switches has been demonstrated to be influenced by the 

genomic organization of regulatory genes. Strongly correlated expression levels between divergent 

and convergent genes have been found to be quite common [81], [82]. The respective genes have 

related and often opposing functions. Transcriptional interference, occurring in sets of convergent 

promoters, offers a mechanism for tunable gene regulation [83]. Furthermore, RNA-RNA interactions 

of partly overlapping mRNA transcripts may impact gene expression levels [84]. It has previously 

been demonstrated that antisense RNAs can inhibit the expression of one operon while functioning 

as an mRNA for the adjacent operon. This might become of particular importance, if the two genes 

are encoding for regulators of opposing functions. The genomic organization of genes may allow 

expression of one regulator, while simultaneously excluding the opposing regulator. This might lead 

to enhanced robustness of the regulatory switches (excludon paradigm)[85]–[87]. Exploring whether 

there is a mutual influence on the expression of the two convergent lasR and rsaL genes, both of 

which produce long 3’ untranslated regions, based on their genomic organization, is of crucial 

interest in order to better understand their gene regulation.  
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 Transposon insertion site sequencing 1.6

The genome of the well-studied P. aeruginosa wild-type UCBPP-PA14 (NC_008463.1) [88] contains 

6027 annotated genes (based on annotation table available at Pseudomonas.com [89]). After 

decades of excessive research on P. aeruginosa worldwide, there are still up to 21 % of all PA14 wild-

type genes listed as “hypothetical protein” lacking classification in any function-assuming P. 

aeruginosa Community Annotation Project (PseudoCAP) or Gene Ontology (GO) biological process 

category and thus their function remains unknown. To unravel gene functions on a genomic scale 

various strategies are available including genome-wide deletion [90]–[92] or insertion mutant 

libraries [93]–[100] as well as RNA interference libraries [101]–[103]. These techniques allow for 

linking a mutant’s phenotype to a specific gene or genetic element [104]. Especially transposon-

based mutagenesis of bacterial genomes is a powerful tool to identify genetic elements that control 

specific phenotypes and are involved in survival under a particular set of conditions [105]. For this 

purpose, large pools of transposon mutants are screened simultaneously. This can be done with 

defined mutants [99], [104], [106]–[108]. However, the construction and handling of defined mutant 

libraries is not only very labor intensive by testing them one by one, it also requires accurate genomic 

annotation. The latter can be difficult to define particularly for non-coding regions or new strains, 

such as clinical isolates, carrying genes with individual variances compared to reference genomes 

[109]. An alternative to defined mutant libraries is the construction and analysis of random and thus 

undefined transposon-insertion libraries [109]. Random transposon mutant libraries were so far 

applied in many different bacterial species in order to identify gene functions [94]–[100], [110], 

[111]. Important for a random transposon mutant library is the near saturation of insertion mutants 

within a Tn mutant pool. Therefore saturated libraries have to contain very many Tn mutants as they 

typically consist of multiple insertion alleles in each gene [104].  

Transposon insertion site sequencing (Tn-seq) is basically thousand competition experiments done 

simultaneously, where the change in a mutant’s abundance before and after a selection is the 

outcome [112]. Tn-seq collectively refers to insertion sequencing (IN-seq), high-throughput insertion 

tracking by deep sequencing (HITS) and transposon-directed insertion sequencing (TraDIS) [113]–

[117]. It is a genome-scale “negative selection” technology which combines high-density transposon 

mutagenesis with large-scale parallel sequencing of transposon junctions in a mutant library in order 

to identify those mutants which are lost from the library after exposure to a selective condition of 

interest [113]. Upon selective conditions, insertion mutants whose transposon-based gene disruption 

is of disadvantage are outcompeted in the mutant pool and mutants whose gene disruption is of 

advantage are enriched by growth and survival. The ratio of insertion mutants becoming either 

enriched or depleted is proportional to its fitness. Sequencing and quantifying the transposon 
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neighboring regions of both income and outcome mutant libraries provides a quantitative readout as 

the prevalence of each mutant determines each mutant’s fitness and therefore the importance of 

the disrupted gene. 

Former methods to identify genome-scale gene functions by transposon-insertion included 

techniques such as DNA hybridization or microarray detection of the genomic DNA flanking insertion 

sites [100], [118]–[121]. These techniques were sensitive to errors for detecting low-abundance 

transcripts, mis-hybridization, probe saturation and distinctive identification of insertion sites [109]. 

Also early sequencing approaches during the 90s showed limitations regarding sequencing resolution 

accompanied by non-saturated mutant library screening [98]. These limitations are nowadays 

overcome by modern high-throughput sequencing technologies which made Tn-seq a powerful tool 

to screen up to 1 million mutants simultaneously, in short time, at low cost and it is possible in 

virtually any organism [109].  

1.6.1 Strengths and weaknesses of Tn-seq 

One approach for investigating which genes are involved in creating a certain phenotype is to screen 

the transcriptome for promising candidates and subsequently assess the consequences of a loss-of-

function mutation of the corresponding genes under the desired conditions. In order to understand 

the relationship between genotype and phenotype, one would have to determine all genetic 

components involved and therefore screen all possible mutant genotypes that would result in a 

particular phenotype. An overall screening would have to contain potentially thousands of individual 

mutants mapping their locations of the mutation one by one [117]. Random insertion mutagenesis 

followed by deep sequencing (Tn-seq) assays a mutant population of hundred thousands of mutants 

and effectively provides a quantitative readout as well as the genomic locus of each mutation under 

a particular selective pressure. It is therefore a genome-wide, easy to handle, fast and effective tool. 

Furthermore, Tn-seq analysis is applicable in virtually any organism, microorganisms and eukaryotes 

[109], [117]. 

Recording of transcriptional and proteomic responses describes changes in gene expression. 

Genome-wide fitness profiling approaches, such as Tn-seq, describe the functional importance of 

each gene for a distinct phenotype. Several previous studies have demonstrated that differentially 

expressed genes are rarely phenotypically important [33], [122], [123]. Indeed, bacterial genes that 

change expression upon environmental disturbance are not necessarily those that matter most in the 

expression of the respective phenotype [124]. Therefore, transposon sequencing might uncover 

unexpected functional gene categories that are important for the expression of a certain phenotype, 

and which cannot be detected in transcriptomic and/or proteomic profiling studies, thus it can 

complement previously conducted RNA-seq and proteomic studies.  
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A saturated transposon mutant library is crucial for a general screening of gene functionalities and 

co-functionalities. Saturated transposon mutant libraries contain every possible Tn mutant and 

therefore present a statistical valid tool for analysis of mutant abundances. In order to avoid 

bottleneck effects within Tn mutant pools, it is therefore always important to not only use saturated 

Tn mutant pools but also to design experimental setups accordingly with high input cell numbers 

including each Tn mutant. In addition, the position of a transposon insertion is important to consider 

for each individual mutant. Only those insertions, which result in true gene disruptions, count for a 

mutants’ phenotype screening. One way to take this in consideration is to make sure that, 

transposon insertions must lay within the coding region and those within the terminal 10 % of a gene 

can generally be ignored as being of little or no effect for its functionality [32].  

Another aspect that needs to be considered is the quorum sensing effect within a transposon mutant 

pool. Single mutants, which compensate their insertion-based impairment by uptake of molecules 

originating from neighboring mutants, will consequently not be depleted in the output pool to the 

same degree as without the help of others. Nevertheless an impairment can be detectable.  

One of the drawbacks of Tn-seq is that the involvement of so-called essential genes during conditions 

of interest is not predictable using transposon mutagenesis tools [104]. Essential genes are those, 

which never exhibit a transposon disruption since their loss of function would always under any 

condition lead to immediate cell death, as these genes are involved in basal cell processes. Thus, 

their frequency in a population before and after a selective pressure cannot be determined. The 

determination of essential genes during a read mapping process are those with very few to no reads. 

Another group of genes, which show no transposon insertions, are those, which do not harbor a TA 

site within their coding region and thus don’t allow for transposon insertion. In the PA14 wild-type 

genome, genes lacking TA sites sum up to as few as 41 genes.  

Lastly, conjugation efficiencies vary among organisms and strains and might make generation of 

saturated Tn mutant libraries challenging. Indeed, several clinical isolates of P. aeruginosa showed 

weak conjugation efficiency in pre-experiments of this study, an ability probably gained while 

adapting to host and environment. 

1.6.2 Transposons used for Tn-seq 

The most frequently used transposon tools in P. aeruginosa to generate non-redundant mutant 

libraries are based either on Himar1 mariner or Tn5 transposases [105], [125]. In this study, the 

mariner-based transposon Himar1 was used. Himar1 belongs to the class II mariner family of DNA-

mediated and terminal repeat-type transposable elements. First identified was the Himar1 

transposon in horn fly (Haematobia irritans) in 1995 [126]. Interestingly, Himar1 is one of only two 
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known active mariner elements of which the second one is called Mos1 and it is widespread in 

nature [127], [128]. The Himar1 mariner transposon has been successfully utilized for a number of 

oral and non-oral bacteria, next to P. aeruginosa, also in Porphyromonas gingivalis[129], and oral 

streptococci [130]. Just like Tn5, mariner transposons integrate into TA dinucleotides independently 

from neighboring sequences [105]. Thus, compared to other transposable elements they are 

independent from host-specific factors for functional mutagenesis other than the presence of the TA 

target [128]. TA dinucleotide insertion sites show a high abundance throughout the genome of P. 

aeruginosa. Numerically, this means there are 100,229 and 94,404 TA sites in the PA14 (6,537,648 

bp; NC_008463) and PAO1 genomes (6,264,404 bp, NC_002516.2), respectively. Due to the relatively 

high abundance of TA sites in the genomes, usage of Himar1 allows high-density and random 

mutagenesis. This provides e.g. for approximately 18 TA sites per open reading frame in the genome 

of PAO1 [131]. The main advantages of using Himar1 transposases in P. aeruginosa towards Tn5 is its 

independence of GC content in GC-rich genomes, which assures a random distribution of insertions 

throughout the genome [125], [132]. In addition, its recombination efficiency is higher compared to 

Tn5 [133].  

1.6.3 Himar1 transposon mutagenesis  

Plasmid pBT20 is a transposon delivery vector and is depicted in Figure 5 [134]. As pBT20 contains 

the pRK6 λ origin, propagation of the vector requires donor E. coli strains to express λ pir genes [135]. 

The origin of transfer (OriT) enables RK2-based conjugation into Gram-negative bacteria, such as P. 

aeruginosa [136]. pBT20 contains the C9 hyperactive derivative of Himar1 transposase, harboring 

two mutations Q131R and E137K, conferring the hyperactivity, which increases the transposition 

frequency in E. coli by 50-fold [105], [133]. The Himar1 transposase transposes the Himar1 insertion 

element into the dinucleotide TA as it cuts the donor transposon DNA and then pastes it into the 

target site. Plasmid pBT20 is a suicide vector in which the transposase lies outside the transposable 

element, ensuring that additional transposition events will not occur after the initial event within the 

same chromosome. The transposon itself is flanked by two long terminal repeat regions (29 bp) and 

contains an antibacterial gentamicin resistance cassette (aaC1 gene) facilitating selection of mutants 

as well as an outward facing tac promoter enabling transcription of downstream genes [105].  
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Figure 5: Schematic representation of plasmid pBT20 (6588 bp), the mariner transposon mutagenesis vector. 
Mariner C9 transposase: encodes hyperactive transposase for recombination; Transposon Himar1: insertion 
element which is inserted into recipient chromosome by recombination; LTR_1 and LTR_2: long terminal 
repeats for transposition; Genta R: aac1 gene encoding gentamicin resistance for positive selection of 
transposon insertions; Terminator_1: transcription terminator; P tac: outward directed tac promoter for 
expression of transposon downstream genes; OriR6Kγ: origin of replication in bacteria expressing λ pir gene; 
OriT: origin of transfer from broad host range plasmid, pRK2, which enables conjugation into Gram negative 
bacteria, including P. aeruginosa; Amp R: bla gene encoding ampicillin or carbenicillin resistance for plasmid 
propagation. Map was modified from [134] and created in SnapGene [137]. 

 

1.6.4 Workflow of Tn-seq (Himar1) in P. aeruginosa 

Transposon mutants are generated by conjugational transposon insertion and subsequently selected 

for transposon-based gentamicin resistance. Tn mutants are quantified and pooled resulting in a 

near-saturated mutant pool. This pool is grown under different conditions (e.g. selective and non-

selective) and mutants that are viable under each condition are recovered. The genomic DNA is 

extracted and fragmented by physical shearing. The transposon junctions in the selected and non-

selected pools are attached to sequencing adaptors, amplified and subsequently subjected to high 

throughput sequencing. DNA reads are mapped back to a reference genome to uniquely identify 

insertion sites with nucleotide-resolution [109]. Statistical analyses are conducted to define genomic 

loci that appear significantly underrepresented or overrepresented in the selective growth condition 

compared to the non-selected mutant pool. Insertions in the non-selected pool can also be 
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statistically evaluated to define essential loci that are required for growth under optimal conditions 

(Figure 6 workflow based on [109], [112]). 

 

Figure 6: Transposon insertion sequencing workflow based and modified from [112] 
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 Aim of the thesis 2

Infections caused by biofilm-associated bacteria as well as multi-resistant bacteria affect millions of 

people and are a leading cause of death and disability worldwide. Pseudomonas aeruginosa is a 

major problem in the clinic due to its ability to form stable biofilms, which makes it hard to eradicate. 

Furthermore, P. aeruginosa is known to be able to adapt to various environmental stresses and to 

easily develop antibiotic resistance and a virulent phenotype. I aimed at acquiring new knowledge on 

etiological mechanisms underlying the establishment of biofilms, on resistance determinants 

involved in ceftazidime (CAZ)-resistance and the regulation of virulence-associated genes in P. 

aeruginosa in order to meet the urgent medical need for new therapy options.  

First, to complement previously conducted RNA-seq and proteomic studies, I wanted to generate 

high-density transposon (Tn) insertion mutant libraries in three P. aeruginosa strains to measure the 

fitness of individual mutants in output versus input mutant pools following biofilm growth. The 

comparison of three different strain input and output mutant pools will lead to the identification of 

genes that positively and negatively contribute to survival under biofilm growth conditions. 

Second, I wanted to generate and screen near saturated Tn mutant libraries with the aim to identify 

potential new targets to restore CAZ susceptibility in CAZ-resistant clinical isolates of P. aeruginosa, 

which were isolated from various sites of infection and of which the resistance mechanism was not 

known solely based on genomic and transcriptomic screenings. Therefore, I wanted to measure the 

depletion of Tn insertion mutants upon CAZ exposure in order to better understand their common 

and individual resistome. 

Third, because Tn-seq analyses identified the virulence regulator lasR to be beneficial for survival 

when knocked out during biofilm growth, I aimed to better understand the two-way regulation of the 

key quorum sensing (QS) transcriptional regulator LasR and its repressor RsaL. An intact bacterial QS 

system participates in P. aeruginosa’s ability to quickly adapt to an environmental challenge and to 

become a virulent pathogen. Therefore, in order to explore whether there is a mutual influence on 

the expression of the two convergent lasR and rsaL genes, both of which produce long 3’ 

untranslated regions, various cloning constructs of both genes in the PA14 genetic background will 

be generated and examined. 

In this thesis I use the powerful techniques Tn-Seq and transcriptomics with the aim to understand 

which genes are involved in the establishment of difficult to treat biofilm-associated infections and 

those infections caused by CAZ-resistant P. aeruginosa strains as well as to better understand the 

complex mutual regulation of lasR and rsaL. This knowledge will contribute to an improved 

eradication of P. aeruginosa-associated infections. 
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 Material and Methods 3

 Bacterial strains, growth conditions, plasmids, and oligonucleotides 3.1

All bacterial strains used in this study are listed in Table 1. Strains were maintained as glycerol stocks 

in 18 % glycerol (850 µl culture + 250 µl 80 % glycerol) at -70 °C. For cloning purposes Escherichia coli 

DH5α was used and for conjugation purposes E. coli S17-1 or E. coli β2155 were used, unless stated 

otherwise. The standard reference strain for P. aeruginosa was the sequenced lab strain PA14 wild-

type. 

Clinical P. aeruginosa isolates used in this study derived from a > 400 strain collection, of which the 

majority of strains was published before [138]–[140]. Clinical strains were collected in clinical 

microbiology and German private practice laboratories or were provided by strain collection 

curators. Antibiotic susceptibility data were either hospital- or institution-derived or determined in 

house using the Vitek2 system (bioMérieux), agar dilution MIC test or E-tests (bioMérieux). 

Seven Tn mutants were selected from the non-redundant set of transposon mutants derived from 

PA14 (PA14NR) described by Liberati et al. (2006) [104]. TnladS served as a wild-type control for the 

Tn mutants. The ladS gene is not active in the PA14 strain background. Thus, the Tn insertion into the 

ladS gene provides the strain with a transposon without functional consequences. 

All bacterial strains were cultivated in lysogeny broth (LB; 1 l = 5 g yeast extract, 7.5 g NaCl, 10 g 

tryptone) at 37°C or in 1x Vogel-Bonner-Minimal medium (VBM; 50 x in 500 ml: 5 g MgSO4.7H2O, 50 g 

citric acid monohydrate, 250 g K2HPO4 and NaNH4PO4.4H2O) unless otherwise stated. Agar plates 

contained 1,6 % (w/v) bactoagar. Planktonic cultures were incubated in an orbital shaker (180 rpm). 

Biofilms were cultivated under static conditions in a humid atmosphere. Planktonic cultures were 

incubated in an orbital shaker (180 rpm). Growth curves of bacterial strains were recorded by 

monitoring the optical density at 600 nm (OD600) using a SYNERGY H1 microplate reader (BioTek), 

unless otherwise stated. In brief, overnight cultures were diluted to OD600 = 0.05 and 200 µl cultures 

were grown at 37 °C under shaking conditions in the wells of a Nunc™ MicroWell™ 96-Well 

Microplate (Nunclon Delta). OD600 values were recorded for two biological replicates (each in 

technical triplicates) every 15 min for a time period of 24 h. 

When required for selection, the following antibiotics were used for P. aeruginosa and E. coli 

respectively, unless otherwise stated: 50 µg/ml and 15 µg/ml gentamicin, 400 µg/ml carbenicillin and 

100 µg/ml ampicillin, and gentamicin + kanamycin were when given simultaneously to P. aeruginosa 

(40 µg/ml and 200 µg/ml, respectively). 0.1 % arabinose was added for induction of genes under the 

PBAD promoter of plasmid pJN105 [141] and 0.1 mM IPTG (Isopropyl β- d-1-thiogalactopyranoside) 
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was added for induction of genes under the lacIq-Ptrc promoter of plasmids pSEVA224 and pSEVA644 

[142]–[144]. 

All primers used in this study are listed in Table 2. Primers were designed using the design tool 

SnapGene based on the PA14 genome sequence and they were ordered at Eurofins MWG Operon. To 

rule out PCR or cloning errors, cloning constructs were sequenced at Eurofins MWG Operon. 

Table 1: Strains and plasmids used in this study. a KmR, kanamycin resistant; GmR , gentamicin 
resistant; AmR, ampicillin resistant 

Strains and plasmids Relevant characteristics 
a
 Reference 

associated with lasR and rsaL regulation: 

E. coli DH5α 
F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 
Φ80dlacZ_M15 _(lacZYA-argF) U169, hsdR17(rK- mK+), λ– 

(Hanahan et al., 
1985) 

P. aeruginosa PA14  wildtype 
(Liberati, Urbach et 
al., 2006) 

pJN105 Shuttle vector, GmR 
(Newman and Fuqua 
et al., 1999) 

(lasR/rsaL(N)) PA14 
pJN105::lasR_rsaL 

lasR under arabinose inducible PBAD promoter, rsaL under 
native promoter, GmR 

This study 

(lasR/rsaL (T)) PA14 
pJN105::lasRT_rsaL 

lasR under arabinose inducible PBAD promoter, inserted 
terminator flanked by 6 bp linkers, rsaL under native 
promoter, GmR 

This study 

(rsaL/lasR(N)) PA14 
pJN105::rsaL_lasR 

rsaL under arabinose inducible PBAD promoter, lasR under 
native promoter, GmR 

This study 

(rsaL/lasR(T)) PA14 
pJN105::rsaLT_lasR 

rsaL under arabinose inducible PBAD promoter, inserted 
terminator flanked by 6bp linkers, lasR under native 
promoter, GmR 

This study 

E. coli S17-1  C600::RP-4 2-(Tc::Mu) (Kn::Tn7) thi pro hsdR hsdM+recA 
(Simon, Priefer et al., 
1983) 

pEX18Ap2::ΔrsaLΔlasR shuttle vector, AmR 
(modified from 
Blanka et al., 2014) 

PA14 ∆rsaL ∆lasR chromosomal knockout of rsaL and lasR This study 

pSEVA224 shuttle vector, KmR (Amit et al., 2015) 

pSEVA644 shuttle vector, GmR (Amit et al., 2015) 

(0) PA14 ∆rsaL ∆lasR 
 pSEVA224 pSEVA644 

KmR, GmR This study 

(1) PA14 ∆rsaL ∆lasR 
 pSEVA224::rsaL_long 
pSEVA644::lasR_long 

KmR, GmR This study 

(2) PA14 ∆rsaL ∆lasR  
pSEVA224::rsaL_ORF 
pSEVA644::lasR_ORF 

KmR, GmR This study 

(3) PA14 ∆rsaL ∆lasR  
pSEVA224::rsaL_ORF 
pSEVA644::lasR_long 

KmR, GmR This study 

(4) PA14 ∆rsaL ∆lasR  
pSEVA224::rsaL_long 
pSEVA644::lasR_ORF 

KmR, GmR 
This study 
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(5) PA14 ∆rsaL ∆lasR  
pSEVA224::rsaL_long 
pSEVA644::lasR_antisense 

KmR, GmR This study 

(6) PA14 ∆rsaL ∆lasR  
pSEVA224::rsaL_antisense 
pSEVA644::lasR_long 

KmR, GmR This study 

(7) PA14 ∆rsaL ∆lasR  
pSEVA224::rsaL_ORF 
pSEVA644::lasR_antisense 

KmR, GmR This study 

(8) PA14 ∆rsaL ∆lasR  
pSEVA224::rsaL_antisense 
pSEVA644::lasR_ORF 

KmR, GmR This study 

associated with Tn seq: 

PA14 wild-type reference strain Liberati et al., 2006 

PAO1 wild-type reference strain Lab collection 

ZG8038581181 
P. aeruginosa clinical isolate; type of infection: respiratory 
tract 

Lab collection 

MHH13682 
P. aeruginosa clinical isolate; type of infection: lung 
infection (cystic fibrosis) 

Lab collection 

F1997 
P. aeruginosa clinical isolate; type of infection: rectal 
infection 

Lab collection 

PA14 Tn mutant library Tn mutant library in PA14 background This study 

PAO1 Tn mutant library Tn mutant library in PAO1 background This study 

ZG8038581181 Tn mutant 
library 

Tn mutant library in ZG8038581181 background This study 

MHH13682 Tn mutant 
library 

Tn mutant library in MHH13682 background This study 

F1997 Tn mutant library Tn mutant library in F1997 background This study 

PA14 ∆lasR clean knock-out of lasR gene Lorenz et al., 2019 

PA14 tnladS 
ladS transposon mutant from the NR PA14 transposon 
mutant library; ID 38371; GmR 

Liberati et al., 2006 

PA14 tntruB 
truB transposon mutant from the NR PA14 transposon 
mutant library; ID 57118; GmR 

PA14 tnmiaA 
miaA transposon mutant from the NR PA14 transposon 
mutant library; ID 31703; GmR 

PA14 tngidA 
gidA transposon mutant from the NR PA14 transposon 
mutant library; ID 34284; GmR 

PA14 tnfixG 
fixG transposon mutant from the NR PA14 transposon 
mutant library; ID 38975; GmR 

PA14 tndksA 
dksA transposon mutant from the NR PA14 transposon 
mutant library; ID 41617; GmR 

PA14 tnPA14_57570 
PA14_57570 transposon mutant from the NR PA14 
transposon mutant library; ID 54834; GmR 

E. coli β2155 λpir ΔdapA::erm pir, for bacterial conjugation 

Provided by Ethna 
Fidelma Boyd, 
University of 
Delaware, USA 

E. coli β2155 λpir [pBT20] Donor strain for biparental mating This study 

plasmid pBT20 aaC1, p-tac, GmR 
Provided by Alain 
Filloux, Imperial 
College, London, UK 
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Table 2: Primers used in this study. b restriction sites and ribosomal binding site (RBS) are color 
highlighted; c terminator underlined; * phosphothionate binding modification 

Primer Name Sequence 
b, c

 Reference 

associated with lasR and rsaL regulation: 

p1 XbaI RBS lasR FP ACTGTCTAGATTAACTTTAAGGAGGAGATATAATGGCCTTGGTTGACGGT This study 

p2 SacI PrsaL rsaL RP ACTGGAGCTCTCCTCCAAATAGGAAGCTGAAGAATT This study 

p3 XbaI RBS rsaL FP ACTGTCTAGATTAACTTTAAGGAGGAGATATAATGGCTTCACACGAGAGAACAC This study 

p4 SacI PlasR lasR RP ACTGGAGCTCTCACATTTAAACGTTTGCTTACCCTCTAG This study 

p5 PmeI T lasR RP 
ACTGGTTTAAACAGAAGGATAAAAAAAGGGAGGAAGGGTCACCCCTTCCTCCC 
AGCAAGTCAGAGAGTAATAAGACCCAAATTAACGGC 

This study 

p6 PmeI T rsaL RP 
ACTGGTTTAAACGGGAGGAAGGGGTGACCCTTCCTCCCTTTTTTTATCCTTCT 
AGCAAGTTACTCTCTGATCTTGCCTCTCAGG 

This study 

p7 pJN105 seq FP TCCACATTGATTATTTGCACGG This study 

p8 pJN105 seq RP ATTAAGTTGGGTAACGCCAGGG This study 

p9 
XhoI-rsaLko 
upFP 

ACTGCTCGAGCAGCGTCTGGATGTCGTTCT This study 

p10 Ko rsaL up rev CGTAGCGCTATTGCTCTGATCTTTTCGGACGT This study 

p11 Ko lasR up rev GATCAGAGCAATAGCGCTACGTTCTTCTTAAACTATTAACC This study 

p12 uplasRNotI-fw TATGCGGCCGCGCCGAACTGGAAAAGTGGCTATGTC This study 

p13 
BamHI rsaL 
short RP 

ACTGGGATCCTTACTCTCTGATCTTGCCTCTCAGGTC This study 

p14 
BamHI rsaL long 
RP 

ACTGGGATCCATGGCCTTGGTTGACGGTTTTC This study 

p15 
BamHI lasR 
short RP 

ACTGGGATCCTCAGAGAGTAATAAGACCCAAATTAACGGC This study 

p16 
BamHI lasR long 
RP 

ACTGGGATCCATGGCTTCACACGAGAGAACAC This study 

p17 
EcoRI RBS rsaL 
FP 

ACTGGAATTCTTAGGAGGAAAAACATATGGCTTCACACGAGAGAACAC This study 

p18 
EcoRI RBS 
aslasR FP 

ACTGGAATTCTTAGGAGGAAAAACATTCAGAGAGTAATAAGACCCAAATTA 
ACGGC 

This study 

p19 
EcoRI RBS lasR 
FP 

ACTGGAATTCTTAGGAGGAAAAACATATGGCCTTGGTTGACGGTTTTC This study 

p20 
EcoRI RBS 
asrsaL FP 

ACTGGAATTCTTAGGAGGAAAAACATTTACTCTCTGATCTTGCCTCTCAGGTC This study 

p21 
pSEVA MCS seq 
FP 

ATCCGGCTCGTATAATGTGTGG This study 

p22 
pSEVA224 
specific seq RP 

CCCTTGTATTACTGTTTATGTAAGCAGACAG This study 

p23 
pSEVA644 
specific seq RP 

TTACAGTTTACGAACCGAACAGGC This study 

associated with Tn seq: 

p24 SplA5 top G*AGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC*T (Barquist 
et al., 
2016) p25 SplA5 bottom /5Phos/G*ATCGGAAGAGCGGTTCAGCAGGttttttttttcaaaaaaa*a 

p26 sisTnHimar PCR  
A*ATGATACGGCGACCACCGAGATCTACACAGCTTTCTTGTACACTAGAGA 
CCGGGGACTTATCAGC*C 

This study 
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p27 SplAP5.1 C*AAGCAGAAGACGGCATACGAGATAACGTGATGAGATCGGTCTCGGCATTC*C 

(Barquist 
et al., 
2016) 

p28 SplAP5.2 C*AAGCAGAAGACGGCATACGAGATAAACATCGGAGATCGGTCTCGGCATTC*C 

p29 SplAP5.3 C*AAGCAGAAGACGGCATACGAGATATGCCTAAGAGATCGGTCTCGGCATTC*C 

p30 SplAP5.4 C*AAGCAGAAGACGGCATACGAGATAGTGGTCAGAGATCGGTCTCGGCATTC*C 

p31 SplAP5.5 C*AAGCAGAAGACGGCATACGAGATACCACTGTGAGATCGGTCTCGGCATTC*C 

p32 SplAP5.6 C*AAGCAGAAGACGGCATACGAGATACATTGGCGAGATCGGTCTCGGCATTC*C 

p33 SplAP5.7 C*AAGCAGAAGACGGCATACGAGATCAGATCTGGAGATCGGTCTCGGCATTC*C 

p34 SplAP5.8 C*AAGCAGAAGACGGCATACGAGATCATCAAGTGAGATCGGTCTCGGCATTC*C 

p35 SplAP5.9 C*AAGCAGAAGACGGCATACGAGATCGCTGATCGAGATCGGTCTCGGCATTC*C 

p36 SplAP5.10 C*AAGCAGAAGACGGCATACGAGATACAAGCTAGAGATCGGTCTCGGCATTC*C 

p37 SplAP5.11 C*AAGCAGAAGACGGCATACGAGATCTGTAGCCGAGATCGGTCTCGGCATTC*C 

p38 SplAP5.12 C*AAGCAGAAGACGGCATACGAGATAGTACAAGGAGATCGGTCTCGGCATTC*C 

p39 SplAP5.13 C*AAGCAGAAGACGGCATACGAGATAACAACCAGAGATCGGTCTCGGCATTC*C 

p40 SplAP5.14 C*AAGCAGAAGACGGCATACGAGATAACCGAGAGAGATCGGTCTCGGCATTC*C 

p41 SplAP5.15 C*AAGCAGAAGACGGCATACGAGATAACGCTTAGAGATCGGTCTCGGCATTC*C 

p42 SplAP5.16 C*AAGCAGAAGACGGCATACGAGATAAGACGGAGAGATCGGTCTCGGCATTC*C 

p43 SplAP5.17 C*AAGCAGAAGACGGCATACGAGATAAGGTACAGAGATCGGTCTCGGCATTC*C 

p44 SplAP5.18 C*AAGCAGAAGACGGCATACGAGATACACAGAAGAGATCGGTCTCGGCATTC*C 

p45 SplAP5.19 C*AAGCAGAAGACGGCATACGAGATACAGCAGAGAGATCGGTCTCGGCATTC*C 

p46 SplAP5.20 C*AAGCAGAAGACGGCATACGAGATACCTCCAAGAGATCGGTCTCGGCATTC*C 

p47 Read1primer ACACTCTTTCCCTACACGACGCTCTTCCGATCT 

p48 iPCRtagSeq AAGAGCGGTTCAGCAGGAATGCCGAGACCGATCTC 

p49 
Himar1C9  
Read1Seq 
Var2.0 

CTAGAGACCGGGGACTTATCAGCCAACCTGTTA This study 

p50 ARB_P_1 GGCCAGGCCTGCAGATGATGNNNNNNNNNN 

Liberati et 
al., 2006 

p51 ARB_P_2 GGCCAGGCCTGCAGATGATG 

p52 PAMr_P_1 TACAGTTTACGAACCGAACAGGC 

p53 PAMr_P_2 TGTCAACTGGGTTCGTGCCTTCATCCG 

p54 
Seq primer 
PAMr 

GACCGAGATAGGGTTGAGTG 

 

 DNA transfer techniques 3.2

 Transformation of chemically competent E. coli DH5α 3.3

An overnight culture of E. coli DH5α cells was diluted 1:50 in 50 ml LB and grown until OD600 0.3 - 0.7, 

at 37 °C, 180 rpm shaking. Cells were put on ice for 10 min to inhibit further growth and centrifuged 

at 4 °C, 4000 rpm for 15 min. The supernatant was discarded and pellets were washed in 5 ml 0.1 M 

CaCl2, again centrifuged at previous condition and resuspended in ice cold 1 ml 0.1 M CaCl2 + 15 % 

glycerin. 125 µl aliquots were immediately frozen in liquid nitrogen and stored at -70 °C. 
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Transformation of competent E. coli DH5α was carried out with about 60 µl aliquot slowly thawed on 

ice. 100 - 200 ng transformable DNA was added to competent cells and stored on ice for 30 min. For 

heat shock, cells were incubated at 42 °C for 90 sec and immediately put on ice for 60 sec. 750 µl LB 

was added and cells were incubated at 37 °C, 180 rpm shaking for 1 hour to recover. Successful 

transformation was selected on antibiotic-containing plates.  

  Electroporation of P. aeruginosa 3.4

6 ml overnight culture was divided into 4 aliquots and centrifuged at RT, 8000 rpm for 2 min. Cell 

pellets were washed twice with 1 ml 300 mM sucrose each and in between centrifuged at previous 

condition. Washed cell pellets were resuspended and combined in 200 µl 300 mM sucrose. 50 µl 

electro-competent cells were mixed with 100 - 200 ng transferrable DNA and transferred into a 2 mm 

gap electroporation cuvette (Bio-Rad). The given pulse in a Gene Pulser II (Bio-Rad) consisted of 25 

µF, 200Ω and 2,5 kV. For recovery, electroporated cells were supplemented with 950 µl LB and 

incubated at 37 °C, 180 rpm for 1-2 hours. 100 µl and the remaining culture were plated on separate 

LB plates supplemented with the appropriate antibiotic. Electro-competent cells were prepared fresh 

for every electroporation experiment. 

  Plasmid transfer by biparental mating (conjugation) to generate gene 3.5

deletion mutant PA14 ΔrsaLΔlasR 

To generate the gene deletion mutant PA14 ΔrsaLΔlasR an adapted version of the published protocol 

[145] was used. The in-frame deletion of rsaL_lasR was constructed by overlap extension PCR, as 

described previously [146]. Briefly, the regions from 0.5 kb upstream of rsaL and downstream of lasR 

were amplified from PA14 wild-type and joined together by sewing PCR using primers p9-12 (Table 

2). The resulting 1 kb fragment was subcloned into pEX18Ap2 [147] within restriction sites XhoI and 

NotI and transformed into E. coli S17-1. By conjugation of the recipient PA14 and the donor E. coli 

S17-1 (pEX18Ap2::ΔrsaLΔlasR) both genes rsaL and lasR were replaced simultaneously by the 

knockout-out fragment via homologous recombination. For conjugation, donor and recipient were 

cultivated overnight shaking at 37 °C in LB + ampicillin (100 µg/ml) and at 42 °C in LB, respectively. 

Both strains were mixed at a 2:1 ratio (E. coli:P. aeruginosa) and single drops were spotted on LB agar 

plates and incubated for 6 hours at 37 °C. Cells were harvested in LB, diluted for single colonies and 

plated on LB plates supplemented with carbenicillin (400 μg/ml) and nalidixic acid (10 μg/ml) to 

positively select for P. aeruginosa transconjugants. Resistant clones were cultivated overnight in 

NaCl-free LB broth supplemented with 10 % sucrose at 37 °C, shaking, and plated onto NaCl-free LB 

plates + 10 % sucrose to promote plasmid counter selection. Sucrose-resistant clones were finally 

selected in parallel on LB plates supplemented with 10 % sucrose or carbenicillin to select for 
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maintenance of the chromosomal sacB gene and loss of the pEX18Ap2 vector mediating carbenicillin 

resistance. The simultaneous deletion of genes rsaL and lasR in carbenicillin-sensitive and sucrose-

resistant clones was confirmed by sequencing. 

 Strain and plasmid construction for lasR and rsaL expression 3.6

Strains overexpressing rsaL and lasR with and without the introduction of a terminator sequence 

between both genes were generated. The lasR/rsaL(N) containing PA14 genomic fragment was 

amplified by primers p1/p2 and cloned into pJN105 containing an arabinose inducible promoter, so 

that lasR gene expression was induced upon addition of arabinose. The rsaL/lasR(N) containing 

genomic fragment was amplified by primers p3/p4 and cloned into pJN105. Here the addition of 

arabinose induced rsaL expression. A terminator flanked by 6 bp linkers was inserted between the 

lasR and rsaL genes. Therefore lasR and rsaL were amplified using primers p1/p5 and p6/p2 

respectively. To construct lasR/rsaL(T) both genes were joined by sewing PCR as primers p5 and p6 

are complementary. For the generation of rsaL/lasR(T), rsaL and lasR were amplified by p3/p6 and 

p5/p4 respectively and joined by sewing PCR. To clone all fragments into pJN105, vector and 

fragments were digested by XbaI/SacI. Inserts were cloned into pJN105 within the restriction sites 

XbaI/SacI and transformed into E. coli DH5α for amplification and purification. Correct sequences 

were checked by sequencing using primers p7/p8. pJN105 plasmids were finally electroporated into 

PA14 wild-type. 

Generation of P. aeruginosa strains (0-8) carrying the pSEVA plasmids listed in Table 1 started with 

amplification of the various inserts by PCR from PA14 wild-type using primers p13-20. 3 transcript 

lengths of both genes rsaL and lasR individually were chosen for cloning into two separate vectors 

namely long, ORF and antisense depicted in Figure 26. Cloning primers carry a ribosomal binding site 

to initiate translation of the coding region. In the case of antisense inserts, the cloning primer 

introduces no ribosomal binding site, in order to avoid translation of a non-sense protein. Inserts 

were cloned into the according plasmids pSEVA224 and pSEVA644 within the restriction sites BamHI 

and EcoRI and transformed into E. coli DH5α for amplification and purification of the resulting 

plasmids. Correct sequences were checked by sequencing using primers p21-23. pSEVA plasmids 

were finally electroporated into PA14 ΔrsaLΔlasR. 

 Antibiotic susceptibility testing 3.7

 E-test 3.8

To determine antibiotic susceptibility on agar plates E-tests by Biomérieux were used according to 

manufacturer’s instructions. In brief, overnight cultures were grown in LB, at 37 °C and 180 rpm 

shaking, diluted 1:10 the next morning and grown for 4 hours at the same conditions. Cultures were 
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diluted to an OD600 of 0.15 in PBS. Approximately 100 µl of the culture were thoroughly transferred 

to a Mueller-Hinton plate by streaking it three times with a cotton swap. An E-test stripe was applied 

to the plate, while avoiding air bubbles, and after an incubation of 18 h at 37 °C, the inhibition zone 

was measured to determine the minimal inhibition concentration (MIC). 

 Broth microdilution 3.9

To determine the antibiotic susceptibility in liquid LB medium, the MIC values were determined by 

broth microdilution. Bacterial overnight pre-cultures were diluted to an OD600 of 0.1 (≙ 1*108 

CFU/ml) in LB broth, again diluted 1:100 (≙ 1*106 CFU/ml) and 100 μl of this cell suspension was 

mixed with 100 μl antibiotic (dissolved in LB broth medium) in a 96-well plate format. Bacterial 

growth was monitored in triplicates after 16-18 h incubation at 37 °C, without shaking.  

 Extraction of genomic DNA 3.10

Reagents of the Qiagen Blood&Tissue kit were used. Cell pellets were thawed and resuspended in 

360 µl ATL. 40 µl proteinase K was added, vortexted and incubated at 56 °C for 20 min. Cells were 

shreddered by loading and centrifuging samples through Qiashredder columns at 14000 rpm at RT 

for 2 min. 8 µl RNAse A (100 mg/ml) was added, vortexed and incubated for 2 min. 400 µl AL buffer 

was added and vortexted and 400 µl 96 % Etanol was added. The sample was purified from cell 

debris by loading samples in RNeasy columns and centrifuging at 8000 rpm for 1 min. Column-bound 

DNA was washed with 500 µ each first with AW 1 buffer then with AW 2 buffer, with centrifuge steps 

in between and afterwards at 14000 rpm for 2 min. After air drying the column for 5 min at RT, DNA 

was eluted by adding 100 µl 1xTE buffer, incubating it for 5 min and centrifuging it at 8000 rpm for 1 

min. 

 Confocal microscopy to record biofilm phenotypes 3.11

Biofilm phenotypes were monitored using a high-throughput static microtiter plate assay combined 

with automated confocal laser scanning microscopy. As previously described [139], [148]. In brief, 

bacteria were grown overnight in LB at 37 °C and 100 µl of bacterial suspension with an adjusted 

OD600 of 0.002 were added to the wells of a sterile half-area 96-well µClear microtiter plate (Greiner 

Bio-One). The microtiter plate was sealed with an air-permeable BREATHseal cover foil (Greiner Bio-

One) and incubated for 48 h in humid atmosphere at 37 °C under static conditions. After 24 h, 

bacteria were stained by carefully adding 60 µl of a solution containing the fluorescent dyes Syto9 

and propidium iodide (final concentrations of 2.1 µM and 12.5 µM, respectively) from the 

LIVE/DEAD® BacLight™ Bacterial Viability Kit (Molecular Probes, Life Technologies). Z-Stacks of 48 h-

old biofilms with a total height of 60 µm (20 focal planes; z-step size 3 µm) in the center of each well 

were acquired by using an automated confocal laser scanning microscope (SP8 System, Leica) 
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including the matrix screener tool and equipped with an HC PL APO 40x/1.10 W motCORR CS2 water 

immersion objective. For biofilm quantification, acquired image stacks were analyzed as previously 

described [148] with slight modifications. In brief, the customized Software Definiens Developer XD 

was used to determine the biofilm biovolume, which describes the biomass. Images were analyzed 

with an automated thresholding and the minimum biofilm size was defined as 4 µm2. The biofilm 

phenotype was recorded for all strains in triplicates. For 3D reconstructions of biofilm structures the 

sectioning mode of Imaris 7.6 (Bitplane, UK) was used. Confocal microscopy phenotypes were 

recorded by Janne Thöming. 

 Transposon mutant library sequencing 3.12

 P. aeruginosa Tn mutagenesis 3.13

Tn mutagenesis was carried out by conjugation of the P. aeruginosa acceptor strain with donor E. coli 

β2155 λpir harboring pBT20, which encodes the mariner Himar1 C9 transposon, followed by 

selection for P. aeruginosa cells harboring the Tn-containing gentamicin-resistance on selective agar 

plates [105]. E. coli β2155 λpir harbors a ∆dapA mutation, resulting in a diaminopimelic acid (DAP) 

auxotrophic phenotype, which facilitates post-conjugational counterselection. In brief, donor E. coli 

β2155 λpir [pBT20] was cultivated overnight at 37 °C in LB supplemented with 0.3 mM DAP and 

ampicillin (100 µg/ml) and the acceptor P. aeruginosa at 37 °C in LB plates. Cultures were diluted 

1:10 in fresh medium, and grown for 4 h. At an OD600 of 0.1 100 µl culture of donor E. coli β2155 

λpir [pBT20] was plated on 0.3 mM DAP and ampicillin (100 µg/ml)-containing LB plates and 

cultivated overnight at 37 °C and the acceptor P. aeruginosa was plated on LB plates and cultivated 

at 42 °C, both in a humid atmosphere. For conjugation, strains were scraped off 20 plates each, 

mixed at a 1:1 ratio (one plate each), and incubated for 2 h at 37 °C on 0.3 mM DAP-containing LB 

plates. Conjugation mixtures were pooled in LB, centrifuged for 40 min at 4 °C, 3500 xg and 

resuspended in 20 ml LB. The cell concentration for plating depended on the conjugation efficiency 

of the recipient strain. Thus, an OD600 of 0.1 – 10 was set and 1ml per 22.5 x 22.5 cm squared plate 

containing selective 1x VBM agar supplemented with gentamicin (200 μg/ml) was plated and 

incubated overnight at 37 °C [105]. P. aeruginosa Tn mutants were harvested, glycerol stocks 

prepared and stored at -80 °C [32]. Cells were pooled to generate the Tn mutants libraries of PA14 

(5.07 x 105 colony forming units (CFU)), PAO1 (1.87 x 106 CFU), ZG8038581181 (4.61 x 105 CFU), 

MHH13682 (7.10 x 105 CFU) and F1997 (3.55 x 105 CFU) (see Table 3). The PA14 genome consists of 

100,391 TA sites, thus a Tn mutant library consisting of > 4.00 x 105 CFU is expected to be > 98 % 

saturated. Importantly, all Tn mutant libraries are composed of more than 350,000 individual Tn 

mutants and therefore guarantee near saturated Tn mutant libraries with a TA site coverage of more 

than 95 % throughout the genome. For selection experiments, individual Tn pools of PA14 and F1997 
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were CFU-dependend pooled in the following ratio (1(I) : 1(II)) and (1(I) : 1(II) : 3(III)), respectively, in 

order to avoid overrepresentation of single Tn mutants. Tn mutant libraries of PA14 and 

ZG8038581181 were generated together with Florian Engelhardt. 

Table 3: Transposon mutant library density. Colony forming unit (cfu) numbers are calculated based on colony 
counting after Tn mutant selection on VBM plates. I, II, III numbers separately generated Tn mutant pools of 
the same strain background. 

strain 

Tn mutant library 

density in individual 

pools [cfu] 

Tn mutant 

library density 

total [cfu] 

OD600 

Tn mutant library 

selection with 

gentamicin [µg/ml] 

PA14 
I: 1.84x10^5 

II: 3.23x10^5 
5.07x10^5 

I: 28 

II: 54.2 
60 

PAO1 1.87x10^6 1.87x10^6 71.5 100 

F1997 

I: 7.2x10^4 

II: 7.3x10^4 

III: 2.1x10^5 

3.55x10^5 

I: 47.7 

II: 129 

III: 77.5 

200 

ZG8038581181 4.61x10^5 4.61x10^5 78.8 60 

MHH13682 7.1x10^5 7.1x10^5 35.2 200 

 

A saturated transposon mutant library is crucial for a general screening of gene functionalities and 

co-functionalities. The percentage of TA sites, which were disrupted per gene with regard to the 

number of gene hits of all mutant libraries, is depicted in Supplementary Figure S5 and 

Supplementary Figure S6. The transposon used is a Mariner Himar1 C9 transposon, which carries a 

gentamicin resistance cassette and flanking regions. The pBT20 vector contains the pR6K origin and 

will therefore only replicate in E.coli strains containing the lamda pir genes. The donor strain chosen 

here, was E. coli β2155 λ pir instead of E. coli SM10 lambda pir (thi thr leu tonA lacY supE recA::RP4-

2-Tc::Mu Km λpir), since it is of special benefit for selection purposes. E. coli β2155 λ pir is able to 

replicate plasmid pBT20, transfer plasmid DNA to P. aeruginosa strains at an efficient level via 

conjugation events and can be counter-selected by DAP auxotrophy. 

 Growth of Tn mutant libraries under biofilm conditions 3.14

Tn mutant libraries were grown in biofilms in a 96-well format using a high-throughput static 

microtiter plate assay as described in a previous section. In brief, Tn mutant libraries were inoculated 

directly from glycerol stock in LB and 100 µl of bacterial suspension with an adjusted OD600 of 0.002 

were added to the wells of a sterile half-area 96-well µClear microtiter plate. 100 µl of the glycerol 

stock was sequenced as the input sample. For the biofilm assay, the microtiter plate was sealed with 

an air-permeable BREATHseal cover foil and incubated for 48 h in humid atmosphere at 37 °C. After 
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24 h, 60 µl of a solution containing 20 µl LB with DMSO (1:200) and 40 µl dH2O were added carefully 

to each well (to reproduce the conditions under which the biofilm images were taken). Cultures of 12 

(whole) wells per sample were pooled and treated with propidium monoazide (PMA) according to 

manufacturer’s instruction (Biotium). PMA was added at a final concentration of 50 µM, incubated in 

the dark (5 min, RT and 300 rpm) and exposed to light for 10 min (Intas LED-Illuminator, extinction 

470 nm) to inactivate dsDNA stemming from dead cells [149], [150]. Cell pellets were used for 

genomic DNA extraction. Biofilm growth of Tn mutant libraries was carried out together with Janne 

Thöming and Florian Engelhardt. 

 Growth of Tn mutant libraries under planktonic conditions and sub-3.15

inhibitory concentrations of ceftazidime  

For 10 generations Tn mutant libraries were grown in parallel in LB as well as in LB supplemented 

with CAZ at concentrations of ¼ to ½ of the MIC. Precultures of Tn mutant libraries were inoculated 

directly from glycerol stock in LB with an adjusted OD600 of 0.2 and grown for 1 to 2 generations until 

they reached an OD600 of 0.4 to 0.8. 100 µl of the glycerol stock was sequenced as the input sample. 

For the selection against CAZ-susceptible Tn mutants, precultures were divided into two main 

cultures, containing LB as well as LB supplemented with CAZ subMIC, at an OD600 of 0.001 (= 106 CFU) 

in 200 ml culture volumes. Big culture volumes reduce the bottleneck effect in the Tn mutant pool 

distribution. Cultures were incubated at 37 °C and 180 rpm shaking until they reached an OD600 of 1 

(10 doublings). Cells were harvested, treated with PMA as described in the previous section and used 

for DNA extraction. 

 TraDIS Tn mutant sequencing library preparation and sequencing 3.16

Sequencing library preparation was performed as previously described for transposon insertion 

directed sequencing (TraDIS) by Barquist et al. (2016) as well as following the manufacturer’s 

instruction of NEBNext Ultra DNA Library Prep Kit for Illumina. In brief, 2 μg gDNA of transposon 

mutant pools were sheared to approximately 300 bp-sized fragments (Adaptive Focused Acoustics 

(AFA) technology, Covaris®, 10 % Duty cycle; Intensity 4; 200 Cycles and Time 100 s). DNA fragments 

were subsequently end-repaired and dA-tailed. A splinkerette adapter was ligated to DNA fragments 

using TA ligase mastermix. Size selection (400 – 500 bp) was performed using magnetic beads of 

Agencourt AMPure® XP-Kit (NEB, Beckman Coulter Life Sciences), following the manufacturer’s 

instruction. Next, fragments were amplified using a Tn-specific primer together with SplAP5.x 

primers (8 nt barcode sequence) and the High Fidelity Mastermix within 15 PCR cycles. Samples were 

purified by magnetic beads without size selection. DNA quality was monitored by Bioanalyzer 

(Agilent genomics) and the library was subsequently subjected to Illumina sequencing using HiSeq 
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2500 in paired-end mode (50 nt) for PA14, PAO1, MHH13682 and F1997 and in single-end mode 

(50 nt) for ZG8038581181 with customized Read1primer and iPCRtagSeq primers. Primers are listed 

in Table 2. Sequence reads of Tn mutant libraries were preprocessed using cutadapt [151] to remove 

forward (AGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCTC) and reverse (GAGATCGGT-

CTCGGCATTCCTGCTGAACCGCTCTTCCGATCT) adapters. Remaining reads were mapped to their 

reference genomes using bowtie2 (default settings) [116]. Reference genomes from NCBI were used 

for PA14 (NC_008463.1) and PAO1 (NC_002516.2). The reference genome for the clinical isolates 

were de-novo-assembled using SPAdes (1.13.0) [152], [153]. Gene prediction was performed using 

PROKKA version 1.13.7 [154]. All following analyses were performed using the R environment [155]. 

Only reads that mapped in pairs (specifically for paired end data) with a mapping quality ≥ 30 

(MAPQ) were used. These had at least 99.4 % TA sites at the corresponding positions in the reference 

genomes. To reduce the number of genes that were disrupted but still functional (false positives), we 

did not consider mutants with transposon insertions within the last 10 % of the gene [32]. TA reads 

were normalized using counts per million (cpm) and the weighted trimmed mean of M-values (TMM, 

edgeR functions calcNormFactors and cpm). To compare disrupted TA sites between the different 

samples, a TA site was defined to be disrupted with at least 1 normalized read. A gene was defined as 

dysfunctional if at least 2 different TA sites within this gene were disrupted. 

Gene depletion and enrichment was calculated using the R package edgeR [156]. Here, genes with at 

least 2 counts per million (cpm) in at least 2 samples (smallest number of replicates) were used for 

further analysis. Genes were considered if their enrichment/depletion was significantly (FDR ≤ 0.05) 

greater than 2-fold (edgeR function glmTreat). Functional enrichment of significant gene sets was 

done by hypergeometric testing (R function phyper). Functions were considered as significantly 

enriched with a FDR adjusted p value ≤ 0.05. 

TA reads of CAZ-susceptible PA14 grown upon CAZ exposure were not normalized like the other 

strains. Statistical analyses using edgeR assumes that the abundance of the majority of genes does 

not change in between comparing conditions. However, the majority of genes in PA14 was severely 

affected by presence of the antibiotic. Instead of normalization using TMM, TA reads of PA14 were 

subsampled resulting in 4,528,581 reads per sample (minimum sample size). Here, genes were 

considered if their enrichment/depletion was significantly greater than |3.3|, using the edgeR 

function glmTREAT and a FDR < 0.05. The resulting density plot of read distribution shows that 

samples of all strains other than PA14 upon CAZ exposure have a similar curve and in PA14_CAZ (light 

green) the majority of genes represented by Tn mutants was depleted (Supplementary Figure S7).  

DNA-Sequencing data of clinical isolates F1997, MHH13682 and ZG8038581181 is available at 

Sequence Read Archive (SRA) under the accession number PRJNA526797 [152]. Raw transposon 
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sequencing data as well as RNA sequencing data of Chapter 4 have been submitted to the European 

Nucleotide Archive (ENA) under the accession number PRJEB35203. Venn diagrams were generated 

using InteractiVenn [157].  

 Confirming the identity of a PA14NR mutant  3.17

Individual PA14NR mutants provided by Liberati et al 2006 [104] had to be confirmed by arbitrary 

PCR and subsequent sequencing following instructions of the Liberati Lab (see 

http://ausubellab.mgh.harvard.edu/cgi-bin/pa14/productionmethods.cgi). In brief, PA14NR mutants 

were incubated overnight at 37 °C first on Columbia agar and then on LB agar supplemented with 

gentamicin (15 µl/ml). Overnight cultures were grown in LB at 37 °C and 180 rpm shaking. Genomic 

DNA was extracted (Qiagen Blood&Tissue kit) and served as template for the first round of arbitrary 

PCR using primers p50 and p52 (see Table 2). 5 µl of purified (Qiagen PCR purification kit, according 

to manufacturer’s instruction) PCR product served as template for second round of arbitrary PCR 

using primers p51 and p53. Primer p54 was used for sequencing. Sequencing reads were mapped to 

PA14 reference genome for identifying the exact location of transposon insertion.  

 RNA sequencing  3.18

3.18.1 RNA sequencing of biofilm cultures 

RNA was extracted from bacteria grown under biofilm conditions as described before [139]. Cells 

from ten (whole) wells per duplicate were pooled and mixed with an equal volume of RNAlater 

(Qiagen), centrifuged and stored overnight at -80 °C. For RNA extraction, the RNeasy© Mini Kit 

(Qiagen) in combination with QIAshredder™ columns (Qiagen) was used according to manufacturer’s 

instructions. DNase treatment (DNA-free™ Kit DNase Treatment & Removal, ambion) was applied to 

remove remaining DNA. Quality of RNA samples was monitored by Bioanalyzer (Agilent genomics). In 

brief, RNA was fragmented (150-350 bp) by FastAP buffer (Thermo), end repaired by DNase (Thermo) 

and FastAP, before sample-specific barcodes were ligated to RNA fragments by T4 RNA ligase 1 

(NEB). Samples were purified using the RNA Clean & Concentrator-25 Kit (Zymo); the RiboZero 

Bacteria Kit (Illumina) was used to remove ribosomal RNA. cDNA libraries were generated using 

SMARTscribe reverse transcriptase (Clontech). Enrichment was done by AccuPrime HiFi Taq (Thermo) 

and all purification steps using RNAClean XP beads (Agencourt). Libraries were sequenced in paired-

end mode on an Illumina Novaseq 6000 device (2 x 50 bp). 

Reads were quality controlled, adapter clipped using fastq-mcf from the ea-utils package [158] and 

mapped to the reference genome UCBPP-PA14 (NC_008463.1) with bowtie2 [159]. The resulting 

sam-files were converted to indexed binary format using SAMtools [160]. Counts of the mapped 

reads were extracted with featureCounts [161] and used as the basis for further analyses.  



Material and Methods 

32 
 

Differential gene expression analysis was performed with the R package edgeR (v.3.20.1) [156]. 

Normalization factors to scale the raw library sizes were calculated using the weighted trimmed 

mean of M-values (TMM) method [162]. Reproducibility of biological replicates was analyzed by 

scatter plots and calculation of the Pearson correlation coefficient of normalized libraries 

(Supplementary Figure S3). The obtained p-values for differential expression were adjusted to 

account for the false-discovery rate using the method by Benjamini and Hochberg [163]. Only genes 

with an adjusted p-value < 0.05 and an absolute log2FC > 1 were considered differentially expressed. 

RNA sequencing libraries were partly supported by Astrid Dröge. Bioinformatic analyses were carried 

out by Matthias Preuße and partly by Jürgen Tomasch. 

3.18.2 RNA sequencing of planktonic cultures 

Transcriptional profiles of transposon mutants grown under planktonic conditions were recorded as 

previously described [152]. Briefly, planktonic bacteria were cultivated in 10 ml LB to early stationary 

phase (OD600 of 2) under shaking conditions (37 °C, 180 rpm). Three independent cultures were 

pooled and an equal volume of RNAprotect (Qiagen) was added prior to cell harvest. RNA was 

extracted using the RNeasy Mini Kit (Qiagen) and Qiashredder columns (Qiagen) according to the 

manufacturer’s instruction. RNA quality was checked using the RNA Nano Kit on an Agilent 

Bioanalyzer 2100 (Agilent Technologies). Ribosomal RNA was removed using the Ribo-Zero Bacteria 

Kit (Illumina) and cDNA libraries were generated with the ScriptSeq v2Kit (Illumina). The samples 

were sequenced in single-end mode on an Illumina HiSeq 2500 device (1 × 50 bp reads). Mapping 

was performed using a stampy pipeline [164] with the PA14 genome as a reference. Differential gene 

expression analysis was performed as described in the previous section. 

3.18.3 RNA sequencing of planktonic subMIC ceftazidime cultures 

Transcriptional profiles of transposon mutants grown under planktonic conditions supplemented 

with CAZ were recorded as described in the previous section. Briefly, overnight cultures grown in LB 

at 37 °C with 180 rpm shaking were used for inoculation of precultures which were cultivated in 200 

ml LB at a start OD600 of 0.02 to an OD600 of 0.2 under shaking conditions (37 °C, 180 rpm). 4 ml 

culture were harvested immediately. Further the culture was divided into two main cultures (100 ml 

each), one continued growing in rich LB medium and the other main culture was supplemented with 

the corresponding CAZ subMIC concentration used for Tn-seq experiments. After 2 h bacterial cell 

cultures (4 ml) were harvested. Three independent cultures were harvested. An equal volume of 

RNAprotect (Qiagen) was added prior to cell harvest. Differential gene expression analysis was 

performed as described in the previous section. Bioinformatic analyses were carried out by Jürgen 

Tomasch. 
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3.18.4 RNA sequencing of lasR and rsaL constructs  

Overnight PA14 cultures overexpressing lasR or rsaL with and without an introduced terminator 

between both genes were cultivated in 10 ml LB supplemented with gentamicin, diluted in fresh 

medium at OD600 of 0.075 and grown to exponential phase (OD600 of 1) under shaking conditions (37 

°C, 180 rpm). Next, expression of rsaL and lasR was induced by adding arabinose and bacterial 

cultures were harvested for RNA-seq at OD600 of 2. Cultures were grown in 4 replicates and pooled 

two each to yield duplicates. An equal volume of RNAprotect (Qiagen) was added prior to cell 

harvest. RNA extraction and library preparation was done as previously described [139], [165]. In 

brief, the RNeasy© Mini Kit (Qiagen) in combination with QIAshredder™ columns (Qiagen) was used 

according to manufacturer’s instructions. DNase treatment (DNA-free™ Kit DNase Treatment & 

Removal, ambion) was applied to remove remaining DNA. Quality of RNA samples was monitored by 

Bioanalyzer (Agilent genomics). Ribosomal RNA was removed using the Ribo-Zero Bacteria Kit 

(Illumina) and cDNA libraries were generated using ScriptSeq™ v2 Kit (Illumina). Samples were 

sequenced in single end mode on an Illumina HiSeq 2500 device (1 x 50 bp reads). 

Planktonic overnight PA14 ΔrsaLΔlasR strains expressing various transcripts of rsaL and lasR on 

plasmids pSEVA224 and pSEVA644 were cultivated in 3 ml LB supplemented with gentamicin and 

kanamycin, diluted in fresh medium at OD600 of 0.05 and grown to exponential phase (OD600 of 0.5-

0.7) under shaking conditions (37 °C, 180 rpm). Next, expression of rsaL and lasR was induced by 

adding IPTG and bacterial cultures were harvested for RNA-seq after 2 h of induction at an OD600 of 

1.1-1.6. Cultures were grown in duplicates. An equal volume of RNAprotect (Qiagen) was added prior 

to cell harvest. RNA extraction was carried out as described in the previous section. RNA libraries 

were prepared as described previously [2]. In brief, RNA was fragmented (150-350 bp) by FastAP 

buffer (Thermo), end repaired by DNase (Thermo) and FastAP, before sample-specific barcodes were 

ligated to RNA fragments by T4 RNA ligase 1 (NEB). Samples were purified using the RNA Clean & 

Concentrator-25 Kit (Zymo); the RiboZero Bacteria Kit (Illumina) was used to remove ribosomal RNA. 

cDNA libraries were generated using SMARTscribe reverse transcriptase (Clontech). Enrichment was 

done by AccuPrime HiFi Taq (Thermo) and all purification steps using RNAClean XP beads 

(Agencourt). Libraries were sequenced in paired-end mode on an Illumina NovaSeq 6000 device (2 x 

50 bp). Strains 1 and 8 were used as singlets for DEG analysis. 

Sequencing reads were processes as described in a previous section with minor changes. Differential 

gene expression was calculated using the edgeR function glmQLFTest, p-values were corrected for 

multiple testing using the method by Benjamini and Hochberg (false discovery rate, FDR) [163]. Only 

genes with a FDR ≤ 0.05 were considered differentially expressed.  
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To compare gene expression between genes (using RPKMs) the Mann Whitney test was performed. 

Since with the small number of samples corrected p-values ≤ 0.05 are not possible with the Mann 

Whitney test, these p-values were not corrected for multiple testing.  

All transcriptome data have been deposited in NCBI's Gene Expression Omnibus (GEO) database 

[166] and are accessible through GEO Series accession number GSE152384. Bioinformatic analyses 

were carried out by Matthias Preuße. 

 Cluster analysis of differentially expressed genes (DEG) 3.19

Differential gene expression data of five individual strain comparisons were screened for genes 

having the same DEG phenotype and thus clustering with chosen marker genes lasA, lasI, narK1 and 

ptxR. Individual strain comparisons were I: strains 8 vs. 1; II: strains 7 vs. 1; III: strains 0 vs. 1; IV: 

strains 8 vs. 0 and VI: strains 7 vs. 0. Agglomerate hierarchical clustering was carried out with R 

(hclust from stats package) using log2FC values in order to identify genes with the same fold-change 

expression pattern as three chosen marker genes. The resulting tree was cut into 5-100 groups (R-

function cutree from stats package) and expression patterns were plotted for each number of groups 

to determine their best fit for each of the three gene clusters. Finally, we identified genes clustering 

with the following marker genes: lasA: 29 genes (33 gene clusters); lasI: 32 genes (24 gene clusters), 

ptxR: 75 genes (57 clusters) and narK1: 252 genes (61 clusters). Two outlier genes were excluded 

from the lasI-like gene group. Agglomerate hierarchical clustering was carried out by Matthias 

Preuße. 

 Motif analysis 3.20

Conserved motifs were identified using MEME (Multiple Expectation Maximization for Motif 

Elicidation) tool (http://meme-suite.org/tools/meme) [167], [168] with default settings except for 

the motif dimensions which were kept at minimum width of 5 and maximum width of 30 amino 

acids, scanning exclusively the sense strand, the site distribution was kept at zero to one occurrence 

per sequence and the background normalization was customized using a 0-order Markov model 

based on the PA14 genome. Consensus sequences were aligned to selected promoter regions using 

FIMO (Find Individual Motif Occurrences) [169], with the setting-output-pthresh 0.01. A p-value of ≤ 

0.007 was defined as statistical threshold for lasR and rsaL binding motifs. 

 Western Blotting  3.21

Bacterial cultures were grown using the same methods previously mentioned for RNA sequencing. In 

brief, overnight PA14 cultures overexpressing lasR or rsaL with and without an introduced terminator 

between both genes were cultivated in 10 ml LB supplemented with gentamicin, diluted in fresh 

medium at OD600 of 0.075 and grown to exponential phase (OD600 of 1) under shaking conditions (37 



Material and Methods 
 

35 
 

°C, 180 rpm). These cultures were subsequently induced with 0 %, 0.01 % or 0.1 % arabinose and 

bacterial cultures were harvested for Western blotting at OD600 of 2.  

Following growth and harvesting, all cultures were washed in ice cold PBS. Cultures grown with and 

without an introduced terminator were normalized to an OD600 of 8. Following normalization, all 

cultures were resuspended in lysis buffer (20 mM Tris-HCl pH 6.8, 2 % SDS, 6.8 % glycerol, 1 mM DTT 

and EDTA-free protease inhibitor (Roche)) prior to lysis by sonication (Bandelin sonoplus – 4 x 15 sec, 

6 cycle at 50 % power).  

Following lysis, DTT was added to a final concentration of 20 mM. Samples were treated at 95 °C for 

5 minutes prior 10 μl samples being run on a 12 % SDS-PAGE gel. Gels were transferred to PVDF 

membrane through the use of a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). Samples were subject 

to blocking with 6 % skim milk and exposed to polyclonal anti-LasR antibody (10,000X dilution) 

followed by exposure to anti-rabbit IgG conjugated to peroxidase (Thermo Scientific) diluted 

20,000X. Membranes were developed using Clarity Western Substrate (Bio-Rad) and visualized in a 

ChemoCAm ECL imager (Intas). Western Blots were carried out by Christopher Kesthely. 
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 Essential genes in P. aeruginosa defined by Tn-Seq 4

Multiresistant bacteria, as often found for P. aeruginosa, are hard to eradicate from human patients. 

One key factor in effectively eradicating such a bacterium is targeting those genes, which are 

essential for survival. Essential genes are those, which’s loss of function would always under any 

condition lead to immediate cell death, as these genes are involved in basal cell processes. The 

whole-genome screening technology Tn-seq permits a comprehensive definition of essential targets 

and their easy identification. We used Tn-seq to define essential genes in five strains of P. aeruginosa 

(laboratory strains and clinical isolates) in Vogel Bonner minimal (VBM) medium, the medium used 

for Tn mutant selection. Knowing which genes are considered essential during the process of 

generating a transposon mutant library is important for interpreting Tn-seq data in growth conditions 

and growth stages, as these mutants are naturally missing in a saturated Tn mutant library and their 

involvement in the condition of interest cannot be determined.  

 Results 4.1

4.1.1 Identification of essential genes by Tn-Seq 

The Himar1 transposon requires TA sites at their integration locus [105]. This TA site-specificity 

allows for the prediction of gene essentiality in near-saturated libraries of strains used for Tn-Seq 

analysis in this study, namely PA14, PAO1, ZG8038581181, F1997 and MHH13682. Because every 

potential integration site is known due to whole genome sequencing (WGS) and if the probability of 

integration at any site is assumed roughly equal, all essential genes that lack insertions are identified 

and quantified in the original transposon mutant pool (glycerol stock). This way, transposon mutants, 

which did not grow on selective VBM agar plates, are identified and thus correspond to genes that 

are essential under these conditions.  

We determined all possible TA sites per gene. Figure 7 shows exemplarily the distribution of TA sites 

per gene throughout the genome of PA14. It becomes clear, that the majority of genes consist of 6 to 

25 TA sites per gene, which enables the generation of a near-saturated transposon mutant library 

despite the GC-rich genome of P. aeruginosa.  
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Figure 7: Distribution of TA sites per gene in PA14 (of in total 6025 genes).  

 

41 genes in the PA14 genome, mainly very short genes, do not contain any TA sites and therefore are 

not qualified for Himar1-based transposon insertion (see Supplementary Table S1). Among them 

were few genes, such as nirC, ptrB, exsE, pcr4, which were not encoding for hypothetical proteins. All 

41 TA-site-less genes were neglected for further analysis. For the determination of essential genes, 

we screened for genes, which were not represented in the T0 input mutant library samples (n ≥ 2). 

Here, we considered only those genes, which contain at least 5 TA sites and set a 5 % cut-off, 

meaning 5 % of TA sites per genes were allowed to be disrupted by chance and still be categorized as 

essential gene to take into account that there are insertions in gene regions that do not totally 

disrupt the function of the gene. In addition, we minimized the probability of non-functional TA site 

disruptions by excluding 10 % of the gene at the 3’ end. This is based on the previous observation 

that mutants still survive if essential genes are disrupted in this region [32]. Of note, the cut-off in 

this analysis might miss occasional essential genes (false negative genes), but it increases the validity 

of the positively identified essential genes. In Figure 8 the number of TA sites per gene is depicted in 

relation to the disrupted TA sites within the gene. As expected the general trend shows the more TA 

sites a gene contains, the more disrupted TA sites were found. Genes circled in red clearly escaped 

this trend. These genes were not disrupted by transposon (cut-off 5 %) and are therefore categorized 

as being essential during growth on selective VBM agar plates. The number of essential genes in all 

five strains varied between 472 to 608 genes per genome, resulting in 7.8 % to 10.7 % of the genes 

being classified as essential (Table 4). All essential genes are listed in Supplementary Table S1 

including the number of corresponding disrupted TA sites.  
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Figure 8: Essential genes lacking transposon disruptions. Scatter plots show number of TA sites per gene (x-
axis) and the respective number of disrupted TA sites (y-axis) in input mutant pool samples of PA14, PAO1, 
F1997, MHH13682 and ZG8038581181. Only those genes were considered as essential, which contained ≥ 5 TA 
sites and were not disrupted by transposons in the mean of the input mutant pool replicates (cut off 5 %). Each 
data point (light grey) represents one gene. The darker a data point appears, the more genes it represents with 
the exact same number of TA sites and disrupted TA sites.  
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Table 4: Proportion of essential genes within strains PA14, PAO1, F1997, MHH13682 and ZG8038581181. Only 
those genes were considered, which contained at least 5 TA sites and were not disrupted by transposon in the 
mean of the input mutant pool replicates (cut off 5 %).  

 PA14 PAO1 F1997 MHH13682 ZG8038581181 

Number of genes that 
contain ≥ 5 TA sites 

4883 4676 4858 4921 4946 

Proportion of essential 
genes [%] 

9.6 10.7 7.8 9.1 8.3 

number of essential  
genes 

470 500 377 446 409 

extrapolated number of 
essential genes in genome 

580 608 472 553 512 

 

Enrichment of functional categories of essential genes in input mutant libraries after selection on 

VBM agar are depicted in Figure 9. As expected, basic cell processes are enriched in all strains, such 

as transcription, translation, cell division and metabolism of energy, amino acids and nucleotides. 

Interestingly, the most enriched PseudoCAP category in the three clinical isolates is “Cell 

wall/LPS/capsule”.  

 

Figure 9: Functional enrichment of essential genes in input mutant pools. Genes, which were categorized as 
essential upon selection on Vogel Bonner minimal agar plates in input mutant libraries (PA14, PAO1, F1997, 
MHH13682 and ZG8038581181), were assigned to PseudoCAP categories. Shown is the fold-change enrichment 
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(x-axis) of functional categories for all essential genes relative to the fold-change of functional categories of all 
genes. Only those PseudoCAP categories are depicted with statistically significantly enriched functions 
(FDR < 0.05) as determined by hypergeometrical distribution.  

 Discussion 4.2

Essential genes of P. aeruginosa have been identified before in other studies analyzing large numbers 

of transposon insertion mutants [99], [104], [170]. Liberati et al. screened a non-redundant PA14 

transposon mutant library for essential genes and compared their gene list with essential genes 

identified by Jacobs et al. for PAO1. Of note, both mutant libraries were less saturated with 38,976 

mutants (PA14) and 30,100 mutants (PAO1) and the statistical criteria and cut off parameters 

differed for their analysis compared to this study. Additionally, they grew the investigated 

transposon mutant libraries in rich medium (LB) instead of in selective minimal medium (VBM). The 

transposons chosen, were for PA14 an engineered derivative of Himar1 and for PAO1 a Tn5 

transposon (ISphoA/hah and ISlacZ/hah). Liberati et al. reported non-disrupted essential genes 

representing 22 % (1,493 genes) and 12 % (678 genes) of all genes in PA14 and PAO1, respectively 

but still believed that only a small fraction of the untargeted PA14 genes (1,493 genes) might be 

correctly classified as being essential. The 9.6 % and 10.7 % essential genes for PA14 and PAO1, 

respectively, identified in this study are slightly less than previously published, and are probably 

explained by usage of higher saturated mutant libraries and rigorous cutoffs. We compared the 

essential gene candidates identified in all three studies. To be precise we compared genes, identified 

in this study with 335 essential genes, which Liberati et al. identified in both PA14 and PAO1. The 

majority of genes, in total 182 genes (54 %), of the 335 genes were commonly identified (see 

Supplementary Table S2). It is important to consider, that 22 % of the 335 genes were shorter than 

327 bp and were probably not disrupted in the PAO1 or PA14 libraries simply because of their small 

size rather than because they are essential genes [104]. However, in our study we considered only 

those genes with at least 5 TA sites and we automatically excluded those genes, which do not allow a 

reliable determination of gene essentiality. All in all, the list of essential genes, identified in this 

study, correlates well with previously published lists of essential genes [99], [104]. Of note, essential 

genes were excluded from the following Tn-seq experiment analyses as previously explained (see 

page 35) and thus no conclusions about their impact on biofilm formation or growth upon 

ceftazidime exposure will be drawn. 
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 Genetic determinants of P. aeruginosa fitness during biofilm 5

growth 

In the human host, biofilm-associated bacteria are responsible for persistent infections [7], [171], 

[172]. Many infections, such as chronic wound infections, infections of the middle ear and of the 

lungs of cystic fibrosis patients, are caused by the opportunistic pathogen P. aeruginosa [173]. Once 

a P. aeruginosa biofilm-associated infection is established, it withstands antibiotic treatment as well 

as the host immune response, and it becomes almost impossible to eradicate. Thus, new knowledge 

on etiological mechanisms underlying the establishment of biofilms and the evolution of biofilm 

resistance is essential in order to meet the urgent medical need for new therapy options. 

Identification of the set of genes that are required for biofilm establishment and biofilm-associated 

tolerance might lead to new targets that could become the basis for the development of novel anti-

biofilm therapies.  

 Results 5.1

5.1.1 Abundance of Tn mutants in input and output pools of P. aeruginosa mutant libraries 

following biofilm growth 

We aimed at determining the contribution of non-essential genes of P. aeruginosa to overall fitness 

during conditions of biofilm growth. We therefore generated a Tn mutant library in the two P. 

aeruginosa strains, PA14 and PAO1, as well as in a clinical P. aeruginosa respiratory tract isolates 

(ZG8038581181). To ensure that the near saturated Tn mutant libraries were fully represented in the 

mutant input pools, we used an inoculum of 2.4 x 106 bacteria and allowed the bacteria to establish 

biofilms in the wells of a 96-well plate for 48 h.  

The biofilm morphologies within a representative well that was inoculated with bacteria of the 

respective Tn mutant libraries are depicted in Figure 10 (for replicates see Supplementary Figure S1). 

The biofilm phenotypes of all three mutant libraries were recorded by confocal microscopy following 

48 h of incubation. Clearly, the three Tn mutant libraries produced distinct biofilm phenotypes. PA14 

WT biofilms were loosely connected to the surface and more structured with multi-sized water 

channels, whereas PAO1 WT produced more dense biofilms with smaller more homogenous water 

channels. The clinical isolate ZG8038581181 showed an unstructured biofilm phenotype, which has 

been described previously to be produced repeatedly by a large number of diverse clinical strains 

[139]. Biofilms of the corresponding Tn mutant libraries showed – despite slight variations in the 

overall density - very similar structural characteristics that compared well to the corresponding WT 

strains. 
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Figure 10: Biofilm phenotypes of P. aeruginosa PA14, PAO1 and a clinical isolate. 96-well plates were 
inoculated with 2.4 x 10

6
 bacteria per well of the respective Tn mutant library and biofilms were allowed to 

establish for 48 h. Images were acquired using confocal laser scanning microscopy (CLSM) following live/dead 
staining. Living cells are displayed in green (Syto9); dead cells in red (propidium iodide: PI). 3D reconstructions 
were generated with the Imaris Software. The scale bar represents 50 µm. 

 

We sequenced two independent input mutant pools (2.4 x 106 bacteria) of the three Tn mutant 

libraries (PAO1, PA14 and the clinical isolate). We could confirm a highly saturated homogenous 

distribution of Tn insertions at the genomic level. To identify genes that influence biofilm growth, we 

also recovered the Tn mutant library output pools following 48 h of biofilm growth and subjected the 

recovered bacteria to high-throughput sequencing (three independent output pools). In Table 5 the 

mean numbers of Tn disrupted genes that were recovered in the input and output mutant pools of 

PA14, PAO1 and the clinical isolate are depicted.  
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Table 5: Transposon-disrupted genes in input as well as output mutant pools of strains PA14, PAO1 and 
ZG8038581181. Only those genes were considered, which were disrupted at least 2 times in the mean of the 
replicates. SD = standard deviation of replicates 

 PA14 PAO1 ZG8038581181 

Number of genes that contain ≥ 2 TA 

sites 
5826 5537 5965 

Number of genes recovered in input 

mutant pools 

4642 (80 %)  

SD (+2 %/ -4 %) 

4317 (78 %)  

SD (+3 %/ -5 %) 

4952 (83 %)  

SD (+1 %/ -2 %) 

Number of genes recovered in output 

mutant pools 

4467 (77 %)  

SD (+4 %/ -7 %) 

3659 (66 %) 

SD (+9 %/ -11 %) 

4801 (80 %)  

SD (+2 %/ -2 %) 

 

5.1.2 Identification of positively and negatively selected Tn mutants during biofilm growth 

across the three P. aeruginosa strains 

Analysis of the output pools from the three P. aeruginosa strains following biofilm growth revealed 

positively and negatively selected Tn mutants (see Supplementary Table S3). They were ranked 

according to their false discovery rate (FDR) (Figure 11). Biofilm growth had a large impact on Tn 

enrichment (positive selection) and depletion (negative selection). Many Tn mutants were 

significantly (red dots) enriched during biofilm growth in PA14, PAO1 and ZG8038581181 (112, 255, 

128 Tn mutants, respectively) or depleted (45, 49, 263 Tn mutants, respectively). 

 

Figure 11: Positively and negatively enriched Tn mutants in output mutant pools following biofilm growth. 
Volcano plots show log2 fold enrichment (> 0) or depletion (< 0, x-axis) and false discovery rate (FDR, displayed 
as log10 value, y-axis) of individual Tn mutants in output mutant pools versus input mutant pools. Red dots 
indicate Tn mutants with a log2 fold significantly greater than |1|, using the edgeR function glmTREAT and a 
FDR < 0.05. 
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The overlap of the positively and negatively selected Tn mutants among the three different strains is 

depicted in Figure 12. Although the biofilm morphology of all three isolates was quite distinct, we 

found that a large proportion of genes was negatively (50 genes (14%)) and positively (60 genes 

(12%)) selected in at least two out of the three P. aeruginosa isolates.  

 

Figure 12: Venn diagram depicting genes with Tn insertions that were commonly depleted (A) or enriched (B) 
from output mutant pools in the three strains PA14, PAO1 and a clinical isolate. Only those genes with Tn 
insertions are listed with a log2 fold change significantly greater than |1| and a FDR < 0.05. Depicted genes 
correspond to the proportion of genes highlighted in red in Fig 2. Indicated gene names represent a selection of 
Tn mutants that were depleted or enriched in the output versus the input pool, respectively.  

Corresponding genes that were affected are listed in Table 6, and enrichment of functional 

categories of depleted or enriched transposon mutants following biofilm growth are depicted in 

Figure 13. The data show that negative selection in biofilms was mainly observed for genes involved 

in respiration and oxidative phosphorylation (nuoF, ccmC, ccmFGH, cc4, cycH, fixG, PA14_57570), 

tRNA modification (gidA, truB, miaA, trmE), and stress responses (recB, clpX, ruvB, dksA,) indicating 

that these gene functions are advantageous during growth within a biofilm. We also identified 

positively selected Tn mutants. Those harbored Tn insertions mainly in genes involved in flagellin 

biosynthesis and chemotaxis (fliFGHIJMNOPQR, flhABF, pilCHJU, cheARW), lactate metabolism (IldP, 

IldD), quorum sensing (lasR, pqsAB), and two component systems (retS, algZ) suggesting that P. 

aeruginosa strains that have lost these gene functions have a selective advantage under biofilm 

growth conditions.   
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Table 6: Significantly depleted (A) or enriched (B) genes with Tn insertions in output mutant pools of PA14, 
PAO1 and the clinical isolate ZG8038581181 following biofilm growth. A total of 110 Tn mutants exhibited an 
enrichment or depletion in output versus input mutant pools in at least two out of three strains. log2-fold 
change values [log2FC] in bold indicate a depletion/enrichment (FDR ≤ 0.05) significantly greater than log2FC of 
|1|. log2FC values are conditionally highlighted ranging from red (low value) over yellow (intermediate) to 
green (high value). 

A. negatively selected Tn mutants 

  

 
PA14 

 
PAO1 

 
ZG8038581181 

  PA14 locus log2FC FDR   log2FC FDR   log2FC FDR 

P
A

1
4

+ 
P

A
O

1
+ 

 
ZG

8
0

3
8

5
8

1
18

1 

PA14_14910 -2,77 9,94E-05 
 

-5,21 1,80E-02 
 

-3,85 3,82E-07 
PA14_45280,cycH -2,09 4,43E-03 

 
-4,17 1,99E-02 

 
-4,35 5,30E-06 

PA14_45350,ccmC -8,39 1,78E-02 
 

-4,87 1,88E-02 
 

-5,72 4,39E-05 
PA14_57540 -2,54 1,39E-02 

 
-4,24 4,74E-02 

 
-5,21 5,28E-06 

PA14_57560 -2,38 8,34E-06 
 

-3,81 1,29E-02 
 

-4,87 3,55E-07 
PA14_57570 -2,48 7,79E-03 

 
-3,57 1,37E-02 

 
-4,53 1,40E-05 

PA14_57870 -3,63 1,70E-06 
 

-3,85 4,71E-02 
 

-1,54 1,40E-02 
PA14_62730,truB -1,88 4,38E-05 

 
-6,18 1,91E-02 

 
-3,18 3,36E-07 

PA14_68670 -9,45 1,94E-02 
 

-4,14 1,03E-02 
 

-6,96 6,11E-07 
PA14_70560 -4,06 1,24E-06   -6,92 1,21E-02   -3,27 4,98E-06 

P
A

O
1

+ 
ZG

8
0

3
85

8
1

1
81

 

PA14_09530,mexH -0,24 1,00E+00 
 

-2,88 2,66E-02 
 

-2,41 2,13E-04 

PA14_11720 -0,07 1,00E+00 
 

-3,12 4,46E-02 
 

-2,28 3,62E-06 

PA14_17930,glpD -1,33 5,18E-01 
 

-2,83 4,64E-02 
 

-3,09 1,52E-06 

PA14_29970,nuoF -1,21 9,66E-01 
 

-2,71 3,79E-02 
 

-3,02 6,03E-05 

PA14_38490,gnyL -1,51 1,00E+00 
 

-3,52 3,34E-02 
 

-3,13 8,22E-05 

PA14_38530,fahA -0,27 1,00E+00 
 

-5,24 2,11E-02 
 

-2,89 2,57E-05 

PA14_41230,clpX -0,75 1,00E+00 
 

-3,68 1,75E-02 
 

-3,16 5,08E-06 

PA14_44070,gltA -3,36 9,60E-02 
 

-7,01 1,18E-02 
 

-2,79 1,16E-03 

PA14_45290,ccmH -7,39 4,55E-01 
 

-4,60 2,11E-02 
 

-6,70 2,36E-04 

PA14_45300,ccmG -7,01 3,52E-01 
 

-4,60 2,59E-02 
 

-8,46 1,19E-03 

PA14_45310,ccmF -7,88 1,18E-01 
 

-5,59 2,10E-02 
 

-7,06 1,18E-04 

PA14_45640,fleN 1,51 4,55E-01 
 

-3,52 1,66E-02 
 

-4,93 1,45E-06 

PA14_55670,recB -3,92 2,11E-01 
 

-4,38 4,19E-02 
 

-10,65 7,16E-05 

PA14_62490,dksA -1,64 6,48E-01 
 

-8,16 4,37E-02 
 

-3,17 1,96E-04 

PA14_67720,secB -1,50 4,93E-01 
 

-9,23 2,75E-02 
 

-2,92 1,84E-05 

PA14_72460,cc4 -1,30 1,00E+00   -4,54 7,33E-03   -3,32 3,16E-05 

P
A

1
4

+ 
P

A
O

1
  

PA14_44430 -3,43 2,06E-03   -3,71 1,46E-02   - - 

P
A

1
4

+ 
ZG

8
0

38
5

8
11

8
1 

PA14_00120 -2,13 1,28E-03 
 

-2,13 7,56E-02 
 

-1,50 8,47E-03 

PA14_03880,spuB -3,31 1,36E-06 
 

-2,12 1,38E-01 
 

-5,05 1,86E-07 

PA14_05520,mexR -2,64 2,94E-05 
 

-3,87 5,25E-02 
 

-2,17 2,12E-03 

PA14_22910,edd -2,90 3,64E-03 
 

0,74 7,68E-01 
 

-5,98 5,58E-05 

PA14_23280,pheA -9,26 2,68E-03 
 

0,10 1,00E+00 
 

-8,08 1,67E-03 

PA14_25390,sth -3,23 4,79E-02 
 

1,85 3,21E-01 
 

-2,76 1,14E-04 

PA14_41570,oprF -3,24 2,17E-03 
 

-2,21 1,79E-01 
 

-3,25 6,72E-06 

PA14_44420,fixG -1,93 5,02E-04 
 

-0,64 7,81E-01 
 

-1,76 3,83E-04 

PA14_49170,phoQ -6,39 4,07E-04 
 

-2,55 1,98E-01 
 

-5,47 5,06E-06 

PA14_51780,ruvB -3,47 4,43E-03 
 

-1,41 4,15E-01 
 

-5,26 2,44E-04 

PA14_54390,mucD -3,15 6,19E-04 
 

0,87 6,55E-01 
 

-4,50 2,40E-07 

PA14_58930 -9,28 2,49E-02 
 

-0,60 8,01E-01 
 

-3,66 1,19E-05 

PA14_62900,greA -3,51 2,88E-02 
 

-3,35 7,35E-02 
 

-3,52 1,08E-04 

PA14_65320,miaA -2,92 2,95E-03 
 

-8,24 5,31E-02 
 

-4,79 4,11E-02 

PA14_65410,orn -4,40 2,88E-02 
 

-8,06 9,08E-02 
 

-3,06 1,84E-04 

PA14_65750,ompH -1,79 1,07E-03 
 

-0,35 8,95E-01 
 

-1,92 5,24E-05 

PA14_66290,aceE -5,25 2,82E-03 
 

- - 
 

-6,40 4,64E-05 

PA14_66980,tatC -2,07 3,76E-02 
 

-4,44 5,04E-02 
 

-5,53 3,28E-05 

PA14_69070,yhiH -2,85 1,90E-07 
 

-0,24 9,25E-01 
 

-1,31 6,62E-03 

PA14_71640 -2,09 1,39E-02 
 

-3,17 5,71E-02 
 

-4,09 8,48E-07 

PA14_73370,gidA -4,54 2,80E-06 
 

-3,77 5,23E-02 
 

-7,02 3,09E-05 

PA14_73400,trmE -4,32 1,06E-04   -1,77 2,46E-01   -9,55 2,36E-04 

  



Genetic determinants defined by Tn-seq during biofilm growth 

48 
 

Continue Table 6: 

B. positively selected Tn mutants 
  

 
PA14 

 
PAO1 

 
ZG8038581181 

    log2FC FDR   log2FC FDR   log2FC FDR 

P
A

1
4

+ 
P

A
O

1
+ 

ZG
8

0
3

8
5

8
1

18
1 PA14_28130 11,52 1,58E-07 

 
4,17 1,43E-02 

 
6,33 1,33E-09 

PA14_45960,lasR 4,35 7,82E-08 
 

4,35 2,04E-02 
 

3,05 1,69E-07 

PA14_49880 14,01 2,51E-05 
 

5,43 4,02E-02 
 

4,29 5,49E-06 

PA14_50110,fliH 5,31 1,11E-08 
 

2,42 3,96E-02 
 

3,33 3,03E-04 

PA14_56790 4,73 1,07E-07   3,97 1,04E-02   4,02 1,12E-08 

P
A

O
1

+ 
ZG

8
0

3
85

8
1

1
81

 

PA14_02730 -0,06 1,00E+00 
 

6,47 1,78E-02 
 

1,59 1,19E-02 

PA14_04410,ptsP -0,47 1,00E+00 
 

5,40 2,59E-04 
 

5,56 4,08E-09 

PA14_17470,nlpD 1,14 1,00E+00 
 

5,07 2,10E-02 
 

5,69 1,86E-09 

PA14_17480,rpoS 1,14 1,00E+00 
 

7,34 1,91E-03 
 

8,46 5,87E-08 

PA14_20290,algZ 1,49 1,44E-01 
 

2,68 4,48E-02 
 

4,03 3,59E-05 

PA14_20800 0,51 1,00E+00 
 

5,63 3,86E-03 
 

1,82 1,28E-03 

PA14_22490,acpD 0,37 1,00E+00 
 

5,02 2,11E-02 
 

1,69 7,40E-04 

PA14_33960 0,09 1,00E+00 
 

3,90 2,68E-02 
 

2,72 9,89E-06 

PA14_41670,ppsA 0,64 1,00E+00 
 

3,42 4,46E-02 
 

1,69 6,87E-05 

PA14_41900,panE 0,75 1,00E+00 
 

4,02 7,01E-03 
 

4,68 7,35E-09 

PA14_51340,mvfR 0,49 1,00E+00 
 

4,76 3,22E-04 
 

8,15 6,46E-08 

PA14_51420,pqsB 0,11 1,00E+00 
 

2,35 2,55E-02 
 

5,67 1,03E-08 

PA14_51430,pqsA 0,16 1,00E+00 
 

5,16 2,52E-02 
 

6,22 1,44E-08 

PA14_52570,rsmA 7,03 8,88E-02 
 

7,15 4,01E-04 
 

2,33 3,84E-03 

PA14_53140 -0,12 1,00E+00 
 

2,81 3,43E-02 
 

4,04 7,98E-09 

PA14_58760,pilC 1,42 1,00E+00 
 

10,25 1,50E-05 
 

4,40 2,78E-08 

PA14_60280,fimU -0,40 1,00E+00 
 

11,03 1,50E-05 
 

1,77 3,34E-05 

PA14_62710,pnp -0,41 1,00E+00 
 

4,28 4,17E-02 
 

4,31 7,39E-03 

PA14_64230,retS 5,54 2,14E-01 
 

6,93 1,53E-04 
 

2,06 2,18E-05 

PA14_72450,dsbA 3,93 4,62E-01   2,62 3,78E-02   3,28 1,05E-06 

P
A

1
4

 +
 

P
A

O
1

  PA14_30040 2,34 8,45E-03 
 

2,53 2,77E-02 
 

- - 
PA14_40030 2,17 5,60E-03 

 
2,91 1,78E-02 

 
- - 

PA14_05190,pilU 2,83 7,20E-07 
 

7,08 1,64E-04 
 

0,45 1,00E+00 
PA14_53310 8,34 7,01E-08   3,59 7,58E-03   -0,66 1,00E+00 

P
A

1
4

+ 
ZG

8
0

38
5

8
11

8
1 

PA14_03720 3,42 5,29E-07 
 

-0,75 7,41E-01 
 

2,51 1,25E-04 

PA14_20760,cheR 2,49 4,50E-06 
 

-1,52 5,06E-01 
 

2,06 3,49E-06 

PA14_40600 11,37 2,02E-08 
 

7,18 1,87E-01 
 

6,94 2,55E-05 

PA14_40620 3,86 2,57E-04 
 

4,04 1,58E-01 
 

3,70 5,59E-07 

PA14_44300,aer 6,38 3,14E-08 
 

0,68 7,71E-01 
 

3,78 5,68E-06 

PA14_45500,cheW 3,25 5,71E-07 
 

-1,26 4,04E-01 
 

2,46 2,38E-07 

PA14_45590,cheA 2,99 7,58E-07 
 

-2,61 1,21E-01 
 

3,08 1,35E-07 

PA14_45660,flhF 3,96 7,62E-08 
 

1,85 1,57E-01 
 

4,41 2,46E-06 

PA14_45680,flhA 5,10 2,32E-08 
 

1,32 3,35E-01 
 

4,30 6,67E-03 

PA14_45720,flhB 4,86 1,03E-07 
 

1,88 1,24E-01 
 

2,23 9,44E-08 

PA14_45740,fliR 4,99 3,19E-06 
 

1,71 1,23E-01 
 

4,52 8,96E-06 

PA14_45760,fliQ 4,66 3,14E-08 
 

0,38 9,25E-01 
 

3,13 2,36E-04 

PA14_45770,fliP 5,85 1,93E-06 
 

1,51 2,03E-01 
 

4,93 2,16E-08 

PA14_45780,fliO 5,41 2,95E-03 
 

1,32 3,54E-01 
 

4,48 5,37E-04 

PA14_45790,fliN 4,98 8,34E-09 
 

1,68 1,57E-01 
 

4,12 1,35E-06 

PA14_45800,fliM 4,71 1,11E-08 
 

1,17 4,87E-01 
 

4,56 7,78E-08 

PA14_45830 4,48 2,02E-08 
 

1,21 4,30E-01 
 

1,44 4,07E-05 

PA14_50080,fliJ 4,76 2,85E-08 
 

1,11 4,58E-01 
 

1,59 7,35E-09 

PA14_50100,fliI 4,85 3,14E-08 
 

2,06 8,55E-02 
 

2,90 2,56E-04 

PA14_50130,fliG 5,02 5,81E-07 
 

1,43 2,46E-01 
 

4,52 2,47E-03 

PA14_50140,fliF 4,94 4,63E-08 
 

1,25 3,61E-01 
 

4,80 5,93E-05 

PA14_50180,fleR 4,98 5,27E-08 
 

1,04 5,14E-01 
 

1,35 4,53E-06 

PA14_50200,fleS 4,60 2,75E-08 
 

0,90 6,39E-01 
 

2,19 3,86E-08 

PA14_50220,fleQ 4,57 1,51E-06 
 

0,86 6,66E-01 
 

4,53 1,16E-02 

PA14_53300 8,38 5,19E-07 
 

0,21 9,58E-01 
 

2,21 1,71E-07 

PA14_54430,algU 1,52 7,37E-03 
 

2,22 3,62E-01 
 

1,68 2,13E-06 

PA14_63080,lldP 8,71 7,82E-08 
 

-0,05 9,84E-01 
 

5,70 1,65E-07 

PA14_63090,lldD 5,79 3,14E-08 
 

0,24 9,42E-01 
 

4,06 4,82E-05 

PA14_65200,rnr 4,79 8,50E-04 
 

1,15 4,95E-01 
 

2,08 7,98E-09 

PA14_66320 10,00 8,22E-08 
 

0,80 7,10E-01 
 

6,09 1,86E-09 

PA14_66330,msrA 2,40 9,94E-05   2,44 5,13E-01   1,99 6,77E-05 
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Figure 13: Functional enrichment of genes with Tn insertions during biofilm growth. Genes with Tn insertions 
of the three P. aeruginosa Tn mutant libraries (PA14, PAO1, clinical isolate ZG8038581181), which were 
enriched/depleted in output mutant as compared to input mutant pools following biofilm growth were 
assigned to PseudoCAP categories. The left panel shows the enrichment of functional categories for all Tn 
mutants depleted under biofilm conditions (decreased fitness) and the right panel shows the functional 
enrichment for those Tn mutants which are enriched in biofilms (increased fitness). The enrichment factor 
indicates the proportion of genes within a certain function (PseudoCAP) relative to the gene proportion 
expected by chance. Asterisks indicate parameters that show statistically significantly enriched functions 
(FDR < 0.05) as determined by hypergeometrical distribution.  

5.1.3 Inactivation of genes that were demonstrated to be negatively selected during biofilm 

growth leads to the production of less robust biofilm structures  

We selected overall six genes, which were identified to be negatively selected in at least two out of 

the three isolate output mutant pools. Three of the genes are encoding tRNA modifying enzymes 

(gidA, miaA, truB), dksA encodes a transcriptional regulator that interacts with RNA polymerase and 

the alarmone ppGpp to alter transcription initiation at target promoter [174], fixG encodes a 

cytochrome c oxidase cbb3 type accessory protein and PA14_57570 a putative cytochrome c 

reductase. We recorded the growth of the corresponding mutants from the PA14 strain Tn mutant 

library [104] under planktonic growth conditions (Figure 14) and analyzed their biofilm phenotypes. 

All tested Tn mutants exhibited slight growth defects and did not reach the same maximum OD600 

values as the reference stain TnladS under planktonic conditions. As depicted in Figure 15 and 

Supplementary Figure S2, especially the three mutants with transposon insertions in the genes 

encoding tRNA modifying enzymes (gidA, miaA and truB) produced poor biofilms composed of small 

aggregates, which exhibited overall less biomass (Figure 14). TnPA14_57570 also produced flat 
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biofilms with a reduced biofilm volume and with clusters of dead bacteria, while the TndksA and 

TnfixG mutants produced biofilms with structure and biomass comparable to the TnladS mutant. To 

rule out that the impaired biofilm phenotypes are due to a general growth defect, we correlated the 

biofilm volume of the Tn mutants to their maximal optical density during planktonic growth after 24 

hours (Figure 14D), both relative to TnladS. Especially for the Tn mutants TnmiaA, TntruB, TngidA and 

TnPA14_57570, it became clear that the biofilm biomass was lower than would have been expected 

from their planktonic growth.  

 

Figure 14: Biofilm and planktonic growth of six selected Tn mutants as compared to PA14 and the TnladS 
control. (A.) Cultures were grown in microtiter plates (shaking at 37 °C) with a starting OD600 of 0.05 and the 
OD600 was monitored every 15 min for 24 h in a SYNERGY H1 microplate reader (BioTek). Each bacterial strain 
was grown in two biological replicates with three technical replicates each. (B.) Each data point represents the 
mean of the three technical replicates of the maximum OD600 values of one biological replicate after 24 h. (C.) 
Quantification of the biofilm volume relative to TnladS was performed on confocal microscopy images by the 
use the customized Definiens software. (D.) The maximum OD600 after 24 hours of planktonic growth of the Tn 
mutants versus the TnladS control is plotted against the biofilm volume of the Tn mutants relative to TnladS. 
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Figure 15: Biofilm phenotype of six selected Tn mutants as compared to the wild-type control (TnladS). 
Biofilms were grown for 48 h in a microtiter plate-based in vitro biofilm assay; images were acquired using 
confocal laser scanning microscopy (CLSM) following live/dead staining. Living cells are displayed in green 
(Syto9); dead cells in red (propidium iodide: PI). 3D reconstructions were generated with the Imaris Software. 
The scale bar represents 50 µm. 

To test whether the inactivation of the different genes leads to altered transcriptional responses 

under biofilm growth conditions, we harvested biofilms of the six Tn mutants after 48 h of growth 

and recorded the transcriptional profiles as compared to the TnladS control. Inactivation of the genes 

encoding the tRNA modifying enzymes truB, miaA (but not gidA) and dksA revealed only a limited 

amount of significantly differentially expressed genes (34, 11 and 57 genes, respectively) under 

biofilm conditions. The other three mutants (fixG, PA14_57570 and gidA) exhibited a higher number 

of differentially expressed genes (264, 306 and 165 genes, respectively) (see Figure 16 and 

Supplementary Table S4). Strikingly, we found a common lack of the activation of the alginate 

biosynthesis genes (algD), genes involved in respiration (nuoA, rnfA), genes encoding tRNA synthases 

(tRNA-Ser and tRNA-Leu), and genes involved in the production of cell appendages (cupB5, pilB, 

wspA) in at least three of the six mutants. On the other hand, the transposon mutants seemed to 

experience enhanced stress, when grown under biofilm conditions. In at least two of the six mutants 

we found a relative overexpression of genes encoding for chaperones (dnaK, dnaJ, clpB) and heat 

shock proteins (hslU, hslV, grpE), they also overexpressed genes involved in flagellar production (fliC, 

fliS, flaG), and they overexpressed antioxidants systems (trx-1, gpo, lsfA).  
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Figure 16: Venn diagram depicting genes that are commonly upregulated (A.) or downregulated (B.) in the 
transcriptional profiles of six Tn mutants. The Tn mutants TntruB, TnmiaA, TngidA, TndksA, TnfixG, and 
TnPA14_57570 were grown for 48 h under biofilm conditions. Their gene expression profiles were compared to 
that of the TnladS control. Only differentially expressed genes, with a false discovery rate (FDR) of < 0.05 are 
listed. 

To determine whether the differentially transcribed genes of the Tn mutants are specifically found 

under biofilm growth conditions, we also recorded the transcriptional profile of three of the six Tn 

mutants (TnmiaA, TngidA, TndksA) under planktonic conditions and compared their transcriptional 

profile to that of the TnladS control. Under planktonic conditions 37, 316 and 39 genes were 

differentially regulated in the three respective mutants (Supplementary Table S4). We then 

compared the genes that were differentially regulated in the three mutants under biofilm conditions 

to those genes that were regulated under planktonic growth conditions. There was only a minor 

overlap: 6, 7 and 3 genes, respectively were differentially expressed in the same direction under both 

biofilm and planktonic conditions (Supplementary Figure S4). However, we found in two (Tndksa and 

TngidA) out of the three Tn mutants a common lack of activation of pyochelin biosynthesis 

(pchA/F/G/H), involved in iron assimilation [175] as well as of heme d1 biosynthesis (nirE/H/L), 

involved in denitrification under low oxygen conditions [176]. 

 Discussion  5.2

The detection of common responses of bacterial strains to a biofilm growth environment has been a 

strong focus of previous research. Uncovering core regulatory pathways that drive biofilm formation 

promises to give clues to novel targets for interfering with biofilm formation.  

From previous RNA sequencing and proteomic profiling studies it became clear that important 

aspects of biofilm formation are still missing [177] and that there is a large inter-strain as well as 

inter-habitat variation of biofilm-specific gene expression [178], [179]. Especially factors that have 

been previously associated with biofilm growth, such as the production of exopolysaccharides and 
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extracellular cell appendages, are expressed at various times and levels among the different clinical 

isolates and different biofilm growth conditions [178], [180]–[183]. Nevertheless, it seems that a 

common theme of biofilm-associated growth is the expression of genes and/or proteins involved in 

bacterial stress responses [184]–[189]. 

While the recording of transcriptional and proteomic responses describes changes in gene 

expression, genome-wide fitness profiling approaches describe the functional importance of each 

gene for the expression of a distinct phenotype. Here, to complement previously conducted RNA-seq 

and proteomic studies, we applied a functional profiling approach and measured the fitness of 

individual mutants in output versus input mutant pools following biofilm growth. Several previous 

studies have demonstrated that differentially expressed genes are not necessarily phenotypically 

important [33], [122], [123]. Indeed, bacterial genes that change expression upon environmental 

disturbance are often not among those that matter most in the expression of the respective 

phenotype [124]. Therefore, transposon sequencing might uncover unexpected functional gene 

categories that are important for the expression of the biofilm phenotype, and which cannot be 

detected in transcriptomic and/ or proteomic profiling studies.  

In this study, we show that genes involved in respiration and oxidative phosphorylation are 

functionally important for biofilm survival. Transposon mutants in ccmC, ccmFGH, cycH and cc4 

encoding for components of the cytochrome c1 and c4 complex and in fixG, encoding for an 

accessory cytochrome c oxidase cbb3 type protein, were clearly depleted in output mutant pools 

during growth within a biofilm. The cytochrome bc1 and c4 complex act as electron donors for the 

high oxygen affinity reductases, cbb3-1 and cbb3-2 [190]). The latter has been demonstrated 

previously to be induced during growth at low O2 concentrations [191], [192], thus suggesting that 

adaptation to microaerophilic conditions is an essential biofilm-associated trait. Interestingly, we also 

found algZ mutants to be enriched upon growth within biofilms. AlgZ was demonstrated to be 

involved in the inhibition of the ccb3-2 oxidase [193], [194], and thus mutations in AlgZ might also 

lead to higher expression of this high affinity terminal oxidase to promote biofilm growth. Alginate 

production on the other hand is an important biofilm-associated trait [195]. Interestingly, we found a 

depletion of mucD (negatively affecting algU expression [196]–[198]) mutants and an enrichment of 

algU (positively impacting on alginate production [199]) mutants in the output pools. This suggests 

that, single mutants might benefit from exploiting alginate production by other Tn mutants within 

the biofilm while they themselves have a growth benefit by avoiding synthesis of this costly 

polysaccharide. 

Apart from the necessity to adapt to microaerophilic conditions, it seems that the switching between 

aerobic glycolysis and oxidative phosphorylation is essential for biofilm survival as mutants in IldP 
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(lactate permease) and IldD (lactate dehydrogenase) were enriched under biofilm growth conditions, 

whereas mutants in nuoF (encoding for a component of the NADH dehydrogenase) and in two 

enzymes of the TCA cycle, aceE (encoding pyruvate dehydrogenase) and gltA (encoding citrate 

synthase), were depleted.  

Another functional group of genes that was identified to be important for biofilm survival was the 

SOS-response. In this study, mutants in recB, clpX and ruvB were clearly depleted upon growth under 

biofilm conditions, highlighting the previously described role of a functional SOS response for biofilm 

formation [200]. In accordance with the finding that the SOS response can be activated by the 

stringent response [201], we found that mutants within dksA, involved in the stringent response 

[202], are depleted under biofilm growth conditions. 

We also identified mutations in several genes involved in tRNA modifications (gidA, truB, miaA, trmE) 

that were depleted from the Tn mutant output pool upon growth under biofilm conditions. There is 

increasing evidence that tRNA modifications play an important role in the regulation of bacterial 

pathogenicity traits [203], [204]. The decoding properties of tRNAs can be influenced by chemical 

modifications, which are introduced by tRNA modifying enzymes. Especially when the modification is 

in the critical anti-codon stem loop, the modification can affect translation efficiency and accuracy 

and thus modulate the expression of selected genes. As a result, modulation of the tRNA 

modification activity can influence translation of those genes that exhibit an enrichment of the 

respective target codons. Clearly, the functional role of tRNA modifications in the growth under 

biofilm conditions remains to be determined. Of note, a previous study on the essentiality of genes 

for P. aeruginosa’s adaptation to low oxygen conditions also identified genes involved in tRNA 

modification (miaA, truB) as well as genes involved in DNA repair as being important [205].  

To substantiate the role of individual P. aeruginosa genes in biofilm formation, we grew six selected 

mutants under biofilm growth conditions and recorded the transcriptional response. While all 

mutants were slightly affected in growth under planktonic conditions, the tRNA-modulating enzyme 

mutants (TnmiaA, TntruB and TngidA) produced biofilms with less biomass, the PA14_57570 mutant 

produced biofilms with clusters of dead bacteria, while TnfixG and the stringent response mutant 

(TndksA) produced biofilms that were similar to the reference strain TnladS. The transcriptional 

profiling of the biofilm grown mutant strains revealed that they seemed to experience stress as 

opposed to P. aeruginosa wild type biofilm grown cells. We found the upregulation of several stress-

responses as a common theme only under biofilm but not under planktonic growth conditions. These 

responses included higher expression of heat shock proteins, chaperones, and universal stress 

proteins in the selected mutants. Thus, although the disturbance of P. aeruginosa biofilm growth was 

achieved by the introduction of a very diverse array of mutations (affecting respiration, tRNA 
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modification or the stringent response), we found the induction of very similar stress response genes 

if grown under biofilm conditions. This indicates that there may be a common biofilm-specific way to 

induce a survival program that could also become an interesting target for the development of novel 

anti-biofilm therapeutic strategies. 

A well-known outcome of chronic P. aeruginosa infections in the CF lung is the selection for LasR 

mutations and it was hypothesized that a lasR mutant might favor the shift to a more immunogenic 

phenotype, as the anti-flagellin proteolytic activities of the LasR-governed LasB and AprA are 

decreased [206]. However, the results of our Tn-seq experiment, implies that loss of lasR also confers 

a selective advantage under in vitro biofilm-associated growth conditions. Interestingly, not only lasR 

mutants but also rpoS mutants were enriched under biofilm conditions. LasR and RpoS are known to 

interact and to co-regulate many genes [69], [207], [208]. Furthermore, mutants in retS, encoding for 

a sensor kinase, have recently been directly demonstrated to produce more biofilms and to exhibit 

high levels of c-di-GMP [209]. Mutants of retS and rsmA were demonstrated to show similar 

phenotypes with overproduction of exopolysaccharides, reduced expression of T3SS, and diminished 

type IV pili motility [114], [210]. In accordance, mutants in both genes were clearly enriched upon 

biofilm growth in this study.  

Finally, a number of mutants, which were affected in chemotaxis and bacterial motility as well as in 

genes of the alkyl-quinolone signaling system (pqsA, pqsB) were positively selected under biofilm 

conditions. This indicates that loss of motility as well as PQS production positively impacts bacterial 

survival under biofilm conditions. However, it is conceivable that these Tn mutants are only positively 

selected for when e.g. signaling molecule negative mutants do not exceed a certain threshold level in 

the biofilm population. 

In conclusion, in this study we have identified both known and novel genetic determinants of biofilm 

survival. Results from previous publications already suggested a role of alginate production, 

adaptation to microaerophilic conditions, metabolic switching, induction of an SOS and stringent 

response as well as reduced expression of the LasR quorum sensing system, and downregulation of 

motility in biofilm formation. However, our results also highlight the success of our transposon 

sequencing approach in the identification of intriguing new players involved in biofilm survival. 

Elucidating e.g. the role of tRNA modifications in biofilm survival will be an exciting future challenge. 
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 Genetic determinants of P. aeruginosa fitness following 6

ceftazidime exposure 

β-lactam antibiotics have been successfully used for the treatment of infections caused by numerous 

bacterial species for more than three quarters of a century. They are the cornerstone in the 

management of severe bacterial infections in critically ill, hospitalized patients. In addition, because 

many β-lactam antibiotics are well absorbed after oral administration, they are clinically useful in the 

outpatient setting. However, infections with multi-drug resistant bacteria, often found for P. 

aeruginosa, are becoming increasingly common, and the constant rise of antibiotic resistance poses a 

great challenge to the clinical efficacy of β-lactam antibiotics. We screened near saturated Tn mutant 

libraries with the aim to unravel the unknown resistance mechanisms of three CAZ-resistant clinical 

isolates of P. aeruginosa isolated from various sites of infection. Therefore, we measured the 

depletion and enrichment of Tn insertion mutants upon ceftazidime exposure in order to better 

understand their common and individual resistome. 

 Results 6.1

6.1.1 Ceftazidime-resistant clinical isolates of P. aeruginosa 

We did genotypic and phenotypic studies on a collection of 414 clinical isolates of P. aeruginosa, 

which were collected in Germany and throughout Europe from acute as well as chronic infections. All 

isolates were tested for their susceptibility towards the four common anti-pseudomonal antibiotics 

tobramycin (TOB), ciprofloxacin (CIP), meropenem (MEM), and ceftazidime (CAZ) using agar dilution 

MIC testing and breakpoint determination according to Clinical & Laboratory Standards Institute 

(CLSI) guidelines [211]. Genotypic and phenotypic data, including resistance phenotypes, were 

published in the reference database Bactome [138]. Out of 414 clinical isolates about 40 % (165 

isolates) were classified as CAZ-resistant, 19 % (80 isolates) as intermediate resistant and 41 % (169 

isolates) as CAZ-susceptible (Table 7). MIC breakpoint interpretations are published by organizations, 

such as EUCAST (in Europe) [212] and CLSI (in the United States) [211], [213] based on 

pharmacokinetic data and clinical studies. These breakpoints are categorized into three groups, such 

as susceptible, intermediate and resistant. A susceptible organism is likely to respond to therapy 

using recommended antimicrobial dosage for the given site of infection and species. An intermediate 

organism's MIC approaches or exceeds the threshold for normal antimicrobial dosing, but clinical 

response is possible with a higher dosage or if the antimicrobial accumulates at the site of infection. 

A resistant organism is likely not to be inhibited by concentrations achieved with normal dosing 

[214]. MIC breakpoint determination depends on initial inoculum and growth conditions (growth 
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medium, temperature and incubation time), which are standardized and annually updated by 

EUCAST and CLSI, and can differ depending on the detection devices used.  

Table 7: 414 clinical isolates collected in BACTOME [138] were categorized based on their corresponding 
ceftazidime (CAZ) resistance phenotype as R, resistant; I, intermediate or S, susceptible according to CLSI 
guidelines. 

CAZ-resistance 
phenotype 

Number of 
clinical isolates 

all 414 

R 165 

I 80 

S 169 

 

In this study, we concentrated on three clinical P. aeruginosa isolates, which exhibited MIC values in 

the highly resistant range 256 µg/ml (MHH13682) and in a lower resistant range 32 µg/ml (F1997 and 

ZG8038581181) to CAZ as well as multiple resistances to other antibiotics (Table 8). Based on whole 

genome sequencing (WGS) data, transcriptional profiles and Tn-seq data, we aimed for identifying 

the predominant resistance mechanism towards CAZ in the three tested clinical isolates. 

Table 8: Resistance phenotypes of P. aeruginosa strains F1997, MHH13682, ZG8038581181 and 

PA14. Classification of antibiotic resistance and susceptibility according to CLSI guidelines. MIC values 

were determined by agar dilution. CAZ MIC values were validated by broth microdilution. A resistant 

phenotype is indicated as (R), Intermediate resistant phenotype as (I) and susceptible phenotype as 

(S) [211]. MIC breakpoints are listed in Table 9. 

strain CAZ TOB CIP MEM COLL 

F1997 32 R 0.25 S 4 R 16 R 2 S 

MHH13682 256 R 2 S >8 R 8 R   

ZG8038581181 32 R 1 S 8 R 8 R 1 S 

PA14 2 S         

 

Table 9: MIC breakpoint classification according to the Clinical and Laboratory Standards Institute (CLSI) 
[211]. Minimal inhibitory concentration breakpoints are MICs [μg/ml] at which an organism should be 
considered susceptible (S), intermediate (I), or resistant (R) to an antibiotic. Listed are antibiotics ceftazidime 
(CAZ), tobramycin (TOB), ciprofloxacin (CIP), meropenem (MEM) and colistin (COL). 

 S I R 

CAZ ≤8 16 ≥32 
TOB ≤4 8 ≥16 
CIP ≤1 2 ≥4 
MEM ≤2 4 ≥8 
COL ≤2 4 ≥8 
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The three clinical isolates F1997, MHH13682 and ZG8038581181 originated from various types of 

infection, i.e. rectal infection, lung infection of a cystic fibrosis patient and respiratory tract infection, 

respectively, as listed in Table 10. 

Table 10: Origin of P. aeruginosa clinical isolates chosen for Tn-seq 

Clinical isolate Origin of sampling Type of infection Sample material 

F1997 Frankfurt Rectal infection Rectal smear 

MHH13682 Hannover Lung infection (cystic fibrosis) Bronchial tissue 

ZG8038581181 Chemnitz Respiratory tract infection Tracheobronchial secretion 

 

6.1.2 Intrinsic and acquired β-lactamases 

Horizontal acquisition of a diverse array of β-lactamase encoding genes, as well as overexpression of 

the intrinsic, chromosomally-encoded ampC β-lactamase have been described as the major genetic 

determinants leading to clinically relevant resistance phenotypes in the problematic opportunistic 

pathogen P. aeruginosa [29], [31]. Several studies demonstrated the feasibility of predicting bacterial 

antibiotic resistance phenotypes from whole-genome sequences based on the presence of acquired 

genes encoding β-lactamases. To investigate the presence of resistance-conferring genes, such as β-

lactamases, in the three CAZ-resistant clinical isolates F1997, MHH13682 and ZG8038581181 we first 

created de novo assembled genomes (WGS). These genomes were aligned to a comprehensive 

resistance gene library containing a collection of 3330 prokaryotic transposable resistance and 

resistance-associated genes, including 514 β-lactamases [140], [215]. To provide reliable information 

on the presence or absence of certain genes, the relative sequence coverage of each resistance gene 

was calculated and a threshold of ≥ 90 % sequence coverage was used for positive detection of a 

gene. Out of 514 β-lactamases, exclusively blaOXA-50 (PA5514, AY306130.1) [216] and ampC (blaPAO, 

PA4110) were present in each clinical isolate. Both β-lactamases are naturally occurring 

chromosomally encoded genes in P. aeruginosa. blaOXA-50 is a constitutively expressed oxacillinase, 

which confers decreased susceptibility to ampicillin, tiracillin, moxalactam and meropenem, but not 

to ceftazidime [216]. AmpC is an inducible expanded spectrum cephalosporinase, which is capable of 

degrading all β-lactam antibiotics except for carbapenems [217], [218]. However, ampC is only 

expressed at very low, basal levels in wild-type cells and highly expressed leading to a resistant 

phenotype only upon induction by β-lactamases or mutational constitutive overexpression [219], 

[220].  
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6.1.3 Hyperinducability of the AmpC β-lactamase in clinical isolates 

Since the resistance-determining overexpression of the intrinsic ampC β-lactamase has been 

demonstrated to be linked to the acquisition of mutations in several genes involved in the induction 

of ampC, whole genome sequence information promises to uncover and explain phenotypic 

resistance that relies on the expression level of the intrinsic β-lactamase [220].  

Consequently, ampC was checked for mutational changes in the three clinical isolates F1997, 

MHH13682 and ZG80385851181. Berrazeg et al. 2015 describes mutations at 16 different amino acid 

positions in ampC, which were found in ampC-overproducing and less β-lactam-susceptible P. 

aeruginosa clinical isolates and which were not classified as common polymorphism (found also in 

many β-lactam-susceptible strains). All three clinical isolates contained none of the described 

mutations (Table 11, highlighted in grey). 

Table 11: Single amino acid exchanges in ampC (PA4110) caused by SNP-based sequence modifications. 
Clinical isolates F1997, MHH13682, ZG8038581181 and the CAZ-susceptible PAO1 are compared to CAZ-
resistant clinical isolates from [220]. The table is modified from [220]. 

a
: ampC-overproducing clinical P. 

aeruginosa isolates studied in [220]; 
b
: The numbering of the amino acids refers to the position in the mature 

protein from strain PAO1. Amino acids are specified by one-letter-code. Amino acid variations, which were 
considered as common polymorphism, were excluded.  

 
Residue at amino acid position shown in ampCb 

  

Strains 126 147 180 201 239 242 247 249 316 317 318 319 320 321 373 391 

clinical isolatesa H L L L A R K/G H ∆ ∆ ∆ ∆ P ∆ I A 

PAO1 R F P M V G E Y T P M A L Q N G 

F1997 R F P M V G E Y T P M A L Q N G 

MHH13682 R F P M V G E Y T P M A L Q N G 

ZG8038581181 R F P M V G E Y T P M A L Q N G 

 

AmpD acts as a repressor of β-lactamase expression and its inactivation is published to be the most 

frequent mechanism leading to AmpC hyperproduction in P. aeruginosa clinical strains [221]. 

Concomitant with no mutations of interest in ampC itself, we identified very few nonsynonymous 

mutations within ampD (Table 12, highlighted in grey) in the three clinical isolates. As CAZ-resistant 

clinical isolates with inactivated ampD described by Juan et al. 2005 contained either frameshifts or 

large sequence deletions, the point mutations found in the three clinical isolates of this study are 

unlikely to cause hyperproduction of ampC. 
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Table 12: Single amino acid exchanges in ampD (PA4522) caused by SNP-based sequence modifications. 
Clinical isolates F1997, MHH13682 and ZG8038581181 are compared to the CAZ-susceptible PAO1 

a
: The 

numbering of the amino acids refers to the mature protein from strain PAO1. Amino acids are specified by one-
letter-code.  

 
Residue at amino acid position shown in ampD

a
 

  Strains  10 11 46 85 95 175 183 

PAO1 V R G A R S D 

F1997 V R S A R S D 

MHH13682 V H G S H P D 

ZG8038581181 G R G A R S Y 

 

We recorded the transcriptional profiles of the three strains under standard laboratory growth 

conditions at OD600 of 2. None of the CAZ-resistant isolates showed highly elevated ampC gene 

expression levels (F1997 log2FC -0.3; MHH13682 log2FC 2.8; ZG8038581181 log2FC 2.8). An ampC 

expression threshold of 3.9 log2FC was previously determined to classify P. aeruginosa clinical 

isolates as CAZ-resistant or -susceptible with a false positive rate of 5 % [215]. Overall, 26, 373 and 29 

genes were differentially regulated in the clinical isolates F1997, MHH13682 and ZG8038581181, 

respectively, as opposed to the PA14 reference strain (Supplementary Table S5). Of those, 19 genes 

were differentially regulated in at least two of the clinical isolates (Figure 17). This result was 

supported in an independent experiment in which transcriptional profiles of F1997 and MHH13682 

at an OD600 of 1 (exponential phase) under standard laboratory conditions were recorded showing an 

ampC expression of log2FC of 2.7 and 4.3, respectively, compared to PA14 wild-type with FDR values 

of < 0.05. 
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Figure 17: Venn diagram depicting genes being significantly differentially expressed in the three clinical 
isolates F1997, MHH13682 and ZG8038581181 compared to PA14 wild-type under standard laboratory 
conditions (OD600 of 2) with a FDR < 0.05. 

Nevertheless, when transcriptional profiles of the isolates F1997 and MHH13682 were recorded 

upon exposure to ceftazidime (at ½ and ¼ MIC concentration respectively), the MHH13682 clinical 

isolate exhibited a strong increase in the ampC gene expression level (log2FC 4.3, FDR 0.004) and the 

F1997 isolate an intermediate increase (log2FC 3.0, FDR 0.195) (see Supplementary Table S6). Of 

note, the induced ampC expression level correlated well with the MIC against ceftazidime, which was 

256 µg/ml in the MHH13682 isolate as opposed to 32 µg/ml in F1997. Overall, 20 genes in F1997 and 

38 genes in MHH13682 were differentially regulated (FDR < 0.1) upon CAZ exposure as opposed to 

growth without the antibiotic. Among those, 5 genes were differentially regulated in both isolates 

(PA0629, PA0639, PA0641, alpD and holin). Out of the genes being differentially regulated upon CAZ 

exposure, no gene of F1997 and one gene of MHH13682 (type VI secretion system protein VgrG) was 

differentially regulated under non-antibiotic exposure as opposed to the reference strain PA14. 

The ampC expression level of the three CAZ-resistant clinical isolates under standard laboratory 

conditions can be better assessed when comparing the ampC expression level of many clinical 

isolates in proportion to their corresponding CAZ MIC (Figure 18). Individual CAZ-resistance 

mechanisms, such as presence of acquired β-lactamases, is neglected here. As depicted in Figure 18, 

ampC expression is low in CAZ-susceptible (MIC < 8) clinical isolates and thus comparable to CAZ-

susceptible PA14 wild-type. The higher the CAZ MIC, the more clinical isolates show an ampC 

expression level above a log2FC of 5. Interestingly, clinical isolates with a CAZ MIC of 64 and higher 

tend to be divided into two phenotypic groups. One group shows an ampC expression level below 

log2FC of 5 and in the other group it ranges from log2FC of 6 to 15. For the first group it is very likely 
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that the CAZ resistance mechanism is not ampC-expression dependent. Thus, the ampC expression 

levels of the three clinical isolates F1997, MHH13682 and ZG8038581181 are unlikely a result of a 

constitutively expressed ampC. 

 

Figure 18: Correlation of ampC expression under standard laboratory conditions (OD600 of 2) and ceftazidime 
MIC among clinical P. aeruginosa isolates. Correlation was calculated from ampC gene reads normalized by 
total reads per strain (nrpgs) in R from 415 isolates (grey dots). Box plots indicate the median (bold line) and 
0.25 and 0.75 quartiles. According to CLSI guidelines antibiotic susceptibility are classified in susceptible (green 
background), intermediate (yellow background) and resistant (red background). Strains F1997, MHH13682, 
ZG8038581181 and PA14 are individually highlighted. Of note, ZG8038581181 is listed here with a CAZ MIC of 
64 µg/ml due to agar dilution results standardized for all clinical isolates. Based on broth microdilution and E-
test experiments this isolate is classified with a CAZ MIC of 32 µg/ml throughout the rest of this study. 

6.1.4 Determining genetic determinants responsible for CAZ-resistant phenotype by Tn-seq 

For a global Tn-seq approach, the frequency of individual Tn mutants in a population before and after 

a selective pressure is quantified. In this study, Tn mutant libraries were sequenced before and after 

growth of 10 generations in the presence of subinhibitory concentrations of ceftazidime (subMIC of 

CAZ). The subMIC concentrations of CAZ varied from ¼th of the MIC for MHH13682 and ½ of the MIC 

for strains F1997 and ZG8038581181, as can be seen in Table 13. In parallel, Tn mutant libraries were 

also grown for 10 generations in rich LB medium as a reference. By comparing output mutant pools 

grown with versus without CAZ, all Tn mutants, which were affected by the influence of the β-lactam 
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antibiotic, were identified and quantified. Output mutant library and reference output mutant library 

were inoculated from the same preculture, see Figure 19.  

Table 13: Tn mutant libraries of strains F1997, MHH13682, ZG8038581181 and PA14 were grown at 
subinhibitory (subMIC) ceftazidime (CAZ) levels. 

Tn mutant 

library 

CAZ MIC 

[μg/ml] 

subMIC 

 

subMIC CAZ 

[μg/ml] 

F1997 32 ½ MIC 16 

MHH13682 256 ¼ MIC 64 

ZG8038581181 32 ½ MIC 16 

PA14 2 ½ MIC 1 

 

 

Figure 19: Scheme of experimental setup for Tn-seq of cells grown with and without ceftazidime. Tn mutant 
library precultures (start OD600 of 0.2) were inoculated from glycerol stock and grown for 1-2 generations in LB. 
T0= input mutant library samples were harvested for Tn-seq. Main cultures were inoculated at start OD600 of 
0.001 and grown in LB or in subMIC concentration of ceftazidime (CAZ). After 10 generations, T1 output mutant 
library samples were harvested at OD600 of 1. T1LB=reference output mutant library; T1CAZ=output mutant 
library. All samples were grown in triplicates at 37 °C and 180 r.p.m. 

Bacterial growth was monitored for 10 generations and cells were harvested at OD600 of 1 (Figure 

20). As expected, the growth curves show a larger lag phase for cells grown with CAZ. After lag phase 

the progress of the growth curves remain exponential in all conditions. Since bacterial harvest was 

scheduled based on OD600, the time of growth for output mutant library harvest varied for each 

strain and condition.  

LB

CAZ

T1LB

T0 T1CAZ
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Figure 20: Planktonic growth of Tn mutant libraries of (A) F1997, (B) MHH13682, (C) ZG8038581181 and (D) 
PA14. Cultures were grown in flasks (shaking at 37 °C) with a starting OD600 of 0.001. Cultures were either 
grown in LB without ceftazidime or in LB supplemented with CAZ at ½ or ¼th of the according MIC and 
harvested after gowth of 10 generations at an OD600 of 1. Bacterial strains were grown in triplicates. Depicted 
are mean values of OD600. Error bars represent the standard deviation.  

 

6.1.5 Abundance of Tn mutants in input and output pools of P. aeruginosa mutant libraries 

following ceftazidime exposure 

In an attempt to identify the genetic mechanisms leading to a CAZ resistance phenotype, we used 

transposon mutant libraries in the wild type strain PA14 and in the three CAZ-resistant clinical 

isolates F1997, MHH13682 and ZG8038581181, of which ZG8038581181 has been generated in the 

frame of another study [2], and exposed them to CAZ. We sequenced two independent input mutant 

pools (4 x 109 bacteria) for each of the four Tn mutant libraries and could confirm a highly saturated 

homogenous distribution of Tn insertions at the genomic level. To identify genes that are important 

for the CAZ resistance phenotype, we recovered the Tn mutant library output pools following growth 

upon CAZ exposure as well as without CAZ exposure and subjected the recovered bacteria to high-

throughput sequencing (three independent output pools per condition). In Table 14 the mean 

number of Tn disrupted genes that were recovered in the input mutant library and both output 

mutant libraries of PA14 and the three clinical isolates are depicted.  
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Table 14: Transposon-disrupted genes in input as well as output mutant pools. Only those genes were 
considered, which were disrupted at least 2 times in the mean of the replicates. SD = standard deviation of 
replicates 

 
F1997 MHH13682 ZG8038581181 PA14 

Number of genes that contain 
≥ 2 TA sites 

5849 5862 5965 5826 

Number of genes recovered in 
input mutant pools 

4905 (84 %) 4749 (81 %) 4939 (83 %) 4344 (75 %) 

SD (+2 %/ -2 %) SD (+2 %/ -3 %) SD (+1 %/ -2 %) SD (+3 %/ -4 %) 

Number of genes recovered in 
output mutant pools (LB) 

4824 (82 %) 4676 (80 %) 4885 (82 %) 4317 (74 %) 

SD (+1 %/ -1 %) SD (+1 %/ -1 %) SD (+1 %/ -1 %) SD (+2 %/ -3 %) 

Number of genes recovered in 
output mutant pools (CAZ) 

4755 (81 %) 4510 (77 %) 4828 (81 %) 3461 (59 %) 

SD (+1 %/ -2 %) SD (+2 %/ -2 %) SD (+2 %/ -2 %) SD (+19 %/ -24 %) 

 

6.1.6 Identification of negatively and positively selected Tn mutants upon ceftazidime 

exposure 

Analysis of the output mutant pools from the four P. aeruginosa strains following CAZ exposure 

revealed positively and negatively selected Tn mutants (Figure 21). CAZ exposure had a large impact 

on Tn enrichment (positive selection) and depletion (negative selection). Many Tn mutants were 

significantly (red dots) enriched during CAZ exposure in F1997, MHH13682, ZG8038581181 and PA14 

(188, 273, 266 and 57 Tn mutants, respectively) or depleted (164, 318, 495 and 4822 Tn mutants, 

respectively). Since PA14 is susceptible to CAZ, the number of non-viable Tn mutants is expected to 

be much higher compared to the CAZ-resistant isolates and indeed, negatively enriched genes in 

PA14 (Figure 21D) represent the largest group of significantly regulated genes. F1997 (A), MHH13682 

(B) and ZG8038581181 (C) show evenly distributed numbers for depleted and enriched genes. In 

addition, the volcano plot of MHH13682 and PA14 show a separate left wing representing genes, of 

which there were no reads detected after growth upon CAZ exposure. 

 

 

Figure 21: Negatively and positively enriched Tn mutants in output mutant pools upon ceftazidime exposure. 
Depicted are F1997 (A), MHH13682 (B), ZG8038581181 (C) and PA14 (D). Volcano plots show log2 fold 
enrichment (> 0) or depletion (< 0, displayed as logFC, x-axis) and false discovery rate (FDR, displayed as log10 
value, y-axis) of individual Tn mutants at OD600 of 1 in output mutant pools upon ceftazidime exposure versus 
output mutant pools grown in rich medium. Red dots indicate Tn mutants with a log2 fold significantly greater 
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than |1| for the three clinical isolates and significantly greater than |3.3| for PA14, using the edgeR function 
glmTREAT (R environment) and a FDR < 0.05. 

 

Due to the fact that significantly negatively selected genes in PA14 comprise up to 91 % of all genes, 

a gene comparison among all four strains in order to determine a common P. aeruginosa-associated 

CAZ response cannot be done. However, genes, which are commonly negatively selected in the CAZ-

resistant isolates in contrast to PA14, are likely to belong to a distinct resistance mechanism of CAZ-

resistant strains. The overlap of positively and negatively selected Tn mutants among the three CAZ-

resistant isolates is depicted in Figure 22. A large proportion of genes is negatively (114 genes (29 %)) 

and positively (107 genes (24 %)) selected in at least two out of the three P. aeruginosa isolates. Only 

those genes that were identified in all three strains were considered for the following overlap 

analysis. Grey numbers in the intersections represent genes, which were equally depleted or 

enriched in the CAZ-susceptible PA14 wild type. 

 

Figure 22: Venn diagram depicting genes with Tn insertions that were commonly depleted (A) or enriched (B) 
from output mutant pools in the three clinical isolates F1997, MHH13682 and ZG8038581181 upon 
ceftazidime exposure. Only those genes are listed with a log2 fold change significantly greater than |1|, using 
the edgeR function glmTREAT and a FDR < 0.05. Grey numbers (restricted to the intersections) represent the 
number of genes, which were equally depleted (A) or enriched (B) in PA14. For PA14 only those genes were 
considered with a log2 fold change significantly greater than |3.32|, using the edgeR function glmTREAT and a 
FDR < 0.05. 

 

Corresponding genes that were affected are listed in Table 15. In all three CAZ-resistant strains there 

was a strong negative selection of the ampG gene, suggesting that mutants that have lost AmpG 

function also lost their resistance phenotype. Next to ampG, other genes were found exclusively 

depleted in the three CAZ-resistant clinical isolates and not in PA14 including mrcB and algU 
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(response to antibiotic exposure) as well as oprF and wbpM (membrane proteins) and secB 

(chaperone for pre-β-lactamase folding) [222]–[225]. In addition, negative selection of genes 

involved in antibiotic resistance (ampC, ponA, mucD and PA14_00120) and biofilm formation (envC, 

gacAS, ftsEX and cupB2C1) was observed in all three clinical isolates as well as PA14, indicating that 

these gene functions are advantageous for survival upon CAZ exposure [32], [198], [226], [227]. 

Depleted genes in the clinical isolates F1997 and ZG8038581181, both of which have a MIC of 32 

μg/ml, are associated with functions including efflux pumps, such as mexAB [228], cation 

transmembrane transporter shaBCD [229] and biofilm formation genes pslCDEIJ.  

We also identified positively selected Tn mutants. In all three clinical isolates Tn insertions were 

mainly found in genes involved in oxidative phosphorylation and heme transport 

(nuoABDEFGHIJKLMN and ccmB) as well as in genes whose loss of function leads to hyperproduction 

of ampC (dacB and ampD) indicating that the loss of these gene functions confers a selective 

advantage under CAZ exposure [32], [230]–[232]. Of note, in PA14 nuo-genes were not found to be 

enriched.  

For strains F1997 and MHH13682 various motility related genes were found to be positively selected 

for during growth with CAZ. In F1997 these genes include fliFM, flhA and algB and in MHH13682 

pilDHIJ, chpA, fimL, flhF, csuC, ntrB, algZ (see Supplementary Table S7) [108], [224]. In contrast, in 

PA14 motility genes, such as flhABF, flgBCEFGHIJKL, fliFGJMR, pilDHIJNOQ, algB, fimL, chpA, csuC, 

ntrB and algZ were all depleted during growth with CAZ. Interestingly, exclusively ZG8038581181 

showed no significant regulation for any Tn mutant of fli-/flh-/flg-/ or pil- genes, indicating that these 

genes do not play an important role for its CAZ resistance phenotype. F1997 and MHH13682 also 

showed an enrichment of spoT, which can act as a stringent response gene or as an antagonist [31]. 

Lastly, MHH13682 and ZG8038581181 showed genes belonging to the energy metabolism, such as 

ccmCEFG and ccoNO, as being enriched during growth upon CAZ exposure [108], [233]. 
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Table 15: Significantly depleted (A) or enriched (B) genes with Tn insertions in output mutant pools of F1997, 
MHH13682 and ZG8038581181 as well as PA14 grown in the presence of CAZ. A total of 213 Tn mutants 
exhibited a depletion or enrichment in output versus input mutant pools in at least two out of three clinical 
isolates. Log2-fold change values [log2FC] in bold indicate a depletion/enrichment (FDR ≤ 0.05) significantly 
greater than log2FC of |1|. For PA14 genes were considered significantly regulated with a log2 fold change 
significantly greater than |3.32|, using the edgeR function glmTREAT and a FDR < 0.05. log2FC values are 
conditionally highlighted ranging from red (low value) over yellow (intermediate) to green (high value) relative 
to all values depicted in this table. 

A negatively selected Tn mutants 

  
 

F1997 
 

MHH13682 
 

ZG8038581181 
 

PA14 

  PA14 locus log2FC FDR 
 

log2FC FDR 
 

log2FC FDR 
 

log2FC FDR 
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 +
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8
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1
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 +
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PA14_00120 -7,0 4,8E-17   -8,3 5,0E-15   -6,8 1,5E-17 
 

-7,7 4,0E-07 

PA14_04910,ftsE -2,1 1,9E-07 
 

-4,9 2,1E-08 
 

-4,5 3,2E-13 
 

-8,9 4,0E-06 

PA14_04920,ftsX -2,2 4,6E-11 
 

-5,3 2,4E-15 
 

-4,5 1,5E-15 
 

-9,0 2,2E-05 

PA14_10790,ampC -7,8 3,2E-19 
 

-9,4 1,6E-17 
 

-7,0 4,0E-19 
 

-4,7 1,5E-03 

PA14_11070,cupB2 -1,6 1,7E-04 
 

-2,4 2,9E-14 
 

-1,3 8,8E-06 
 

-7,9 1,0E-06 

PA14_11720,dedA -4,5 1,5E-17 
 

-5,4 3,6E-16 
 

-4,2 3,6E-14 
 

- - 

PA14_13410,prfC -2,0 1,9E-10 
 

-12,3 5,0E-15 
 

-2,8 6,3E-12 
 

-5,8 1,6E-05 

PA14_14910,bamB -6,2 3,2E-19 
 

-9,7 1,5E-17 
 

-6,0 3,1E-17 
 

- - 

PA14_15720 -2,3 4,8E-15 
 

-8,3 9,1E-17 
 

-3,6 2,1E-17 
 

-6,1 1,3E-06 

PA14_17140,rseP -5,5 1,6E-15 
 

-10,1 1,1E-11 
 

-5,9 3,5E-15 
 

-7,8 1,3E-06 

PA14_21820 -3,6 2,0E-12 
 

-9,2 8,7E-17 
 

-5,7 2,1E-15 
 

-7,2 3,8E-05 

PA14_21880,prc -1,6 4,2E-09 
 

-1,6 2,0E-09 
 

-2,7 4,1E-13 
 

-8,3 6,8E-07 

PA14_22490,azoR3 -1,7 1,3E-03 
 

-1,6 1,6E-03 
 

-2,4 1,4E-10 
 

-6,8 8,5E-07 

PA14_22910,edd -2,4 3,1E-03 
 

-2,4 2,1E-03 
 

-2,5 8,7E-04 
 

-6,3 1,3E-05 

PA14_23950 -2,5 2,4E-10 
 

-2,4 6,0E-04 
 

-2,7 4,2E-12 
 

-5,0 2,2E-03 

PA14_25000 -4,4 9,2E-18 
 

-8,4 1,5E-18 
 

-2,5 4,8E-16 
 

-7,4 2,5E-06 

PA14_25730, mltG -5,3 3,2E-19 
 

-7,3 1,5E-17 
 

-6,9 3,6E-20 
 

- - 

PA14_30650,gacA -3,7 5,4E-11 
 

-11,4 9,1E-13 
 

-6,1 1,3E-16 
 

-4,3 1,9E-02 

PA14_41220,lon -5,1 2,9E-14 
 

-7,8 5,5E-18 
 

-2,2 9,0E-04 
 

-7,3 1,5E-04 

PA14_43670 -1,4 4,0E-05 
 

-1,6 5,9E-09 
 

-1,4 2,4E-05 
 

-7,9 3,2E-06 

PA14_44690 -2,0 6,8E-05 
 

-3,1 7,3E-13 
 

-3,6 1,0E-09 
 

-7,5 1,0E-05 

PA14_49280 -1,3 8,8E-04 
 

-2,9 4,0E-15 
 

-2,0 5,0E-11 
 

-7,8 1,0E-06 

PA14_50680, shaA -1,5 2,8E-03 
 

-1,5 3,5E-03 
 

-2,4 4,5E-08 
 

-6,8 3,3E-05 

PA14_50730 -1,6 8,4E-06 
 

-1,3 2,1E-02 
 

-2,4 3,8E-13 
 

-6,0 6,9E-05 

PA14_51470,cupC1 -2,1 1,2E-10 
 

-1,4 9,1E-04 
 

-4,1 7,9E-15 
 

-7,8 6,4E-06 

PA14_52150,lpxO2 -2,9 1,6E-15 
 

-5,7 9,1E-14 
 

-4,1 2,9E-17 
 

-6,3 3,1E-06 

PA14_52260,gacS -2,5 5,1E-07 
 

-5,4 2,9E-17 
 

-4,3 1,4E-16 
 

-6,3 1,0E-03 

PA14_54370,lepA -1,9 5,6E-08 
 

-6,5 4,6E-12 
 

-3,5 5,1E-11 
 

-8,8 4,4E-07 

PA14_54390,mucD -8,7 1,4E-15 
 

-7,9 1,0E-15 
 

-7,9 4,2E-16 
 

-8,4 5,8E-07 

PA14_57050,fabG_2;speA_2 -1,4 3,9E-03 
 

-2,8 8,0E-08 
 

-2,9 6,8E-12 
 

-8,0 3,2E-07 

PA14_57470,rsmI -3,2 8,4E-06 
 

-7,3 3,4E-12 
 

-4,1 1,3E-05 
 

- - 

PA14_57480,lpoA -4,8 5,3E-15 
 

-11,7 5,2E-15 
 

-5,3 3,2E-14 
 

-6,8 6,3E-07 

PA14_57520,sspB -1,3 9,0E-04 
 

-1,8 3,7E-05 
 

-1,7 1,8E-08 
 

-6,4 1,1E-03 

PA14_57760,algW -2,8 1,9E-13 
 

-6,2 4,3E-10 
 

-3,8 7,5E-13 
 

-6,0 1,8E-03 

PA14_61820,ychF -2,3 2,9E-09 
 

-7,1 4,3E-12 
 

-3,5 1,3E-10 
 

-7,8 6,9E-06 

PA14_62900,greA -1,8 4,5E-03 
 

-5,4 1,7E-05 
 

-3,8 1,2E-09 
 

-7,7 2,5E-05 

PA14_66630,pilP -1,3 7,0E-03 
 

-1,7 2,8E-05 
 

-1,6 1,7E-10 
 

-7,2 7,2E-06 

PA14_66670,ponA -5,9 5,1E-22 
 

-9,3 6,3E-21 
 

-6,3 1,7E-20 
 

-6,6 1,6E-04 

PA14_66770,hslV -2,5 1,3E-06 
 

-1,7 1,2E-04 
 

-3,1 2,7E-08 
 

-5,5 6,4E-05 

PA14_67750,yibN -4,6 2,1E-11 
 

-2,1 3,5E-04 
 

-6,2 5,5E-09 
 

-8,7 3,2E-06 

PA14_67790,envC -1,6 1,0E-08 
 

-2,2 6,7E-12 
 

-3,0 3,1E-16 
 

-8,5 3,0E-06 

PA14_69230,ppk1;ppk -2,4 4,0E-17 
 

-4,0 1,6E-17 
 

-2,9 5,0E-18 
 

-4,3 1,5E-04 

PA14_70390,crc -1,9 1,5E-09 
 

-5,2 2,0E-04 
 

-2,2 1,0E-10   -6,4 7,4E-06 
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PA14_23470,wbpM -2,7 8,0E-15   -1,2 6,9E-03   -2,9 2,5E-14 

 
8,4 3,2E-07 

PA14_41570,oprF -3,7 7,4E-12 
 

-8,8 4,2E-08 
 

-5,4 9,0E-13 
 

-3,5 1,4E-01 

PA14_54430,rpoE;algU -2,2 3,3E-08 
 

-4,8 9,1E-09 
 

-2,7 9,6E-11 
 

-1,2 1,0E+00 

PA14_57100,ampG -8,9 1,9E-19 
 

-10,0 2,5E-17 
 

-7,8 8,0E-19 
 

1,3 1,0E+00 

PA14_62200,mrcB -5,8 5,1E-22 
 

-7,8 8,1E-19 
 

-6,4 2,0E-18 
 

-0,1 1,0E+00 

PA14_62730,truB -1,4 4,6E-05 
 

-5,3 4,1E-16 
 

-2,5 2,9E-10 
 

-1,0 1,0E+00 

PA14_67720,secB -5,9 2,2E-10 
 

-9,2 2,1E-16 
 

-5,5 8,3E-15 
 

-1,4 1,0E+00 

PA14_68660,rimK_1 -2,1 2,9E-13 
 

-5,0 1,9E-14 
 

-3,2 1,9E-15 
 

-3,4 1,8E-01 

PA14_69220,ppx -3,1 3,9E-11 
 

-2,0 3,7E-06 
 

-1,3 1,6E-03 
 

-0,6 1,0E+00 

PA14_70570,recG -1,6 2,3E-05 
 

-6,4 9,2E-09 
 

-1,9 6,6E-06 
 

-1,2 1,0E+00 

PA14_71870,uvrD -3,8 1,8E-09 
 

-6,4 1,5E-12 
 

-2,4 5,3E-05 
 

-3,4 2,2E-01 

PA14_72490,polA -1,3 1,8E-03 
 

-7,2 6,7E-15 
 

-2,6 6,6E-07   -0,6 1,0E+00 

F1
9

9
7

 +
 M

H
H

1
3

6
8

2
 

PA14_08830,tuf_2;tufB_2 -1,8 3,6E-03   -9,3 5,3E-09   -1,5 3,5E-01 
 

3,3 2,6E-01 

PA14_23840,truA -1,3 6,4E-03 
 

-5,2 1,3E-12 
 

-0,7 1,0E+00 
 

-3,3 2,5E-01 

PA14_57530,sspA -2,2 5,4E-08 
 

-4,3 8,7E-04 
 

-1,2 7,1E-02 
 

-7,0 1,1E-06 

PA14_58100,cafA -1,3 1,4E-02 
 

-4,8 7,9E-13 
 

-1,2 5,4E-02 
 

-6,8 2,5E-06 

PA14_69470,algR -1,7 2,9E-07 
 

-5,9 1,2E-14 
 

-0,4 1,0E+00 
 

-7,4 1,4E-06 

PA14_71640 -2,3 2,3E-07 
 

-3,7 1,6E-10 
 

0,9 1,0E+00 
 

-9,7 3,4E-07 

PA14_71650,aspA_2;aspA -2,5 3,5E-10 
 

-4,4 4,2E-14 
 

0,9 1,0E+00   -7,3 1,2E-05 

F1
9

9
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 +
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0
3

8
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8
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8
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PA14_05530,mexA -2,5 7,9E-14   0,4 1,0E+00   -2,2 1,2E-12 
 

-7,8 3,8E-06 
PA14_05540,mexB -2,5 1,6E-15 

 
0,0 1,0E+00 

 
-2,1 1,8E-14 

 
-8,1 5,7E-07 

PA14_11060,cupB1 -1,3 1,1E-03 
 

-0,1 1,0E+00 
 

-1,5 1,8E-06 
 

-8,8 6,2E-06 
PA14_11150 -2,0 2,6E-04 

 
-0,2 1,0E+00 

 
-1,4 2,6E-02 

 
-7,3 6,0E-06 

PA14_21370,fadD1 -4,0 1,2E-17 
 

1,1 3,8E-01 
 

-3,6 9,9E-17 
 

-5,8 1,0E-04 
PA14_24350 -1,7 1,3E-03 

 
-1,0 1,0E+00 

 
-2,1 6,1E-09 

 
-6,6 7,3E-05 

PA14_25210,mtnP -1,5 3,2E-04 
 

-0,6 1,0E+00 
 

-3,3 1,2E-13 
 

-6,7 6,0E-07 
PA14_30320 -1,2 4,1E-03 

 
-0,3 1,0E+00 

 
-1,7 6,5E-10 

 
-6,6 7,7E-04 

PA14_35630,pslJ -3,8 2,1E-11 
 

-0,4 1,0E+00 
 

-3,7 1,3E-10 
 

- - 
PA14_35640,pslI -4,0 1,4E-12 

 
-0,4 1,0E+00 

 
-2,9 9,1E-10 

 
-8,0 4,5E-07 

PA14_35690,pslE -3,9 1,3E-13 
 

-0,3 1,0E+00 
 

-3,2 7,9E-16 
 

- - 
pslD -2,8 2,1E-11 

 
-0,2 1,0E+00 

 
-2,1 1,7E-10 

 
- - 

pslC -3,6 6,7E-12 
 

-0,7 1,0E+00 
 

-2,4 9,6E-11 
 

- - 
PA14_37060,cupA1 -2,3 1,8E-08 

 
-0,8 1,0E+00 

 
-1,6 1,6E-04 

 
-6,7 7,9E-05 

PA14_50690, shaB -2,1 6,0E-08 
 

-0,2 1,0E+00 
 

-2,0 7,8E-10 
 

-5,6 1,4E-05 
PA14_50700, shaC -1,6 3,2E-02 

 
-0,8 1,0E+00 

 
-2,9 1,3E-07 

 
-7,4 3,0E-05 

PA14_50710, shaD -1,9 3,3E-09 
 

-1,2 2,2E-01 
 

-2,5 1,4E-12 
 

-6,0 6,8E-07 
PA14_58110,yhdE -2,3 1,1E-06 

 
-1,2 3,5E-01 

 
-3,2 6,7E-11 

 
-5,4 4,6E-05 

PA14_58990,dnaB_2 -1,3 1,4E-03 
 

0,9 1,0E+00 
 

-1,3 1,6E-03 
 

-7,5 4,8E-07 
PA14_59050 -2,7 2,3E-12 

 
0,3 1,0E+00 

 
-1,7 6,5E-08 

 
-10,5 1,3E-05 

PA14_65270,hflC_1 -3,4 3,5E-09 
 

0,8 1,0E+00 
 

-5,8 5,1E-12 
 

-5,8 8,6E-04 
PA14_65280,hflK -4,6 1,0E-10 

 
0,8 1,0E+00 

 
-5,3 3,1E-13 

 
-6,2 1,1E-03 

PA14_67740,grxC;grx -1,9 1,1E-04 
 

-1,1 9,6E-01 
 

-2,4 2,0E-07 
 

-5,2 5,4E-04 
PA14_68630 -3,2 1,9E-09 

 
-0,6 1,0E+00 

 
-1,7 2,5E-05   -7,7 1,4E-06 

M
H

H
1

3
6

8
2

 +
 Z

G
8

0
3

8
5

8
1

1
8

1
 

PA14_00460,trpI -0,5 1,0E+00   -3,3 3,0E-10   -1,7 1,6E-08 
 

-8,3 1,2E-06 

PA14_04000 -1,1 2,7E-01 
 

-2,3 7,0E-11 
 

-1,8 1,1E-10 
 

-5,3 8,2E-04 

PA14_04410,ptsP 0,3 1,0E+00 
 

-6,0 4,8E-14 
 

-1,2 3,5E-04 
 

-6,5 5,6E-06 

PA14_05960 -0,4 1,0E+00 
 

-5,1 1,9E-09 
 

-1,7 3,9E-05 
 

-7,1 2,0E-06 

PA14_07780,amgK 0,2 1,0E+00 
 

-10,3 8,2E-18 
 

-6,3 5,6E-18 
 

- - 

PA14_07790 0,6 1,0E+00 
 

-6,9 1,1E-11 
 

-6,3 9,3E-16 
 

-4,7 4,1E-06 

PA14_08520 0,2 1,0E+00 
 

-8,6 3,2E-14 
 

-6,1 4,8E-15 
 

-1,8 1,0E+00 

PA14_12100,dacC 1,0 1,0E+00 
 

-8,9 1,5E-17 
 

-1,5 4,5E-08 
 

-7,3 2,1E-06 

PA14_17940,glpR -1,0 1,0E+00 
 

-4,4 2,9E-10 
 

-2,1 9,4E-05 
 

-7,0 2,3E-05 

PA14_18700,rnt 1,3 2,1E-01 
 

-3,1 9,9E-04 
 

-2,8 4,3E-04 
 

-8,0 1,8E-03 

PA14_25560,rne 0,0 1,0E+00 
 

-7,5 4,3E-05 
 

-7,1 2,3E-04 
 

-2,2 9,3E-01 

PA14_27480,htpX_1 -1,2 4,6E-01 
 

-3,3 1,5E-04 
 

-1,8 6,1E-05 
 

-7,4 3,3E-06 

PA14_41090,mltD -0,7 1,0E+00 
 

-3,9 2,1E-16 
 

-1,7 1,1E-10 
 

-6,4 8,0E-06 

PA14_41130 0,0 1,0E+00 
 

-2,1 1,3E-12 
 

-1,2 9,9E-03 
 

-6,4 6,5E-06 

PA14_41150 -0,3 1,0E+00 
 

-2,4 4,3E-12 
 

-1,5 1,5E-05 
 

-0,6 1,0E+00 

PA14_41160 -0,4 1,0E+00 
 

-2,2 1,5E-09 
 

-1,5 1,3E-04 
 

-6,2 1,5E-05 

PA14_41190,ppiD -0,2 1,0E+00 
 

-6,1 1,6E-17 
 

-1,5 2,2E-03 
 

-3,5 6,1E-02 

PA14_45640,fleN -1,6 3,0E-01 
 

-2,8 4,2E-06 
 

-2,8 1,9E-08 
 

-6,1 3,2E-05 

PA14_50460,flgD -0,4 1,0E+00 
 

-2,9 6,0E-11 
 

-1,3 8,7E-03 
 

-8,1 5,5E-07 
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PA14_51460,cupC2 -1,4 5,5E-02 
 

-1,9 7,8E-07 
 

-2,6 7,9E-10 
 

-7,7 4,1E-07 

PA14_56080,sbcB -1,1 3,9E-01 
 

-3,7 1,3E-16 
 

-1,8 1,3E-05 
 

-7,2 1,7E-05 

PA14_61680,prmC;hemK -1,2 7,8E-01 
 

-7,3 1,7E-04 
 

-3,9 7,9E-07 
 

-3,5 1,2E-01 

PA14_62510 -0,7 1,0E+00 
 

-2,1 6,8E-11 
 

-1,1 3,4E-02 
 

-5,7 1,8E-06 

PA14_63060,smpB -0,5 1,0E+00 
 

-5,7 7,7E-11 
 

-2,8 8,1E-10 
 

-5,6 4,0E-05 

PA14_65410,orn 1,4 1,8E-01 
 

-8,8 1,6E-08 
 

-2,4 9,8E-03 
 

-2,8 3,0E-01 

PA14_67810 0,9 1,0E+00 
 

-2,1 3,3E-10 
 

-1,6 1,3E-05 
 

-6,9 3,7E-06 

PA14_72450,dsbA 0,5 1,0E+00 
 

-8,0 1,3E-12 
 

-3,0 1,9E-07 
 

-10,2 3,4E-07 

PA14_73370,gidA 0,3 1,0E+00   -2,3 1,1E-05   -5,5 4,6E-02   -5,5 1,3E-04 

Continue Table 15: 

B positively selected Tn mutants 

  

 
F1997 

 
MHH13682 

 
ZG8038581181 

 
PA14 

  

 
log2FC FDR 

 
log2FC FDR 

 
log2FC FDR 

 
log2FC FDR 

F1
9

9
7

 +
 M

H
H

1
3

6
8

2
 +

 Z
G

8
0

3
8

5
8

1
1

8
1

 +
 P

A
1

4
 

PA14_12080,mltB;sltB1 6,3 3,2E-16   4,2 1,1E-15   8,2 4,3E-18 
 

-4,2 5,6E-03 

PA14_17450,surE 3,8 2,1E-16 
 

4,3 1,6E-17 
 

4,4 1,2E-18 
 

-4,8 2,7E-06 

PA14_17460,pcm 3,2 1,7E-14 
 

1,6 4,3E-07 
 

3,5 5,7E-18 
 

-5,6 3,4E-04 

PA14_17670,erdR 2,0 1,9E-11 
 

1,7 2,0E-07 
 

1,6 2,3E-07 
 

-8,0 6,3E-07 

PA14_19290 4,2 8,3E-18 
 

2,1 7,7E-09 
 

5,0 3,1E-13 
 

-3,8 1,3E-02 

PA14_21700 2,5 4,0E-16 
 

1,3 1,6E-06 
 

1,9 2,5E-14 
 

-5,4 8,7E-06 

PA14_24710 1,8 6,8E-08 
 

2,3 6,6E-13 
 

2,8 3,6E-16 
 

-6,1 4,9E-05 

PA14_27850,queF 1,7 9,6E-06 
 

2,8 1,4E-13 
 

1,3 9,5E-04 
 

-5,6 7,9E-05 

PA14_29860,nuoM 4,9 1,0E-15 
 

6,1 5,4E-17 
 

7,4 4,2E-18 
 

-3,7 2,2E-02 

PA14_29880,nuoL 5,4 6,5E-16 
 

6,3 2,9E-17 
 

7,7 3,4E-18 
 

-3,7 4,0E-02 

PA14_29890,nuoK 5,7 2,4E-15 
 

5,8 4,0E-16 
 

7,9 6,6E-17 
 

-4,4 6,3E-04 

PA14_29920,nuoI 3,1 8,6E-15 
 

3,3 3,2E-14 
 

4,7 4,0E-17 
 

-4,8 2,8E-05 

PA14_29970,nuoF 3,4 5,6E-15 
 

3,5 5,7E-16 
 

5,4 1,7E-17 
 

-5,1 2,7E-05 

PA14_29980,nuoE 1,7 4,5E-08 
 

2,6 9,5E-14 
 

3,3 1,5E-15 
 

-5,7 7,1E-06 

PA14_29990,nuoD 4,4 6,9E-16 
 

4,9 4,7E-17 
 

6,5 2,5E-18 
 

-5,1 1,6E-06 

PA14_30010,nuoB 1,7 2,5E-08 
 

2,5 8,2E-14 
 

3,9 1,1E-16 
 

-4,2 1,1E-03 

PA14_30230,clpA 2,1 2,4E-13 
 

3,4 1,5E-16 
 

3,5 2,3E-16 
 

-5,6 2,1E-05 

PA14_30280,trxB_1;trxB1 1,3 9,7E-06 
 

2,5 5,0E-17 
 

1,5 2,9E-09 
 

-4,4 3,6E-04 

PA14_37270 1,4 2,2E-05 
 

2,9 1,7E-16 
 

1,9 2,4E-09 
 

-5,4 1,1E-02 

PA14_44400,ccoP_2;ccoP1 1,2 3,0E-02 
 

2,6 1,2E-16 
 

3,7 8,7E-15 
 

-5,5 1,9E-06 

PA14_50220,fleQ 1,4 1,5E-06 
 

1,8 6,8E-04 
 

1,6 4,9E-09 
 

-3,8 9,5E-02 

PA14_52070 1,8 4,9E-09 
 

1,3 4,5E-03 
 

2,5 6,6E-11 
 

-7,2 4,6E-05 

PA14_58550,lpxO1 4,8 2,5E-18 
 

4,8 1,5E-18 
 

4,4 4,0E-19 
 

-5,8 3,0E-04 

PA14_61400,mqo;mqoB 3,9 1,2E-10 
 

3,1 3,4E-15 
 

6,7 7,8E-17 
 

-4,0 5,5E-02 

PA14_66980,tatC 1,6 1,3E-03 
 

4,2 7,4E-13 
 

4,8 7,7E-13 
 

-4,1 3,3E-03 

PA14_68610,yrfI 1,1 4,4E-02 
 

1,6 4,4E-07 
 

3,1 1,3E-18 
 

-6,1 1,2E-06 

PA14_68680,amgS 3,6 7,8E-13 
 

2,3 1,8E-14 
 

5,6 3,3E-18 
 

-6,4 6,0E-07 

PA14_69970,cycB 1,6 1,0E-04 
 

2,3 6,7E-12 
 

4,1 4,3E-16 
 

-5,7 6,8E-06 

PA14_72400,ampDh2 4,5 2,9E-16 
 

2,9 5,6E-18 
 

4,3 1,2E-19   -6,2 3,7E-05 

F1
9

9
7

 +
 M

H
H

1
3

6
8

2
 +

 Z
G

8
0

3
8

5
8

1
1

8
1

 PA14_11560,ispA 4,4 8,1E-09   7,0 1,8E-14   7,4 1,2E-13 
 

5,8 1,3E-05 

PA14_24690,dacB 6,6 4,5E-17 
 

6,8 2,0E-18 
 

8,9 3,6E-18 
 

0,1 1,0E+00 

PA14_29850,nuoN 5,3 4,3E-16 
 

6,2 1,8E-17 
 

7,5 2,9E-18 
 

-3,1 5,9E-01 

PA14_29900,nuoJ 4,9 2,0E-14 
 

6,4 3,1E-15 
 

7,8 5,4E-18 
 

-2,7 7,8E-01 

PA14_29930,nuoH 5,6 4,2E-16 
 

6,7 1,0E-16 
 

7,8 5,0E-18 
 

-3,4 2,0E-01 

PA14_29940,nuoG 5,2 7,6E-16 
 

6,1 2,5E-17 
 

7,6 1,8E-18 
 

-3,5 1,0E-01 

PA14_30020,nuoA 5,2 5,0E-15 
 

5,8 2,9E-17 
 

7,1 1,5E-17 
 

-2,2 9,6E-01 

PA14_44070,gltA 2,9 1,9E-13 
 

5,2 1,8E-17 
 

4,7 6,2E-10 
 

2,4 8,1E-01 

PA14_44420,ccoG_2 1,2 1,2E-02 
 

1,4 1,2E-06 
 

4,1 3,5E-17 
 

-1,6 1,0E+00 

PA14_45370,ccmB 3,9 4,9E-02 
 

4,7 4,4E-13 
 

4,1 2,7E-05 
 

1,2 7,2E-01 

PA14_52570,csrA_2;rsmA 3,5 1,0E-08 
 

2,0 1,1E-06 
 

5,1 1,7E-11 
 

3,9 1,5E-05 

PA14_55770 4,1 1,8E-12 
 

5,8 1,8E-14 
 

6,5 3,5E-16 
 

2,8 9,0E-01 

PA14_64230,retS 2,4 4,0E-10 
 

1,9 1,4E-08 
 

3,6 8,5E-14 
 

1,3 1,0E+00 

PA14_66110,wapR 1,8 1,1E-06 
 

2,5 3,2E-11 
 

1,3 5,9E-06   1,3 1,0E+00 

F1
9

9
7

 +
 

M
H

H
1

3
6

8
2

 

PA14_10480,hpaR 1,5 6,8E-06   1,3 1,6E-03   0,2 1,0E+00 
 

-7,6 8,7E-06 
PA14_11470,pgpA 2,8 4,8E-12 

 
2,4 6,2E-06 

 
1,1 1,0E+00 

 
-6,6 1,9E-05 

PA14_16660 1,8 4,0E-06 
 

1,4 9,9E-04 
 

0,7 1,0E+00 
 

-5,9 2,9E-05 
PA14_37270 1,4 2,2E-05 

 
2,9 1,7E-16 

 
1,9 2,4E-09 

 
-5,4 1,1E-02 
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PA14_42850,folE_2;folE2 1,6 3,5E-06 
 

1,9 9,2E-12 
 

0,3 1,0E+00 
 

-4,2 8,7E-04 
PA14_62560,pcnB 1,7 3,0E-08 

 
1,2 1,4E-03 

 
0,0 1,0E+00 

 
-5,1 1,8E-05 

PA14_65200,rnr 1,2 9,6E-03 
 

1,1 1,6E-02 
 

0,9 1,0E+00 
 

-4,0 2,2E-04 
PA14_70470,spoT 2,5 3,7E-04 

 
5,3 3,3E-14 

 
1,1 1,0E+00   -0,8 1,0E+00 

F1
9

9
7

 +
 Z

G
8

0
3

8
5

8
1

1
8

1
 

PA14_07700,apaH_2 2,3 4,4E-08   -1,7 2,4E-05   3,4 1,2E-16 
 

-5,2 7,9E-06 

PA14_07730,ksgA 1,8 1,4E-08 
 

0,5 1,0E+00 
 

2,3 2,8E-13 
 

-3,8 4,0E-02 

PA14_12090,rlpA 2,5 4,0E-15 
 

-4,8 5,5E-12 
 

5,2 1,5E-17 
 

-5,1 7,0E-06 

PA14_12150 1,7 3,1E-10 
 

0,4 1,0E+00 
 

3,1 4,7E-18 
 

-6,4 1,8E-06 

PA14_12160 2,7 1,7E-16 
 

0,8 1,0E+00 
 

4,7 9,9E-19 
 

-5,3 8,0E-05 

PA14_19630,folE_1;folE1 1,3 4,1E-04 
 

-0,7 1,0E+00 
 

2,0 2,2E-12 
 

-3,8 3,3E-02 

PA14_20491 2,0 1,2E-11 
 

0,4 1,0E+00 
 

2,2 2,3E-12 
 

-5,7 3,8E-04 

PA14_20800 1,8 3,6E-04 
 

0,1 1,0E+00 
 

1,8 6,0E-06 
 

-8,0 3,0E-06 

PA14_24140 3,6 9,8E-15 
 

0,5 1,0E+00 
 

5,8 2,8E-18 
 

-2,2 1,0E+00 

PA14_38350,galU 2,7 6,3E-09 
 

-7,3 5,0E-15 
 

3,7 9,0E-15 
 

9,0 4,1E-07 

PA14_39200 1,3 3,2E-02 
 

0,9 1,0E+00 
 

1,3 1,6E-02 
 

-5,3 1,1E-03 

PA14_39330,rbsA 1,4 2,3E-04 
 

-1,4 2,6E-03 
 

2,5 4,1E-16 
 

-8,5 3,3E-06 

PA14_39350,rbsB 1,7 2,5E-02 
 

-0,5 1,0E+00 
 

1,6 1,7E-03 
 

-7,6 2,4E-05 

PA14_55780,pprA 1,2 1,2E-02 
 

0,9 1,0E+00 
 

3,7 3,2E-17 
 

-3,4 1,9E-01 

PA14_57870 3,0 3,2E-14 
 

-0,1 1,0E+00 
 

5,2 3,4E-18 
 

6,0 5,3E-07 

PA14_57880 3,6 1,5E-18 
 

-0,2 1,0E+00 
 

5,2 5,2E-19 
 

5,3 1,6E-06 

PA14_65400,queG 1,4 3,8E-07 
 

0,0 1,0E+00 
 

2,4 8,6E-16 
 

-4,6 1,2E-04 

PA14_65420 4,6 8,3E-13 
 

1,2 4,8E-01 
 

4,9 6,5E-08 
 

-4,9 1,8E-02 

PA14_66170 2,8 3,1E-14 
 

-3,4 8,3E-13 
 

1,9 2,2E-06 
 

8,5 3,0E-07 

PA14_68580,pckA 4,8 6,5E-06 
 

0,5 1,0E+00 
 

6,4 3,2E-14 
 

-1,0 1,0E+00 

PA14_70040,dadA 1,5 1,3E-08 
 

1,5 1,7E-06 
 

2,1 4,1E-15 
 

-5,9 8,3E-05 

PA14_70080,lrp 1,3 3,8E-04 
 

0,0 1,0E+00 
 

2,3 1,9E-14 
 

-5,5 3,7E-05 

PA14_70100 1,7 1,4E-10 
 

-0,1 1,0E+00 
 

2,6 1,3E-17 
 

-5,9 8,2E-06 

PA14_70560,oxyR 1,6 8,0E-03 
 

-1,8 1,0E+00 
 

3,5 1,4E-05 
 

-4,2 2,3E-02 

PA14_71300 1,5 5,6E-06 
 

-1,5 4,3E-03 
 

2,1 1,6E-13   -5,0 2,0E-04 

M
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PA14_00170,trkA 0,3 1,0E+00   3,1 5,0E-15   2,3 1,4E-15 
 

-5,5 2,4E-06 

PA14_03450 0,0 1,0E+00 
 

1,2 1,5E-02 
 

1,2 1,1E-04 
 

-6,1 8,6E-06 

PA14_03870,spuA 0,5 1,0E+00 
 

1,9 2,1E-10 
 

1,7 3,5E-10 
 

-6,3 1,0E-04 

PA14_03930,spuE 0,9 1,0E+00 
 

3,0 2,8E-16 
 

2,5 2,6E-16 
 

-4,8 1,0E-05 

PA14_05310,gshB 0,1 1,0E+00 
 

4,9 3,7E-17 
 

1,3 1,6E-02 
 

-5,4 2,3E-06 

PA14_14160 1,0 1,0E+00 
 

1,5 1,1E-06 
 

1,3 4,4E-05 
 

-6,2 4,0E-03 

PA14_14470,pepA 0,7 1,0E+00 
 

2,4 1,0E-12 
 

1,4 1,4E-05 
 

-3,2 3,9E-01 

PA14_16550 0,8 1,0E+00 
 

1,2 3,6E-03 
 

1,5 2,5E-07 
 

-7,5 1,2E-06 

PA14_17040,glnD 0,8 1,0E+00 
 

4,0 2,8E-15 
 

2,5 2,5E-16 
 

-5,9 3,9E-06 

PA14_22690,trkH 0,0 1,0E+00 
 

3,2 7,5E-15 
 

1,9 6,4E-12 
 

-5,7 2,7E-05 

PA14_23200 0,9 1,0E+00 
 

2,4 3,8E-07 
 

3,9 1,5E-14 
 

-4,2 3,6E-03 

PA14_23500 0,0 1,0E+00 
 

1,4 1,1E-05 
 

2,3 1,8E-09 
 

-6,4 2,0E-06 

PA14_24720 0,8 1,0E+00 
 

1,3 5,0E-06 
 

1,5 6,7E-10 
 

-6,8 7,6E-05 

PA14_30270,aat -0,3 1,0E+00 
 

1,6 2,7E-04 
 

1,5 6,9E-05 
 

-7,8 7,0E-05 

PA14_37270 1,4 2,2E-05 
 

2,9 1,7E-16 
 

1,9 2,4E-09 
 

-5,4 1,1E-02 

PA14_39050,brnQ_1;braZ 0,9 1,0E+00 
 

2,0 2,3E-12 
 

1,2 1,1E-02 
 

-4,7 1,1E-03 

PA14_44370,ccoN_4;ccoN1 1,0 1,0E+00 
 

2,8 3,9E-17 
 

3,6 1,4E-15 
 

-2,6 9,9E-01 

PA14_44380,ccoO_2;ccoO1 1,2 9,8E-02 
 

2,9 2,9E-14 
 

3,4 9,7E-14 
 

-4,5 1,8E-04 

PA14_44440 1,1 1,0E+00 
 

2,9 1,8E-13 
 

4,6 2,2E-15 
 

-3,7 4,2E-02 

PA14_45280,ccmI;cycH 0,4 1,0E+00 
 

3,2 1,1E-15 
 

3,0 2,3E-13 
 

-4,9 2,1E-05 

PA14_45290,ccmH 1,1 1,0E+00 
 

4,5 6,2E-14 
 

4,6 2,5E-08 
 

5,4 1,7E-02 

PA14_45300,ccmG 0,7 1,0E+00 
 

4,9 5,2E-15 
 

4,0 2,3E-07 
 

0,5 9,3E-01 

PA14_45310,ccmF 2,2 1,3E-01 
 

4,8 1,2E-16 
 

4,0 4,7E-09 
 

1,4 8,4E-01 

PA14_45330,ccmE 0,2 1,0E+00 
 

2,2 3,0E-09 
 

3,1 2,5E-09 
 

-2,7 4,7E-01 

PA14_45350,ccmC 2,0 5,4E-01 
 

5,0 9,5E-17 
 

4,1 6,2E-11 
 

3,4 2,0E-01 

PA14_56920,inaA_1 0,9 1,0E+00 
 

1,8 1,5E-06 
 

2,2 1,8E-09 
 

-4,5 1,4E-03 

PA14_58700,nadC 1,2 1,3E-01 
 

2,1 2,0E-10 
 

1,4 3,5E-05 
 

-6,7 9,4E-07 

PA14_67680,ntrC 1,0 1,0E+00 
 

3,9 5,6E-17 
 

1,7 1,5E-07 
 

-7,7 2,8E-06 

PA14_68730,gshA 0,6 1,0E+00 
 

4,8 7,8E-17 
 

1,8 4,8E-02 
 

-0,7 1,0E+00 

PA14_72460,cc4 0,9 1,0E+00   1,9 4,0E-05   3,8 1,1E-14   -3,9 2,9E-03 
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In Figure 22 only those genes that were identified in all three clinical strains were considered for 

overlap analysis. Consequently, we screened genes of each strain individually for their importance 

for survival upon CAZ exposure (see Supplementary Table S7). 223 genes were significantly 

negatively selected for in MHH13682, excluding those genes found in the intersections of Figure 22. 

These genes included antibiotic response mechanism associated genes (bacA, phoPQ, colSR, mpl, 

pvdR, PA14_69890) [31], [64], [108], [219], [234], [235], stringent and SOS response genes (lexA, 

cbrA, clpX, uvrABC, pbpG, recB, phzB1) [75], [224], [236]–[239] and membrane proteins (nagZ, galU, 

exbB1C1, glpF, opmB, cysQ, kinB) [108], [131], [240]–[242]. I also found the four genes involved in 

the anabolic peptidoglycan-recycling pathway (amgK, anmK, mupP and murU) [243] as negatively 

selected in MHH13682 and ZG8038581181 together with dacC, a penicillin binding protein [238]. 

Finally and yet importantly, LPS core biosynthesis cluster genes (PA5001,PA5002, PA5004 and 

PA5005) were significantly negatively selected for in MHH13682 and rather positively selected for in 

the other three strains [244]. 

Besides the genes presented in Figure 22, for strains F1997 and ZG8038581181 another 83 genes and 

127 genes, respectively, were significantly negatively selected for upon CAZ exposure. The most 

prominent depleted genes in both strains were biofilm associated, such as pslCDEJ [25]. 

6.1.7 ampG- a major player for CAZ resistance 

Given our findings that the genetic inactivation of ampG leads to a depletion of the respective 

mutant in the Tn mutant libraries of all three clinical isolates, but not PA14, upon CAZ exposure, we 

speculated that inhibition of AmpG could restore susceptibility towards the β-lactam antibiotic CAZ in 

the resistant P. aeruginosa isolates. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) has 

previously been shown to prevent uptake of 1,6-GlcNAc-anhydro-MurNAc and 1,6-GlcNAc-anhydro-

MurNAc peptides by AmpG in E. coli [245], and was shown to confer increased sensitivity to 

ampicillin in a selection of clinical P. aeruginosa isolates [63].  

We therefore tested the efficacy of CAZ at subMIC concentrations with supplemented CCCP [63]. As 

a result, the presence of 120 µM CCCP did not alter the efficacy of CAZ in PA14 and in 

ZG8038581181. However, the effect of supplemented CCCP in a subMIC CAZ environment resulted in 

a reduction by the factor of 2 in the MIC for F1997 and by the factor of 8 for MHH13682. Thus, the 

addition of CCCP reduces the resistance phenotype in the clinical isolates MHH13682 and F1997.  

AmpG acts as an inner membrane permease transporting peptidoglycan degradation products, 

MurNac-peptides, from the periplasm into the cytoplasm. It is required for the induction of AmpC 

and mutation of this gene was previously described to reduce susceptibility to β-lactams eightfold 

[53], [63]. Screening ampG for mutations, there were no mutations found for isolates F1997 and 



Genetic determinants defined by Tn-seq following CAZ exposure 

74 
 

ZG8038581181 and five nonsynonymous SNPs found for MHH13682 (L100V, S112N, S478G, S580T 

and T583A).  

6.1.8 Penicillin binding proteins have different impacts on ceftazidime response  

Penicillin binding proteins (PBPs) are involved in the CAZ-resistance phenotype of all three clinical 

isolates (Table 16). Their effect differs throughout the various PBPs, as the abundance of their 

corresponding Tn mutants is individually affected upon CAZ exposure (Table 16). The two most 

significantly depleted genes throughout the genomes of F1997, MHH13682 and ZG8038581181 are 

ponA and mrcB with FDR values < 8 x 10-18, of which ponA is ranked 24th most significantly regulated 

gene in ZG8038581181. As expected, enrichment and thus knockout of dacB is found as significantly 

important for all three isolates with FDR values < 4 x 10-17. In MHH13682 enrichment of dacB and 

simultaneous depletion of dacC with FDR < 2 x 10-17 contribute to its CAZ resistant phenotype. In 

PA14 none of the PBPs seems to play a predominant role for CAZ survival compared with all 

significantly depleted genes. 

Table 16: Selection of Penicillin binding protein genes (PBP) with Tn insertions in output mutant pools of 
F1997, MHH13682, ZG8038581181 and PA14 grown upon CAZ exposure. For clinical isolates log2-fold change 
values [log2FC] in bold indicate a depletion/enrichment (FDR ≤ 0.05) significantly greater than log2FC of |1|. 
For PA14 genes were considered significantly regulated with a log2 fold change significantly greater than 
|3.32|, using the edgeR function glmTREAT and a FDR < 0.05. log2FC values are conditionally highlighted 
ranging from red (low value) over yellow (intermediate) to green (high value). 

   
F1997 MHH13682 ZG8038581181 PA14 

PBP PA14 ID gene log2FC FDR log2FC FDR log2FC FDR log2FC FDR 

PBP1a PA14_66670 ponA -5,91 5,13E-22 -9,28 6,34E-21 -6,33 1,66E-20 -6,65 2,75E-04 

PBP1b PA14_62200 mrcB -5,82 5,13E-22 -7,78 8,10E-19 -6,41 2,04E-18 -0,12 1,00E+00 

PBP2 PA14_12060 pbpA 
  

-1,20 1,00E+00 
    

PBP3 PA14_57425 ftsl 
        

PBP3a PA14_35190 pbpC -0,12 1,00E+00 0,29 1,00E+00 0,05 1,00E+00 -6,80 5,57E-06 

PBP4 PA14_24690 dacB 6,60 4,49E-17 6,78 2,00E-18 8,85 3,64E-18 0,13 1,00E+00 

PBP5/6 PA14_12100 dacC 0,97 1,00E+00 -8,90 1,53E-17 -1,45 4,55E-08 -7,49 2,99E-06 

PBP7/G PA14_53020 pbpG 0,25 1,00E+00 -2,82 4,20E-10 0,40 1,00E+00 -6,39 7,20E-06 

 

Interestingly, even though single mutations in PBPs are associated with β-lactam resistance [246], 

there were no consistent SNPs in any of the two genes ponA and mrcB throughout the three clinical 

isolates. Of note, there were several non-synonymous SNPs found in ponA for MHH13682 (E326L, 

M389I, I403V, I418V, V613A, A614V, P616E and G622A) and none in the other two isolates. Very few 

SNPs were found in mrcB for MHH13682 (T410A and N555S) and for the other two isolates (K607R). 

This suggests that the resistance phenotype of all three isolates is not driven by similar mutations in 

the most prominent depleted PBPs.  
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 Discussion 6.2

P. aeruginosa’s resistance towards many currently available antibiotics rises every year due to 

extensive use of antibiotics in the clinics, animal farming and agricultural use. Consequently, there is 

an urgent need to discover new targets for antimicrobial therapies and to better understand the 

various bacterial mechanisms of antibiotic resistance. In the clinics β-lactams play a central role in 

the treatment of bacterial infections as they remain both the single most prescribed antibiotic class 

and the most important in terms of sales [247], [248]. As with other antibiotics, P. aeruginosa’s 

resistance mechanisms towards the β-lactam antibiotic ceftazidime are not yet fully understood. In 

this study, we applied the genome-wide screening method Tn-Seq (TraDIS) to unravel new genetic 

determinants involved in CAZ resistance in three chosen CAZ-resistant P. aeruginosa clinical isolates 

and to evaluate their resistome upon exposure to the β-lactam antibiotic ceftazidime.  

Antibiotic resistance genes harboring DNA elements, plasmids, transposons, integrons, prophages or 

resistance islands confer acquired resistance and are acquired by conjugation, transformation or 

transduction [249]. Genomic analyses during this study did not identify any acquired β-lactamases or 

mutational changes in intrinsic β-lactamases throughout the three CAZ-resistant clinical isolates 

F1997, MHH13682 and ZG8038581181. In addition, transcriptional analyses under standard 

laboratory conditions did not identify strong induction of the intrinsic β-lactamase ampC in any of the 

three strains, nor did it identify high levels of highly upregulated resistance-associated genes in either 

of the two strains F1997 and MHH13682 upon CAZ exposure.  

Many genes identified as depleted by Tn-seq upon CAZ exposure and thus mandatory for survival 

under antibiotic stress of ceftazidime were strongly associated with antimicrobial resistance, but 

many other genes were not previously associated with resistance. Interestingly, ampG is one of the 

most needed genes for CAZ survival among those genes and Tn mutants in this gene were 

significantly depleted in all the clinical isolates but not depleted in the CAZ-sensitive PA14 wild-type.  

ampG encodes for a transmembrane permease for 1,6-GlcNAc-anhydro-MurNAc peptides [63], [250], 

[251]. It transports peptidoglycan monomers into the cytoplasm, to be recycled via AmpD and 

reincorporated into the peptidoglycan layer [56]. In regard to β-lactam resistance, AmpG is majorly 

involved in the transport of AmpC-inducing signal molecules [57], [251] and is therefore essential for 

ampC expression. Thus, inhibiting ampG would enable suppression of both intrinsic ampC expression 

and ampC hyperexpression caused by ampD mutations. Targeting of ampG has two advantages: its 

highly conserved sequence among bacteria and its accessibility as a transmembrane protein. A 

potential drug, such as CCCP, would have no need to enter the cytoplasm [63]. CCCP has previously 

been shown to increase the β-lactam efficacy in several laboratory strains as well as CF isolates of P. 

aeruginosa [63]. Likewise, for the clinical isolates F1997 and MHH13682 of this study, added CCCP 
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decreased the CAZ MIC by the factors of 2 and 8, respectively, and therefore our data support the 

importance of ampG’s involvement in CAZ resistance in two of the three tested clinical isolates and 

thus the hypothesis that ampC can be strain-dependently induced by the addition of CAZ. In general, 

β-lactams differ in their ability to induce ampC. There are antibiotics that belong to the group of 

strong inducers and good substrates of AmpC, such as ampicillin, amoxicillin, benzylpenicillin, 

cefazolin and cephalothin or those antibiotics that belong to the group of strong inducers but weaker 

substrates of AmpC, such as cefoxitin and imipenem. Ceftazidime, however, belongs to the third 

group of antibiotics that are weak inducers and weak substrates of AmpC, which also includes 

cefotaxime, ceftriaxone, cefepime, cefuroxime, piperacillin and aztreonam [252]–[257]. Identification 

of ampG, as being majorly involved in the CAZ resistance mechanism would not have been possible 

using purely genomic and transcriptomic screening tools, as this gene did not show noteworthy 

regulation. But in the context of Tn-seq analyses of three CAZ-resistant clinical isolates compared to 

the CAZ-sensitive PA14 wild-type, not the regulation, but the activity of ampG was identified as a 

potential major player in β-lactam resistance presumably during ampC induction by CAZ. Of course, 

its involvement needs to be examined further. 

Additional genes among the group of genes, which were significantly depleted and therefore needed 

for CAZ survival in the CAZ-resistant strains but not in the CAZ-sensitive PA14 wild-type, beside 

ampG, were also algU, oprF, secB, wbpM and mrcB. 

AlgU is a sigma factor which has been associated with intrinsic antibiotic resistance previously [258], 

[259]. AlgU most prominently controls conversion into a mycoid phenotype by inducing production 

of the exopolysaccharide, alginate. This mucoid phenotype can confer resistance [195], [223]. A more 

specific mechanism how AlgU regulates antimicrobial resistance is by controlling transcription of 

ampR [260], which regulates the expression of the intrinsic β-lactamases ampC and poxB. 

Additionally, mutations in genes of the regulatory system of AlgU, including algW, mucB and mucD, 

lead to increased sensitivity to the β-lactam antibiotic imipenem [223], [261]. Approprietly, in this 

study algW and mucD were also significantly depleted in all CAZ-resistant isolates and ampR was 

significantly depleted in strains MHH13682 and ZG8038581181.  

The role of the outer-membrane porin OprF in antibiotic resistance remains controversial. It has been 

demonstrated that loss of OprF was associated with β-lactam resistance in P. aeruginosa [262] or 

that OprF has minimal effect on resistance [263]. Bratu et al. postulates that a more active or more 

expressed oprF increases the membrane permeability, which offsets the increase in β-lactamase 

activity of ampC [232] leading to an cephalosporin-susceptible phenotype. 
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Interestingly, for secB it has been shown that there is no interaction between SecB and the precursor 

proteins of β-lactamase under several conditions in E. coli [225]. SecB is an ATP-independent 

chaperone protein and Laminet et al. postulates that pre-β-lactamase folding in vitro and transport in 

vivo is independent from the presence of SecB. To which extend and in what way secB plays a role in 

the resistance phenotype of the three isolates studied here remains to be further examined. 

WbpM is an inner-membrane-bound, NAD+-dependent UDP-4,6-GlcNAc dehydratase [264], [265], 

which is found in all 20 P. aeruginosa O-antigen loci [266]. Insertional inactivation of wbpM has been 

previously stated to result in distinct LPS phenotypes [241] and an altered LPS phenotype affecting 

susceptibility not only to aminoglycosides but also to β-lactam antibiotics [230]. On the other hand, 

López-Causapé et al. 2017 does not relate the presence of mutations in wbpM (also known as capD) 

to an increase in resistance to any antibiotic [246]. In our Tn-seq data set wbpM is significantly 

depleted upon CAZ exposure. However, in the transcriptional profiles of F1997 and MHH13682 

during growth upon CAZ exposure wbpM is not upregulated. To the contrary, it is slightly 

downregulated (Table 15). 

mrcB is one out of eight penicillin binding proteins. PBPs catalyze steps during cell wall biosynthesis 

and are the targets of β-lactam antibiotics. In this study, we found ponA and mrcB (PBP1a/b) as being 

the two most significantly depleted genes in the three clinical isolates, whereas, to be exact, in 

ZG8038581181 ponA was the top 24th depleted gene. In a previous study, CAZ was reported to be 

predominantly selective for PBP1a out of all PBPs in PAO1 strains [267]. In the same study, whereas 

PonA (PBP1a) was inhibited by 76 % after addition of CAZ (at MIC concentration), MrcB (PBP1b) was 

inhibited by 28 % and therefore was less affected by the presence of the β-lactam compared to no 

addition of the antibiotic. The mode of action in the context of β-lactam resistance of PBPs is not yet 

fully understood. It has been shown that presence or absence of ponA, mrcB and pbpA (PBPs1a, 1b, 

and 2) do not significantly impact the peptidoglycan structure [222]. And it is predominantly 

assumed, that the potential mostly relevant resistance mechanism of PBPs is their sequence 

modification in order to alter the β-lactam target and loose specificity towards the antibiotic [231]. 

Interestingly, in this study we did not find non-synonymous SNPs in the sequences of ponA or mrcB, 

which were similar or identical for all three clinical isolates. Therefore, their involvement in the 

resistance phenotype within the three clinical isolates still awaits further research. Other than Chen 

et al. 2017, we see PBP1a and 1b as fruitful targets in P. aeruginosa [222] especially as they are the 

most significantly affected genes in the Tn-seq data set. 

The role of the other PBPs for β-lactam resistance is discussed in the following. Previously described 

analyses of transposon insertion libraries constructed from strains PAO1 and PA14 grown in sputum 

from CF patients indicated that both pbpA (PBP2) and ftsI(PBP3) are essential genes [222], [268]. 
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Consistently, in this study we were not able to generate neither of the two transposon mutants in 

any of the tested strains with one exception. A PBP2 mutant in MHH13682, which did not show 

significant regulation during CAZ exposure, was generated. Therefore, no direct conclusion regarding 

the involvement in β-lactam resistance can be drawn for pbpA and ftsI. In the three clinical isolates it 

is consistent that dacB (PBP4) is significantly enriched, indicating that its functional knockout is of 

advantage for survival under CAZ exposure. It was demonstrated that inactivation of dacB is a major 

mechanism of AmpC overexpression in P. aeruginosa [62], [238]. In combination with significant 

depletion of dacC (PBP5) in MHH13682, which was shown to play a role for the intrinsic level of β-

lactam resistance, it was documented that DacB acts as DD-carboxypeptide when DacC is absent 

[238]. Crystallized dacB in P. aeruginosa showed a broad-spectrum β-lactamase activity assuming it is 

both involved in β-lactam-trapping and -hydrolysis [269]. DacC was identified to be the primary DD-

carboxypeptidase increasing the pentapeptide levels when it is absent. Ruby et al. 2015 hypothesized 

that dacC expression might lead to increased levels of periplasmic soluble anhydromuropeptides 

activating the AmpC induction pathway, which requires functional AmpG and AmpR [62], [240], 

[270]. Just like the previous PBPs, PBP4, 5 and 7 were also not shown to be involved in changing 

peptidoglycan composition by its presence or absence [238]. PBP’s β-lactam resistance involves an 

interplay between their effects on AmpC induction, β-lactam trapping and β-lactamase/DD-

carboxypeptidase activity [238]. Non-β-lactam based inhibitors of PBPs are of interest to circumvent 

the fact that bacteria have evolved resistance to the β-lactam antibiotics by action of β-lactamases. 

Among some tested PBP inhibitors are boronic acid and diazabicyclooctanes [271], [272]. Boronic 

acids have been developed as inhibitors of the mechanistically related serine beta-lactamases and 

serine proteases [272]. Diazabicyclooctanes also increase the antimicrobial potency of CAZ [43]. 

Another functional group of genes that was identified to be important for CAZ survival in all three 

clinical isolates comprised biofilm formation genes. In this study, mutants in envC (homolog of acrE), 

gacAS, ftsEX and cupB2C1 were clearly depleted upon CAZ exposure, highlighting the advantage of 

the biofilm phenotype for CAZ resistance [273]. envC, a membrane-bound metallopeptidase was 

reported to directly interact with cell division proteins ftsEX in order to activate amidase [274]. 

According mutants are deficient in forming biofilms and are more susceptible to antimicrobials in 

Fusobacterium nucleatum and E. coli, respectively [275], [276]. The GacS/GacA two-component 

regulators system regulates many genes involved in virulence, secondary metabolism and biofilm 

formation. P. aeruginosa gacS deficient mutants were shown to have a decreased antimicrobial 

resistance phenotype [277]. cupB2C1 encode components of the chaperone-usher family of fimbrial 

adhesins enhancing adhesion and biofilm formation in P. aeruginosa [134]. Additionally, Tn-seq 

analyses of this study revealed major biofilm formation genes pslCDEU being depleted upon CAZ 
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exposure in F1997 and ZG8038581181, once again indicating the biofilm phenotype advantage for 

antibiotic resistance. 

For the two clinical isolates F1997 and ZG80385851181, both of which measured a rather low CAZ 

MIC of 32 µl/ml, I also identified mutations in overlapping gene functions in efflux pumps mexAB and 

the cation transmembrane transporter shaBCD. The intrinsic resistance of P. aeruginosa uses rapid 

efflux via induced expression of the resistance-nodulation-cell division system MexAB-OprM and 

AmpC β-lactamase production resulting in active efflux of antibiotics across the outer membrane 

[228], [243], [278]. Efflux pumps pumping antibiotics or other substrates towards the outside of the 

cell, increase the tolerance towards CAZ resulting in a bacterium’s low-resistant phenotype (MIC 32). 

The sha system (also known as pha system in Sinorhizobium meliloti) is important for the 

homeostasis of H+, Na2+ and more monovalent cations and has its role in the pathogenicity of P. 

aeruginosa as well as in Vibrio spp., Staphylococcus spp., Listeria spp., etc. [229]. Cation transporters 

can be seen as having antibiotic activity as they are able to destroy transmembrane electrochemical 

gradients [279]. On the other hand, as these genes were depleted during growth with CAZ in this 

study, they seem to play an important role for the resistant phenotype. 

Exclusively in MHH13682 showing a highly CAZ-resistant phenotype (MIC of 256 µl/ml), I identified 

many more genes being beneficial for survival upon CAZ exposure. Among these were genes 

associated with antibiotic response mechanisms, but also stringent response and SOS response genes 

as well as genes involved in the peptidoglycan recycling pathway and LPS core biosynthesis cluster 

genes. Mutations in the two-component system PhoPQ has been demonstrated to result in a 

susceptible phenotype of P. aeruginosa towards polymyxin due to alteration of the lipid A structure 

in LPS [235]. Similarly, insertion in mpl, encoding UDP-N-acetylmuramate:L-alanyl-γ-D-glutamyl-

meso-diaminopimelate ligase, lead to constitutive expression of ampC and thus increased β-lactam 

resistance [219], [238]. The RecBCD system is involved in the recombinational repair of double-strand 

breaks. When knocked out it makes the mutant more susceptible to many antibiotics [280]. Cirz et al. 

2006 described the involvement of the SOS gene repressor lexA in ciprofloxacin resistance in E. coli 

and P. aeruginosa. In accordance with their finding, based on the involvement of several SOS 

response genes for CAZ resistance, we also postulate that the SOS system might play a still 

underestimated role in the response to several commonly used antibiotics [224].  

Since CAZ targets the cell wall of P. aeruginosa, alterations in the LPS composition might increase β-

lactam resistance as it might affect outer membrane barrier properties and thus antibiotic 

penetration [261], [281]. galU is required for a complete LPS core. It repairs secondary mutations in a 

wbpM mutant [241], and its insertional inactivation alters LPS phenotypes. A previous analysis of 

transposon mutants showed that an inactivation of galU increases MICs of CAZ and meropenem in P. 
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aeruginosa [165], [282]. The four genes amgK, anmK, mupP and murU belong to the cell wall salvage 

pathway in PAO1 and whereas individual deletion of single genes tended to cause an increased β-

lactamase activity, Tn insertions in all genes reduced the level of β-lactam resistance which has been 

shown previously [243]. Furthermore, mutations in any of the genes PA5001-PA5005 involved in 

biosynthesis of the LPS core oligosaccharide were previously shown to make P. aeruginosa less 

susceptible to CAZ and meropenem [244], [283]. 

Finally, a number of Tn mutants positively selected for in all three clinical isolates in the presence of 

CAZ, showed mutations in genes involved in oxidative phosphorylation (nuoABDEFGHIJKLMN) as well 

as in genes whose loss of function results in hyperproduction of ampC (dacB and ampD). This 

indicates that loss of respiration as well as activation of ampC positively impact bacterial survival 

upon CAZ exposure. Lack of nuoN and nuoG have been previously described as leading to increased 

β-lactam and aminoglycolside resistance in P. aeruginosa, respectively [219], [238], [284]. El’Garch et 

al. 2007 described that Tn-insertion in nuoG disrupts the entire nuo-operon inactivating the NADH 

dehydrogenase, which is responsible for the proton electrochemical gradient, and therefore 

impairing the membrane energetics as well as uptake of aminoglycosides. Additionally, lack of 

oxygen causes a decrease in bacterial metabolic activity reducing the effectiveness of β-lactams, 

fluoroquinolones and aminoglycosides [285]. Mutational changes and loss of function of the genes 

dacB and ampD was described by Cabot et al. 2012 and it was shown to cause hyperproduction of 

the intrinsic β-lactamase ampC [286]. In fact, ampC is moderately overexpressed in transcriptomic 

profile of F1997, and strongly overexpressed in the highly-resistant isolate MHH13682 during growth 

with and without CAZ.  

Interestingly, mutants which were affected in motility in MHH13682 and F1997 as well as energy 

metabolism in MHH13682 and ZG8038581181 were positively selected for upon CAZ exposure. This 

indicates that loss of motility as well as a slow down of energy metabolism positively impact survival 

under growth with CAZ. It was previously described that non-motile P. aeruginosa clinical isolates 

tend to form three-dimensional aggregates which form spontaneously in liquid cultures and are 

tolerant to several antibiotics (gentamicin and carbenicilin) [287]. Furthermore, it has been shown 

that a state of repressed metabolism and reduced metabolic turnover as it can be found in antibiotic 

persisters, nutrient-limited stationary phase cells and cells in biofilms, is beneficial for survival of 

antibiotic stress [239], [288].  

In conclusion, in this study we have identified both known and novel genetic determinants of survival 

upon CAZ exposure. Results from previous publications already suggested a role of many antibiotic 

resistance associated genes as well as genes involved in biofilm formation, reduction of metabolic 

processes and peptidoglycan recycling pathway in β-lactam resistance. Here, we emphasize the 
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importance of AmpG for CAZ resistance in P. aeruginosa. The interplay between production of β-

lactam inactivating enzymes, mutation of antibiotic targets and global regulators shows the 

complexity of β-lactam resistance, which will continue providing new potential antibiotic targets for 

the treatment of infectious diseases [62]. Additionaly, these results highlight the success of our 

transposon sequencing approach in the identification of new players involved in ceftazidime survival 

in three CAZ-resistant P. aeruginosa clinical isolates. Elucidating e.g. the role of cation 

transmembrane transports, membrane stability and cell wall recycling will be an exciting future 

challenge. 
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 Analysis of the organization and expression patterns of the 7

convergent P. aeruginosa lasR/rsaL gene pair uncovers mutual 

influence 

Quorum sensing (QS) allows P. aeruginosa to co-ordinate gene expression in response to cell density, 

which is not only important for stable biofilm growth, but also for regulating various genes including 

numerous virulence factors. LasR is a major cell-density dependent regulator of virulence gene 

expression in P. aeruginosa [289]. LasR responds to its cognate QS signal molecule (a homoserine 

lactone) and activates transcription of lasI, which encodes a homoserine lactone synthetase 

(autoregulation). RsaL acts as a QS negative regulator by binding to the lasI promoter [76]. Both the 

lasR and the rsaL mRNA exhibit long 3’ untranslated regions that are antisense to the rsaL and lasR 

genes, respectively. Thus these asRNAs might inhibit the expression of one gene while functioning as 

a mRNA for the adjacent gene. We aimed at exploring whether there is a mutual influence on the 

expression of the two convergent lasR and rsaL genes.  

 Results 7.1

The genes of the convergent (→←) lasR and rsaL gene pair overlap in their translated 3’ ends with 11 

bp (Figure 23A). In addition, previously recorded P. aeruginosa PA14 transcriptional profiles [290] 

revealed that both genes produce mRNA transcripts with long 3’ untranslated regions (UTRs) that 

overlap with the sense transcripts of the respective other gene on the opposing DNA strand. In 

theory, overlapping genes are intricately involved in mutual regulatory events such as transcriptional 

or translational interference following the formation of mRNA duplexes as well as interference by 

natural antisense transcripts. 

7.1.1 Gene expression levels of the convergent lasR and rsaL gene pair 

We aimed at evaluating whether expression of one of the genes of the convergent lasR/rsaL gene 

pair influences expression of the other. We therefore cloned four variants of the lasR/rsaL gene locus 

into the pJN105 vector and introduced them into PA14 wild-type (see Figure 23BC). The first pair of 

constructs harbored the two genes in their natural genomic organization. In the second pair we 

introduced a terminator between the two ORFs. Since the two ORFs overlapped at their ends, the 

construct was designed in a way that the two ORFs were complete and a transcription termination 

signal was cloned at the 3′ end of each of the genes. In one construct of the pair lasR was under the 

control of the strong arabinose-inducible pBAD promoter of pJN105, while rsaL was expressed from 

its natural promoter, and in the second construct, rsaL was under the control of pBAD, while lasR 

was expressed from its natural promoter.  
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We recorded the transcriptional profiles of the four construct-harboring strains and the PA14 empty 

vector control. All strains were grown in LB and induced with arabinose at an optical density (OD600) 

of 1 before RNA was extracted at an OD600 of 2. As expected the pBAD promoter was stronger than 

the two natural promoters. The gene expression of lasR increased 0.90 log2 fold (not significant), 

while the expression of rsaL increased 1.82 log2 fold (false discovery rate (FDR) 0.0364), when 

expressed under the control of pBAD as opposed to the activioty of the natural promoters (see Table 

17). The increase in gene expression recorded with the pBAD promoter was even more pronounced 

as opposed to the natural promoter, upon introduction of a transcriptional terminator, with an 

increase of 3.47 log2 fold (FDR 0.0091), and 6.66 log2 fold (FDR 0.0007) for lasR and rsaL, 

respectively. 

Furthermore, the introduction of a transcriptional terminator increased lasR gene expression 

significantly (2.69 log2 fold (FDR 0.0098)) when lasR was expressed under the control of pBAD, and 

minimally (0.13 log2 fold (not significant)) when under the control of the natural lasR promoter. In 

contrast, the increase in transcription upon the introduction of a terminator at the end of the gene 

was not observed for rsaL, even when expressed under the control of the strong pBAD promoter. We 

even observed a marked decrease in the expression of rsaL (5.30 log2 fold (FDR 0.0006)) in strains 

expressing rsaL from its natural promoter with a transcriptional terminator and lasR under the 

control of the strong pBAD promoter. Thus, it appears that higher levels of lasR expression are 

correlated with an increase in its expression upon the introduction of a transcriptional terminator. At 

the same time, the introduction of a transcriptional terminator results in reduced expression of the 

more weakly expressed convergent rsaL gene under its natural promoter.  

Conversely, the natural genetic organization of the convergent lasR/rsaL gene pair leads to a more 

balanced competition between the two promoters. An excessive level of lasR expression is prevented 

by the simultaneous transcription of rsaL, which overlaps with lasR at the 3’ end. 
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Figure 23: Differential expression of rsaL and lasR in PA14 strains harboring constructs with either lasR 
(lasR/rsaL) or rsaL (rsaL/lasR) under the pBAD promoter, in its natural genomic organization (N) or harboring 
a transcriptional terminator at the 3’ end (T). (A) In their natural genomic organization, the open reading 
frames of the lasR and rsaL genes overlap by 11 bp. (B) Sequence of the lasR-rsaL intergenic region with an 
inserted terminator (underlined) flanked by 6 bp linkers and the overlapping 11 bp. (C) Schematic depiction of 
the four individual constructs introduced on pJN105 into PA14 and their lasR (blue) and rsaL (red) gene 
expression values (RPKM (reads per kilobase per million)). In the empty vector control (PA14 pJN105) 22,070 
RPKM mapped to the (chromosomal) rsaL and 1,532 RPKM to the lasR gene sequence. 

 

 

 

 

A

C

B

5‘

3‘

3‘

5‘

PBAD

PrsaL

lasR
rsaL

5‘ 3‘

Linker LinkerTerminator

…TATTACTCTCTGACTTGCTGGGAGGAAGGGGTGACCCTTCCTCCCTTTTTTTATCCTTCTAGCAAGTTACTCTCTGATC…

lasR rsaL

5‘

3‘

3‘

5‘

PBAD

PrsaL

lasR
rsaL

T

5‘ 3‘

5‘
3‘

3‘
5‘

lasR

rsaL

3‘ UTR
5‘

3‘

3‘

5‘

PBAD

PrsaL

lasR
rsaL

5‘

3‘

3‘

5‘

lasR

rsaL

5‘

3‘

3‘

5‘

PBAD

PrsaL

lasR
rsaL

T

3‘
5‘3‘

5‘

lasR

rsaL 3‘ UTR

5‘

3‘

3‘

5‘

PlasR

PBAD

lasR
rsaL

5‘

3‘

3‘

5‘

PlasR

PBAD

lasR
rsaL T

5‘

3‘

3‘

5‘

lasR

rsaL

3‘ UTR

3‘ UTR

lasR/rsaL(N)

lasR/rsaL(T)

rsaL/lasR(N)

rsaL/lasR(T)

123,502 10,441

20,584 449,037

1,318,083 9,153

1,023,178 10,678



Organization of the convergent lasR/rsaL gene pair 

86 
 

Table 17: Differential expression of rsaL and lasR in PA14 strains harboring constructs with either lasR 
(lasR/rsaL) or rsaL (rsaL/lasR) under the pBAD promoter, in its natural genomic organization (N) or harboring 
a transcriptional terminator at the 3’ end (T). Log2 fold-changes (log2FC) with their false discovery rates (FDR) 
are depicted. 

 

lasR/rsaL(N) 
vs.  

rsaL/lasR(N) 

lasR/rsaL(T) 
vs.  

rsaL/lasR(T) 

lasR/rsaL(T) 
vs. 

lasR/rsaL(N)  

rsaL/lasR(T) 
vs. 

rsaL/lasR(N) 

PA14_45960,lasR 
0.90 3.47 2.69 0.13 

(0.3488) (0.0091) (0.0098) (0.8971) 

 

rsaL/lasR(N) 
vs.  

lasR/rsaL(N) 

rsaL/lasR(T) 
vs.  

lasR/rsaL(T) 

lasR/rsaL(N)  
vs. 

lasR/rsaL(T)  

rsaL/lasR(N) 
vs. 

rsaL/lasR(T) 

PA14_45950,rsaL 
1.82 6.66 5.30 0.47 

(0.0364) (0.0007) (0.0006) (0.5585) 

 

To further confirm that the natural genomic organization balances LasR production, we analyzed 

LasR protein production in the strains harboring the various constructs with and without the 

terminator using Western blots. In accordance with the transcript levels, the highest levels of LasR is 

produced in the strains that harbor a terminator so that the two convergent genes no longer overlap. 

This difference is more pronounced if lasR is under a strong promoter (Figure 24). 

 

Figure 24: Western blot depicting the expression of LasR. PA14 strains harboring constructs with 
either lasR (lasR/rsaL(N)) or rsaL (rsaL/lasR(N)) under the pBAD promoter in its natural genomic 
organization or harboring a transcriptional terminator at the 3’ end (lasR/rsaL(T) and rsaL/lasR(T), 
respectively). Strains were grown to an OD600 of 1 prior to induction with 0 %, 0.01 % or 0.1 % 
arabinose until cell cultures reached an OD600 of 2. Black arrow denotes the LasR band. One 
representative western blot out of two is depicted. 
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7.1.2 The long 3’ UTRs of the lasR and rsaL mRNA are complementary to the coding 

sequence of the other gene’s respective mRNA 

Due to the genomic organization of lasR and rsaL, their long 3’ UTRs are complementary to the 

respective mRNA of the opposing gene (Figure 25). Since the two genes exhibit opposing functions 

(e.g. on lasI transcription), we wondered whether the expression of one gene would inhibit the 

expression of the other via the expression of an antisense transcript.  

 

Figure 25: Transcripts of rsaL and lasR in P. aeruginosa. 3’ untranslated regions of the sense mRNAs overlap in 
large parts the neighboring gene encoded on the opposite strand at the same genomic locus. Lines show the 
read pileup per genomic position for the forward 5’ (red) and reverse 3’ (blue) strand. Depicted is the median 
expression of multiple PA14 wild-type strains grown under various environmental conditions (data were taken 
from [290]). The pileups have been exported from the Artemis gene browser [291], [292]. 

To further explore this, we constructed a lasR/rsaL double deletion mutant in the PA14 reference 

strain (PA14 ∆rsaL∆lasR) and reintroduced various constructs of the two genes. For each of the lasR 

and rsaL genes, three constructs were cloned into pSEVA224 and pSEVA644, respectively (depicted in 

Figure 26A). Both, pSEVA224 and pSEVA644, have a low plasmid copy number (< 7), harbor an IPTG-

inducible promoter (lacIq-Ptrc) and encode two different antibiotic selection markers (kanamycin and 

gentamicin, respectively) [142], [293]–[295].  

The first construct (long) harbored the open reading frame (ORF) of the gene (lasR or rsaL) and its 

respective downstream DNA sequence, ending at the start codon of the opposing gene. The mRNA of 

this construct contains the protein coding region and the 3’ UTR of the respective gene, which is 

complementary to the mRNA of the coding sequence on the opposite strand. The second construct 

(ORF) did not harbor the 3’ UTR of the respective gene, and is unable to produce the antisense RNA 

cognate to the opposing gene. The third construct (antisense) does not contain the respective gene, 

but instead consists of only the downstream 3’ UTR giving rise exclusively to an RNA that is antisense 

to the mRNA of the opposing gene. 
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The three constructs of the two genes (cloned on the pSEVA224 and pSEVA644 plasmid, 

respectively), were introduced into the PA14 ∆rsaL∆lasR in 8 different combinations as exemplarily 

shown in Figure 26B. Figure 27 provides a schematic overview of the various constructs.  

In addition to the empty vector control (strain 0) and the reconstitution of the wild type genes (1: 

WT), where both genes are expressed under the control of a strong promoter, we constructed a 

strain containing the lasR and rsaL genes without the downstream 3’ UTR (2: lasR ORF/rsaL ORF). 

Furthermore, we constructed strains that harbored a combination of long (ORF and 3’ UTR) and short 

(ORF) versions of each gene (3: lasR long/rsaL ORF; 4: rsaL long/lasR ORF). We also constructed 

strains that harbored the long construct of the one gene and the 3’ UTR region of the other (5: rsaL 

long/antisense rsaL; 6: lasR long/antisense lasR). Strains that harbored the ORF of the one gene, and 

the 3’ UTR region of the other respective gene were also produced (7: rsaL ORF/antisense rsaL; 8: 

lasR ORF/antisense lasR). 

 

Figure 26: Two-plasmid-cloning-strategy. (A) Schematic overview of the three gene constructs cloned into the 
two vectors pSEVA224 (rsaL) and pSEVA644 (lasR), respectively. (B) Introduction of the two long constructs into 
the PA14 ∆rsaL∆lasR. One out of 8 different combinations is exemplarily shown. 
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Figure 27: Overview of the various constructs of rsaL and lasR. rsaL and lasR gene constructs were cloned into 
pSEVA224 and pSEVA644 and introduced in various combinations into PA14 ∆rsaL∆lasR to produce the strains 
0-8. Gene regions which are expressed under the control of the promoter on pSEVA224 are indicated by the 
red arrow and on pSEVA644 are indicated by the blue arrow. 

 

7.1.3 Exploring the effects of the presence of the 3’ UTR antisense RNAs on lasR and rsaL 

transcript levels  

To test the influence of the lasR and rsaL 3’ UTR antisense transcript expression on the expression of 

the opposing gene, we recorded the transcriptional profiles of our nine aforementioned strains 

(Figure 27). We cultured the strains in LB medium, induced the exponentially growing cultures with 

IPTG, and isolated RNA after an additional 2 h of cultivation. 
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Figure 28: Differential expression analysis. Expression (RPKM+1 on a log scale with base 10, y-axis) of rsaL, 
lasR, and their respective antisense transcripts of strains 2 - 7 of two biological replicates and for strain 1 and 8 
of one biological replicate is depicted. Bar plots of strains 2 -7 show the mean of two data points (colored dots). 
The detection level was adjusted to the background transcript levels as detected in the empty vector negative 
control (strain 0). The arrows at the bottom schematically depict the presence of rsaL (dark red), lasR (dark 
blue), antisense rsaL (light red) and antisense lasR (light blue) in the various constructs that were introduced 
into PA14 ∆rsaL∆lasR. 

First, we recorded the expression levels of the rsaL and lasR genes and their respective antisense 

transcripts in in all nine of our strains (Figure 28, Supplementary Table S8). As expected, the 

expression levels of the lasR and the rsaL genes under the IPTG-inducible promoter were in a 

comparable range across the strains harboring the various constructs relative to the empty vector 

control (log2FC 6.9‒9.3 for rsaL and log2FC 7.2‒9.1 for lasR). 

However, the expression of the lasR antisense was generally higher than the expression of the rsaL 

antisense RNA in strains containing both antisense RNAs (Figure 4, strains 1, 5 and 6 with median 

RPKM of 9,844 (interquartile range (IQR) 7,222) for the lasR antisense compared to 1,552 (IQR 1,116) 

for rsaL antisense, p-value 0.015, Mann-Whitney test). Of note, for the lasR ORF/rsaL ORF and lasR 

long/rsaL ORF constructs, the expression of rsaL, lasR and their antisense transcripts was 

independent on whether the constructs were cloned into the pSEVA644 or the pSEVA224 vector as 

exemplarily tested (data not shown). 
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We found that the expression of the rsaL sense transcript was lower (p-value 0.004) in strains that 

solely expressed the rsaL ORF (see strains 2, 3 and 7 with median RPKM of 19,329 (IQR 2,492)) in 

comparison to the strains that expressed the long rsaL transcript including the 3’ UTR (see strains 1, 4 

and 5 with median RPKM of 85,576 (IQR 1,929)). Thus, it appears that rsaL is less stable without its 3’ 

UTR. Other than rsaL, expression of the lasR sense transcript does not seem to be influenced by the 

expression of its 3’ UTR (see strains 1, 3 and 6 with long lasR transcripts (median RPKM of 18,194 

(IQR 3,391)) versus strains 2, 4 and 8 with ORF lasR transcripts (median RPKM of 16,461 (IQR 13,214), 

p-value 0.69)).  

Although clearly gene expression in the strains harboring the various constructs was under control of 

the IPTG inducible promoter, there seemed to be a leaky transcription of all genes, even of those, 

which were not cloned under the inducible promoter. E.g. in strain 5 and 6, lasR and rsal gene 

transcription was not completely abolished, albeit the strains did not harbor the respective genes 

under the IPTG inducible promoter.  

Most importantly, the presence of the rsaL 3’ UTR and the lasR 3’ UTR, did not significantly decrease 

the transcript level of the genes on the opposing strand (the rsaL RPKM of strains 2, 4 versus 1, 3 

were not significantly different (median log fold-change of 2.8, p-value 0.40), nor were the lasR 

RPKM of strains 2, 3 versus 1, 4 (median log fold-change of 1.2, p-value 0.057)). To confirm that 

antisense expression does not have a regulatory role, we analyzed the expression levels of down-

stream regulated genes. We selected 5 genes (lasA, lasB, aprE, pqsA and phnA) that have previously 

been described to be directly regulated by LasR [70], [296]–[299] and 4 genes (lasI, hcnA, hncB and 

phzA1) that were demonstrated to be repressed by RsaL [74], [76], [77]. We compared their 

expression levels across the strains harboring the various constructs. No significant differences in 

their expression levels were detected in strains expressing the antisense RNA in comparison to those 

that did not (p-values for all 9 genes were in the rage of 0.1 – 1.0, Supplementary Table S2). These 

results indicate that the expression of long 3’ UTRs in lasR and rsaL do not lead to a significant 

reduction of the transcript level of the genes encoding for the opposing regulator, and no significant 

regulatory consequences on target gene expression were observed. 

7.1.4 Exploring the effects of the presence of lasR and rsaL on global gene expression 

profiles  

The reconstitution of the PA14 ∆rsaL∆lasR with the two genes, individually and combinatorically, 

gave us the opportunity to systematically re-evaluate the effects of RsaL and LasR on global gene 

expression. To detect global differences in gene expression when lasR, rsaL or both genes were 

absent, we compared gene expression values of the PA14 ∆rsaL∆lasR mutant that was reconstituted 

with lasR (∆rsaL∆lasR::lasR) (comparison I in Figure 29), rsaL (∆rsaL∆lasR::rsaL) (comparison II) or an 
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empty vector controls (comparison III), with the gene expression values of the fully reconstituted 

mutant (PA14 ∆rsaL∆lasR::rsaL/lasR) (for log2FC values see Supplementary Table S9). To get 

information on the impact of the overexpression of the two genes, we additionally compared the 

transcription profile of the two mutants that were reconstituted with either lasR (∆rsaL∆lasR::lasR) 

(comparison IV) or rsaL (∆rsaL∆lasR::rsaL) (comparison V) with the profile of the empty vector 

control (∆rsaL∆lasR empty vector control).  

 

Figure 29: Gene expression profiles depending on presence or absence of lasR and/or rsaL. Expression levels 
(log2FC, y-axis) of selected genes in strain comparisons (x axis) that I) do not harbor rsaL, II) do not harbor lasR, 
III) do not harbor lasR and rsaL as compared to the strain that was reconstituted with both genes (PA14 
∆rsaL∆lasR::rsaL/lasR ) and expression levels (log2FC) of selected genes in strains that IV) overexpress lasR, and 
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V) overexpress rsaL as compared to the PA14 ∆rsaL∆lasR empty vector control are depicted. A) 29 genes whose 
expression profiles follow that of lasA (orange) and lasB (yellow), B) 32 genes whose expression profiles follow 
that of lasI (blue), C) 75 genes whose expression profiles follow that of ptxR (green), D) 252 genes whose 
expression profiles follow that of narK1 (red). Gene groups were determined by agglomerate hierarchical 
clustering. 

 

We found that many genes in the LasR regulon, such as lasAB, were negatively regulated in strains 

that lacked a functional lasR, or a functional lasR and rsaL gene; indicating that the presence of LasR 

is important for the expression of numerous genes (Figure 29A). Overexpression of lasR had the 

strongest positive impact on gene expression, while a lack of rsaL did not strongly increase gene 

expression, and the overexpression of rsaL did not strongly decrease gene expression (log2FC values 

between -1.1 to 2.2). Table 18 lists the P. aeruginosa genes that exhibited this lasAB-like expression 

pattern. As expected, among them we found many genes previously described to be LasR-

dependent, such as rhlI, aprDEFI, phnA and pqsABCDE [69], [296], [297].  

Expression of lasI, that has been shown to be impacted by both LasR and RsaL, followed a different 

pattern. Similar to lasAB, lasI was found to be expressed at the lowest levels in strains that lacked a 

functional lasR, or both a functional lasR and rsaL gene (Figure 29B). However, in comparison to 

lasAB, lasI expression levels were not only high when lasR was overexpressed, but also in the strains 

that lacked rsaL. Table 18 lists the P. aeruginosa genes that exhibited this lasI-like expression pattern. 

As expected, among them we found genes previously described to be LasR/RsaL-dependent, such as 

hcnABC and phzC1S [69], [74]. Most interestingly, we also found a group of genes (Supplementary 

Table S10) that were not impacted by the presence of lasR, but the presence of rsaL. These genes did 

not show strong regulation in the strains that did not harbor lasR or overexpressed lasR. Instead, we 

found a strong regulation of the genes in the strain that overexpressed rsaL and in strains which did 

not harbor rsaL (Figure 29C, DThese results indicate that in this group of genes, which are not subject 

to regulation by LasR, RsaL acts as an independent regulator. Of note, among the genes of this group 

we found a group of genes that were activated (Figure 6C), and a group of genes that were repressed 

by the presence of RsaL (Figure 29D). ptxR, previously demonstrated to repress rhlI and pqsA-E 

genes, but activate lasI [300], was among those genes that were activated by RsaL as well as genes, 

such as nosDLR, previously categorized as quorum-sensing repressed genes [301], and cyoD, pqsL and 

tadG, all categorized as quorum-sensing activated [69]. Among the genes that were repressed by 

RsaL were narK1, which is part of the narK1K2GHJI operon and is involved in the tolerance to 

ciprofloxacin [302], aguR, mexT and PA14_37220, three transcriptional regulators, all of which have 

previously been demonstrated to be repressed by rsaL [74]. A comparison with the results of 

previous studies [69], [301] revealed a large overlap of the quorum-activated genes with the lasA-like 
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and lasI-like genes identified in this study, demonstrating that the majority of genes were commonly 

identified (Figure 30). 

 

 

Figure 30: Venn diagram depicting quorum-activated genes identified by [69], [301] and genes whose 
expression profile follows that of lasA and lasI as identified in this study. 5 lasI-like genes were excluded from 
direct comparison due to the lack of a corresponding PAO1 locus. 

 

Table 18: Genes whose expression profile follow that of lasA (29 genes, lasR-dependent) and lasI (32 genes, 
lasR and rsaL-dependent). 

lasA-like lasI-like 

PA14_07430 hypothetical protein PA14_02490 tonB2 

PA14_09940 protease PA14_04650 pfpI 

PA14_10530 GntR family transcriptional regulator PA14_09400 phzS 

PA14_13350 hypothetical protein PA14_09460 phzC1 

PA14_13390 hypothetical protein PA14_10400 hypothetical protein 

PA14_16250 lasB PA14_10490 hypothetical protein 

PA14_18630 serine protease PA14_10500 cbb3-type cytochrome c oxidase subunit I 

PA14_19130 rhlI PA14_15620 oxidoreductase 

PA14_20960 isomerase PA14_20900 MFS transporter 

PA14_30580 LuxR family transcriptional regulator PA14_20940 acyl carrier protein 

PA14_34830 regulatory protein PA14_20950 fabH2 

PA14_36980 hypothetical protein PA14_20970 cyp23 

PA14_40290 lasA PA14_20980 short chain dehydrogenas 

PA14_40310 acyl carrier protein PA14_21000 hypothetical protein 

PA14_48040 aprI PA14_21010 FAD-dependent monooxygenase 
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PA14_48090 aprF PA14_21020 non-ribosomal peptide synthetase 

PA14_48100 aprE PA14_33870 hypothetical protein 

PA14_48115 aprD PA14_34810 non-ribosomal peptide synthetase 

PA14_48140 hypothetical protein PA14_34820 regulatory protein 

PA14_51360 phnA PA14_34840 non-ribosomal peptide synthetase 

PA14_51380 pqsE PA14_36310 hcnC 

PA14_51390 pqsD PA14_36320 hcnB 

PA14_51410 pqsC PA14_36330 hcnA 

PA14_51420 pqsB PA14_43020 hsiF2 

PA14_51430 pqsA PA14_43030 hsiC2 

PA14_60750 pra PA14_43405 kdbF 

PA14_62680 hypothetical protein PA14_45940 lasI 

PA14_62690 hypothetical protein PA14_47950 ABC transporter permease 

PA14_72360 hypothetical protein PA14_59280 pilP2 

  

PA14_59680 hypothetical protein 

  

PA14_61870 hypothetical protein 

  

PA14_71100 hypothetical protein 
 

 

7.1.5 Screening for LasR-specific and RsaL-specific DNA sequence motifs in promoter 

regions of rsaL-and/or lasR-dependent genes 

Conserved DNA binding sites have been previously identified for lasR [69], [301], [303] and rsaL [76], 

[304]. We used the MEME program [167], [168] in order to identify a common DNA sequence in the 

promoter regions (the region from 300 bp upstream to 50 bp downstream of annotated translational 

start sites) of the identified set of 29 lasA-like genes, as well as of the 32 lasI-like genes, the 75 ptxR-

like and the 252 nark1-like genes (Figure 29A-D). A motif similar to the previously identified LasR-

specific sequence motif was found in 16 promoter regions of the lasA-like genes (e-value 1.9 x 10-4). 

We then specifically screened the promoter regions for previously published consensus sequences of 

rsaL [305] and lasR [301] using the program FIMO [169] (see Figure 31). In all 29 of the lasA-like 

promoter regions, and in all but one of the lasI-like promoter regions, a motif that was similar to the 

LasR-specific binding motif was found (p-values < 0.007, see Supplementary Table S11). Furthermore, 

a motif that was similar to the RsaL-specific binding motif was found in 37 of the 75 ptxR, 16 of the 

32 lasI and 118 of the 252 narK1 promoters (p-values < 0.007).  
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Figure 31: Promoter region alignment with consensus sequences of LasR and RsaL. The promoter regions of 
lasA-like genes (A) and the lasI-like genes (B) were scanned for the consensus sequence of LasR 
(NHCTRNSNNDHNDKNNAGNB) [301], with H=C, T or A; R=A or G; S= C or G; D=G, A or T; K=G or T; B=G or T and 
N=A,C,G or T. The promoter regions of lasI-like genes (C), ptxR-like genes (D) and narK1-like genes (E) were 
scanned for the consensus sequence of RsaL (TATGNAANTTNCATA) [305]. Scan of individual sequence matches 
with the according consensus sequence was done using FIMO [169] with p-values < 0.007. Sequence motif 
logos are based on multiple sequence alignment of 29(A), 31(B), 16(C), 37(D) and 118(E) FIMO-identified 
promoter regions and were created with weblogo [306]. The size of each letter indicates the relative 
abundance at the respective position. 
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 Discussion 7.2

Bacterial pathogens employ diverse fitness and virulence mechanisms to establish an infection in the 

challenging environment of the human host. Expression of bacterial traits that are required to 

accomplish survival and progression of the disease requires a tightly controlled regulatory network 

within the cell. To serve coordinated cellular processes, transcription factors are of key importance. 

They dynamically activate or repress transcription in response to specific signals, which report 

environmental or cellular changes, and thus coordinate the expression of an adequate cellular 

response. Different transcription factors have different numbers of genes under their control, also 

known as their regulon. LasR is a major global transcription factor in P. aeruginosa with a regulon of 

more than 400 genes [69]. Expression of the LasR regulon becomes activated when the cell 

population reaches a certain density [70]. High cell densities result in the accumulation of the 

autoinducer 3OC12-HSL, produced by the LasR regulated synthase LasI. 3OC12-HSL-binding activates 

the LasR transcription factor. Many of the genes of the LasR regulon are not exclusively regulated by 

LasR. Other input signals are integrated and influence the transcription of specific sub-sets of the 

LasR regulon genes. One of these additional regulators is RsaL [74], [75], [77]. RsaL acts as a repressor 

for some of the LasR regulated genes. Among those genes is lasI, which in turn influences the activity 

of LasR via the production of the HSL autoinducer. This complex regulation of gene activity, which is 

organized in an incoherent type 1 feed-forward loop, seems to guarantee that the system gives a 

clear output signal that is not disturbed by small fluctuations in the level of the main transcriptional 

regulator LasR [78].  

Another way to generate a more stable output signal is the mutual control of gene expression of 

major regulators of opposing functions. For example, a system can be switched between two stable 

states if e.g. two transcription factors mutually repress each other [307]. This toggle switch will not 

flip randomly but would allow a long-term maintenance of the “ON” or “OFF” state even upon 

fluctuations in the conditions that favor the one or the other state. A compelling example of such a 

switch has been described in Listeria. [85]. In a concept that was termed excludon, two genes of 

opposing functions were shown to produce mRNAs that in large parts served as an antisense RNA to 

the mRNA of the gene transcribed from the opposite strand. Nevertheless, albeit RNA sequences that 

are complementary to an endogenous mRNA transcript and function as antisense RNA, this does not 

have to be the case [308].  

In this study, we demonstrate that RNA–RNA interactions that could arise due to complementarity of 

the sense and antisense transcripts in the lasR and the rsaL genes, are not strong enough to exhibit 

significant anti-sense activity in the presented constructed strains. Nevertheless, transcriptional 

analysis of the two genes in their natural confirmation, with overlapping gene sequences at the 3’ 
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end, revealed that lasR gene expression is subject to transcriptional interference. In strains harboring 

constructs, where the transcript of both genes do not overlap, lasR gene expression was increased. 

Interestingly, we did not observe an increased rsaL gene expression upon introduction of the non-

overlapping construct as compared to the natural construct. On the contrary, rsaL gene expression 

decreased in the strain harboring a non-overlapping rsaL/lasR gene construct, resulting in a much 

more pronounced difference between lasR and rsaL gene expression as opposed to the strain 

harboring a construct with the lasR and rsaL genes in their natural genomic organization. This 

indicates that a finely balanced system is in place to prevent dominant and unilateral control of LasR 

over RsaL under conditions when lasR gene expression increases. 

Interestingly, we found that rsaL but not lasR was less stable when it was expressed without its 3’ 

UTR. Thus, the introduction of the transcriptional terminator at the end of rsaL might have a direct 

effect on its transcript level that is independent of transcriptional interference due to overlapping 

genomic regions.  

In conclusion, our data suggest that the natural organization of the two convergent genes, lasR and 

rsaL, gives rise to a balanced competition between the two promoters. An excessive response of 

increasing LasR levels is prevented by the simultaneous transcription of the opponent encoded by 

the rsaL gene, which overlaps with lasR at the 3’ end.  

The transcriptional profiles of PA14 harboring diverse lasR/rsaL gene constructs, allowed 

furthermore the identification of the influence of both genes on the global transcriptional profile. 

Many of the previously identified lasR and/or rsaL regulated genes were among the list of regulated 

genes, although our list also contained several genes that were previously unidentified.  

We also found a large subset of genes (many of which are encoding for hypothetical proteins), whose 

expression was negatively but also positively affected by the presence of RsaL without being 

simultaneously impacted by LasR. A previous transcriptomic analysis revealed that RsaL is a global 

regulator that controls at least 341 genes, the great majority of them negatively [75]. Furthermore, a 

previous RsaL ChIP-seq study [305] identified RsaL-binding peaks in two intergenic regions, including 

the pqsH/cdpR intergenic region. Interestingly, deletion of rsaL was shown to reduce transcription of 

pqsH and cdpR, thus decreasing PQS signal production. These results corroborate our results and 

indicate that RsaL is not exclusively acting as a repressor, but is also a transcriptional activator. 

Future research should systematically analyze the direct influence of RsaL on gene expression and 

investigate possible environmental influences that determine whether RsaL is a repressor or an 

activator and how this relates to the activity of LasR. 
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 Conclusion and Outlook 8

We used transposon insertion sequencing (Tn-seq) as a powerful genome-wide technology enabling 

a better understanding of the establishment of difficult to treat biofilm-associated infections as well 

as those infections caused by CAZ-resistant P. aeruginosa strains. This thesis offers a comprehensive 

description of genetic determinants involved in biofilm formation and those involved in CAZ-

resistance in laboratory strains as well as in clinical isolates of P. aeruginosa.  

Tn-seq is a high-throughput screening method for genome-scale gene functions. Saturated 

transposon mutant libraries are mandatory to avoid bottleneck effects within Tn mutant pools and to 

gain a statistical valid tool for analysis of mutant abundances. Consequently, it is also of major 

importance to avoid experimental bottlenecks by using high numbers of transposon mutants as well 

as enough experimental replicates of transposon library subpools to survey the fitness of all genomic 

insertions in the full library. All transposon mutant libraries used in this study provide a saturation 

level of > 95 % TA site coverage and all experimental setups designed here contain high cell volumes, 

so that bottleneck effects by limited numbers of Tn mutants were of no concern (Supplementary 

Figure S5 and Supplementary Figure S6). Nevertheless, it will be useful to extrapolate the number of 

strain backgrounds used for Tn-Seq upon identical environmental settings in order to determine a 

rather common P. aeruginosa trend compared to an isolate-dependent way of forming a biofilm 

phenotype or handling subMIC concentrations of CAZ.  

As sample sizes and thus the amount of sequencing data increase, bioinformatics analysis tools used 

for big data science will need further and constant development in the era of –omics technologies. 

Furthermore, as regulatory networks are complex, a combination of several datasets besides Tn-seq, 

including information regarding the individual’s transcriptome, genome and translatome, will provide 

detailed correlations of genetic determinants and the strain’s phenotype. Previous studies 

established machine learning models which predicted novel or additive genetic markers that 

determine certain phenotypes in a population [152] e.g. for identifying antibiotic biomarkers in 

multi-resistant strains. These predictions are based on the presence or absence of specific genes as 

well as on sequence variations within a certain gene. In our study, it becomes clear that the 

transcriptional response of P. aeruginosa clinical isolates during CAZ treatment as well as SNP 

analyses of potentially resistance-conferring genes did not discover the overall CAZ-resistance 

conferring mechanisms in the strains of this study. We hypothesize that additionally to the change in 

gene expression, here the gene activity profile provided by Tn-Seq completes the characterization of 

the CAZ resistomes. Therefore, Tn-seq data sets represent great supportive input data for machine 

learning algorithms, additionally to –omics information, promising improved prediction models. 
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Reliably predicted CAZ-resistance phenotypes by machine learning algorithms will influence 

physicians’ treatment of CAZ-related infections in the future. The current way of treating infections 

caused by CAZ-resistant P. aeruginosa strains in the clinics involves the application of an approved 

agent, which combines ceftazidime and the β-lactam inhibitor avibactam [43]. Avibactam helps to 

expand ceftazidime’s spectrum of activity towards several multidrug-resistant gram-negative 

bacteria, such as many ceftazidime- and carbapenem-resistant Enterobacteriaceae and Pseudomonas 

aeruginosa [309]. 

 An adaptive phenotypic trait of P. aeruginosa, which is commonly found in hostile environments 

associated with chronic infections, is biofilm formation. In this study, we used Tn-seq to compare 

three different P. aeruginosa isolate input and output mutant pools and thus identified genes that 

positively and negatively contribute to survival under biofilm growth conditions. Here, we 

demonstrate that in general expression of alginate, the SOS response, several tRNA modifying 

enzymes as well as adaptation to microaerophilic growth conditions play a key role. Less important 

during biofilm growth were the presence of genes involved in motility and PQS signaling. Our results 

imply that there is a common theme of P. aeruginosa adaptation to biofilm conditions. To 

substantiate the role of individual P. aeruginosa genes in biofilm formation, we determined the 

transcriptional response of the P. aeruginosa wild-types PA14 and PAO1 as well as of a selected 

clinical isolate under biofilm growth conditions.  

For survival under CAZ exposure, we demonstrate that in three CAZ-resistant P. aeruginosa clinical 

isolates, whose intrinsic β-lactamase ampC expression is not elevated enough to constitute the main 

mechanism for CAZ survival, mainly expression of genes involved in the peptidoglycan recycling 

pathway, in biofilm formation and penicillin-binding proteins are important based on Tn-seq 

analyses. Interestingly, we did not identify any acquired β-lactamases or mutational changes in 

intrinsic β-lactamases explaining their CAZ resistant phenotype throughout the three clinical isolates. 

Therefore, the isolates’ resistance mechanisms seem to be mainly connected to the activity of ampC. 

The detailed mechanism of inducing ampC activity will need to be investigated further. The 

involvement of the permease AmpG, mediating the transport of muropeptides into the cell, seems to 

play a yet underestimated key role in the CAZ resistome and will be a promising target for further 

research as well.  

Next to the identification of those genes, which were classified by Tn-seq as being important for a 

certain phenotype, further research will be necessary to identify the genes’ specific mode of action, 

e.g. by using respective knockout mutants in subsequent experiments. As an example, the bacterial 

membrane potential (a.k.a. transmembrane voltage) influences information signaling and processing 

as well as the regulation of bacterial behavior and physiology. It was previously found to have a 
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major effect on e.g. antibiotic resistance [310], [311], pH homeostasis [312], [313], electrical 

communication [314], [315] and environmental sensing [316], [317]. The activity of permease AmpG, 

which recycles murein tripeptide and takes up anhydro-muropeptides, is driven by proton motive 

force [245] generated by elevated respiration. Since in this study the nuo-Tn-mutants were enriched 

upon presence of CAZ it can be concluded that less oxidative phosphorylation and loss of respiration 

positively influence the CAZ-resistant phenotype. Thus, it might be promising to perform membrane 

potential measurements with the CAZ-resistant Tn mutants used in this study to specify the 

involvement of AmpG in their CAZ-resistance phenotypes. In addition, in the clinical isolates of this 

study ampC seems to be induced by the presence of CAZ, even though former studies identified CAZ 

as a poor inducer. Nonetheless, induction and thus activity of ampC remains a major mechanism of 

CAZ resistance in these isolates, which functions in a known manner but could be triggered in a new, 

unknown manner. 

P. aeruginosa’s ability to quickly adapt to environmental changes, and thus forming stable biofilms or 

gaining antimicrobial resistances, requires well-functioning cell-to-cell communication in highly 

densed bacterial communities. An intact bacterial quorum sensing (QS) system also participates in P. 

aeruginosa’s ability to become a virulent pathogen. Since, the expression of the key QS 

transcriptional regulator lasR was identified as being of disadvantage for biofilm formation in our Tn-

seq analyses, we aimed at better understanding the two-way regulation of LasR and its repressor 

RsaL. Therefore, we generated and examined various cloning constructs of both genes in the PA14 

genetic background in order to explore whether there is a mutual influence on the expression of the 

two convergent lasR and rsaL genes, with complementary 3’ ends. Even though the regulation of the 

lasR-rsaL gene pair was not predominantly influenced by antisense transcriptional regulation of the 

untranslated 3’ ends, the lasR level of expression was enhanced by insertion of a terminator 

sequence. In addition, we compared the transcriptional profile of the PA14 ΔrsaLΔlasR double 

mutant with the profile of ΔrsaLΔlasR derivative strains complemented either for lasR or rsaL, or 

both and classified significantly affected genes into 4 categories according to their expression profiles 

into mostly LasR-dependent, LasR- & RsaL- dependent, RsaL-only induced and RsaL-only repressed. 

Our results enhance the understanding of a complex system of checks and balances to prevent 

dominant and unilateral control by LasR over the RsaL transcriptional regulator of opposing function. 

The role of RsaL acting as an activator or repressor for genes involved in basic cellular processes will 

pose an interesting target for further research.  
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 Supplementary material 10

Supplementary Tables are included as electronic supplement. 

Supplementary Table S1: Essential Genes in PA14, PAO1, F1997, MHH13682, ZG8038581181. Only those genes 
were considered, which contained at least 5 TA sites and were not disrupted by transposon in the mean of the 
input mutant pool replicates (cut off 5 %). 

Supplementary Table S2: List of essential genes resulting from this study compared with list of essential genes 
by Liberati et al. 2006 for strains PA14 and PAO1. 

Supplementary Table S3: Depleted and enriched genes with Tn insertions in output mutant pools of PA14, 
PAO1 and the clinical isolate ZG8038581181 following biofilm growth. 

Supplementary Table S4: Differential gene expression analysis of six Tn mutants (tntruB, tnmiaA, tngidA, 
tndksA, tnfixG, tnPA14_57570) after 48 h of growth under biofilm conditions as compared to a PA14 wild-type 
control (tnladS). 

Supplementary Table S5: Differential gene expression analysis of F1997, ZG8038581181 and MHH13682 after 
growth in LB and harvesting at OD600 of 2 as compared to PA14 wild-type. Genes depicted in Venn Diagram are 
distinguishable listed. 

Supplementary Table S6: Differential gene expression analysis of F1997 and MHH13682 upon growth with CAZ 
at OD600 of 1 as compared to growth in rich LB medium. 

Supplementary Table S7: Depleted and enriched genes with Tn insertions in output mutant pools of F1997, 
MHH13682, ZG8038581181 and PA14 upon growth with CAZ at OD600 of 1 as compared to growth in rich LB 
medium. 

Supplementary Table S8: RPKM values of 9 different strains PA14 ∆rsaL∆lasR pSEVA224::x pSEVA644::y for all 
chromosomal genes as well as plasmid-encoded genes lasR and rsaL and their antisense transcripts. 

Supplementary Table S9: Differential gene expression analysis of 5 different PA14 ∆rsaL∆lasR pSEVA224::x 
pSEVA644::y strain comparisons I-V. 

Supplementary Table S10: Genes with comparable expression profiles to that of ptxR (75 genes, rsaL-
dependent/-activated) or narK1 (252 genes, rsaL-dependent/-repressed). 

Supplementary Table S11: Promoter regions harboring either LasR- or RsaL-specific binding motif identified 
using FIMO (p-value < 0.007). 
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Supplementary Figure S1: Biofilm phenotype duplicates of P. aeruginosa wild-type strains PA14, PAO1, and a 
clinical isolate as well as the corresponding transposon mutant libraries. 96-well plates were inoculated with 
2.4 x 10

6
 bacteria per well of the respective Tn mutant library and biofilms were allowed to establish for 48 h. 

Images were acquired using confocal laser scanning microscopy (CLSM) following live/dead staining. Living cells 
are displayed in green (Syto9); dead cells in red (propidium iodide: PI). 3D reconstructions were generated with 
the Imaris Software. The scale bar represents 50 µm. Compared to all other strains, the biofilm density of PA14 
shows variability across its replicates, whereas the overall biofilm structure remains the same. 
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Supplementary Figure S2: Biofilm phenotype duplicates of six selected Tn mutants as compared to the wild-
type control (TnladS). Biofilms were grown for 48 h in a microtiter plate-based in vitro biofilm assay; images 
were acquired using confocal laser scanning microscopy (CLSM) following live/dead staining. Living cells are 
displayed in green (Syto9); dead cells in red (propidium iodide: PI). 3D reconstructions were generated with the 
Imaris Software. The scale bar represents 50 µm. 

  



Supplementary material 

126 
 

 

Supplementary Figure S3: Comparison of RNA-seq biological replicates. Scatterplots show the TMM-
normalized and log2-transformed counts per million reads (cpm) for genes of the duplicate transcriptomes of 
each P. aeruginosa PA14 Tn-mutant strain. Light blue dots represent genes of the region of genomic plasticity 
(RGP) 37 that shows an extremely high variability between the replicates of the TngidA and the TnmiaA 
mutant. The Pearson correlation coefficient between replicates is displayed in each plot. 
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Supplementary Figure S4: Venn diagrams depicting genes that are differentially regulated between the three 
Tn mutants TngidA, TnmiaA and TndksA as compared to TnladS control under planktonic (left circle) and 
biofilm (right circle) conditions and its overlap. Tn mutants were grown until they reached an OD600 of 2, 
whereas biofilms were incubated for 48 h under static conditions. Only differentially expressed genes with a 
false discovery rate (FDR) of < 0.05 were considered. 
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Supplementary Figure S5: Mutant library saturation of (A) PA14, (B) PAO1 and (C) ZG8038581181. The 
percentage of TA sites which were disrupted per gene with regard to the number of gene hits. Different 
sequenced mutant libraries, such as T0 (input mutant sample), T1 BF (output mutant pool during biofilm 
growth). Genes with undisrupted TA sites (0-5 %) can be classified as essential genes during the according 
growth condition. Mutant libraries were sequenced in triplicates for T1 and in duplicates for T0 Tn mutant 
pools. 

 

Supplementary Figure S6: Mutant library saturation of (A) F1997, (B) MHH13682, (C) ZG8038581181 and (D) 
PA14. The percentage of TA sites which were disrupted per gene with regard to the number of gene hits. 
Different sequenced mutant libraries, such as T0 (input mutant sample), T1 LB (reference mutant sample grown 
without ceftazidime) and T1 CAZ (output mutant pool grown with various concentrations [μg/ml] of 
ceftazidime). Genes with undisrupted TA sites (0-5 %) can be classified as essential genes during the according 
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growth condition. Mutant libraries were sequenced in triplicates for T1 and in duplicates for T0 Tn mutant 
pools. 

 

 

Supplementary Figure S7: Density plot of TA read samples grown with CAZ [CAZ] and without CAZ [LB or T1] 
exposure. Depicted are strains ZG8038581181, PA14, F1997 and MHH13682. 

 





 

131 
 

 Acknowledgements 11

At this point, I would like to express my sincere thanks to all those who have supported me directly 

and indirectly in the completion of my dissertation.  

First and foremost, I would like to thank my doctoral supervisor Prof. Dr. Susanne Häußler for giving 

me the opportunity to work on such an exciting and multifaceted project in her laboratory. Her 

always motivating way, professional discourse and scientific as well as personal help during the last 

years were really a great support for me and I would like to thank her additionally for the support 

during the completion of our publications.  

My further thanks go to Prof. Dr. Michael Steinert for taking over the main lectureship and 

mentorship at the TU Braunschweig, as well as Prof. Dr. Michael Hust for taking over the chair of the 

examination. 

In addition, I would like to thank the entire MOBA working group, at the HZI in Braunschweig and at 

TWINCORE in Hannover, for the exceptionally pleasant working atmosphere, in-depth scientific 

discussions, and many hours of laughing and motivating each other.  

In particular, I would like to thank Matthias Preuße for his bioinformatic, always helpful and 

dedicated support, also in proofreading many parts of this work. Many thanks also to Alex, Anja, 

Moni, Ariane, Basti, Florian, Aggi, Astrid, Jürgen, Janne, Chris, Anne and Debbie for your helpfulness, 

friendship and scientific support. Immensely important for me was the office time in the Fuchsbau 

with Sarina and Lorena, which was characterized by friendship and motivating each other to grow 

together. I would also like to thank Nora Grahl for her accurate and dedicated proofreading of my 

dissertation with helpful comments. 

A special thanks to the HZI and the HZI Graduate School for a variety of additional education 

opportunities that I was very happy to take advantage of during my PhD period and from which I 

definitely benefited. 

To my family and friends, who have always supported me mentally and have accompanied and 

helped me on this sometimes very worrying and rocky path, my huge thanks.  

And of course Christoph, the man at my side, who has held me up, built me up and supported me 

with a lot of understanding, motivation and love - I thank you. I am looking forward to a life together 

as Dres. Schinner!  


