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Summary 

The universal, bacterial second messenger c-di-GMP is the major initiator of the lifestyle 

decision between a motile, planktonic and a sessile, biofilm-associated lifestyle. It binds to a 

broad range of effectors controlling multiple functions, including transcriptional and post-

transcriptional processes, as well as direct phenotypic adaptation. Whereas the mechanisms 

of c-di-GMP synthesis and degradation have been unraveled in detail, the complex 

downstream signaling of c-di-GMP is not yet fully understood. Although much progress has 

been made in recent years in identifying novel c-di-GMP effectors, the specific translation of 

elevated c-di-GMP levels into a cellular response is often largely incomplete. This study aimed 

at a deeper understanding of the downstream mechanisms of c-di-GMP signaling. 

In this context, we analyzed the effects of an increasing c-di-GMP concentration on gene 

expression and protein production as well as the phenotypic consequences. C-di-GMP 

production was induced by the ectopically expressed and genetically modified diguanylate 

cyclase PleD* under growth conditions that are normally characterized by a low c-di-GMP level. 

Our results show that increasing levels of c-di-GMP cause a switch to a non-motile, auto-

aggregative phenotype. The phenotypic adaptation occurs before a c-di-GMP-dependent 

effect on transcription, translation, or protein abundance was observed. These results suggest 

that the initial response of P. aeruginosa to increasing c-di-GMP levels is mediated by changes 

in protein activity of c-di-GMP effectors and not by altered gene expression or protein 

production.  

Furthermore, we characterized the FlgZ-mediated downregulation of motility more deeply by 

examining the spatiotemporal activity of FlgZ. FlgZ is a high-affinity c-di-GMP binding protein 

involved in the downregulation of motility by interaction with the stator component MotC. We 

demonstrated that FlgZ-mediated downregulation of motility is fine-tuned via three 

independent mechanisms: i) flgZ is transcribed independently from flgMN in stationary growth 

phase to increase FlgZ protein levels in the cell, ii) FlgZ localizes to the cell pole upon c-di-

GMP binding and iii) FimV, a cell pole anchor protein, is involved in increasing the polar 

localized c-di-GMP-bound FlgZ to inhibit both, swimming and swarming motility. Our results 

suggest that both proteins are part of a polar macromolecular complex involved in the 

interaction of FlgZ with the stator protein MotC to repress flagella function. 

Taken together, this thesis contributes to our understanding of c-di-GMP downstream 

signaling. An increase in cytoplasmic c-di-GMP concentration leads to an altered activity of c-

di-GMP effectors that respond initially and rapidly to the changing global c-di-GMP pool. The 

formation of a multiprotein complex that downregulates motility represents a local c-di-GMP 

signaling mechanism.
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Zusammenfassung 

Der universelle, bakterielle sekundäre Botenstoff c-di-GMP spielt eine Schlüsselrolle bei dem 

Umwelt-getriebenen Übergang von einer motilen, planktonischen in eine sessile, Biofilm-

assoziierte Lebensform. Er bindet an ein breites Spektrum von Effektoren, die verschiedene 

Funktionen steuern, darunter transkriptionelle und post-transkriptionelle Prozesse sowie die 

direkte phänotypische Anpassung. Während die c-di-GMP Synthese und der Abbau detailliert 

untersucht sind, ist die nachfolgende Signalübertragung noch nicht vollständig geklärt. Obwohl 

in den letzten Jahren große Fortschritte hinsichtlich der Identifizierung neuer c-di-GMP 

Effektoren erreicht wurden, bleibt die gezielte Umsetzung einer ansteigenden c-di-GMP 

Konzentration in eine zelluläre Antwort oft unvollständig.  

Ziel dieser Arbeit ist es, ein tiefer gehendes Verständnis der nachfolgenden Mechanismen der 

c-di-GMP Signalübertragung zu erlangen. In diesem Zusammenhang haben wir die Effekte 

einer steigenden c-di-GMP Konzentration auf die Genexpression, die Proteinproduktion und 

die phänotypischen Auswirkungen untersucht. Die c-di-GMP Synthese wurde durch die 

ektopische Expression der genetisch modifizierten Diguanylat-Zyklase PleD* unter 

Wachstumsbedingungen, die normalerweise durch einen niedrigen c-di-GMP Spiegel 

gekennzeichnet sind, induziert. Unsere Ergebnisse zeigen, dass steigende c-di-GMP 

Konzentrationen einen Übergang zu einem nicht-motilen, klumpigen Phänotyp verursachen. 

Die phänotypische Anpassung tritt auf, bevor es zu einem c-di-GMP abhängigen Effekt auf die 

Transkription, Translation oder den Proteingehalt kommt. Diese Ergebnisse deuten darauf hin, 

dass die erste Reaktion von P. aeruginosa auf einen Anstieg der c-di-GMP Konzentration 

durch Veränderungen der Aktivität von c-di-GMP Effektoren und nicht durch veränderte 

Genexpression oder Proteinproduktion erfolgt.  

Darüber hinaus haben wir die FlgZ-vermittelte Herabregulierung der Motilität genauer 

untersucht, indem wir die räumlich-zeitlich aufgelöste Aktivität von FlgZ analysiert haben. FlgZ 

ist ein hoch-affines c-di-GMP Bindeprotein, das durch Interaktion mit dem Statorprotein MotC 

die Motilität herabreguliert. Wir konnten zeigen, dass die FlgZ-vermittelte Herabregulation der 

Motilität über drei voneinander unabhängige Mechanismen justiert wird: 1. flgZ wird 

unabhängig von flgMN in der stationären Wachstumsphase transkribiert, was den 

Proteingehalt erhöht, 2. FlgZ lokalisiert am Zellpol, nachdem es c-di-GMP gebunden hat und 

3. FimV, ein polares Ankerprotein, erhöht den Gehalt an polar-lokalisiertem, c-di-GMP-

gebundenem FlgZ und verringert die Schwimm- und Schwärmmotilität. Diese Ergebnisse 

deuten darauf hin, dass beide Proteine Teil eines makromolekularen Komplexes sind, der über 

Interaktion mit dem Statorprotein MotC die Funktion der Flagelle unterbindet. 

Insgesamt trägt diese Arbeit zu unserem Verständnis der nachfolgenden c-di-GMP- 

Signalübertragung bei. Ein Anstieg der zytoplasmatischen c-di-GMP-Konzentration führt zu 
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einer veränderten Aktivität von c-di-GMP-Effektoren, die unmittelbar und schnell auf den sich 

verändernden globalen c-di-GMP-Pool reagieren. Die Bildung eines Multiproteinkomplexes, 

der die Motilität herunterreguliert, stellt einen lokalen c-di-GMP Signalmechanismus dar. 
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1 Introduction 

1.1 Pseudomonas aeruginosa – a highly adaptable organism 

The genus Pseudomonas was first described by Walter Migula in 1894 (2). The rod-shaped, 

polar flagellated, gram-negative γ-proteobacterium Pseudomonas aeruginosa became one of 

the best-studied species of the Pseudomonas genus (3). P. aeruginosa is a ubiquitous 

environmental bacterium surviving in various ecological niches such as soil and aquatic 

habitats. Whole genome sequencing of the strain PAO1 revealed a genome size of 6.3 Mbp 

and 5570 predicted open reading frames (4). Nearly 10 % of the genes encode transcriptional 

regulators (7.2%) and two-component regulatory systems (2.1 %) enabling adaptation to 

different environmental habitats (4). This large genome is also the basis for the metabolic 

versatility of P. aeruginosa. Although P. aeruginosa is an obligate aerobe bacterium utilizing 

oxygen as electron acceptor, it prefers and actively generates a microaerophilic environment 

for maximal growth rates (5). Nitrate and nitrite can function as alternative electron acceptors 

under anaerobic conditions and arginine and pyruvate can be fermented in the absence of an 

electron acceptor for long term survival (6–9). Furthermore, P. aeruginosa can utilize a vast 

variety of organic compounds as carbon sources including organic acids, fatty acids, sugars, 

alcohols, alkanes, aromatic compounds, amines, amino acids and glycols (10–14). 

1.2 Pseudomonas aeruginosa – an opportunistic pathogen 

In addition to the occurrence of P. aeruginosa in natural habitats, it is also well known as an 

opportunistic pathogen colonizing a broad host spectrum such as plants, insects, nematodes, 

mammals and humans, thereby using an overlapping set of virulence factors (15–20). It can 

cause severe acute and chronic infections in immunocompromised humans, whereas healthy 

individuals are seldomly affected by P. aeruginosa infections (21). Acute infections include 

pneumonia, urinary tract and burn wound infections but also life-threatening infections of the 

blood. Chronic infections mainly affect cystic fibrosis (CF) patients (22, 23). Nearly 80 % of the 

CF patients acquire a P. aeruginosa infection, which increases morbidity and mortality (23). 

CF is a genetic disorder that is autosomal recessive inherited. CF patients carry mutated alleles 

of the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which lead to a 

viscous, dehydrated and sticky mucus accumulation in the lung caused by an impaired 

transport of electrolytes and chloride through epithelial cell barriers (24–26). This mucus 

accumulation prevents bacterial mucociliary clearance and offers a perfect environment for 

microbial colonization and biofilm formation resulting in the establishment of a lifelong chronic 

lung infection (27). 

P. aeruginosa infections are often acquired as nosocomial infections. Several studies 

examining hospitalized infected patients reveal that P. aeruginosa causes a large number of 
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health-care-acquired infections in intensive care units (28–30). The treatment of especially 

chronic P. aeruginosa infections is challenging, because multi-resistant strains rapidly 

developed in the past years designating P. aeruginosa to one of the main threats for public 

health (29). The World Health Organization lists P. aeruginosa as a priority one pathogen for 

research and development of new antibiotics (31).  

1.3 C-di-GMP – the lifestyle switch 

Bacteria can endure in two different lifestyles. Motile, planktonic cells are free-living cells in 

aqueous solutions, whereas sessile cells are embedded in a microbial community, the so-

called biofilm. The switch from the planktonic to the sessile form occurs upon attachment of 

single cells to a surface. Thereby, the cell undergoes dramatic metabolic, physiological and 

phenotypic changes, e.g. the temporal loss of motility and the production of an extracellular 

matrix. The universal bacterial second messenger bis-(3´-5´)-cyclic dimeric guanosine 

monophosphate (c-di-GMP) regulates this switch between a motile, planktonic and a sessile, 

biofilm-associated lifestyle in a wide range of bacteria. Elevated concentrations of intracellular 

c-di-GMP inhibit motility and virulence and lead to the initiation of biofilm formation, whereas 

low levels of c-di-GMP promote the motile lifestyle (reviewed in (32–34)). In P. aeruginosa, 

planktonic cells contain less than 30 pmol c-di-GMP per mg of total cell extract, whereas the 

elevated c-di-GMP concentration of cells growing in a biofilm averages between 75 and 

110 pmol/mg (35, 36).  

1.4 Cellular functions regulated by c-di-GMP 

As mentioned above, an increase in the c-di-GMP concentration results in two major 

physiological changes - the downregulation of motility and the initiation of biofilm formation. 

Both traits are described below in more detail showing the complexity and requirements of tight 

regulation mechanisms. 

1.4.1 Motility 

Motility is an important behavior for bacteria to spread to favored environments and to colonize 

new ecological niches. Additionally, motility plays a role for surface attachment, pathogenesis 

and biofilm formation. The movement of bacterial cells is empowered by two different motility 

organelles - flagellum and type IV pili. Both, flagellum and type IV pili, consist of membrane 

spanning multi protein complexes making the capability of movement to a costly metabolic trait 

that requires precise regulation mechanisms during biosynthesis, assembly and function. 

 

The flagellar complex 

The polar P. aeruginosa flagellum is a macromolecular complex requiring the expression of 50 

genes until it is completely assembled and functional (37). A flagellum is composed of four 
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main parts: i) the basal body spanning the cytoplasmic membrane, the periplasm, the 

peptidoglycan layer and the outer membrane, thereby connecting the cytoplasm with the 

environment, ii) the hook which is a cylindrical structure that functions as a joint between the 

basal body and the filament, iii) the flagellar filament, a long, thin structure with a helical shape, 

forming the propeller and iv) the motor which consists of the stator and the rotor. The stator 

consists of two protein pairs that are arranged in multiple copies around the basal body within 

the cytoplasmic membrane (in case of P. aeruginosa: either MotAB or MotCD). Those two 

proteins form proton channels, so that the proton motive force provides the energy for rotation. 

Chemical energy is transferred into rotation energy by physical interaction of the stator proteins 

with the rotor. The rotor is located in the cytoplasm, but is attached to the basal body within 

the cytoplasmic membrane. The generated torque is transferred from the rotor to the flagellar 

filament by the basal body and the hook (reviewed in (38–40)). 

To ensure accurate assembly and function of the flagellar apparatus a strong regulation 

mechanism is crucial. Therefore, several checkpoints on the transcriptional and post-

translational level exist. P. aeruginosa displays a four-tiered hierarchy for flagellar gene 

expression as other monotrichous flagellated bacteria (Vibrio cholerae and Caulobacter 

crescentus), in contrast to peritrichous flagellated bacteria as Escherichia coli and Salmonella 

enterica, which have a three-tiered transcriptional regulation mechanism (37, 41–43). C-di-

GMP affects flagellar motility in terms of flagellar gene expression, assembly, motor function 

and chemotaxis. The c-di-GMP binding transcription factor FleQ of P. aeruginosa is the master 

regulator of the flagellar genes. C-di-GMP-bound FleQ reduces its activity resulting in a 

downregulation of flagellar gene expression (44, 45). The flagellar export ATPase FliI of 

Pseudomonas fluorescens delivers secreted substrates during flagellar assembly and binds c-

di-GMP. Upon c-di-GMP binding, ATPase activity and thus flagellar assembly is inhibited (46). 

The motor function is affected by c-di-GMP binding to the PilZ domain proteins YcgR, FlgZ and 

MotI of E. coli, P. aeruginosa and Bacillus subtilis, respectively. C-di-GMP-bound forms of 

these proteins interact with components of the rotor or stator and disturb the electrostatic 

interactions between them or disengage the stator from the rotor, leading to a downregulation 

of flagellar motility (Figure 1.1) (47–49). The influence of c-di-GMP on the chemotaxis 

apparatus is mediated by the interaction of the c-di-GMP binding protein MapZ with the 

methyltransferase CheR1. This interaction prevents CheR1 from methylating its 

chemoreceptor, thereby reducing the frequency of flagellar motor switching (50). 
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Figure 1.1: C-di-GMP controls flagellar motor function in E. coli. 

A The flagellar motor consisting of the stator (MotA and MotB) and the rotor (FliG, FliM,and FliN) drives bacterial 

motility. C-di-GMP levels in exponential growth phase remains low due to the activity of the phosphodiesterase 

YhjH, resulting in a fast rotation of the flagellar filament. B During starvation, the c-di-GMP level increases. The c-

di-GMP-bound form of YcgR interacts with components of the motor leading to a slowdown of flagellar rotation. 

Taken from (51) (open access). 

 

Type IV pili 

The bipolar type IV pili (T4P) are a macromolecular complex requiring the expression of 42 

genes until it is completely assembled and functional in P. aeruginosa. T4P consist of four 

subcomplexes (Figure 1.2) (52): i) the outer membrane subcomplex, ii) the inner membrane 

motor subcomplex containing amongst other proteins the ATPases PilB, PilT and PilU, iii) the 

alignment subcomplex connecting the inner membrane motor subcomplex with the outer 

membrane subcomplex and iv) the pilus subcomplex consisting of the major pilin PilA and the 

minor pilins.  

T4P are dynamic filaments that rapidly polymerize and depolymerize from a pool of pilin 

subunits, mainly the major pilin PilA (53). The polymerization ATPase PilB converts chemical 

energy provided by ATP hydrolysis into mechanical energy required for pilus assembly. When 

the pilus is completely assembled, it attaches to a surface and retracts, causing a movement 

along the surface. During retraction, the depolymerization ATPases PilT and PilU are active to 

disassemble the pilus filament (54). The opposing activities of PilB, PilT and PilU have to be 

precisely coordinated and T4P polymerization and depolymerization have to be restricted to 

one cell pole to ensure a directional movement (55). 

C-di-GMP is linked to T4P function by the interaction of the c-di-GMP binding protein FimX 

with the polymerization ATPase PilB (55). FimX binds c-di-GMP by its EAL domain and its 

polar localization is required for T4P assembly (56). The localization of FimX to the leading 

pole depends on T4P biogenesis proteins and is influenced by the presence of the 

polymerization ATPase PilB and the depolymerization ATPase PilT. Additionally, FimX is 
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affecting the localization of PilT and PilB and is required for polar PilB localization. Unlike many 

other ATPase, PilB is not able to bind c-di-GMP, so that it is suggested that the interaction with 

FimX couples T4P-mediated motility and adhesion to c-di-GMP signaling (55).  

Furthermore, T4P are involved in an as yet uncharacterized process of surface recognition that 

leads to an upregulation of cAMP through the chemosensory Pil-Chp system (57, 58). This 

causes an upregulation of PilY1, a T4P-associated protein, which in turn activates the 

diguanylate cyclase SadC resulting in an increase in c-di-GMP levels (59). 

 

Figure 1.2: Structure of the type IV pilus. 

A completely assembled type IV pilus contains four subcomplexes: i) the outer membrane subcomplex (dark gray), 

ii) the inner membrane motor subcomplex (light gray), iii) the alignment subcomplex (medium gray) and iv) the pilus 

subcomplex (white), mp: minor pilins. 

Taken from (52) with permission of the publisher and slightly adapted. 

 

Types of movement 

In 1972, Henrichsen et al. defined precisely the main types of bacterial motility – swimming, 

twitching, swarming, sliding, gliding and darting – by characterizing the motile behavior of 500 

strains belonging to over 30 different bacterial species (60). P. aeruginosa is able to operate 

four of the described motility types – swimming, swarming, twitching and sliding, which are 

explained below in more detail: 

Swimming is observed in liquid environments and within media with low concentrated agar 

(<0.3 %) as a movement of individual cells. The single polar flagellum of P. aeruginosa enables 

swimming (61). Chemical gradients are sensed by cells and bacteria adjust their direction of 

movement towards a more favorable or less disadvantageous environment by changing the 

flagellar rotation. P. aeruginosa swimming cells operate in a forward/reversal mode (62). They 

swim in a forward direction characterized by a counterclockwise rotation of the flagellum. Short 

reversals of flagellar rotation characterized by a clockwise rotation allow a reorientation and a 
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change of swimming direction. When cells move towards a favorable surrounding the 

frequency of forward and reversal rotation of the flagellum decreases (63). 

Twitching occurs on solid surfaces and is mediated by extension, attachment and retraction of 

T4P (64). 

Swarming is a rapid, coordinated multicellular movement on semisolid surfaces (agar 

concentration of 0.5-0.7 %) mediated by the flagellum and T4P under conditions of nitrogen 

limitation (65). Biosurfactants secreted by swarming cells support swarming motility by the 

reduction of surface tension between substrate and bacterial cells. Rhamnolipids and their 

precursor HAA (β-hydroxydecanoyl-β-hydroxydecanoate) are the secreted biosurfactants of 

P. aeruginosa (65–67). The rhamnolipid production is regulated via the rhl quorum sensing 

system in P. aeruginosa to ensure that rhamnolipids are only produced at high concentrations 

by a sufficient number of bacterial cells (65, 68). 

To generate enough force to propel through the viscous environment P. aeruginosa generally 

exhibits two different mechanisms. On the one hand, it was observed that cells of a swarming 

colony are elongated and express two polar flagella (65). On the other hand, P. aeruginosa is 

able to use a second set of stator proteins within the flagellar motor. Under viscous conditions 

the MotAB stator set is replaced by the MotCD stator proteins (69–71). 

Sliding is a passive form of movement of bacterial cells lacking flagellum and type IV pili. It is 

powered by expanding forces of dividing bacterial cells and accelerated by the reduction of 

friction by secreted biosurfactants (72, 73).  

1.4.2 Biofilm formation 

Biofilms are complex, multicellular bacterial communities that are embedded in the self-

produced extracellular matrix of extracellular polymeric substances (EPS). A biofilm protects 

bacterial cells from a variety of different environmental stress factors such as heavy metal 

toxicity and dehydration but also from the host immune response, antibiotic and biocide 

treatment (74–79). The switch from a planktonic to a sessile lifestyle means extensive 

physiological, metabolic and phenotypic changes e.g., the (partial) loss of motility, the 

production of an extracellular matrix, slower growth and an increased resistance towards 

antibiotics (36). C-di-GMP signaling pathways and two component systems are involved in the 

regulation of biofilm formation, rendering it a complex bacterial trait. Cross-functional regulation 

between those systems makes biofilm formation even more complex (80).  

The development of a biofilm is a cyclic process consisting of four stages: i) reversible and 

irreversible attachment to surfaces, ii) formation of microcolonies, iii) maturation to mushroom-

like macrocolonies and iv) biofilm dispersal (Figure 1.3) (36). Figure 1.3 shows that 

components of the c-di-GMP signaling network are involved in all stages of biofilm formation 

which indicates that c-di-GMP pathways needs to be well coordinated and regulated (81). The 

production of the extracellular matrix is initiated during microcolony formation (82). The matrix 
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consists of EPS, which includes polysaccharides, proteins, lipids and extracellular DNA and is 

one key feature of biofilms. The matrix enables free diffusion of nutrients and small molecules 

through the whole biofilm. Of note, cells inside a mature biofilm grow and divide slower than 

cells at the outside, because bacteria at the outside utilize nutrients faster than diffusion can 

substitute the amounts at the inner layers (83). This results in a gradient of oxygen and 

nutrients and creates phenotypic heterogeneity of cells within the biofilm (84, 85). 

Transcriptomic analysis of bacterial biofilms exposed to antibiotic treatment reveals a high level 

of gene expression of cells in the outer layers, in which oxygen and nutrients are available, 

whereas bacteria in the inner layers show a reduced transcriptional activity (86). Cells at the 

deepest layer of the biofilm enter a dormant stage. These so-called persister cells are cells 

that are genetically identical to a susceptible strain but highly tolerant to antibiotic treatment, 

so that they are able to survive antibiotic exposure and to re-grow afterwards (87, 88). Besides 

metabolic and phenotypic heterogeneity, also c-di-GMP heterogeneity is already generated in 

early stages of biofilm formation during surface sensing by the Wsp system, resulting in two 

subpopulations with a high and a low c-di-GMP concentration, respectively (89). Furthermore, 

biofilms show a heterogeneity in their expression of c-di-GMP and cAMP signaling systems. 

The inner layers of a mature biofilm show a high expression of a c-di-GMP reporter and a low 

expression of the cAMP reporter and vice versa in the outer layers (90).  

 

Figure 1.3: c-di-GMP controls biofilm formation in P. aeruginosa. 

Biofilm formation is a cyclic process comprising four stages. Initiation of biofilm formation starts with first reversible 

and later irreversible attachment of planktonic bacterial cells (green contour) to a surface. Attached cells (black 

contour) form a microcolony that maturates to mushroom-like macrocolonies when biofilm formation is established. 

Biofilm dispersal of single cells (red contour) enable again a planktonic lifestyle. Enzymes synthesizing (green) and 

degrading (red) c-di-GMP and c-di-GMP binding proteins (blue) are displayed at the specific step in which they are 

involved. An increasing intracellular c-di-GMP concentration is indicated in the background by the gradient of the 

gray panels. 

Taken from (36) (open access) and slightly adapted. 
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1.5 The c-di-GMP signaling network 

1.5.1 Synthesis and degradation of c-di-GMP 

Intracellular c-di-GMP levels are tightly regulated by the antagonistic activities of two classes 

of enzymes, diguanylate cyclases (DGC) and phosphodiesterases (PDE). The GGDEF domain 

of DGCs produces c-di-GMP from two molecules of guanosine triphosphate (GTP). Most 

DGCs have a second motif in common, the RxxD motif. This motif is separated from the 

GGDEF motif by five amino acids and functions as an autoinhibitory site (I-site) for allosteric 

feedback inhibition upon binding of c-di-GMP. The degradation of c-di-GMP into linear pGpG 

or into two GMP molecules is catalyzed by EAL or HD-GYP domain containing PDEs, 

respectively (Figure 1.4, upper panel) (91–97). Competitive binding of pGpG to the active site 

of EAL domain PDEs results in a product inhibition (98). 

GGDEF and EAL domain-containing proteins are nearly present across the entire bacterial 

kingdom, indicating that c-di-GMP signaling is a fundamental regulatory trait, although the 

exact numbers of DGCs and PDEs vary between different bacterial species (32). DGCs and 

PDEs are absent in a few species like Helicobacter pylori and Neisseria meningitides, while 

E. coli K12 and P. aeruginosa PAO1 express an intermediate number with 29 and 41 DGCs 

and PDEs, respectively. Other bacterial species express a high number of these proteins such 

as V. cholerae with 72 (36, 99–104). Especially bacteria encoding a higher number of DGCs 

and PDEs require tight regulation mechanisms of DGC and PDE activities. The activity of 

DGCs and PDEs is regulated by sensory input domains that respond to a broad spectrum of 

environmental signals such as oxygen, light, nutrients, surface attachment and antibiotics (35, 

105–111).  

Many DGCs and PDEs contain transmembrane domains connecting the cell outside with the 

inside. Furthermore, a combination of GGDEF and EAL domains occur in the same protein, 

the so-called hybrid proteins. One domain of those hybrid proteins is usually catalytically active 

either synthesizing or degrading c-di-GMP, whereas the other has regulatory functions (33). 
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Figure 1.4: The c-di-GMP signaling network. 

Taken from (112) with permission of the publisher. 

1.5.2 C-di-GMP effectors 

The response to changing c-di-GMP levels generated by DGCs and PDEs is mediated by c-

di-GMP effectors. C-di-GMP was first identified as an allosteric activator of cellulose synthase 

in Gluconacetobacter xylinus in 1987 (113). Since then, several c-di-GMP effectors were 

identified and functionally characterized, including proteins containing a variety of c-di-GMP 

binding motifs as well as c-di-GMP responsive riboswitches (Figure 1.4, lower panel) (114–

116). 

Whereas c-di-GMP-metabolizing enzymes can be easily identified in bacterial genome 

sequences using bioinformatics tools due to their conserved domains, the identification of c-

di-GMP binding proteins is much more complex and likely incomplete, since they do not share 

a common motif for c-di-GMP binding. It took nearly 20 years after c-di-GMP binding to the 

cellulose synthase was demonstrated until this characteristic could be assigned to the PilZ 

domain by a bioinformatics approach (117). The PilZ domain, named after the P. aeruginosa 

type IV pili control protein PilZ, binds c-di-GMP by the RxxxR and (D/N)x(S/A)xxG motifs and 

represents one of the best-studied class of c-di-GMP effector proteins until today (118–121). 

Since then, c-di-GMP binding to PilZ domain proteins was demonstrated to a variety of proteins 

involved in different cellular functions from many bacterial species. Examples are YcgR, FlgZ, 

DgrA and MotI dependent regulation of flagellar motility in E. coli, P. aeruginosa, C. crescentus 

and B. subtilis; Alg44 dependent alginate synthesis in P. aeruginosa; FimW and PilZ 
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dependent T4P function in P. aeruginosa; PlzBCD dependent regulation of motility, biofilm 

formation and virulence in V. cholerae (1, 47–49, 119, 120, 122–125). A well-studied example 

of a PilZ domain effector protein is YcgR of E. coli. YcgR was found to regulate swimming 

motility by its interaction with the flagellar motor proteins MotA, FliG and FliM (47, 122, 126). 

This interaction depends on c-di-GMP binding to YcgR and disturbs the electrostatic interaction 

between MotA and FliG, thereby impacting torque generation and swimming speed. 

A second group of well-characterized c-di-GMP receptors is the I-site of DGCs (114). PleD, a 

DGC from C. crescentus, was shown to adjust the enzymatic activity upon c-di-GMP binding 

to the RxxD motif at the I-site (91, 127). C-di-GMP also binds to proteins that contain 

degenerate GGDEF or EAL domains that lost their enzymatic activity but communicate the 

intracellular c-di-GMP levels to output domains (92, 128, 129). LapD of P. fluorescens binds 

c-di-GMP by the degenerate EAL domain and impacts cell surface localization of the adhesin 

LapA required for biofilm formation by an inside-out signaling mechanism (130, 131). 

Unexpectedly, a class of catalytically active PDEs was added to the list of c-di-GMP effectors, 

the so-called trigger PDEs (132). Trigger PDEs are still capable of degrading c-di-GMP, but 

they are also capable of interacting with a molecular target whose activity is controlled by c-di-

GMP binding and degradation of the trigger PDE. In other words, trigger PDEs are bifunctional 

enzymes. Their primary function is the modulation of target activity by direct interaction. Their 

secondary function is the PDE activity that controls the primary function (133). PdeR of E. coli 

controls the activity of the transcription factor MrlA and thereby csgD expression (132). CsgD, 

in turn, is the master regulator for biofilm formation. PdeL, a second trigger PDE of E. coli, 

controls its own gene expression by binding to its own promotor region (134). 

Another protein domain that binds c-di-GMP is the GIL domain, whose RxGD c-di-GMP binding 

motif is structurally related to the RxxD motif of the I-site of DGCs, giving this domain the name 

GGDEF I-site like (GIL) domain (135). An example for a GIL domain protein is BcsE of E. coli, 

S. enterica and Klebsiella pneumonia. C-di-GMP binding of BcsE is crucial for its function in 

cellulose synthesis (135). 

Furthermore, the YajQ domain was found to bind c-di-GMP. In the plant pathogen 

Xanthomonas campestris pathovar campestris, the YajQ protein interacts with a transcription 

factor that controls the expression of virulence genes. Upon c-di-GMP binding to YajQ, protein-

protein interactions with the transcription factor are disrupted and expression of target 

virulence genes is switched off (136). YajQ domain proteins that bind c-di-GMP and contribute 

to virulence were also found in the human pathogens P. aeruginosa and Stenotrophomonas 

maltophilia (136). 

The widespread MshEN domain binds c-di-GMP by a tandem array of two highly conserved 

binding motifs, each binding half of the c-di-GMP molecule, primarily through hydrophobic 

interactions. The two motifs comprise each the 24-residue c-di-GMP binding motif 
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RLGxx(L/V/I)(L/V/I)xxG(L/V/I)(L/V/I)xxxxLxxxLxxQ and are linked by 5 non-conserved amino 

acids. This 53 amino acid long motif is the longest c-di-GMP binding motif identified until now 

(137). In contrast to the conserved charged amino acids found in the RxxxR motifs of PilZ 

domain proteins or the RxxD motif of DGC I-sites, the MshEN c-di-GMP binding motif is mainly 

characterized by conserved hydrophobic residues such as leucine, valine, glycine and the 

polar uncharged glutamine (137, 138). MshE, an ATPase and a MshEN domain protein of 

V. cholerae, is required for T4P formation, surface attachment and biofilm formation (137).  

Other MshEN c-di-GMP binding proteins from other organism contribute to swarming motility 

in P. aeruginosa, fruiting body formation in Myxococcus xanthus or bacteriophage N4 

adsorption in E. coli (138–140). 

Furthermore, transcriptional regulators have been shown to function as c-di-GMP effector 

molecules, such as FleQ and BrlR from P. aeruginosa, Clp from Xanthomonas axonopodis pv. 

citri and X. campestris pv. campestris, VpsT from V. cholerae, LtmA from Mycobacterium 

smegmatis and BldD from Streptomyces venezuelae (44, 141–147). These transcription 

factors regulate the activity of genes involved in a variety of cellular processes such as flagella 

synthesis, biofilm tolerance to colistin, virulence, matrix production and motility, lipid transport 

and metabolism and progression of multicellular differentiation, respectively. They have neither 

a common domain organization nor a common c di GMP binding motif. 

Finally, conserved RNA domains, which reside in 5'-untranslated regions of different mRNAs, 

are known c-di-GMP targets and affect gene expression via riboswitches (115, 148). Cyclic di-

GMP-dependent riboswitches were originally identified by bioinformatics as a conserved RNA 

structure referred to as the "GEMM motif" (149). Binding of the ligand to the riboswitch leads 

to a change in the secondary structure of the RNA, promoting or inhibiting transcription 

termination, mRNA stability, or translation initiation (150–152). C-di-GMP-mediated 

riboswitches control the expression of genes in response to elevated c-di-GMP levels and can 

be found in several organisms, for example in V. cholerae, Bacillus cereus and Clostridium 

difficile.  

It is worth mentioning that c-di-GMP binding proteins are not exclusively found in bacteria. 

STING (Stimulator of Interferon Genes) was identified as the first mammalian sensor for c-di-

GMP. The innate immune system recognized c-di-GMP as a microbial molecule and a STING-

dependent type I interferon response is activated (153). 

Taken together, c-di-GMP effectors display a large diversity regarding their binding motifs and 

mechanisms and regulate a vast variety of processes in a bacterial cell. It is likely that 

additional effectors with new binding motives and mechanisms will be identified in the future. 

The identification of novel c-di-GMP effectors and further analysis of known c-di-GMP 

effectors, their downstream targets and the enzymes they respond to will provide a deeper 

understanding of the multifaceted world of c-di-GMP signaling. 
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1.6 The concepts of global and local c-di-GMP signaling  

The previous simplified model of c-di-GMP signaling was that DGCs and PDEs contribute to a 

global pool of c-di-GMP that is free diffusible in the cytoplasm of a cell and can be bound by 

effectors mediating a cellular output. This model was mainly influenced by cAMP signaling of 

E. coli which comprises a DGC/PDE pair and a single effector which is a transcription factor 

influencing multiple target genes (154–156). In the case of c-di-GMP signaling, many 

organisms express multiple enzymes for synthesis and degradation of c-di-GMP as well as a 

plethora of effectors acting on targets involved in various cellular processes (36, 104, 114). 

This complexity raises the question of how specificity is integrated into multiple signaling 

pathways that use the same second messenger and act simultaneously. 

One aspect of the answer to this question are different affinities of c-di-GMP effectors (Figure 

1.5 A). The range of binding affinities of PilZ domain proteins is 43-fold in S. enterica serovar 

Typhimurium (S. Typhimurium) and 145-fold in P. aeruginosa (157). An example how those 

different binding affinities create specificity in their output are the binding affinities of the two 

PilZ domain proteins YcgR and BcsA of S. Typhimurium, which are 191 nM and 8240 nM, 

respectively. This discrepancy leads first to a YcgR-mediated downregulation of motility and 

second to a BcsA-mediated activation of cellulose synthase upon increasing c-di-GMP levels 

(157).  

Furthermore, specificity is created by temporal sequestration of DGCs, PDEs and c-di-GMP 

effectors. A temporal sequestration includes the regulation of gene expression, mRNA stability, 

protein activity and protein degradation. In E. coli and S. Typhimurium, the PDE YhjH and the 

effector YcgR required for regulation of motility are both under the indirect control of the 

flagellar master regulator FhlDC indicating a co-regulation with flagella (158–160). HmsT, a 

DGC of Yersinia pestis, is degraded by proteases upon a temperature shift from 26 °C to 37 °C 

and is thus a major factor in biofilm formation at low temperature (161, 162). Additionally, the 

3`untranslated region of hmsT include regulatory sequences involved in mRNA turnover and 

regulation of its own expression (163). 

It is unlikely that these mechanisms are sufficient to explain the entire complexity of c-di-GMP 

signaling specificity. To fully address the question of specificity within c-di-GMP signaling 

networks, the concept of local c-di-GMP signaling has emerged (33, 164–167).  

This concept is based on direct interactions of a DGC and/or PDE with its specific c-di-GMP 

effector/target system within multiprotein complexes, so that c-di-GMP is produced in close 

proximity to the effector binding site (Figure 1.5 B) (33). Recently, three criteria were defined 

needed to be met for local signaling (168): i) specific phenotypes of DGC and PDE knockout 

mutants, ii) protein–protein interactions between DGCs, PDEs, and effector/target systems, iii) 

cellular c-di-GMP level below the Kd of the effector. An example for such a local c-di-GMP 

signaling module is the cellulose synthesis complex in E. coli. The DGC DgcC is crucial for the 
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synthesis of pEtN-cellulose, a biofilm exopolysaccharide, but does not modulate the low global 

c-di-GMP level. DgcC and the PDE PdeK interact with each other and with the BcsA subunit 

of cellulose synthase, which in turn interacts with the BcsB subunit, which requires allosteric 

activation by c-di-GMP (167). Another example for a local signaling module is the DGC GcbC 

that interacts with its effector LapD in P. fluorescens (169). This interaction is required for 

maximal signaling activity of GcbC. Upon c-di-GMP binding, LapD undergoes conformational 

changes and sequesters the protease LapG. This leads to an accumulation of the adhesin 

LapA on the cell surface and initiation of biofilm formation (130, 131, 170, 171). Notably, the I-

site of GcbC is involved in the interaction with LapD, indicating an important role in local c-di-

GMP signaling in general additionally to its function in DGC feedback inhibition (172). 

In conclusion, bacteria achieve c-di-GMP signaling specificity by a combination of global and 

local signaling (Figure 1.6). Elements of both concepts can be flexibly used to adjust the global 

or local c-di-GMP-mediated response to adapt their highly complex signaling network to the 

environment. 

 

Figure 1.5: Global and local c-di-GMP signaling. 

A The concept of global c-di-GMP signaling is based on a cellular c-di-GMP pool created by opposing activities of 

DGCs and PDEs. Effectors are activated according to their binding affinity. B The concept of local c-di-GMP 

signaling is based on interaction or at least a close proximity of an effector with a particular DGC and/or PDE. 

Effector activation is dependent on the local c-di-GMP level (left) or on the activation state of the DGC/PDE within 

a functional complex (right). 

Taken from (164) with permission of the publisher. 
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Figure 1.6: Combination of global and local c-di-GMP signaling. 

This scheme combines global and local c-di-GMP signaling and is based on the complex integration of c-di-GMP 

signaling pathways as described for E. coli or P. fluorescens. The global c-di-GMP concentration remains very low 

due to the constant activity of a strongly expressed master phosphodiesterase (PDE). This, in turn, requires local 

c-di-GMP signaling, in which a diguanylate cyclase (DGC) and/or PDE and an effector/target system (Eff/target) 

form a multiprotein complex. Protein-protein interactions in those multiprotein complexes ensure a colocalization of 

a DGC/PDE with its corresponding effector, but might also play a regulatory role, e.g., effector-mediated activation 

of the DGC. Moreover, there is evidence that the I-site of the DGC is not only responsible for feedback inhibition, 

but also plays a complex role in protein-protein interactions (172). The locally produced c-di-GMP does not enter 

the global pool, since it is bound directly by the effector/target system or degraded by the master PDE. Inactivation 

of the master PDE or activation of a strong DGC or several DGCs lead to an increasing cellular c-di-GMP 

concentration that directly activates effectors without the need of multiprotein complex formation. Different 

effector/target systems are activated upon increasing global c-di-GMP levels based on their affinity to bind c-di-

GMP. 

C-di-GMP synthesis and degradation is displayed by gray arrows and gray lollypop symbols, respectively. C-di-

GMP-mediated activation and inhibition is displayed by red arrows and lollypop symbols, respectively. Input signals 

regulating DGC and PDE activity and cellular output responses are indicated by flashes. 

Taken from (168) with permission of the publisher. 
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1.7 Aim of the thesis 

The regulatory role of c-di-GMP is extremely diverse. It controls a vast variety of cellular 

processes involving numerous cellular factors. C-di-GMP acts on a transcriptional, post-

transcriptional and post-translational level. To exert its multiple regulatory effects, c-di-GMP 

interacts with a wide range of effectors. Due to the flexibility of the c-di-GMP binding molecule, 

many different binding mechanisms and motifs are conceivable. Thus, c-di-GMP effectors do 

not share a common binding motif, making a genome-based screen for an automatic 

identification of all c-di-GMP effectors of a specific species impossible. In recent years, great 

progress has been made in the identification and characterization of novel c-di-GMP effectors, 

but the regulatory mechanisms behind them and the downstream signaling pathways, 

including additional factors involved in the modulation of their activity as well as all interaction 

partners and a potential organization in multiprotein complexes often still remain unsolved. 

The overall aim of this thesis is to unravel a part of the downstream signaling of c-di-GMP 

effectors. Therefore, we choose two different approaches:  

In the first part, we aimed at monitoring the entire response of P. aeruginosa to elevated c-di-

GMP levels by recording transcriptomes, ribosome profiles and proteomes as well as analyzing 

the phenotypic consequences. With these data, we gain insight into c-di-GMP-dependent 

processes that are induced by an increasing c-di-GMP level. These processes can occur at 

the level of gene expression by binding of c-di-GMP to transcription factors or by formation of 

c-di-GMP-dependent riboswitches. Furthermore, these processes can occur at the level of 

protein activity of c-di-GMP binding proteins. Upon c-di-GMP binding, a specific signaling 

cascade is initiated resulting in an adaptation to the changed conditions. 

In the second part, we aimed at a deeper understanding of the downregulation of motility by 

analyzing the spatiotemporal activity of the PilZ domain protein FlgZ. Previously, FlgZ was 

shown to be a high-affinity c-di-GMP binding protein that interacts with the flagellar stator 

protein MotC to downregulate flagellum-mediated motility in P. aeruginosa. In this study, we 

examined the transcription of flgZ in dependency of the growth phase. Moreover, we aimed at 

identifying an additional interaction partner by application of a suppressor mutant screen and 

its influence on the FlgZ-mediated downregulation of motility.  
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2 Experimental procedures 

The experimental procedures are mainly arranged according to their order in the result 

sections. 

2.1 Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table 2.1. E. coli strain DH5α was used for all 

cloning procedures, strain S17-1 was used for conjugative DNA transfer and strain BL21 (DE3) 

for protein production. The completely sequenced P. aeruginosa strains PAO1 and PA14 were 

used as reference strains. Since P. aeruginosa PAO1 is a commonly used strain for research 

worldwide, a set of sublines that display different geno- and phenotypes have emerged within 

the last decades (173). The PAO1 reference strain used for this study was MPAO1 (174). A 

PAO1 transposon mutant library based on the MPAO1 reference strain was obtained from the 

Washington Genome Center (174). In experiments with transposon mutants, the transposon 

mutant PA4684 (mutant ID: PW8886) serves as control strain. This strain was chosen as a 

wild type control due to the following reasons: i) the original wild type belonging to the 

transposon mutant library displays impaired twitching motility (175) and cannot be used as a 

reference for motility assays and ii) the Washington Genome Center PAO1 has a large deletion 

of ~1 kb within the genes PA4684 and PA4685, so that a transposon insertion in PA4684 likely 

have no physiological effect (176).  

All strains were maintained at -70 °C as 15 % (v/v) glycerol stocks. E. coli and P. aeruginosa 

strains were grown in lysogeny broth (LB: 0.1 % (w/v) tryptone, 0.05 % (w/v) yeast extract, 

0.07 % (w/v) NaCl) at 37 °C and 180 rpm, unless indicated differently. LB medium was 

solidified by addition of 1.6 % (w/v) agar. If required for plasmid selection and maintenance, 

antibiotics were added to the growth medium at the following concentrations: 100 µg/ml 

ampicillin, 15 µg/ml gentamicin or 10 µg/ml tetracycline for E. coli and 400 µg/ml carbenicillin, 

50 µg/ml gentamicin or 100 µg/ml tetracycline for P. aeruginosa. If required for plasmid 

induction, 0.2 % (w/v) arabinose for pHERD20T and pJN105 based plasmids or 0.1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) for pET21a+ based plasmids were added to the 

growth medium. 
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Table 2.1: Bacterial strains used in this study. 

Name Relevant characteristics Source 

E. coli   

DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80dlacZΔM15 Δ 

(lacZYA-argF)U169, hsdR17(rK
- mK +), λ- 

(177) 

S17-1 C600::RP-4 2-(Tc::Mu) (Kn::Tn7) thi pro hsdR hsdM+recA (178) 

BL21(DE3) F- ompT hsdSB(rB
-mB

-) gal dcm Stratagene 

P. aeruginosa   

MPAO1 wt PAO1 wild type strain used for generation of the transposon mutant library 

from the Washington Genome Center (used as wild type in chapter 3) 

(174) 

PAO1 wt  PA4684 transposon mutant from the Washington Genome Center PA01 

mutant library, PW8886, Tcr, this mutant harbors a transposon in a non-

functional gene and thus was used as the PAO1 wild type reference (used 

as wild type in chapter 4) 

(174) 

flgZ tn flgZ transposon mutant from the Washington Genome Center PA01 

mutant library, PW6649, Tcr 

(174) 

ΔfimV fimV knock out mutant constructed in the PA4684 transposon mutant 

background 

This study 

fimV_truncated Partial deletion of fimV comprising amino acid 109 – 179 constructed in 

the PA4684 background 

This study 

wt::flgZ-H6 Chromosomally encoded flgZ with C-terminal hexa histidine-tag inserted 

into PA4684 

This study 

PA14 wt Wild type reference strain (179) 

PA14 ΔfliA fliA knock out mutant of PA14 (180) 

PA14 ΔrpoN rpoN knock out mutant of PA14 (180) 

PA14 ΔrpoS rpoS knock out mutant of PA14 (180) 

2.2 Plasmids and Oligonucleotides 

All plasmids and oligonucleotides used in this study are described in Table 2.2 and Table 2.3, 

respectively. Oligonucleotides were designed based on the genome sequence of PAO1 or 

PA14 (181) or were adopted from previous publications and ordered from Eurofins Genomics. 

Sequencing of PCR products and plasmids was performed at Eurofins Genomics. 

 

Table 2.2: Plasmids used in this study. 

Plasmid Relevant characteristics Source 

pHERD20T pUCP20T based shuttle vector with pBAD promoter, 

pBR322 origin of replication, Apr, Cbr    

(182) 

pHERD20T::pleD* pleD*gene cloned into SmaI/XbaI in MCS of pHERD20T, 

Apr, Cbr 

pleD* is a mutated version of pleD which encodes a 

constitutively active DGC (gift of Urs Jenal (183)) 

Constructed by 

Andrea Blanka 

pEX18Ap gene replacement vector with MCS from pUC18, oriT+, 

sacB+, Apr, Cbr 

(184) 

pEX18Ap::ΔfimV Gene replacement construct to introduce a fimV knock out, 

cloned into EcoRI/ HindIII in MCS, Apr, Cbr    

This study 

pEX18Ap::fimV_truncated Gene replacement construct to introduce a partial deletion 

of 213 bases in fimV resulting in loss of amino acids 109-

179, cloned into EcoRI/ HindIII in MCS, Apr, Cbr    

This study 

pEX18Ap::flgZ-H6  Gene replacement construct to introduce a hexa histidine-

-tag to the 3`end of flgZ, cloned into EcoRI/ HindIII in MCS, 

Apr, Cbr 

This study 
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Plasmid Relevant characteristics Source 

pUCP20::flgZ flgZ gene cloned into BamHI/HindIII in MCS of pUCP20, 

Apr, Cbr 

 

This study 

pUCP20::flgZ R126A, R130A flgZ mutant allele generated by site-directed mutagenesis 

of pUCP20::flgZ; mutation of the c-di-GMP binding motif 

R126A, R130A, Apr, Cbr 

This study 

pET21a+ Bacterial expression vector with T7lac promoter, adds N-

terminal T7 epitope tag and C-terminal hexa-histidine tag, 

inducible with IPTG, Apr  

Novagen 

pET21a+::flgZ flgZ gene from alternative GTG (+46 bp) but without stop 

codon cloned into NdeI/ XhoI in MCS of pET21a+, Apr 

This study 

pET21a+::flgZ R126A, R130A flgZ mutant allele generated by site-directed mutagenesis 

of pET21a+::flgZ; mutation of the c-di-GMP binding motif 

R126A, R130A, Apr 

This study 

pET21a+::fimVcp-H6 Cytoplasmic domain of fimV (amino acids L491-A919) 

without stop codon cloned into into NdeI/ XhoI in MCS of 

pET21a+, Apr 

This study 

pJN105 araC-PBAD cassette cloned in pBBR1MCS-5, Gmr (185) 

pJN105::flgZ flgZ gene cloned into NheI/ XbaI in MCS of PJN105 This study 

pJN105::gfp-flgZ gfp-flgZ cloned into NheI/ XbaI in MCS, Gmr This study 

pJN105::gfp-flgZ R126A, 

R130A 

gfp-flgZ with mutated c-di-GMP binding motif (R126A, 

R130A) cloned into NheI/ XbaI in MCS, Gmr 

This study 

pBBR1-MCS5-TT-RBS-lux luxCDABE and terminators lambda T0 rrnB1 T1 cloned 

into pBBR1-MCS5 for plasmid-based transcriptional 

fusions, Gmr 

(186) 

pBBR1-MCS5-TT-pflgZ-lux Promoter region of flgZ cloned into HindIII/XhoI in MCS of 

pBBR1-MCS5-TT-RBS-lux, Gmr 

This study 

MCS: multiple cloning site, Apr: Ampicillin resistent, Cbr: Carbenicillin resistant, Gmr: Gentamycin resitent, Tcr: 

Tetracyclin resistant, IPTG: Isopropyl β-D-1-thiogalactopyranoside 

 

Table 2.3: Oligonucleotides used in this study. 

In primer sequences, underlined letters indicate restriction sites, bold letters indicate mutations leading to amino 

acid exchanges. Uppercase letters displayed in italics indicate a hexa-his tag, lowercase letters displayed in italics 

indicate the sequence of gfp. Lowercase letters indicate the linker sequence between gfp and flgZ. The RACE-

anchor and RACE-anchor-T17 primers were taken from (187). 

Name Sequence (5`→ 3`) Used for 

PleD fw SmaI TCCCCCGGGATGAGCGCCCGGATCCTCGT Cloning of pleD* in 

pHERD20T+ 

PleD rv XbaI GCTCTAGATCAGGCGGCCTTGCCGACCA Cloning of pleD* in 

pHERD20T+ 

flgM_RT_F1 CTGAATCCCGGCAGCACG RT-PCR 

flgM_RT_R1 ATCGTTGTCGACCACCGGCA RT-PCR 

flgN_RT_F1 GAGCTGCCGGTTCTGCAACA RT-PCR 

flgN_RT_R1 TGGCAACGCTCCAGCAGTTC RT-PCR 

PA3353_RT_F1 CAACCCCCGAAGGTGCTCAA RT-PCR 

PA3353_RT_R1 TCTGCAGGAAACGTTCGCCG RT-PCR 

FlgM_RACE_1b GCAACCTTATCGTTGTCG 5´RACE 

FlgM_RACE_2b CTGCATGTTCTGGGCGGTTTCGC 5´RACE 

PA3353_RACE_1c TGGTGGTAGAGCACTTC 5´RACE 

PA3353_RACE_2c GTGTTGGGGATGAGTTCGTC 5´RACE 

RACE-anchor GACTCGAGTCGACATCG 5´RACE 

RACE-anchor-T17 GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTT 5´RACE  

PA3353prom fPr1 GATCAAGCTTAACGCCCGCTCAGCCAGG Promoter lux fusion 

PA3353prom rPr1 GATCCTCGAGCTCCTGGGGCACGAATGC Promoter lux fusion 



2 Experimental procedures  19 

 

 

Name Sequence (5`→ 3`) Used for 

PA3353 fPr5 CGGATCCTATCAAGGCACAGTGCTATCATTGAGG Cloning in pUCP20 

PA3353 rPr3 GATCTCTAGAGAGCATCACCTGTTGCCGGCG Cloning in pUCP20 

PA3353_mut_1F CCACCAGCGCGCCAACGCCTACGCCGCCAGCATC Site directed mutagenesis 

PA3353_mut_1R GATGCTGGCGGCGTAGGCGTTGGCGCGCTGGTGG Site directed mutagenesis 

fimV_UP_F1 GATCGAATTCGTTGAACGTTACCTGCATCC Knock out fimV 

fimV_UP_R2 CCGAACCATAGTGTAATCCCT Knock out fimV 

fimV_DOWN_F2 AGGGATTACACTATGGTTCGGCTGGCCTGATCCGGAA

AT 

Knock out fimV 

fimV_DOWN_R1 GATCAAGCTTTGAAGTCATGGGTGCCGA Knock out fimV 

fimV_ctr_F1 CAGGCTGATCCCTGTCAGGTCAAT Control ΔfimV 

fimV_ctr_R1 ATGCTTTCAACGGGCGCTCC Control ΔfimV 

fimV_tr_UP_F1 GATCGAATTCCCGTGCTCCTGGGTGAGTTG fimV truncated 

fimV_tr_UP_R1 CAGGTAGGGCTCCTGCACCG fimV truncated 

fimV_DOWN_F1 CGGTGCAGGAGCCCTACCTGTCCAACGACACGCTCTG

GGA 

fimV truncated 

fimV_DOWN_R1 GATCAAGCTTTCTTCGTTCTCGCGGCGAGT fimV truncated 

fimVcp-F2 GATCCATATGAAAGAGAAGGAAGAAGCCCAGGCT Cloning in pET21a+ 

fimVcp-R2 GATCCTCGAGGGCCAGGCGCTCCAGCAAC Cloning in pET21a+ 

GFP-flgZ-F1 ACTGGAATTCCTGCAGTTAACTTTAAGGAGGAGATATA

atgagtaaaggagaagaac 

Fusion of gfp-flgZ in 

pJN105 

GFP-flgZ-R1 cgcgccggatccgcccgctttgtatagttcatccatg Fusion of gfp-flgZ in 

pJN105 

nt-FLGZ-F2 gcgggcggatccggcgcgGTGCTATCATTGAGGCATTC Fusion of gfp-flgZ in 

pJN105 

nt-FLGZ-R2 ACTGTCTAGATTATCAGAACAGTTCGTCTTTCTCGAAG

CGC 

Fusion of gfp-flgZ in 

pJN105/ cloning in pJN105 

flgZ pJN F ACTGGCTAGCCTGCAGTTAACTTTAAGGAGGAGATATA

gtgctatcattgaggcattcgtgc 

Cloning in pJN105 

PA3353h6_UP_F1 GATCGAATTCGAACGTTTCCTGCAGAAC Chromosomal hexa 

histidine- tagging of flgZ 

PA3353h6_UP_R1 TCAGTGGTGGTGGTGGTGGTGGAACAGTTCGTCTTTC

TC 

Chromosomal hexa 

histidine- tagging of flgZ 

PA3353h6_DO_F1 CACCACCACCACCACCACTGAGTTTCACAGGACCAGC

CC 

Chromosomal hexa 

histidine- tagging of flgZ 

PA3353h6_DO_R1 GATCAAGCTTCCGATAGGCAGGAGAGGT Chromosomal hexa 

histidine- tagging of flgZ 

PleD seq_F1 CCTAGGCCGCGGCCG pleD* sequencing primer 

PleD seq_F2 GCACCCGCCAGTTGCCC pleD* sequencing primer 

M13 F GTAAAACGACGGCCAGT pUCP20 sequencing 

primer 

M13 R CAGGAAACAGCTATGAC pUCP20 sequencing 

primer 

pJN105 seq F TCCACATTGATTATTTGCACGG pJN105 sequencing primer 

pJN105 seq R ATTAAGTTGGGTAACGCCAGGG pJN105 sequencing primer 

pET21a+ seq F GGGGTTATGCTAGTTATTGCTCA pET21a+ sequencing 

primer 

pET21a+ seq R GCGGATAACAATTCCCCTCT pET21a+ sequencing 

primer 

pEX18Ap seq F CTGGCCGAGTGGGTTGAAT pEX18Ap sequencing 

primer 

pEX18Ap seq R CGCAGCGAGTCAGTGAGC pEX18Ap sequencing 

primer 
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2.3 DNA manipulation and strain construction 

DNA manipulations were performed according to standard protocols (188) using appropriate 

kits (Qiagen) and enzymes (Thermo Fisher Scientific, Agilent Technology, New England 

Biolabs). Plasmids were constructed in a restriction and ligation approach. Point mutations 

were introduced to flgZ by site-directed mutagenesis using the QuikChange II – Site-directed 

mutagenesis Kit (Agilent Technology) according to manufacturer´s instructions. To generate a 

fluorescent FlgZ fusion protein, FlgZ was N-terminally tagged with the green fluorescent 

protein (GFP) using a linker sequence of six amino acids: Ala-Gly-Gly-Ser-Gly-Ala. The GFP 

is an improved GFP variant with better folding properties, a higher solubility and an enhanced 

fluorescent intensity. Originally this GFP variant was called GFPmut2 and consists of three 

amino acid substitutions (S65A, V68L, S72A) (189).  

All generated constructs were verified by sequencing (Eurofins Genomics). Plasmid transfer 

to E. coli was performed by transformation via heat shock. P. aeruginosa received plasmids 

either by electroporation (190) or conjugation using E. coli as a donor.  

2.3.1 Transformation of chemically competent E. coli 

For the preparation of chemically competent E. coli cells, the respective strain was cultivated 

to an optical density at 600 nm (OD600) of 0.3-0.5 in 40 ml LB and chilled on ice for 15 min to 

prevent further growth. All following steps were performed on ice. Bacterial cells were 

harvested by centrifugation at 3200 x g for 15 min and the cell pellet was resuspended in 12 ml 

RF1 solution (100 mM RbCl, 50 mM MnCl2, 30 mM potassium acetate, 10 mM CaCl2, pH 5.8). 

After incubation for 30 min on ice, the cells were pelleted again by centrifugation at 4000 x g 

for 15 min and resuspended in 4 ml RF2 (10 mM RbCl,10 mM MOPS, 75 mM CaCl2 x 6 H2O, 

15 % (v/v) glycerol, pH 5.8). The competent cells were aliquoted 125 µl each, frozen in liquid 

nitrogen and stored at -70 °C. 

For transformation, aliquots of competent cells were thawed on ice, mixed with the DNA of 

interest and incubated on ice for 20 min. After a heat shock at 42 °C for 90 s, cells were chilled 

on ice for 2 min, 800 µl LB were added and cells were incubated at 37 °C and shaking for 1 h. 

Afterwards, 100 µl and the remaining cells, respectively, were plated on LB agar supplemented 

with the respective antibiotic for selection of transformants. Plates were incubated overnight at 

37 °C. 

2.3.2 Electroporation of competent P. aeruginosa 

Electrocompetent P. aeruginosa cells were always prepared fresh directly before use 

according to Choi et al. (190). Therefore, 1.5 ml of an overnight culture were harvested by 

centrifugation. Bacterial cells were washed twice with 300 mM sucrose. Finally, the cell pellet 

was resuspended in 50 µl 300 mM sucrose to receive an aliquot of electrocompetent cells, 

100 ng plasmid DNA were added and the mixture was transferred to an electroporation 
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cuvette. The electroporation was carried out in a Gene Pulser II (Bio-Rad) at the following 

settings: 2.5 kV voltage, 200 Ω resistance and 25 µF capacity. Immediately after electroshock, 

1 ml LB was added to the bacterial cells, the suspension was transferred to a microcentrifuge 

tube and incubated at 37 °C for 1 h under shaking. Thereafter, 100 µl of the undiluted 

suspension, a 1:1000 dilution and a 1:10000 dilution were plated on LB agar plates 

supplemented with the respective antibiotic. Plates were incubated overnight at 37 °C. 

2.3.3 Construction of knock-out mutants and chromosomal insertions/fusions 

The knockout mutant of fimV as well as the partial deletion of fimV and the flgZ-H6 substitution 

at its native locus were constructed by allelic exchange using the pEX18Ap plasmid. Therefore, 

approximately 500 bp of the upstream flanking region and approximately 500 bp of the 

downstream flanking region are PCR amplified and fused together by overlap extension PCR 

(191). The fused fragment was cloned into the EcoRI and HindIII restriction sites of pEX18Ap. 

The resulting plasmid was firstly transferred to E. coli S17-1 by transformation and secondly 

P. aeruginosa received the plasmid by biparental mating. After conjugation into P. aeruginosa 

single crossovers were selected on LB supplemented with carbenicillin and nalidixic acid and 

afterwards double crossovers were counter-selected on LB supplemented with 10 % (w/v) 

sucrose. Integration of the desired deletion or insertion into the P. aeruginosa genome was 

confirmed by Sanger Sequencing. 

2.4 Assays for phenotypic characterization 

2.4.1 Analysis of growth 

Planktonic growth was measured by recording the OD600 using the Bioscreen C MBR (iLF 

Bioserve, Langenau), an automated system for monitoring growth. Overnight precultures were 

diluted to an OD600 of 0.02 in fresh LB or basal medium 2 (BM2: 7 mM (NH4)2SO4, 40 mM 

K2HPO4, 22 mM KH2PO4, pH 7, 2 mM MgSO4, 10 μM FeSO4, 0.4% (w/v) glucose) media and 

transferred to honeycomb plates (iLF Bioserve). Every well was filled with 200 µl of bacterial 

suspension. Plates were covered with a lid and incubated in the Bioscreen at 37 °C under 

continuous shaking for 48 h. The OD600 was measured every 15 min. Each strain was analyzed 

in biological triplicates with three technical replicates.  

2.4.2 Swimming and swarming motility 

Swimming and swarming motility assays were performed as previously described (192) with 

slight modifications. Briefly, swimming was performed on BM2 glucose medium containing 

0.3 % agar in a 6-well plate format with a single colony per well or on squared petri dishes 

(12 cm x 12 cm) with 9 bacterial colonies per plate. Swarming was examined on modified BM2 

glucose plates containing 0.1 % CAS amino acids as only nitrogen source and 0.5% agar in 
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petri dishes (85 mm diameter) with a single swarming colony per plate or on squared petri 

dishes (12 cm x 12 cm) with 4 bacterial colonies per plate. If required, 0.2 % (w/v) arabinose 

was added to induce the pBAD promoter. Bacterial pre-cultures were grown for 6 h at 37 °C in 

LB medium with appropriate amounts of antibiotics at 180 rpm. Cells were harvested by 

centrifugation and resuspended in phosphate-buffered saline (PBS). Each swimming plate was 

inoculated with 2 x 107 cells, swarming plates were inoculated with 6.6 x 106 cells. The plates 

were incubated at 30 °C in a humid atmosphere for 16 h. Every experiment was performed in 

at least triplicates. Swimming and swarming plates were either documented by photography 

or scanned with Epson Perfection V850 Pro. Swimming colony size was analyzed by 

measuring the colony diameter using Image J. Swarming colony size was measured as area 

of the colony using Fiji (193). The resulting area is displayed as percentage of plate coverage.  

2.4.3 Twitching motility 

Twitching motility was analyzed by stab inoculation of a single bacterial colony on the plastic-

media interface on 1.6 % (w/v) LB plates. Inoculated plates were incubated at 37 °C for 24 h. 

Twitching zone was analyzed by measuring longest and shortest diameter and calculating the 

mean. 

2.4.4 Biofilm growth assay 

Bacterial growth within biofilms was measured by crystal violet staining (194). Overnight 

precultures were diluted to an OD600 of 0.02 in fresh BM2 media. A 96-well microtiter plate 

(flexible plate, PVC, U bottom, BD Biosciences) was sterilized with ethanol and inoculated with 

100 µl of bacterial suspension per well. The plate was sealed with an air-permeable membrane 

and incubated at 37 °C under humid atmosphere for 24 h under static conditions. Planktonic 

bacteria were removed, wells were washed with water and air-dried. Attached cells were 

stained by crystal violet (0.1% (w/v) in water) for 30 min at room temperature. Staining solution 

was removed and wells were washed with water and air-dried. Attached cells were de-stained 

with 95 % (v/v) ethanol for 30 min at room temperature. 125 µl of the solution were transferred 

to a fresh 96-well plate (hart plastic, flat bottom) and the absorbance at 590 nm was measured. 

Each strain was analyzed in biological duplicates with 10 technical replicates. One experiment 

is exemplarily shown. 

2.5 Extraction and quantification of c-di-GMP 

C-di-GMP concentrations were measured in co-operation with Michal Koska (MOBA, 

TWINCORE) and Heike Bähre (Research Core Unit Metabolomics, Hannover Medical School). 

The extraction of c-di-GMP and its quantification by high-performance liquid chromatography–

coupled tandem mass spectrometry was performed as described previously with slight 

modifications (195, 196). Briefly, the quantification of intracellular c-di-GMP concentrations 
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was performed with 5 ml bacterial culture grown to exponential growth phase. Protein 

production was induced for 2 h, resulting in a harvest timepoint identical to the one of the Ribo-

Seq experiment. C-di-GMP was extracted with an extraction solvent consisting of 2:2:1 (v/v/v) 

acetonitrile:methanol:water. Thereby, isotope-labeled 13C15N–c-di-GMP served as internal 

standard. Protein precipitation was performed by storage of c-di-GMP extracts overnight 

at -20 °C. The protein concentration was determined using the Roti®Nanoquant solution 

(Roth), a modified Bradford protein assay, following manufacturer`s instructions. The c-di-GMP 

concentration was measured in biological triplicates with technical duplicates and is displayed 

as picomoles c-di-GMP per mg protein. 

2.6 Transcriptome analysis 

2.6.1 Growth, harvest and RNA isolation 

Bacterial cells were cultivated to the OD600 of interest and mixed 1:1 with RNAprotect™ 

Bacteria Reagent (Qiagen). The mixture was incubated for 10 min at room temperature 

followed by centrifugation at 6,800 x g for 5 min at 4 °C. The supernatant was discarded and 

the pellet was stored at -70 °C before further processing. The pellet was thawed on ice and 

again centrifuged at 6,800 x g for 5 min at 4 °C for removal of any residual supernatant. The 

pellet was resuspended in 100 µl TRIS-EDTA (TE) buffer (10 mM TRIS-HCl; 1 mM EDTA, 

pH 8) supplemented with 1 mg/ml lysozyme by first pipetting and second thoroughly mixing 

followed by 10 min incubation at room temperature. For further cell disruption, 350 µl RLT 

buffer (Qiagen) supplemented with 10 µl/ml β-mercaptoethanol was added and the suspension 

was frozen at -70 °C for 1 h. Total RNA was isolated by using the RNeasy® Mini Kit (Qiagen) 

in combination with QIAshredderTM (Qiagen) according to the manufacturer`s instructions. 

Remaining DNA was removed by DNase treatment (DNA-free™ Kit DNase Treatment & 

Removal, ambion). 

2.6.2 Library preparation 

Whole cell RNA was subjected to library preparation performed by Astrid Dröge (MOBA, HZI) 

according to Shishkin et al., 2015 and Bhattacharyya et al., 2019 (197, 198). Briefly, 1 µg RNA 

per sample was supplied in 16 µl water. Fragmentation of RNA to a size of 100-300 bp was 

archived by addition of 10x FastAP buffer (Thermo Fisher Scientific) and an incubation at 94 °C 

for 90 s. After fragmentation, contaminating genomic DNA was removed by a DNase digestion 

with Turbo DNase (Thermo Fisher Scientific) and 5´ and 3´ phosphate groups of the RNA were 

removed by dephosphorylation with FastAP (Thermo Fisher Scientific) at 37 °C for 30 min. 

After clean up with RNA Clean XP beads (Beckman Coulter), 5´ phosphorylated DNA barcodes 

were ligated to 3´dephosphorylated RNA with T4 RNA Ligase 1 (New England Biolabs) at 

22 °C for 90 min. 24 RNA samples were pooled and purified with RNA Clean & 
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Concentrator-25 (Zymo Research). Pooled samples were treated with RiboZero (Illumina) for 

removal of rRNA and purified with RNA Clean XP beads. Reverse transcription was performed 

with SmartScribe™ Reverse Transcriptase (Takara Bio) at 42 °C for 1 h. During cDNA 

synthesis, two primers were added. Primer Ar2 anneals to the previously ligated DNA barcode 

and serves as a starting point for the Reverse Transcriptase. Primer 3Tr3 provides a GGG 

sequences complementing the CCC that were added by the SmartScribe™ Reverse 

Transcriptase to the 3´ end of the synthesized cDNA. During a PCR enrichment using the 

AccuPrime HiFi Taq (Thermo Fisher Scientific), Illumina index barcodes P5 and P7 were 

introduced. After fragmentation, DNAse digestion and dephosphorylation, ligation and sample 

pooling as well as cDNA synthesis and Illumina adapter ligation, RNA quality was ensured by 

Bioanalyzer. Single end mode was used for sequencing on an Illumina NovaSeq 6000 device 

involving 50 cycles (performed at Genome Analytics Facility (HZI)). The raw sequencing files 

have been deposited in the NCBI GEO database under the accession number GSE183394. 

2.6.3 Data analysis 

Bioinformatics analysis of sequencing data was performed by Matthias Preuße (MOBA, HZI). 

The sequencing depth of two replicate samples of RNA-seq was between 7 and 17.6 million 

reads. Mapping to the P. aeruginosa PAO1 (NC_002516.2) reference genome was performed 

using bowtie version 1.1.2 allowing only uniquely mapped reads (199). Differential gene 

expression was calculated using the R package edgeR using the functions glmQLFit (with 

robust option) and glmQLFTest (200, 201). P-values were corrected for multiple testing using 

the Benjamini & Hochberg adjustment (202). Functional enrichment was calculated by using 

hypergeometric testing (R function phyper). The significance threshold was set to an adjusted 

p-value (Benjamini-Hochberg corrected p-value) of <0.05. 

2.7 Determination of swimming velocity by light microscopy 

Swimming velocity was determined in cooperation with Oliver Hartmann and Sebastian 

Felgner (both MOBA, HZI). Light microscopy was used to investigate the swimming behavior 

of the pleD* expressing strain and the empty vector control in aqueous solutions. The Axio 

Observer.Z1 with 40x magnification and microscope slides of Marienfeld GmBH & Co.KG 

(Lauda-Königshofen), which have a black epoxy resin color mask with six reaction wells, were 

used for the experimental setup. The OD600 of the bacterial cultures grown to exponential 

growth phase was adjusted to OD600 of 0.1. A volume of 1.5 µl of the diluted culture was 

pipetted on the microscope slide and covered with a cover slip. The video function of the 

microscope was used to record the movement of the bacteria. The particle tracker of the 

program ImageJ was used to track the movement of the bacteria. The analysis of the individual 

particle coordinates was performed with RStudio using the Rscript myImgP.R and 

TrackeR7.R (47). 
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2.8 Immunostaining of flagella and immunofluorescence microscopy 

Immunostaining of flagellar filaments was performed in cooperation with Oliver Hartmann and 

Sebastian Felgner (both MOBA, HZI). Glass slides were coated with 0.1 % poly-L-lysine for 

10 min. A cover slip was pressed onto two layers of molten parafilm to form a chamber. 

Bacterial cells were grown to exponential growth phase and 80 µl of the log-phase culture was 

pipetted two times into the chamber. 2 % (v/v) formaldehyde and 0.2 % (v/v) glutaraldehyde 

were used to fix the cells in the well for 10 min at room temperature. The chamber was slowly 

rinsed with 40 µl PBS and 40 µl of 10 % bovine serum albumin (BSA) was added to block 

unspecific protein binding sites. 40 µl of the primary antibody (anti-FliC, diluted 1:50 in 2 % 

BSA) was added and incubated overnight at 4 °C. The primary antibody was rinsed from the 

well by using 40 µl of PBS and 40 µl 10 % BSA was added again for blocking. 40 µl of the 

secondary antibody (goat anti-mouse AlexaFluor488, 1:1,000 in PBS) was added to the well 

and incubated for 30 min at room temperature in the dark. The well was rinsed twice with 40 µl 

PBS and 40 µl of a mounting solution (FluorshieldTM with DAPI, Sigma‑Aldrich, Missouri, 

USA) was added. The microscope Axio Observer.Z1 of Carl Zeiss Microscopy GmbH (Jena) 

with objective of 100x magnification was used for microscopy. 

2.9 Electron microscopy of cell surfaces structures 

This part was performed by Mathias Müsken (Central Facility for Microscopy, HZI). Overnight 

agar-grown bacterial cells were fixed (fixative 1) by resuspending them in EM HEPES buffer 

with glutaraldehyde (final concentration 2%) followed by addition of formaldehyde (final 

concentration 5%) after 30 minutes. Alternatively, and to better preserve surface structures 

and polysaccharides on the bacterial cell, bacteria were fixed (fixative 2) according to a 

previously described method (203). In brief, P. aeruginosa cells were suspended in a first 

fixative solution (0.2 M cacodylate pH 6.9, with final concentration of 0.15% ruthenium red, 2% 

formaldehyde, 2.5% glutaraldehyde, and 75 mM l-lysine acetate) and incubated for 20 minutes 

on ice. The bacteria were then washed twice (0.2 M cacodylate pH 6.9 with 0.15% ruthenium 

red) and fixed in a second solution (fixative solution 1 without l-lysine acetate) for 2 h on ice. 

After three more washing steps, pellets were treated with OsO4 (800 µl washing solution + 200 

µl 5% OsO4 aq.) and washed twice in 0.1 M EM HEPES buffer. Dehydration was carried out 

in a gradient series of EtOH on ice (10%, 30%, 50%, 70%, 90%), each step for 10 minutes, 

followed by two steps at room temperature with 100% EtOH. Critical point drying and sputter 

coating with gold palladium were performed with a CPD300 from Leica and a SCD 500 from 

Bal-Tec. A field emission scanning electron microscope Merlin from Zeiss at an acceleration 

voltage of 5 kV and an Everhart Thornley HESE2 / inlens SE detector ratio of 25:75 was used. 
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2.10 PAGE with polysaccharide specific staining 

This part was performed by Julia Schulze (Institute of Clinical Biochemistry, Hannover Medical 

School). P. aeruginosa cultures were grown to the defined OD600 and the EPS matrix was 

extracted by centrifugation of the LB culture for 45 min at 20.000 x g and 4 °C. If indicated, 

samples were concentrated through lyophilization. Alcian blue silver-stained PAGE was 

performed according to (204). In brief, the supernatant was mixed 1:1 with loading buffer (2 M 

sucrose in 10x TBE) and separated on a 15% PAGE using 1x TBE (100 mM Tris, 10 mM boric 

acid, 2.5 mM EDTA) as mobile phase. Alginate from brown algae was used as a control. After 

fixation (40% EtOH, 5% acetic acid) the gel was stained with Alcian blue staining solution 

(0.5% Alcian blue, 3% acetic acid), washed with water and further stained with silver nitrate 

solution (0.6% silver nitrate, 0.4% ammonia, 20 mM NaOH).  

 

2.11 Ribosome profiling 

The experimental procedure was performed as previously described (205, 206) with 

modifications in cooperation with Lorena Pezoldt and Astrid Dröge (both MOBA, HZI). 

Sequencing library preparation and sequencing were carried out at the Genome Analytics 

Facility (HZI). Bioinformatics analysis of sequencing data was performed by Matthias Preuße 

(MOBA, HZI).  

2.11.1 Growth, harvest, lysis and MNase digestion 

Cells from an overnight preculture were diluted to an OD600 of 0.05 in 110 ml LB supplemented 

with 400 µg/ml carbenicillin. Plasmid-based pleD* expression was induced after 45 min of 

growth with 0.2 % (w/v) arabinose. When cells are in exponential growth phase, 4.5 ml culture 

were 1:1 mixed with RNAprotect™ Bacteria Reagent (Qiagen) for isolation of total RNA. These 

samples were processed as described in chapter 2.6.1. For isolation of 70S RNA, the 

remaining cells were harvested by fast filtration (polyethersulfone 0.45 µm membrane, Merck 

HPWP09050), the cell pellet was scratched from the filtration membrane and flash frozen in 

liquid nitrogen. The cell pellet was resuspended in 5 µl ice cold lysis buffer per µg pellet 

supplemented with 5 µl DNase (Ambion) for DNA digestion (lysis buffer: 20 mM HEPES 

(pH 7.6 at 4 °C), 6 mM magnesium acetate, 30 mM potassium acetate, 4 mM β-

mercaptoethanol, 0.8 mg/ml lysozyme) and lysed by flash freezing in liquid nitrogen. The lysate 

was clarified by centrifugation and supplemented with 15 mM CaCl2, 0.5 U/µl SUPERase·In™ 

(Ambion) and 0.1 mg/ml chloramphenicol and approx. 10 A260 units of lysate were digested 

with 500 U/A260 MNase I (New England Biolabs) for 1 h at 25 °C. An identical sample was 

mock-treated (no enzyme) to confirm active translation by polysome profiling (Figure 7.1). 

Reactions were stopped by adding EGTA to a final concentration of 6 mM. 
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2.11.2 Rate zonal centrifugation on continuous linear sucrose gradients, 70S 

collection and 70S RNA isolation 

Sucrose gradients in sucrose buffer (20 mM HEPES (pH 7.6 at 4 °C), 6 mM magnesium 

acetate, 30 mM potassium acetate, 4 mM β-mercaptoethanol) were prepared with the Gradient 

Master (Biocomb) according to manufacturer`s instruction with 10 % and 50 % sucrose 

solution by running the 10-50 % w/v sucrose program for SW41 Ti rotors. A maximum volume 

of 200 µl of the lysate was carefully layered onto the linear 10–50 % sucrose gradients. The 

single components of the lysate were separated in an ultracentrifuge (Beckmann) at 

287,472 x g for 3 h at 4 °C. Gradients were fractionated using the fractionator and the Triax 

software (both Biocomb) according to manufacturer`s instruction. 70S ribosomes were 

identified according to their A260 signal in the profiles, collected manually and immediately 

frozen in liquid nitrogen. The isolation of 70S RNA from the sucrose fraction was performed 

with the RNA clean and concentrator kit from Zymo (Zymo Research) following manufacturer`s 

instruction. RNA was eluted twice with 15 µl RNAse free water (Ambion). Concentration was 

measured at the Nanodrop and a Bioanalyzer profile was recorded to ensure RNA quality. 

2.11.3 Gel purification 

Footprints were purified on a 15 % TBE Urea gel (Invitrogen) for 1 h at 200 V. The gel was 

stained in 0.01 % SYBR gold in TBE for 2 min. RNA fragments between 15 – 45 nt were 

extracted from denaturing 15% polyacrylamide gels using appropriate oligoribonucleotides as 

a size reference. The mRNA was recovered from comminuted gel pieces in 400 µl TRIS buffer 

pH 7.4 by rotation at 10 rpm overnight at 4 °C. Gel pieces were spun down and the supernatant 

was transferred to a Spin-X® column (Sigma Aldrich). After centrifugation at 5,000 rpm for 

1 min at room temperature, flow though was purified with a phenol/chloroform/isoamyl alcohol 

(PCI) cleanup (Roth) followed by a chloroform/isoamyl alcohol purification (Applichem). RNA 

was precipitated with 1/10 volume sodium acetate (pH 5.5), 2 µl GlycoBlue™ (Invitrogen) and 

2.5 volumes of 99 % ethanol for 1 h at -70 °C. After washing with 70 % ethanol, mRNA was 

resuspended in 20 µl RNase fee water. 

2.11.4 rRNA depletion and fragmentation of total RNA 

5 µg total RNA were subjected to rRNA removal by using the Ribo Zero Kit (Illumina) according 

to manufacturer`s instruction. Successful rRNA removal was ensured by recording a 

Bioanalyzer profile. Fragmentation of total RNA to footprint size was performed with the 

fragmentation kit (Ambion) according to manufacturer`s instruction for fragmentation of 2-

20 µg of RNA. Successful fragmentation was verified by recording Bioanalyzer profiles. The 

volume of these samples was adjusted to the volume of footprint samples by addition of RNase 

free water enabling parallel processing. 
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2.11.5 De- and Re-phosphorylation 

From here, footprint samples and total RNA samples were processed in parallel. De-

phosphorylation was performed by Calf Intestinal Alkaline Phosphatase (CIP, New England 

Biolabs) treatment at 800 rpm shaking for 30 min at 37 °C (20 µl sample, 5 µl CIP buffer, 24 µl 

RNase free water, 1 µl CIP). Samples were purified by PCI cleanup (Roth) followed by a 

chloroform purification step and an RNA recovery by ethanol precipitation. The RNA pellet was 

resuspended in 20 µl RNase free water. Re-phosphorylation was performed by Polynucleotide 

Kinase (PNK, Thermo Fisher Scientific) treatment at 800 rpm shaking for 30 min at 37 °C (20 µl 

sample, 5 µl reaction buffer A, 5 µl 10 mM ATP, 19 µl RNase free water, 1 µl PNK). The 

purification was carried out as after the CIP treatment. RNA pellets were resuspended in 7 µl 

RNase free water. Quality of mRNA samples was verified by Qubit and Bioanalyzer. 

2.11.6 Library preparation   

Isolated mRNA was converted to cDNA libraries using the NEBNext® Small RNA Library Prep 

Set for Illumina® (New England Biolabs) following manufacturer`s instructions with custom-

made primers (Table 7.1). Sequencing was performed on an Illumina HiSeq 2500 platform as 

a 50 bp paired-end sequencing with 50 million reads per sample. The raw, de-multiplexed 

reads have been deposited in the NCBI GEO database under the accession number 

GSE183394. 

2.11.7 Data analysis 

The sequencing depth of two replicate samples of the ribosomal footprint (Ribo-seq) of the 

pleD* expressing strain (PleD*) and the empty vector control (EV) after clipping was between 

33 and 61 million reads. After a first sequencing quality control with the tool FastQC (207), 

adapters (AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC and 

GATCGTCGGACTGTAGAACTCTGAAC) were clipped from R1 and R2 reads, respectively by 

using the tool cutadapt (208). Trimmed reads with a length shorter than 15 nt and longer than 

50 nt were discarded. The paired-end reads were mapped separately against the P. 

aeruginosa PAO1(NC_002516.2) reference genome by using the short-read aligner bowtie 

(parameter settings: -y -n 0 -e 1 -m 1 –best) (199). Only uniquely mapped reads were used for 

further analysis. Up to two mismatches per read were allowed. A spearman´s rank correlation 

was used to compare forward (R1) and reverse (R2) reads per gene for quality assessment of 

R2 reads. To increase reads per genes R1 and R2 reads were summed up for each gene and 

sample. After removal of ncRNAs (rRNA, tRNA, sRNA), all samples contained between 1.7 

and 10.6 million reads (median = 7.7million, mean = 6.3 million). Differences in ribosome 

occupancy between the pleD* expressing strain and the empty vector control were calculated 

on the gene level using the R package edgeR comparing (Ribo_PleD* - RNA_PleD*) – 

(Ribo_EV – RNA_EV) (200, 209). Genes with less than 10 counts per million (cpm) in at least 
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2 samples were excluded from the analysis. The significance threshold was set to an adjusted 

p-value (Benjamini-Hochberg corrected p-value) of <0.05. To visualize differences between 

the sequenced samples, multidimensional scaling (MDS) plots were calculated by using the 

function plotMDS of the edgeR package. Functional enrichment was calculated by using 

hypergeometric testing (R function phyper). The significance threshold was set to an adjusted 

p-value (Benjamini-Hochberg corrected p-value) of <0.05. 

2.12 LC-MS/MS-based proteome analyses 

The proteome analysis was performed in cooperation with Julius Witte (MOBA, TWINCORE). 

The arabinose-induced strains were cultured as described above, harvested at an OD600 of 0.7 

and washed three times with ice cold PBS. Cells were lysed by mild sonification in SDS-lysis 

buffer (8 M urea, 100 mM ABC, pH 8.0, 2 % SDS, 1x Protease inhibitor (Roche)). Proteins 

were precipitated by phenol/chloroform-method, shortly dried and then reconstituted and 

incubated in alkylation buffer (100 mM ABC, 0.1 % SDC, 12 mM CAA, 5 mM TCEP) for 30 min. 

Trypsin was added in an enzyme to protein ratio of 1:50. Tryptic digestion was performed for 

16 h at 37 °C. Samples were acidified to pH 2.1 using 10 % formic acid and centrifuged at 

14,000 x g for 10 min to remove the SDC. Supernatants were collected to a new tube and dried 

under vacuum. Samples were desalted using Oasis HLB µElution plates. In the final step of 

the elution, 60 % acetonitrile in 0.1 % formic acid was used. 

Generated peptides were analyzed using an LC-MS system consisting of an Orbitrap Velos 

mass spectrometer coupled to an Ultimate 3000 RSLC nanoflow system (Thermo Fisher 

Scientific). In total, each strain was subjected to four 180 min-LC-MS/MS runs. To eliminate 

crossover effects, the sample queue was randomized and in between both sample types 

washing gradients were applied. To identify and quantify proteins, raw files generated by the 

LC-MS/MS analysis were processed using the MaxQuant software package (version 1.6.3.3) 

(210) with the implemented search engine Andromeda (211) and a false discovery rate of 1 %. 

The database of P. aeruginosa strain PAO1 from pseudomonas.com with an addition of the 

PleD* amino acid sequence from C. crescentus, in total consisting of 5,567 entries, was used. 

The log2-intensities of the peptides were summarized across all the samples and runs, and 

separately for each protein, in a Tukey's median polish model implemented in MSstats (212). 

Peptides that contained only 1 or 2 measurements across runs were removed. Proteins that 

have only 1 peptide were removed. With these filtering criteria 2159 proteins in total were 

identified in both strains. The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium (213) via the PRIDE (214) partner repository with the dataset 

identifier PXD027098. 

Functional enrichment was calculated by using R package bc3net (215) performing a one-

sided Fisher's exact test. The significance threshold was set to an adjusted p-value (Benjamini-

Hochberg corrected p-value) of <0.05. 
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2.13 cDNA synthesis and Reverse Transcription-PCR (RT-PCR) 

mRNA isolation was performed as described in chapter 2.6.1. The Superscript III™ Reverse 

Transcriptase (Invitrogen) and Random Primers (Invitrogen) were used for cDNA synthesis 

according to the manufacturer`s instructions with a slight modification. The reaction mixture 

was incubated at 50 °C for 2 h for cDNA synthesis. An RNase H (NEB) digestion was carried 

out to degrade the RNA strand of the RNA-cDNA hybrid. The cDNA was purified with the 

QIAquick® PCR Purification Kit (Qiagen) following manufacturer`s instruction. All PCR 

reactions were performed with the Herculase II Fusion Polymerase (Agilent) following the 

manufacturer`s instruction.  

2.14 Rapid amplification of cDNA ends (RACE) 

5´ RACE experiments were performed as previously described (216). Briefly, target gene 

specific primers (GSP1) were used for cDNA synthesis. A poly A-tail was added to the 3´ end 

of the synthesized cDNA by using the terminal deoxynucleotide transferase (TdT) (NEB) 

following manufacturer`s instructions. PCR amplification of the target cDNA was carried out in 

a half-nested PCR in order to increase the specificity. Therefore, a PCR setup containing three 

primers was used. The first primer contained a 3´ poly-T sequence that anneals to the poly-A-

tail of the cDNA fragments. In addition, this primer harbors an anchor sequence enabling 

hybridization of a 5´ anchor primer. The actual amplification was based on this 5´ anchor primer 

and a second target gene specific primer (GSP2) binding to a sequence upstream of the 

sequence of GSP1. Hybridization of the poly-T-tailed primer to the cDNA occurred at 48 °C for 

2 min followed by an elongation step at 72 °C for 40 min. The PCR amplification was performed 

with an annealing temperature of 59 °C and an elongation time of 15 s for 30 cycles. After 

purification of the PCR products transcriptional start sites were identified by sequencing 

(Eurofins Genomics). 

2.15 Promoter activity assays 

The flgZ promoter region from -51 to +32 (according to the annotated start of flgZ) was fused 

upstream of the lux genes of plasmid pBBR1-MCS5-TT-RBS-lux (186). The resulting plasmid 

pBBR1-MCS5-TT-pflgZ-RBS-lux was introduced in PA14 wild type and the sigma factor knock 

out mutants PA14 ΔfliA, PA14 ΔrpoN and PA14 ΔrpoS (180). Bioluminescence was measured 

in the Enspire® Multimode Plate Reader (Perkin Elmer, USA). The obtained luminescence 

signal was normalized to the optical density and the luminescence signal of the empty vector 

control. 

2.16 Western blot analysis 

Protein levels of FlgZ at different stages of bacterial growth were analyzed by western blot with 

a FlgZ specific antibody. The primary anti-FlgZ antibody was isolated from blood serum of 
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rabbits immunized with a peptide consisting of the last twelve amino acids (REARRFEKDELF) 

of FlgZ by affinity purification. Cultures of the wild type and the ΔfimV mutant were grown to 

exponential and stationary growth phase. Aliquots of 2*109 cells were harvested by 

centrifugation, resuspended in 100 µl PBS and lysed by heating at 95 °C for 15 min. After 

cooling down 0.3 µl of Benzonase (25 U/µl, Novagen) were added and the mixture was 

incubated at room temperature for 5 min under constant shaking. Cell lysates were mixed 1:1 

with SDS loading buffer and 10 µl of each sample were separated by SDS-PAGE. Protein 

bands were transferred to a PVDF membrane by a semidry western blot. The membrane was 

blocked in 10 % (w/v) skim milk solution and incubated for 1 h at room temperature with a 

1:1,000 dilution of the primary anti-FlgZ antibody. After four washing steps for 10 min at room 

temperature with TBS-T, TBS-T+NaCl, TBS-T+Triton X-100 and TBS-T, respectively, the 

membrane was incubated for 1 h at room temperature with the secondary goat-anti-rabbit-IgG 

antibody conjugated to horseradish peroxidase (Dianova) in a 1:2,000 dilution. After washing 

as described above with an additional washing step with TBS, the blot was developed by using 

Lumi-Light Western blotting Substrate (Roche). Chemiluminescence was detected using ECL 

Chemocam Imager (Intas).  

2.17 N-terminal protein sequencing 

In order to determine the N-terminal sequence of FlgZ, a mutant carrying a flgZ-H6 allele at its 

native locus was constructed. FlgZ-H6 was purified from whole cell lysate by affinity purification 

with Ni-NTA Agarose (Qiagen) according to manufacturer`s instructions. In brief, whole cell 

lysate was prepared from 500 ml culture with an OD600 of 1.63 by sonication in lysis buffer 

supplemented with 1 mM dithiothreitol (DTT) and cOmplete™ Mini EDTA-free Protease 

Inhibitor Cocktail (Roche). Proteins of the eluate fraction were separated by SDS-PAGE, 

electro blotted to a PVDF membrane and stained with Ponceau S. Protein bands of the size 

corresponding to FlgZ-H6 (29.1 kDa) were cut out for N-terminal protein sequencing according 

to Edman performed on an Applied Biosystems Procise Protein Sequencer 494C with reagents 

supplied by the manufacturer (Life Technologies). The N-terminal protein sequencing was 

performed in cooperation with Beate Jaschok-Kentner (Structure and Function of Proteins, 

HZI). 

2.18 Dot blot c-di-GMP binding assay 

Dot blot assay were performed as previously described (138, 217). Briefly, in vitro translated 

proteins (EasyXpress Protein Synthesis, Qiagen) were spotted on a nitrocellulose membrane. 

The membrane was dried, blocked with skim milk powder for 1 h at room temperature and 

incubated with 2′-Fluo-AHC-c-di-GMP (1 μM in TBS-T containing 5 % (w/v) skim milk powder) 

for 1 h at room temperature. After washing, detection of fluorescence signals was performed 

with the Intas gel documentation using the Blue-LED light and 60 ms exposure time.  
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2.19 Generation of a suppressor mutant 

To isolate spontaneous suppressor mutants, 4 x 107 bacteria that overexpressed flgZ were 

inoculated into the center of a fresh swarm agar plate. After 16 h of incubation at 30 °C, the 

plate was rinsed with PBS to harvest bacteria from the swarm colony. Approximately 1 x 106 

bacteria of this cell suspension were used to inoculate the next round of swarming on freshly 

prepared plates. This step was repeated for several days. Every round was inoculated in 

triplicates and the colony with the largest surface coverage was chosen for the next round. The 

suppressor mutants were isolated after 7 rounds and saved for further experiments.  

2.20  Whole genome sequencing  

Genomic DNA was isolated from cells grown over night in LB with 400 µg/ml carbenicillin using 

the DNeasy Blood & Tissue Kit (Qiagen) according to manufacturer`s instructions. Whole 

genome sequencing libraries were generated using the TruSeq DNA PCR-free kit (Illumina) 

according to manufacturer`s instructions. Paired-end sequencing (2 × 250 bp) was performed 

on a MiSeq platform (Illumina) using MiSeq Reagent Kits v2 chemistry (Illumina). Sequencing 

resulted in 2.5 million reads for PAO1 overexpressing flgZ (sample SBE1) and 1.8 million and 

1.6 million reads for the repressor mutants 1 (sample SBE2) and 2 (sample SBE3), 

respectively. 

Reads were mapped to the genome of P. aeruginosa PAO1 (4); first with bwa (218) and non-

perfectly mapped reads were re-mapped with stampy (219) resulting in a coverage of 68-fold, 

42-fold and 41-fold for samples SBE1, SBE2 and SBE3, respectively. Mapping qualities were 

analysed using picard tools (https://broadinstitute.github.io/picard/). Single nucleotide 

polymorphisms and short indels were identified with samtools mpileup, filtered with bcftools 

(220) and annotated with SnpEff (221). Large deletions (i.e. regions with no coverage) were 

identified using BEDTools (222) and manually confirmed using the Integrative Genomics 

Viewer (223). The sequencing data has been deposited at the National Center for 

Biotechnology Information sequence read archive (http://www.ncbi.nlm.nih.gov/sra) under the 

BioProject Accession No. PRJNA495500. Bioinformatics analysis of the sequencing data was 

performed by Sebastian Bruchmann (MOBA, HZI). 

2.21  Negative staining of flagellar filaments and electron microscopy 

Negative staining of flagellar filaments was performed in cooperation with Manfred Rohde 

(Central Facility for Microscopy, HZI). Thin carbon support films were prepared by sublimation 

of carbon on to a freshly cleaved mica surface. Bacteria originating from motility plates or liquid 

culture were negatively stained with 2 % (w/v) aqueous uranyl acetate, pH 5.0, according to 

the method of Valentine et al. (224). In brief, bacteria were adsorbed onto the carbon film for 

20 sec and washed in TE buffer (20 mM TRIS, 2 mM EDTA, pH 6.9), distilled water and then 

collected with 300 mesh copper grids. Samples were air dried under a lamp before examination 

https://broadinstitute.github.io/picard/
http://www.ncbi.nlm.nih.gov/sra
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in a TEM 910 transmission electron microscope (Carl Zeiss, Oberkochen) at an acceleration 

voltage of 80 kV. Images were taken at calibrated magnifications using a line replica. Images 

were recorded digitally with a Slow-Scan CCD-Camera (ProScan, 1024x1024, Scheuring) with 

ITEM-Software (Olympus Soft Imaging Solutions, Münster). 

2.22  Fluorescence microscopy 

Bacteria were grown in LB supplemented with gentamicin and 0.2 % (w/v) arabinose to induce 

expression of the fusion proteins. Upon entry into early stationary phase after 5-6 h of growth, 

bacteria were fixed with 4 % paraformaldehyde solution for 1h at room temperature. Between 

5 to 10 µl of the fixed cells were spotted onto an agar pad (phosphate buffered saline solidified 

with 1.5 % (w/v) agarose) which was placed into a 35 mm glass bottom µ-Dish (ibidi). 

Fluorescence images were recorded by a Nikon eclipse Ti microscope (Nikon) equipped with 

a 100x magnification oil objective, the EGFP ET filter set and a Hamamatsu Orca Flash 4.0 

camera by usage of the NIS elements software (Nikon). Images were analyzed with Fiji and 

the amount of polar localized GFP-FlgZ per image was counted manually in a blinded analysis.  

2.23  Protein production of FimVcp-H6 

To determine optimal production conditions of the hexa histidine-tagged cytoplasmic domain 

of FimV (FimVcp-H6), plasmid-based expression of fimVcp-H6 was analyzed regarding 

cultivation temperature, concentration of inducer, analysis of protein production over time, 

solubility of the target protein and purification via Ni-NTA agarose. A cultivation temperature of 

30 °C and induction at a OD600 of 0.5-0.7 with 0.1 mM IPTG results in an optimal production of 

FimVcp-H6, so that these parameters were applied for further experiments.  

2.23.1 Analysis of FimVcp-H6 solubility 

To analyze the solubility of FimVcp-H6, total cell protein, media, soluble cell protein and 

inclusion bodies were probed for their FimVcp-H6 content by Western blot analysis. Total cell 

protein was obtained by centrifugation of 1 ml bacterial culture at 10,350 x g for 1 min and a 

subsequent resuspension of the pellet in 100 µl PBS. For SDS-PAGE analysis, 100 µl SDS-

PAGE sample buffer were added. To obtain the media protein sample, the supernatant was 

subjected to a trichloroacetic acid (TCA) precipitation by addition of 100 µl 100 % TCA followed 

by 2 washing steps with acetone. The final pellet was resuspended in 100 µl PBS and 100 µl 

SDS-PAGE sample buffer were added. To obtain the soluble cell protein, a second bacterial 

pellet was resuspended in 200 µl 1x BugBuster® Protein Extraction Reagent (Merck) in PBS 

supplemented with 0.5 µl Benzonase® Nuclease (Merck) and 200 µg lysozyme for cell 

disruption. After incubation at room temperature for 15 min under gentle shaking and a 

centrifugation step at 10,350 x g for 20 min at 4 °C, 30 µl of the supernatant were mixed with 

30 µl SDS-PAGE sample buffer. To obtain the inclusion body fraction, the procedure with 
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BugBuster® was repeated 5 times and the final pellet was resuspended in 100 µl PBS and 

mixed with 100 µl SDS-PAGE sample buffer. All samples were analyzed by SDS-PAGE and 

Western blotting (see 2.16). For detection of FimVcp-H6, the membrane was probed with the 

primary anti 6x-His Tag Monoclonal Antibody (Novagen) in a 1:1,000 dilution and the 

secondary goat-anti-mouse-IgG antibody conjugated to horseradish peroxidase (Dianova) in 

a 1:2,000 dilution. 

2.23.2 Analysis of FimVcp-H6 production over time 

To determine a harvest point for the pull-down experiment at which FimVcp-H6 is produced, a 

time series of FimVcp-H6 production was analyzed by SDS-PAGE. Therefore, 2 cultures were 

grown to exponential phase (OD600 of 0.5 - 0.7) of those only one was induced with 0.1 mM 

IPTG. Samples were taken hourly by centrifugation at 10,350 x g for 1 min followed by a 

resuspension of the bacterial pellet in SDS-PAGE sample buffer. FimVcp-H6 production was 

analyzed by Coomassie staining of the SDS-polyacrylamide gel. 

2.23.3 Purification of FimVcp-H6 

An overnight grown preculture of E. coli BL21 (DE3) harboring the pET21a+::fimVcp plasmid 

was used for inoculation of 500 ml main culture. The induced (0.1 mM IPTG) main culture was 

grown for 4 h at 30 °C and 180 rpm. Bacterial cells were harvested by centrifugation 7,450 x g 

for 15 min at 4 °C. The pellet was washed once in pellet washing puffer (50 mM TRIS, 300 mM 

NaCl, pH 8.0) followed by a second centrifugation step. The mass of the pellet was determined 

and 3 ml lysis buffer (50 mM TRIS, 300 mM NaCl, 10 mM imidazole, pH 8.0) supplemented 

with 1 mM DTT and protease inhibitors (cOmplete™ Mini Protease Inhibitor Cocktail, Roche) 

per gram pellet were used for resuspension of bacterial cells. Cells were lysed by ultra-sonic 

treatment with the Sonifier Analog Cell Disruptor (Branson) on an ice-ethanol-bath under the 

following conditions: output 4, duty 50 %, 20 s ultrasonic, 40 s brake, 7 times. The suspension 

of disrupted cells was centrifuged at 37,400 x g for 45 min at 4 °C to separate soluble and 

insoluble components. The supernatant containing the soluble parts of the cell lysate was used 

for the immobilization of the hexa-His tagged cytoplasmic domain of FimV. Therefore, the 

soluble cell lysate was incubated on a self-prepared PD10 column with Ni-NTA agarose 

(Qiagen) for 1 h at 4 °C with rotation. Unbound lysate was removed from the column and the 

column was washed 3 times with 10 ml lysis buffer and once with 10 ml wash buffer (50 mM 

TRIS, 300 mM NaCl, 20 mM imidazole, pH 8.0). Elution of the bound proteins was performed 

4 times with 2 ml elution buffer (50 mM TRIS, 300 mM NaCl, 250 mM imidazole, pH 8.0). At 

specific points of this procedure, samples for SDS-PAGE analysis were collected (cell lysate, 

flow through, wash fractions, elution fractions). 
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2.24  Pull-down assay 

FimVcp-H6 was produced and immobilized to Ni-NTA agarose as described above without the 

elution steps (2.23.3). The immobilized cytoplasmic domain of FimV was incubated with P. 

aeruginosa cell lysate of the flgZ overexpressing strain prepared from 1 ml bacterial culture 

grown to OD600 4.8 by cell lysis using BugBuster® 10x Protein Extraction Reagent (Merck) 

supplemented with 0.5 µl Benzonase® Nuclease (Merck). Unbound lysate was removed and 

the column was washed 3 times with 10 ml lysis buffer and once with 10 ml wash buffer. For 

elution of the cytoplasmic domain of FimV bound to the Ni-NTA agarose and potential 

interaction partners, the column was incubated 4 times with 2 ml elution buffer (50 mM TRIS, 

300 mM NaCl, 250 mM imidazole, pH 8.0). At specific points of this procedure, samples for 

further analysis were collected (cell lysate, flow through, wash fractions, elution fractions). 

Proteins of these fractions were separated according to their size by SDS-PAGE and 

transferred to a PVDF membrane for Western blotting. The membrane was divided into two 

parts at a size of ~50 kDa. The upper part containing the hexa-his tagged cytoplasmic domain 

of FimV was probed with the primary anti 6x-His Tag Monoclonal Antibody (Novagen) in a 

1:1,000 dilution and the secondary goat-anti-mouse-IgG antibody conjugated to horseradish 

peroxidase (Dianova) in a 1:2,000 dilution. For detection of FlgZ, the lower part of the 

membrane was probed with a 1:1,000 dilution of the primary anti-FlgZ antibody and with the 

secondary goat-anti-rabbit-IgG and IgM antibody conjugated to horseradish peroxidase 

(Dianova) in a 1:2,000 dilution. The Western blot was performed as described in chapter 2.16. 
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3 Pseudomonas aeruginosa post-translational response to eleva-

ted c-di-GMP levels 

3.1 Objective 

The large diversity of c-di-GMP effectors indicates that c-di-GMP signaling and the underlying 

downstream regulatory mechanisms occurs at two levels: at a level that requires c-di-GMP to 

control functionality of proteins such as the activity of enzymes upon c-di-GMP binding, and at 

a gene regulation level, at which c-di-GMP affects mRNA levels of genes e.g. via riboswitches 

or binding to transcriptional regulators involved in cellular processes such as virulence, motility, 

and multicellular behavior. Previous research on c-di-GMP signaling has been conducted 

mainly with genetically modified bacteria that lack or overproduce individual members of the 

c-di-GMP signaling system (225).  

In this study, we have taken a different approach and analyzed c-di-GMP signaling by an 

induced production of c-di-GMP under growth conditions that are otherwise characterized by 

low c-di-GMP levels. The increase of c-di-GMP levels was realized by an induction of the 

ectopically introduced and genetically engineered DGC PleD* of C. crescentus. We used a 

multi-omics approach to monitor the cellular response of P. aeruginosa to elevated c-di-GMP 

levels. Phenotypic characterization as well as analysis of transcriptomes, ribosome profiles 

and proteomes provide insights into the cellular processes induced by a high c-di-GMP level. 

3.2 Results 

3.2.1 Phenotypic consequences of elevated c-di-GMP levels  

To analyze the impact of elevated c-di-GMP concentrations on P. aeruginosa, we expressed 

pleD* on an inducible vector (pHERD20T) in the PAO1 wild type strain. PleD is a DGC from 

Caulobacter crescentus and the pleD* variant encodes a constitutively active enzyme due to 

four amino acid exchanges (T120N, T214A, P234H, N357Y) (183). Induced expression of 

pleD* resulted in small changes in bacterial growth. We observed a minimal delay in the lag 

phase and increased maximal OD600 values in the stationary phase during growth in LB (Figure 

3.1 A). Of note, micro-aggregates became macroscopically visible already in the early 

exponential growth phase in the PleD* producing strain, which might lead to inaccuracies in 

OD600 value determinations. Furthermore, we observed a reduced swimming and an abolished 

swarming motility upon PleD* production (Figure 3.1 B-C). In line with a negative impact on 

motility, a crystal violet staining demonstrated increased biofilm production after 24 h in the 

PleD* producing strain compared to the empty vector control (Figure 3.1 D). We also 

determined c-di-GMP levels of the PleD* producing strain in exponential growth phase. The 

PleD* producing strain produced approximately double the amount of c-di-GMP compared to 
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the empty vector control  (Figure 3.1 E), which nearly reproduces the ratio between c-di-GMP 

levels of cells grown in a biofilm or planktonic (2.5-fold) (35, 36).  

 

 

 

Figure 3.1: Phenotypic characterization of the PleD* producing PAO1.  

A Bacterial growth of the PleD* producing strain (PleD*) as compared to the pHERD empty vector control (EV) was 

evaluated by determining OD600 values every 15 min for 24 h at 37 °C in LB medium supplemented with 400 µg/ml 

carbenicillin and 0.2 % arabinose. B Swimming motility was analyzed on swimming motility plates supplemented 

with 0.2 % arabinose after 16 h incubation at 30°C under humid atmosphere. C Swarming motility was analyzed on 

swarming motility plates supplemented with 0.2 % arabinose after 16 h incubation at 30°C under humid atmosphere 

(right). Representative data of swarming areas for both strains are shown on the left. D Biofilm formation was 

determined by the use of a crystal violet assay following 24 h of growth at 37 °C in BM2 medium supplemented with 

400 µg/ml carbenicillin and 0.2 % arabinose. E c-di-GMP levels of cells grown in LB medium supplemented with 

400 µg/ml carbenicillin were measured by high-performance liquid chromatography-coupled tandem mass 

spectrometry. Cells were induced with 0.2 % arabinose and harvested in exponential growth phase. Significance 

was determined by a Mann-Whitney test, ** p≤ 0.005, *** p≤ 0.001. 

 

Taken together, elevated c-di-GMP levels in the PleD* producing PAO1 strain resulted in 

decreased motility and increased biofilm formation. In order to further analyze the cellular 
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consequences of elevated c-di-GMP levels, we performed transcriptome, ribosome profiling 

and proteome studies (Figure 3.2), following the isolation of RNA, ribosome protected mRNA 

as well as proteins of cells grown to the exponential phase, when PleD* producing PAO1 

exhibited elevated c-di-GMP levels of about two-fold (Figure 3.1 E). 

 

 

 

Figure 3.2: Schematic overview on the transcriptome, ribosome profiling and proteome experimental 

approaches. 

3.2.2 Elevated c-di-GMP levels produce c-di-GMP-mediated phenotypes but have 

no impact on the transcriptome 

RNA sequencing (RNA-seq) of PleD* producing PAO1 and the empty vector control was 

performed twice, once in duplicates and once in quadruplicates (Figure 3.2). With the exception 

of pleD* itself, we found no significantly differentially expressed genes (Benjamini-Hochberg 

adjusted p-value ≤ 0.05), indicating that even a two-fold increase in c-di-GMP levels does not 

significantly affect transcription in PAO1 under our experimental conditions (Table 7.2+Table 

7.3). 

In order to evaluate the phenotypic consequences of increased c-di-GMP levels at the time of 

sample preparation for RNA-seq, we monitored swimming velocity and flagellation by 

microscopic observation of PleD* producing PAO1 versus the empty vector control in 

exponential growth phase grown under induced and not induced conditions. In contrast to the 

empty vector control, the PAO1 PleD* producing strain became completely non-motile upon 

induction with arabinose (Figure 3.3 A), despite a wild type like expression of flagella as 

determined by immunostaining (Figure 3.3 B-D). Thus, elevated levels of c-di-GMP inhibit 

bacterial motility very efficiently and produce a c-di-GMP-mediated phenotype that is not 

reflected in the transcriptional profile.  

Next to the reduced swimming motility, auto-aggregation was a c-di-GMP-dependent 

phenotype that became apparent under our experimental conditions. We used electron 

microscopy to evaluate whether pleD* expression may alter the bacterial surface topography. 
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We also separated secreted polysaccharides on a high percentage PAGE and performed a 

combined Alcian blue and silver staining (204) in order to evaluate whether differences in 

exopolysaccharide production might account for the observed auto-aggregative behavior of 

the PleD* producing PAO1 strain. We could not detect any altered surface topology (Figure 

3.4) or differences in exopolysaccharide production in the PleD* producing PAO1 (Figure 3.5).  

 

 

Figure 3.3: Swimming velocity and flagellation of PleD* producing PAO1. 

A Swimming velocity (at a cut off of 15 µm/s) of exponentially grown cells were recorded by tracking individual cells 

using light microscopy. Box plots summarize velocities of at least 239 individual cells. Boxes display the 25th to 

75th percentile, whiskers the 10th to 90th percentile. Thick horizontal lines represent the median and dots represent 

outliers. ni not induced. B Immunostaining of the flagella with an anti-FliC antibody revealed a comparable 

flagellation of the PleD* producing PAO1 and the empty vector control. Representative images of the empty vector 

control and the PleD* producing strain are shown in C and D, respectively. Scale bar = 10 µm. 
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Figure 3.4: Exemplary electron microscopic images of the P. aeruginosa PAO1 PleD* producing strain and 

the empty vector control (EV), an auto-aggregative small colony variant (SCV20265), and a mucoid clinical 

isolate.  

Two different fixation protocols were used (described in detail in the Experimental procedures). Scale bar 1 µm. 

 

Figure 3.5: Separation of polysaccharides using a high percentage PAGE (15%) followed by combined 

Alcian blue/silver staining.  

Extracted EPS compounds of the PAO1 wild type (WT), a clinical mucoid isolate, the auto-aggregative SCV20265, 

the empty vector (EV) control, and PleD* producing PAO1 were loaded onto the gel. Different amounts of alginate 

(1.0, 0.5 and 0.1 µg) as well as LB medium were used as positive and negative controls, respectively. A PAGE of 

bacterial cultures harvested at OD 2.0, with and without the addition of 400 µg/ml carbenicillin as indicated. B PAGE 

of bacterial cultures harvested 7 hour later than the samples in A. C 4-fold and 8-fold concentrated samples of the 

empty vector control and the PA01 pleD* overexpressing strain.  
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3.2.3 Elevated c-di-GMP levels do not modify RNA translation 

In parallel, we performed ribosome profiling (Ribo-seq), a method developed in 2009 by Ingolia 

et al. (226) to identify mRNA fragments that are protected by ribosomes during translation. 

Ribosome protected fragments originate from actively translated mRNAs as well as from 

regions of ribosome pausing. A c-di-GMP-dependent riboswitch characterized by a c-di-GMP-

mediated altered mRNA structure, e.g. to inhibit translation, should thus result in an enriched 

ribosome occupancy at the respective position. We cultured PleD* producing PAO1 and the 

empty vector control under the same experimental conditions as for RNA sequencing and 

isolated the ribosome protected RNA (Figure 3.2). The multidimensional scaling (MDS) plot 

indicated a clear clustering of Ribo-seq and RNA-seq samples (Figure 3.6 A). The sequencing 

reads were mapped to the PAO1 genome and reads belonging to rRNA and tRNA were 

excluded from further analyses. 96% of the Ribo-seq sequences mapped to coding regions 

(20 bases of the upstream region of annotated genes were included in this analysis to account 

for translation initiation sites) (Figure 3.6 B), while the amount of coding sequences in the RNA-

seq samples ranged between 75-79 %. These data indicate that, as expected, the translated 

mRNA sequences were selectively recovered in the ribosome profiling data set.  

We then compared the ribosome occupancy per gene (Ribo-Seq versus RNA-seq) between 

the PleD* producing PAO1 and the empty vector control strain. We did not find any gene that 

exhibited a significantly different ribosome occupancy under elevated c-di-GMP concentrations 

(Benjamini-Hochberg adjusted p-value ≤ 0.05, Table 7.4). Taken together, it seems that 

elevated c-di-GMP levels do not significantly affect mRNA translation in exponentially grown 

P. aeruginosa cells.  

 

Figure 3.6: Quality control of Ribo-sequencing data. 

A Multidimensional scaling (MDS) plot showing Ribo-seq (blue) and RNA-seq (green) data of the empty vector 

control strain (EV) and the strain with the elevated c-di-GMP levels (PleD*). Each sequencing approach was 

performed in duplicates (1 and 2). B The relative amount of reads mapping to coding sequences (as well as to 20 

bases upstream of each gene start to include translation initiation sites) is depicted for Ribo-seq (blue) and RNA-

seq (green). 
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3.2.4 Elevated c-di-GMP levels do not change the early exponential phase 

proteome 

Next, we recorded the proteome of the PleD* producing PAO1 versus the empty vector control 

under the same culture conditions as described above for transcriptional and ribosome profiling 

(Figure 3.2). For both strains, we ran digested protein extracts of four biological replicates on 

the LC-MS/MS instrument in a randomized order.  

Between 19,796 and 24,444 peptides and 2,067 and 2,148 proteins were identified in the 8 

runs. The overlap of the identified proteins was not only very high within the biological 

replicates but also between the two strains as 2,159 proteins in total were identified in both, 

the PleD* producing PAO1 and the empty vector control. The median protein coverage for 

these proteins was 37 % and, on average, 10 peptides per protein were detected. Testing for 

significant changes in protein abundance based on linear mixed-effects models from the R 

package MSstats revealed that the great majority of proteins were not differentially abundant 

(Table 7.5). Nevertheless, three proteins were differentially abundant by at least 2-fold (p-value 

≤ 0.05) (Figure 3.7, Figure 7.2). As expected, PleD* was among those proteins. It was the 

highest expressed protein in the PleD* producing strain, thus confirming a functional plasmid-

based expression of pleD*. In addition, we found PilE and PilY1 to be more abundant in the 

PleD* producing strain. PilE and PilY1 are components of the type IV fimbrial biogenesis 

machinery and are involved in biofilm formation and bacterial aggregation (59, 227). 
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Figure 3.7: Protein abundance of PleD*, PilY1 and PilE increases under elevated c-di-GMP levels. 

Volcano plot comparing c-di-GMP induced changes of protein abundance between the PleD* producing PAO1 and 

the empty vector control. In total, 2,159 proteins were identified across both strains. Proteins with a greater 

abundance in the PleD* producing strain are shown as red dots while black dots represent proteins which either 

have no differential abundance or exhibit no significant change in abundance. The significance threshold of FDR≤ 

0.05 and fold change of at least 2 is shown with dashed lines. Using these filter criteria, no lower abundant proteins 

were found in the PleD* producing strain (blue borders). 

3.2.5 Functional enrichment analysis of the RNA-seq data reveals a 

downregulation of type III secretion system genes and an upregulation of 

genes involved in denitrification 

A functional enrichment analysis is a powerful tool to detect biological meaningful gene sets, 

even if there are only subtle changes in gene expression that are not significant on the 

individual gene level. We started with a re-analysis of the RNA-seq data. We therefore selected 

genes with a │log2FC│ of ≥ 1 between the PleD* producing strain and the empty vector control, 

thus generating a compilation of 174 (non-significantly regulated) genes (Table 7.2). Those 

genes were used as input for a functional enrichment analysis. Functional classes were defined 

according to the PseudoCAP annotations (228). We found gene-groups with a higher 

expression in the PAO1 PleD* producing strain as compared to the vector control, which were 

enriched in the functional classes “Energy metabolism” and “Biosynthesis of cofactors, 
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prosthetic groups and carriers”. Down-regulated gene-groups were enriched in the functional 

classes “Transport of small molecules”, “Protein secretion/ export apparatus” and “Membrane 

proteins” (Table 3.1). Within the functional group “Protein secretion/ export apparatus” 7 out of 

the 40 type three secretion system (T3SS) genes (pscBCDF and pscNOS) contributed to the 

enrichment of the functional category. Re-analysis of the RNA-seq data set revealed that all 

individual 40 T3SS genes were down-regulated (log2FC < 0) in PleD* producing PAO1 as 

compared to the empty vector control but none of them at a significant level. Interestingly, a 

previous study demonstrated that the expression of T3SS is inhibited during high c-di-GMP 

concentrations (229). Furthermore, the functional enrichment analysis of the RNA-seq data set 

revealed that genes within the functional group “Energy metabolism” that are involved in 

denitrification (nar, nir, nos operons) were enriched in the PleD* producing strain (Table 3.1). 

The denitrification pathway has previously been linked to c-di-GMP metabolism and to 

changes in motility, virulence and biofilm formation and dispersal (230–233). 

 

Table 3.1: Functional enrichment analysis of RNA-seq under elevated c-di-GMP levels. 

174 genes of the RNA-seq dataset with a log2FC of ≥ 1 (+) or ≤ -1 (-) between the PAO1 PleD* producing strain 

and the empty vector control were selected for the functional enrichment analysis. The categorization of functional 

classes is based on the PseudoCAP annotations (234). An FDR < 0.05 was set as a cut-off for enriched categories. 

Genes involved in T3SS or denitrification are marked in bold. 

Functional class +/- FDR Genes 

Energy metabolism + 2,55E-04 nirNJFMS, narGH, nosZ, ccpR, PA4571 

Biosynthesis of cofactors, 
prosthetic groups and carriers 

+ 2,56E-02 moeA1, moaB1, pncB1 

Transport of small molecules - 9,19E-08 agtABD, pchE, potDA, gltKDF, gntP, opdO, chtA, 
hitA, ildP, tonB1, PA0283, PA2252, PA3268, 
PA5139, PA5217 

Protein secretion/export 
apparatus 

- 6,17E-06 pscSON, pscBCDF 

Membrane proteins - 4,30E-04 icmP, dctM, PA0165, PA2911, PA4179 

 

3.2.6 Functional enrichment analysis of the Ribo-seq data reveals an increased 

ribosome occupancy of a subset of type III secretion genes 

We also searched for a functional enrichment of classes of genes that are over- or under-

represented in the Ribo-seq versus RNA-seq data set. 519 genes with a │log2FC│ of ≥ 1 

between the PleD* producing strain and the vector control were selected and used as input for 

a functional enrichment analysis (Table 7.4). Gene-groups with higher ribosome occupancy 

per mRNA in the PleD* producing strain were enriched in the functional classes of “Transport 

of small molecules”, “Membrane proteins” and “Protein secretion/ export apparatus” (Table 

3.2). Among the enriched class of “Protein secretion/ export apparatus” we found 5 genes of 

the T3SS (pscBFL and pscST). Whether the observed effect of the functional enrichment 
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analysis of Ribo-seq data is due to a higher translation or to dynamic changes in transcriptional 

profiles remains an open question. 

 

Table 3.2: Functional enrichment analysis of Ribo-seq vs RNA-seq under elevated c-di-GMP levels. 

519 genes of the Ribo-seq vs RNA-seq dataset with a log2FC of ≥ 1 (+) or ≤ -1 (-) between the PAO1 PleD* 

producing strain and the empty vector control were selected for the functional enrichment analysis. The 

categorization of functional classes is based on the PseudoCAP annotations (234). An FDR < 0.05 was set as a 

cut-off for enriched categories. Genes involved in T3SS are marked in bold. 

Functional class +/- FDR Genes 

Transport of small molecules + 1,91E-09 creD, opdN, hasS, foxR, yjeT, PA0434, PA3403, 
PA3358, PA3355, PA2914, PA1960, PA1824, 
PA1364, PA5132 

Membrane proteins + 5,44E-06 agtD, yhjE, potA, mexQ, ygaM, gltK, yfdC, 
opmQ,arsB, opoD, dctA, yfeP, optH, lysP, betT1, 
PA0103, PA0476, PA0531, PA3766, PA3595, 
PA3268, PA2590, PA2204, PA1943, PA1419, 
PA4862, PA4913, PA5096, PA5217, 
PA5248,PA5510, PA5530 

Protein secretion/export 
apparatus 

+ 2,35E-02  pscBFL, pscST, cyaB, xcpUZ, czcA, aprD 

 

3.2.7 Functional enrichment analysis of the proteomic data reveals a decreased 

abundance of motility and type III secretion genes 

Finally, we searched for a functional enrichment of proteins that were differentially produced 

in the PleD* producing strain. Due to the minimal differences in protein abundance between 

the PleD* producing and the empty vector control strain, we had to use a less stringent criteria 

for the functional enrichment. Proteins with a │logFC│ of ≥ 1.2 difference between the PleD* 

producing and the empty vector control strain were included in the analysis, resulting in a 

compilation of 327 proteins (Table 7.5). Protein-groups with an increased abundance in the 

PleD* producing strain were enriched in the functional classes of “Transport of small 

molecules” and “Hypothetical, unclassified, unknown”, while protein-groups in the classes of 

“Protein secretion/export apparatus”, “Hypothetical, unclassified, unknown”, “Membrane 

proteins”, “Secreted Factors” and “Motility & Attachment” showed a decreased abundance 

(Table 3.3). The functional group “Secreted Factors” contained the two type III-secreted 

Exotoxins ExoT and ExoS, thus supporting the RNA-seq data,set which indicated a lower 

transcription of genes encoding for T3SS components in cells with high c-di-GMP levels. 

Furthermore, within the functional group “Motility & Attachment” several proteins involved in 

flagella biosynthesis and function FliF, FliG, FliO) but also type 4 fimbrial biogenesis proteins 

(PilM, PilP, PilO) contributed to the enrichment of the functional category.  
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Table 3.3: Functional enrichment analysis of the proteome data set under elevated c-di-GMP levels. 

319 proteins of the proteome data set with a logFC ≥ 1.2 (+) or ≤ -1.2 (-) between the PAO1 PleD* producing strain 

and the empty vector control were selected for the functional enrichment analysis. The categorization of functional 

classes is based on the PseudoCAP annotations (234). An FDR < 0.05 was set as a cut-off for enriched categories. 

Proteins involved in type III secretion system and flagellar or pili assembly are marked in bold. 

Functional class +/- FDR Number/list of proteins 

Transport of small molecules + 3.8E-06 24 

Hypothetical, unclassified, 
unknown 

+ 3.0E-03 47 

Protein secretion/export 
apparatus 

- 5.9E-14 26 

Hypothetical, unclassified, 
unknown 

- 4.6E-05 85 

Membrane proteins - 1.5E-02 20 

Secreted Factors (toxins, 
enzymes, alginate) 

- 1.7E-02 PA0041, ExoT, ExoS, Hcp1, PchB, EstA 

Motility & Attachment - 3.9E-02 TonB3, FliF, FliG,FliO, PilP, PilM, PilO, OprQ, 
HptB, EstA 

 

3.3 Discussion 

P. aeruginosa is an opportunistic pathogen and causative agent of devastating acute as well 

as chronic, biofilm-associated infections. It is also a widespread environmental bacterium, 

which can thrive in various aquatic and terrestrial habitats (235, 236). The transition between 

motile and sessile, biofilm associated life-styles is tightly controlled in P. aeruginosa and seems 

to be reflected in the high number of GGDEF- and EAL/HD-GYP-domain proteins (101, 237). 

Many studies have focused on how the multiplicity of enzymes that modulate the levels of c-

di-GMP determine both system-specific and universal features of c-di-GMP signaling. There is 

increasing evidence that the local activation of constitutively expressed c-di-GMP binding 

proteins results in spatial c-di-GMP-mediated response phenotype (33, 167). However, 

changes in c-di-GMP levels can also affect bacterial behavior on a broader scale. It has been 

demonstrated that in S. Typhimurium the levels of c-di-GMP adjust expression of the 

transcriptional biofilm master regulator CsgD at multiple levels (238) and thus initiate complex 

transcriptional responses that govern the switch between motile and biofilm mode of growth.  

In this study, we demonstrate that the first and immediate response of planktonic P. aeruginosa 

to elevated c-di-GMP levels does not seem to involve regulation of gene expression. We found 

that P. aeruginosa readily responds to high c-di-GMP levels and becomes almost completely 

non-motile, while exhibiting an auto-aggregative phenotype. The non-motile, auto-aggregative 

traits were not reflected in significant changes in the transcriptome and/or the proteome. 

Individual genes/proteins involved in flagella biosynthesis or function, or in the production of 

exopolysaccharides were not differentially regulated in P. aeruginosa cells that exhibited 

increased c-di-GMP levels. We also did not observe any significant changes in the ribosome 
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footprint profiles. Thus, in addition to the finding that the P. aeruginosa genome does not 

contain a GEMM motif or a motif of a second, structurally unrelated class of c-di-GMP 

riboswitches (c-di-GMP-II) (148) we provide experimental evidence that there is no direct and 

immediate impact of elevated c-di-GMP levels on transcription, translation or protein 

abundance in P. aeruginosa. 

Our findings might seem unexpected, as transcription factor regulators that are activated upon 

c-di-GMP binding have been described also in P. aeruginosa: BrlR binds c-di-GMP and 

activates the expression of multidrug efflux pumps, while repressing the PhoPQ two-

component signal transduction system (239, 240). In addition, FleQ binds c-di-GMP and 

represses the expression of genes involved in flagellar biosynthesis and function (241). 

Expression of flagellar biosynthesis genes is slightly downregulated, when c-di-GMP levels are 

elevated (44). Upon c-di-GMP binding, FleQ also enhances the expression of genes important 

for the production of the pel exopolysaccharide and the biofilm matrix protein encoded by cdrA 

(242). While c-di-GMP-mediated induction of cdrA expression has been studied to monitor c-

di-GMP levels upon surface attachment, in our experimental setup, we monitored the 

outcomes of elevated c-di-GMP levels in non-attached, planktonic, exponentially phase grown 

cells. Under these conditions, we did not observe any differential transcription of genes 

involved exopolysaccharide/matrix production (we also did not observe differences in the 

production of exopolysaccharides), or in flagellar biosynthesis or function, not even in the 

functional enrichment analysis. Nevertheless, we found the protein-set of FliFGO to be less 

abundant in the high c-di-GMP level strain. Furthermore, functional enrichment analysis of our 

RNA-seq data (and also our proteome data) revealed an enrichment of gene sets involved in 

the T3SS, which were downregulated in high level-c-di-GMP cells. Of note, neither BrlR nor 

FleQ are known to influence expression of the T3SS genes (243–245).  

We are only at the beginning to understand, how cyclic-di-GMP regulates the T3SS. It seems 

that the GacS-GacA two component signaling system plays a role in the activation of the T3SS. 

The system controls the expression of the small non-coding regulatory RNAs rsmY and rsmZ 

(246). These small regulatory RNAs sequester the small RNA-binding protein RsmA (247), 

which activates T3SS expression by stimulating ExsA synthesis (243). The GacS-GacA 

system is, furthermore, linked to c-di-GMP signaling via SadC, a DGC whose production is 

repressed by free RsmA (248). In addition, high c-di-GMP levels decrease cAMP levels and 

thus affect cAMP-Vfr signaling, which is required for full expression of the T3SS via activation 

of exsA transcription (90, 249). In P. aeruginosa, the CyaB adenylate cyclase activity, 

responsible for most of the cAMP pool, is regulated by the Pil/Chp chemosensory system. 

Activation of the Pil/Chp system does not only increase twitching motility but also, via activation 

of CyaB, increases intracellular cAMP concentrations and thus T3SS gene expression (57, 

250).  
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In this study, we demonstrate that upon induction of high c-di-GMP levels in the P. aeruginosa 

PA01 strain, two proteins seemed to be produced consistently at higher levels (in addition to 

PleD*). These two proteins were PilY1 and PilE. PilY1, together with the minor pilins, triggers 

up-regulation of acute virulence phenotypes upon surface attachment (59, 64, 251, 252). PilY1 

is positively regulated by the FimS-AlgR two component system and required for type IV pilus 

biosynthesis and function (252–254). Moreover, the fimU-pliVWXY1Y2 operon is indirectly 

regulated by the virulence factor regulator Vfr through its activity on algR (254, 255). AlgR, in 

turn, suppresses expression of the T3SS and quorum sensing and promotes alginate, c-di-

GMP and biofilm formation (256–259). Thus, it seems the PleD* producing PAO1 strain shares 

an AlgR-overproducing phenotype characterized by increased production of PilY1 and the 

minor pilin PilE, and inhibition of the T3SS.  

Moreover, PilY1 inhibits swarming motility by acting upstream of the DGC SadC (59). Of note, 

the PleD* producing PAO1 strain not only produced more PilY1 and PilE but also completely 

lost its swarming activity. Since we did not observe differences in gene expression, it is 

tempting to speculate that high levels of c-di-GMP may alter PilY1/PilE function, localization 

and/or stability. Clearly, more work needs to be done to unravel the relationship between c-di-

GMP, PilY1 and expression of the T3SS. However, our data indicate that PilY1 might not only 

enhance the levels of c-di-GMP via activation of SadC (59), but high levels of c-di-GMP might 

also drive PilY1-dependent phenotypes. The Pil-Chp chemosensory-like system might thus 

not only function as the initiator of a hierarchical cascade of second messenger signaling in 

response to a surface (255) but could also be directly involved in orchestrating effects 

downstream of c-di-GMP production. 

Taken together, our findings support a model in which c-di-GMP effector proteins are 

constitutively expressed in P. aeruginosa and thus are ready to be activated under 

environmental conditions that increase the intracellular c-di-GMP levels. Once activated, they 

seem to control cellular functions: in our experimental conditions, flagella function was almost 

completely abrogated, while auto-aggregation was enhanced. Although a c-di-GMP-

dependent gene expression control has been described in P. aeruginosa, the results of our 

study indicate that under the experimental conditions tested, elevated c-di-GMP levels first and 

foremost modulate protein activity locally to affect c-di-GMP-dependent phenotypes (33, 167), 

while changes in gene expression and protein abundance only come second. 
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4 Spatiotemporal control of FlgZ activity impacts Pseudomonas 

aeruginosa flagellar motility 

4.1 Objective 

Whereas enzymes producing and degrading c-di-GMP were easily identified by their common 

characteristic domains, the GGDEF domain for DGCs and the EAL or HD-GYP domains for 

PDEs, effectors for c-di-GMP are more variable and thus more difficult to identify. In a chemical 

proteomics approach previously performed in our group, FlgZ was one of the proteins that 

were repeatedly pulled-down. FlgZ belongs to the PilZ domain proteins, which represents a 

well-characterized class of c-di-GMP binding proteins. It turns out, that FlgZ binds c-di-GMP 

with high affinity and downregulates motility by interacting with the stator protein MotC (48, 

217).  

For a deeper understanding of the functional role of FlgZ in P. aeruginosa, we analyzed the 

dynamic changes of flgZ transcription and applied a suppressor mutant screen to identify 

potential additional factors involved in the modulation of FlgZ activity. With this study, we aimed 

at unraveling a part of the complex dynamics and spatiotemporal control of c-di-GMP-

dependent regulation of bacterial motility. 

4.2 Results 

4.2.1 Growth phase-dependent transcription and translation of flgZ  

C-di-GMP levels increase during entry into stationary phase (160). We therefore wondered 

whether the levels of the c-di-GMP binding protein FlgZ increase accordingly. Indeed, as 

demonstrated by Western blot analysis using an anti-FlgZ antibody, the protein levels of FlgZ 

were elevated in stationary growth as opposed to exponential growth phase (Figure 4.1 A). 

Re-analysis of previously recorded RNA-sequencing data (216) revealed that also transcription 

of the flgZ gene was enhanced in stationary phase (Figure 4.1 B). However, the gene 

expression levels of flgM and flgN, both of which are localized on the same operon as flgZ 

(Figure 4.1 C), were comparable in exponential and stationary phase. To investigate whether 

flgZ is co-transcribed with flgMN or whether there is an (additional) transcriptional start site 

upstream of flgZ, we performed reverse transcription-based PCR experiments. During 

exponential growth, flgZ is part of a polycistronic flgMNZ transcript (Figure 4.1 D). However, in 

early stationary phase flgZ is transcribed independently of flgMN (Figure 4.1 C+D). 5´RACE 

(rapid amplification of cDNA ends) experiments revealed two transcriptional start sites (TSS) 

upstream of flgM, the first gene of the flgMNZ operon (Figure 4.2). One was located 30 bp 

upstream of the flgM open reading frame (ORF) and has been previously described in different 

P. aeruginosa strains (216, 260, 261). A second TSS was found at position -83 bp relative to 



50  4 FlgZ activity impacts flagellar motility 

 

 

the flgM ORF. 5´RACE experiments targeting flgZ-specific transcripts revealed a transcription 

start site positioned 17 bp downstream of the annotated start of the flgZ gene (Figure 4.2). This 

TSS was identified in 5´RACE experiments based on RNA, which was isolated from 

exponential and from early stationary growth phase, respectively. Thus, there are polycistronic 

transcripts (prevalent in exponential growth phase) which encode FlgZ as well as 

monocistronic flgZ transcripts (prevalent in both, exponential and stationary growth phase), in 

which the flgZ gene is transcribed independently from flgMN. 

 

 

Figure 4.1: Growth phase-dependent transcription and translation of flgZ. 

A FlgZ protein levels of P. aeruginosa PAO1 grown in exponential and stationary growth phase (adjusted to the 

same optical density) were determined by Western blot analysis using an anti-FlgZ antibody. B Relative fold change 

of flgM, flgN and flgZ gene expression in stationary growth phase compared to exponential growth phase. Data 

were extracted from a previous publication (216). RNA sequencing was performed with cultures grown to OD 1 

(exponential) and for 12 h (stationary). Both were sequenced in duplicates. The obtained sequences were mapped 

to the PA14 genome. Absolute read counts were normalized to yield nRPK (normalized reads per kilobase of gene 

sequence) values. C A set of six primers was used in different combinations to PCR-amplify intragenic (1, 2, 3) and 

intergenic (4, 5) regions of the flgMNZ genes as indicated. D Reverse Transcriptase PCR: cDNA was generated 

from RNA isolated from exponential (left) and from early stationary (right) growth phase. Lanes 1-3 correspond to 

the intragenic PCR products of flgM (1), flgN (2), flgZ (3), lanes 4-5 to the intergenic flgMN (4) and flgNZ (5) PCR 

products. As negative control (NC) total RNA was not subjected to reverse transcription.  
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Figure 4.2: Schematic presentation of the flgMNZ operon. 

The flgZ specific transcriptional start site (TSS 3) identified by 5´RACE is displayed in orange. This TSS 3 is located 

within the annotated flgZ gene at +17 bp. The genomic sequence information of flgZ (framed in red) depicts a 

putative alternative start codon (GTG) as well as an alternative ribosomal binding site (RBS 2). 

4.2.2 Revisiting the open reading frame of flgZ 

As the 5´RACE experiments uncovered the flgZ transcriptional start site 17 bp downstream of 

the annotated gene start site, we re-analyzed the nucleotide sequence of the flgZ gene in order 

to identify potential alternative start codons. Indeed, 26 bp downstream of the flgZ TSS a GTG 

codon that could serve as translational start site was found. This possible start codon is 

preceded by an AG rich region potentially representing a ribosomal binding site (RBS) (Figure 

4.2). Translation from this GTG (42-45 bp downstream of the annotated flgZ gene start) would 

not alter the reading frame and would produce a FlgZ protein that is 14 amino acids shorter 

than the previously annotated protein. Figure 4.3 shows an alignment of the nucleotide 

sequence of PAO1_flgZ with orthologues from nine other Pseudomonas species. The gene 

start of all other flgZ-orthologues was annotated at the position that corresponds to the 

alternative GTG start (Figure 4.3 A). To experimentally identify the translational start site of 

FlgZ, we aimed for N-terminal protein sequencing. Therefore, we constructed a PAO1 strain 

carrying the flgZ allele with a chromosomal insertion of a hexa histidine-tag coding sequence 

at the 3´ end. The FlgZ-H6 protein was isolated from cells that had reached early stationary 

phase and was subsequently purified by affinity chromatography. N-terminal protein 

sequencing by Edman degradation revealed the amino acid sequence PNPFVEEAGP as the 

beginning of the FlgZ protein (Figure 4.3 B). This finding is in agreement with an open reading 

frame starting at nucleotide position +42 relative to the previously annotated flgZ gene. 
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Figure 4.3: Re-annotation of the flgZ open reading frame. 

A Multiple-sequence alignment of the flgZ gene start in different Pseudomonas species generated with the Clustal 

Omega Software (262). Sequences were obtained from the Pseudomonas Genome Database (181). The flgZ gene 

sequences of the two P. aeruginosa strains PAO1 and PA14 were aligned with orthologues of P. putida KT2440 

(Pp flgZ), P. fluorescens F113 (Pf flgZ), P. protegens Pf-5 (PFL_4486), P. syringae pv. tomato DC3000 

(PSPTO_1923), P. stutzeri A1501 (PST_1382) and P. mendocina ymp (Pmen_2856). The annotated start codon 

is shown in green, the alternative start of flgZ in P. aeruginosa is shown in green and is underlined. The ribosomal 

binding sites are depicted in blue. B N-terminal sequencing revealed the red framed amino acids (PNPFVEEAGP) 

as the N-terminus of FlgZ. The annotated and the re-annotated start codons are depicted in green, the identified 

TSS is shown in orange and the RBS in blue. 

4.2.3 FliA and RpoN are involved in flgZ expression 

When revisiting our RNA-sequencing data, which have been generated to describe the 

regulons of a diverse set of alternative sigma factors (180), we found a positive regulation of 

flgMNZ by FliA (Figure 4.4 A). Furthermore, flgZ expression was significantly downregulated 

in an rpoN mutant, whereas the transcript levels of flgM and flgN were slightly but not 

significantly decreased. This is in agreement with previous studies demonstrating that both 

alternative sigma factors impact motility phenotypes (263–265). The RNA-sequencing data 

(180) also revealed that neither flgMN nor flgZ expression was subject to regulation by the 

stationary phase sigma factor RpoS, despite the observed increased flgZ expression in 

stationary phase. 

To confirm these observations and to analyze if the region around the flgZ start displays 

promoter activity, we constructed a transcriptional fusion of the putative flgZ promoter region 

with luxCDABE genes and introduced the construct into the PA14 wild type, as well as in ΔfliA, 

ΔrpoN and ΔrpoS mutant strains. A clear bioluminescence signal was observed in the PA14 

wild type strain and the ΔrpoS mutant indicating that RpoS is not required for flgZ transcription 

(Figure 4.4 B). In contrast, expression of the reporter construct was significantly reduced in the 

ΔfliA and the ΔrpoN mutant, indicating that both sigma factors positively impact on flgZ 

transcription. 

Sigma factor binding sites as identified by ChIP-seq experiments and motif searches were 

previously published by our group (180). A FliA binding site upstream of flgM was identified 
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and an RpoN binding site upstream of flgZ. The ChIP-seq data revealed binding of FliA 

upstream of flgMNZ, but no RpoN signal was detected (180).  

 

 

Figure 4.4: Analysis of a flgZ-specific promoter and its transcriptional regulation by sigma factors. 

A Information on log2FC of flgM, flgN and flgZ gene expression in sigma factor knock out (ΔfliA, ΔrpoN and ΔrpoS) 

and overexpressing strains (oe) relative to wild type and wild type containing the empty vector control, respectively, 

were extracted from a previous publication (180). A significant negative regulation is marked in red and a significant 

positive regulation is marked in green (p-value < 0.05). B Activity of the transcriptional fusion of the flgZ promoter 

region with luxCDABE genes in the PA14 wild type and sigma factor knock out mutants ΔfliA, ΔrpoN and ΔrpoS in 

exponential (exp) and stationary (stat) growth phase. The obtained luminescence signal was normalized to the 

optical density and the empty vector control. 

4.2.4 C-di-GMP binding of FlgZ is important for the negative impact on motility 

With the aim to analyze the effect of FlgZ on motility behavior of P. aeruginosa PAO1 in more 

detail, we selected a flgZ transposon mutant (174) and also overexpressed flgZ. We, 

furthermore, constructed a strain that overproduced FlgZ as a non-c-di-GMP binding variant. 

Therefore, we exchanged the two arginine residues of the RxxxR binding motif of the FlgZ PilZ 

domain for alanine (R126A and R130A) and tested this FlgZ protein variant for c-di-GMP 

binding. In vitro produced proteins containing either the native RNAYR motif or the mutated 

ANAYA motif were spotted on a nitrocellulose membrane and incubated with fluorescently 

labeled c-di-GMP. While the wild type variant with the RNAYR motif clearly showed c-di-GMP 

binding, no c-di-GMP binding was observed for the FlgZ ANAYA variant (Figure 4.5 A).  
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The flgZ mutant displayed a slight but significant increase in swimming motility compared to 

the wild type, whereas overexpression of flgZ significantly impaired swimming motility (Figure 

4.5 B). The impact of flgZ deletion on swarming motility was less consistent under our 

experimental conditions. However, flgZ overexpression clearly affected the cells’ ability to 

swarm (Figure 4.5 C). Motility assays with strains overproducing the non-c-di-GMP binding 

variant revealed that binding of c-di-GMP to FlgZ is required to downregulate both, swimming 

and swarming motility.  

 

 

Figure 4.5: Motility behavior of flgZ mutant and flgZ overexpressing strains. 

A C-di-GMP binding assays were performed with in vitro synthesized FlgZ proteins containing either the native 

RNAYR motif or the mutated ANAYA motif. Proteins were spotted on a membrane and incubated with fluorescence-

labeled c-di-GMP. B Swimming motility of the wild type (wt) and the flgZ transposon mutant (flgZ tn) containing an 

empty vector (EV) and two flgZ overexpressing strains producing either the native protein (flgZ RNAYR) or the 

protein variant with the mutated c-di-GMP binding motif (flgZ ANAYA). Swimming agar plates were incubated for 

16 h at 30 °C in a humid atmosphere. Diameters of swimming zones were measured in three independent 

experiments of three replicates each. Significance was determined by analysis of variance and a Bonferroni´s 

posttest, * p ≤ 0.05, *** p≤ 0.0001. C Swarming motility of the indicated strains after 16 h of incubation at 30 °C in 

humid atmosphere. One representative swarming plate out of three independent experiments with three technical 

replicates is shown. 

4.2.5 (Partial) deletion of fimV overrides the negative impact of flgZ 

overexpression on motility 

We were interested in identifying additional bacterial factors that are involved in the inhibition 

of bacterial motility upon c-di-GMP binding to FlgZ. We, therefore, overexpressed flgZ in PAO1 
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and screened for suppressor mutants, in which the impaired motility is relieved. For this 

purpose, the flgZ overexpressing strain was repeatedly transferred on swarming agar plates 

on a daily basis. After seven rounds, we identified a suppressor mutant exhibiting wild type 

swarming motility despite flgZ overexpression (Figure 4.6 A). Whole genome sequencing of 

two colonies from this last swarming plate revealed a deletion at positions 3´497´669 to 

3´497´881 in the PAO1 genome in both isolates. This deletion was located within the fimV 

gene (PA3115) and corresponds to the deletion of amino acids 109 – 179 in the FimV protein. 

Previous studies on P. aeruginosa FimV uncovered a role in type IV pilus assembly. The ability 

of FimV to bind to peptidoglycan was demonstrated to be crucial for FimV function (266, 267). 

The partial deletion in fimV that was found in our suppressor mutant includes parts that encode 

the peptidoglycan binding motif, suggesting a functional impairment of the FimV protein in the 

suppressor mutants. HubP, the orthologue of FimV in V. cholerae and Shewanella 

putrefaciens, was shown to be a polar landmark protein required for directing the chromosome 

segregation and chemotactic machinery as well as the flagellar system to the cell pole (268, 

269). A fimV deletion and several transposon mutants were previously described to be 

impaired in twitching motility (266, 267).  

To examine if the isolated suppressor mutant is twitching deficient as well, we analyzed 

twitching motility of the respective strains. Whereas the flgZ transposon mutant and the flgZ 

overexpressing strain show a wild type like twitching zone, the twitching zone of the suppressor 

mutant was clearly reduced indicating that the partial deletion of fimV is required for twichting 

motility (Figure 4.6 B). We constructed a mutant harboring the partial deletion of fimV as well 

as a mutant with a complete fimV knock out and analyzed the motility behavior upon flgZ 

overexpression (Figure 4.6 C). Clearly, partial deletion as well as complete knock out of fimV 

counteracted the negative impact of flgZ overexpression on swarming motility and enabled a 

faster migration on swarming motility plates as compared to the wild type overexpressing flgZ. 

Both mutants display, as expected, a twitching defect (Figure 4.6 B). The complete fimV knock 

out mutant was selected for further analysis. The fimV knockout mutant displayed an increased 

swarming and also - albeit to a lesser extent - increased swimming motility as compared to 

that of the wild type (Figure 4.6 D+E). Overexpression of c-di-GMP binding FlgZ clearly 

reduced swimming and swarming motility in the wild type, while the non-c-di-GMP binding flgZ 

variant ANAYA did not. In the fimV mutant overexpression of c-di-GMP binding FlgZ clearly 

also reduced swimming and swarming motility. However, overexpression of the non-c-di-GMP 

binding flgZ variant ANAYA did restore swimming motility in the fimV mutant to wild type levels 

but not swarming motility. Thus, overexpression of flgZ can inhibit motility despite the lack of 

fimV. With regard to swarming motility this is even possible if a non-c-di-GMP binding variant 

of FlgZ is overexpressed.  
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Figure 4.6: ΔfimV counteracted the negative effect of FlgZ on motility. 

A Generation of a suppressor mutant by an extended swarming motility assay. Bacterial cells of the wild type 

containing the empty vector (wt EV) and the flgZ overexpressing strain (flgZ tn flgZ oe) were transferred to a freshly 

prepared swarming agar plate on a daily basis. Plates were incubated at 30 °C in humid atmosphere for 16 h. After 

seven days we selected a swarming colony of wild type size despite flgZ overexpression. Whole genome 

sequencing revealed a partial deletion in fimV generating the respective phenotype. B Twitching motility of the 

indicated strains after 24 h at 37 °C. One clone of the selected suppressor mutants was exemplarily analyzed. 

C Phenotype of the suppressor mutant was controlled with an overexpression (oe) of flgZ in a complete fimV knock 

out mutant (ΔfimV) and a mutant in which the partial deletion within fimV was constructed (fimV_truncated). 

Swarming plates were incubated at 30 °C in humid atmosphere for 16 h. Experiments were performed in 

independent duplicates with three replicates each. 
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D Swimming motility of the wild type (wt) and the complete fimV knock out mutant (ΔfimV) containing either the 

empty vector (EV) or the flgZ overexpression vectors with the native c-di-GMP binding motif (flgZ RNAYR) or the 

mutated c-di-GMP binding motif (flgZ ANAYA). Swimming agar plates were incubated 16 h at 30 °C in a humid 

atmosphere. Diameter of the swimming zone was measured in three independent experiments of three replicates 

each. Significance was determined by analysis of variance and a Bonferroni´s posttest, *** p≤ 0.0001. E Swarming 

motility of the indicated strains after 16 h of incubation at 30 °C in humid atmosphere. Plate coverage of at least 

seven swarming colonies originating from three independent experiments was measured with Fiji (270). 

Significance was determined by analysis of variance and a Bonferroni´s posttest, ns non-significant, *** p≤ 0.0001. 

4.2.6 Number and position of the flagellum is not altered in the fimV deletion 

mutant 

A previous publication described an interaction of HubP, the FimV orthologue of V. cholerae, 

with the two motility proteins FlhF and FlhG and a role of HubP for the polar localization of 

FlhG (269). These two motility proteins have been implicated to play a role in the regulation of 

flagellar number and localization in V. cholerae, P. aeruginosa and other bacterial organisms 

(271–274). We therefore investigated flagellation of the ΔfimV mutant by transmission electron 

microscopy. Stationary phase grown cells as well as cells from the outer rim of a swarming 

colony were analyzed. Under both conditions, the majority of P. aeruginosa PAO1 wild type 

and ΔfimV mutant cells expressed a single polar flagellum (Figure 4.7 A). Thus, it is unlikely 

that an altered flagellation of the ΔfimV mutant is responsible for the altered motility behavior. 

4.2.7 Decreased amount of polar localized GFP-FlgZ in the fimV deletion mutant 

As orthologues of FimV have been described to anchor proteins to the cell pole (269), we 

monitored localization of a plasmid encoded GFP-FlgZ fusion in the wild type and the fimV 

mutant by fluorescence microscopy (Functionality of the GFP-FlgZ fusion protein was 

demonstrated by motility assays (Figure 7.3)). GFP-FlgZ displayed polar puncta in a fraction 

of cells of both, the wild type and the ΔfimV mutant strain (Figure 4.7 B). The quantification of 

the amount of polar localized GFP-FlgZ revealed a significant decrease in the ΔfimV mutant 

compared to the wild type indicating that FimV is important for the polar localization of FlgZ 

(Figure 4.7 C). Expression of a GFP-FlgZ fusion with the non-c-di-GMP binding motif ANAYA 

significantly decreased the fraction of polar localized FlgZ in the wild type but not in the ΔfimV 

deletion strain. We conclude that FimV is partially responsible for the polar localization of FlgZ 

and that the binding of c-di-GMP to FlgZ promotes polar localization of FlgZ. 
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Figure 4.7: Decreased amount of polar localized GFP-FlgZ in the fimV deletion mutant. 

A Analysis of flagella number and localization in the wild type (wt) and the ΔfimV mutant by transmission electron 

microscopy. One representative cell is shown. Scale bar=1 µm. B Localization of GFP-FlgZ RNAYR and GFP-FlgZ 

ANAYA in the wild type (wt) and the ΔfimV mutant. One representative image per strain is shown. Scale bar 2 µm. 

C Quantifications of the percentage of polar puncta in the wild type (wt) and the ΔfimV mutant. Fluorescent polar 

puncta were counted in 32 different frames of five independent experiments. Every dot represents one frame. For 

each strain, more than 6000 bacterial cells were analyzed and mean +/- SD are displayed. Significance was 

determined by performing a Kruskal-Wallis-Test and a Dunn's Multiple Comparison Test, ns non-significant, * p ≤ 

0.05, *** p≤ 0.0001. 
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4.2.8 Interaction of FlgZ and FimV 

To test whether the FimV-mediated polar localization of FlgZ is due to an interaction of both 

proteins, we performed a pull-down assay with the immobilized, hexa histidine-tagged, 

cytoplasmic domain of FimV (FimVcp-H6) and cell lysate of the flgZ overexpressing strain.  

Expression of FimVcp-H6 was examined by SDS-PAGE and Western blot to determine optimal 

conditions for protein production e.g., harvest time point for the pulldown experiment, solubility 

and elution properties.  

FimVcp-H6 has a molecular weight of 46.5 kDa. SDS-PAGE based expression analysis 

reveals a slightly increasing band over time at 70 kDa upon induction with 0.1 mM IPTG (Figure 

4.8 A) compared to the uninduced control (Figure 4.8 B). As previously reported this difference 

might be due to an abnormal migration behavior of FimV. The wild type FimV has a size of 

97 kDa and migrates at 145 kDa (266, 267). To examine, if the increasing density of the protein 

band at 70 kDa represents FimVcp-H6, a Western blot was performed analyzing the solubility 

of the produced protein (Figure 4.8 C). In accordance with the SDS polyacrylamide gel, 

Western blot analysis reveal that FimVcp-H6 also show an abnormal migration on SDS-

polyacrylamide gels at 70 kDa. Furthermore, it shows that FimVcp-H6 is mainly in the soluble 

fraction and only to small amounts in the media and inclusion body fraction. Purification of 

FimVcp-H6 reveals that it mainly eluates in the first and second elution fraction, expecting that 

FlgZ is detected in one of these fractions upon a potential interaction (Figure 4.8 D). 

The Western blot representing the pull-down experiment show, as expected, strong FimVcp-

H6 signals in the first and second elution fraction and somewhat weaker signals in the third 

and fourth elution fraction (Figure 4.9 upper panel). Furthermore, faint signals representing 

FlgZ are visible in the flow through but also in the first, second and third elution fraction (Figure 

4.9 lower panel). The co-elution of FimVcp-H6 and FlgZ indicates an interaction between the 

cytoplasmic domain of FimV and FlgZ. 
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Figure 4.8: Expression and purification analysis of FimVcp-H6. 

A SDS-PAGE based expression analysis of FimVcp-H6. Bacterial cultures were grown to exponential phase. Prior 

to plasmid induction with 0.1 mM IPTG the uninduced control (0 h) was taken. For 6 h, the production of FimVcp-

H6 was monitored hourly. B SDS gel of the uninduced control resulting from the same experimental set-up as 

described in A but without the IPTG induction. C The solubility of FimVcp-H6 was analyzed by a Western blot using 

an anti-hexa histidine-antibody. Plasmid expression was induced with 0.1 mM IPTG in exponential growth phase. 

Protein production of FimVcp-H6 was allowed for 4 h. The bacterial culture was split into total cell proteins (TCP), 

secreted proteins (Media), soluble cell proteins (SCP) and insoluble inclusion bodies (IB). D SDS-PAGE based 

purification analysis of FimVcp-H6. Total cell proteins (TCP) and soluble cell proteins (SCP) were sampled from the 

bacterial culture after 4 h of induction with 0.1 mM IPTG. Cell lysate was obtained by an ultra-sonic treatment. To 

purify FimVcp-H6, the cell lysate was loaded on a Ni-NTA resin and samples were collected at different points of 

the purification procedure: FT: flow through, W1/W4: wash fraction 1/4, E1-E4: elution fraction 1-4. 

The size standard of all panels is shown in kDa. 
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Figure 4.9: Pull-down of FimVcp-H6 and FlgZ. 

FimVcp-H6 was immobilized on a Ni-NTA resin and incubated with cell lysates of the flgZ overexpressing strain. 

The flow through (FT), wash fraction 1,2 and 4 (W1, W2, W4) and the four elution fractions (E1-4) were analyzed 

for the presence of FimVcp-H6 and FlgZ by Western blot. The FlgZ positive control (FlgZ) originates from purified 

hexa histidine-tagged FlgZ. The Western blot was divided into two parts at a size of approximately 50 kDa. The 

upper part was incubated with a primary anti-hexa histidine-antibody to detect FimVcp-H6 signals. The lower part 

was incubated with a primary anti-FlgZ antibody to detect FlgZ signals. The size standard is shown in kDa. 
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4.3 Discussion 

The FlgZ orthologue YcgR is a c-di-GMP binding protein that inhibits motility in E. coli through 

a brake mechanism that impedes torque generation of the flagellar motor in a c-di-GMP-

dependent manner (47). To further understand, how motility is down-regulated in 

P. aeruginosa and to elucidate the general control mechanisms operating during bacterial 

growth, we examined the spatiotemporal activity of the PilZ domain protein FlgZ. We re-

annotated the P. aeruginosa flgZ ORF and show that FlgZ impairs swimming and swarming 

motility in P. aeruginosa. Thereby, downregulation of motility is fine-tuned via three 

mechanisms: i) controlled growth phase-dependent transcription of flgZ, ii) c-di-GMP-

dependent localization of FlgZ to the cell pole and iii) FimV-dependent anchoring of FlgZ-c-di-

GMP at the cell pole.  

We demonstrate that the three genes flgMNZ can be transcribed as one operon, but flgZ can 

also be transcribed from its own transcriptional start site. This decouples flgMN transcription 

from flgZ transcription. FlgM and FlgN are both involved in biosynthesis and assembly of the 

flagellum, and thus would be expected to be expressed during exponential phase, in which 

cells divide and synthesize new flagella. In contrast, FlgZ regulates the flagellar function. When 

cells are starting to slow down and attach to surfaces to initiate formation of a biofilm, FlgZ is 

required to reduce flagellar-mediated motility. Coupling of flgMN to flgZ transcription during 

exponential growth phase thus seems reasonable, because FlgZ can only function if a 

flagellum is present. In early stationary phase, we observed a decoupling of flgZ and flgMN 

transcription. At elevated c-di-GMP levels, FlgZ activity is needed to shut down motility so that 

cells become sessile. 

Transcription of flgZ is induced in stationary growth phase and is positively influenced by the 

activity of the two alternative sigma factors FliA and RpoN. FliA, the motility sigma factor, is 

involved in the transcription of chemotaxis and motility genes (263, 275), whereas RpoN 

controls a broader spectrum of genes, e.g. genes involved in nitrogen metabolism, virulence 

but also chemotaxis, motility and attachment (265, 276–278). A previous study revealed a four-

tiered hierarchy of transcriptional regulation of flagellar biosynthesis genes, which involved 

both FliA and RpoN (37). FlgMNZ transcription has been demonstrated before to be regulated 

by FliA and RpoN in P. aeruginosa PAK (260). In Pseudomonas putida, expression of the 

flgMNZ genes is controlled by an RpoN-dependent read-through of upstream flgA transcription 

(279). A cooperation of FliA and RpoN was also found in our previous study on the direct 

crosstalk between alternative sigma factor regulons in P. aeruginosa (180). RpoN was 

identified as the sigma factor being most involved in direct crosstalk with other sigma factors 

and a set of 43 P. aeruginosa genes were activated by both, FliA and RpoN, respectively.  

Analysis of the functional role of FlgZ, which we found to be 14 amino acids shorter than 

previously predicted, revealed that binding of c-di-GMP to FlgZ impairs swimming and 
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swarming motility in P. aeruginosa PAO1. A negative impact of a respective FlgZ orthologue 

on swimming motility was demonstrated before for P. putida but was not observed in 

P. fluorescens (280). It has, furthermore, previously been demonstrated that swarming motility 

is repressed in P. aeruginosa PA14 via interaction of c-di-GMP-bound FlgZ with MotC, a 

component of the flagellar stator complex (48). Here, we show that the ability to bind c-di-GMP 

is also required for the negative impact on P. aeruginosa swimming motility. Furthermore, 

localization studies using a fluorescent FlgZ-reporter demonstrated that FlgZ is located at the 

cell pole and that localization of FlgZ is less polar when the c-di-GMP binding motif is mutated. 

This indicates that binding of c-di-GMP promotes polar localization of FlgZ. However, polar 

localization of FlgZ was not only affected by c-di-GMP binding, as we also found significantly 

more polar c-di-GMP-bound FlgZ in P. aeruginosa strains harboring an intact fimV gene. 

Accordingly, a deletion of fimV counteracted the negative impact of flgZ on motility. 

Taken together, we found that c-di-GMP-bound FlgZ is localized at the cell pole, which is 

further positively influenced by the presence of the membrane anchor protein FimV. The pull-

down experiment points to a direct interaction of FimV and FlgZ. This indicates that both 

proteins are part of a polar macromolecular complex involved in the interaction of FlgZ with the 

stator protein MotC to repress flagella function. Recently, it was shown that FimV and the 

diguanylate cyclase DgcP are interacting (281). A multiprotein complex consisting of at least 

FimV, FlgZ, DgcP and the stator protein MotC would allow highly specific local c-di-GMP 

signaling for the regulation of flagella function. Upon c-di-GMP binding FlgZ prevents 

engagement of MotCD with the rotor in P. aeruginosa (48). Clearly, more in vivo and in vitro 

studies are required in order to fully appreciate the contribution of polar proteins, including the 

stator proteins MotAB and MotCD, as players of flagella driven swimming as well as swarming 

motility. 
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5 Conclusion and Outlook 

Increasing c-di-GMP levels initiated the switch from a motile, planktonic lifestyle to a sessile, 

biofilm-associated one. This switch depends on the function of various players, among them 

are c-di-GMP-metabolizing enzymes that regulate the c-di-GMP concentration and c-di-GMP 

effectors that translate the change in c-di-GMP concentration into a cellular response. This 

thesis aimed at a deeper understanding of c-di-GMP downstream signaling in P. aeruginosa. 

Therefore, we show that the initial response to increasing c-di-GMP levels is mediated by 

modulation of protein activity of c-di-GMP-binding effectors, leading to a downregulation of 

motility and an auto-aggregative behavior. Alterations in transcription, translation, or protein 

abundance appear to play a negligible role in the initial adaptation to elevated c-di-GMP 

concentrations. 

Furthermore, the detailed analysis of the c-di-GMP effector FlgZ reveals a FlgZ-mediated 

downregulation of swimming and swarming motility by three independent mechanisms. First, 

a growth phase-dependent dynamic transcription of the flgZ gene enables a fine-tuning of the 

FlgZ protein amount in stationary growth phase. Second, FlgZ localizes to the cell pole in a c-

di-GMP-dependent manner and third, FlgZ activity is modulated by the polar anchor protein 

FimV resulting in an increased polar localization of FlgZ. 

Overall, this study provides insights into the general regulation of c-di-GMP downstream 

signaling, which initially occurs only at the level of an altered protein activity of c-di-GMP 

effectors. Those effectors are already expressed and ready to respond rapidly to changes in 

the global c-di-GMP pool. Furthermore, this study contributes to our understanding of a specific 

local c-di-GMP signaling module consisting of a multiprotein complex that elicits a particular 

response upon activation. 

5.1 Global and local c-di-GMP signaling mechanisms in P. aeruginosa 

Several bacterial species including P. aeruginosa produce a large number of enzymes 

synthesizing or degrading c-di-GMP. For a specific response to changing activities of these 

enzymes and thus to altered c-di-GMP levels, global and local signaling mechanisms have 

emerged. Some enzymes contribute to changes in global c-di-GMP levels within the 

cytoplasm, while others support a local signaling module of multiprotein complexes, in which 

c-di-GMP acts near its production. 

The heterologous expression of the C. crescentus DGC PleD* is responsible for a global 

increase in c-di-GMP levels. As a response to elevated c-di-GMP levels, we observed a 

functional impairment of the flagellar apparatus and an auto-aggregative phenotype. Because 

this phenotypic adaptation is not reflected in the transcriptome, ribosome profile and proteome, 

we conclude that already expressed c-di-GMP effectors bind the produced c-di-GMP, resulting 
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in a change in protein activity and the observed cellular response. Consistent with our study, 

there is evidence that global c-di-GMP signaling is partly responsible for the specificity of 

P. aeruginosa c-di-GMP signaling. A determination of the binding affinities of PilZ domain 

proteins revealed a range of 145-fold for P. aeruginosa so that specificity is generated by first 

a downregulation of motility via the high-affinity c-di-GMP binding protein FlgZ and second by 

an induction of alginate production via the low-affinity c-di-GMP binding protein Alg44 (157). 

Notably, both studies only provide information about the downstream c-di-GMP signaling 

mechanisms triggered by elevated c-di-GMP levels. Whether P. aeruginosa expresses an 

enzyme or a subset of enzymes that control the global c-di-GMP level, as e.g., the PDE YhjH 

of E. coli, remains an unsolved question. 

Furthermore, this study contributes to our understanding of multiprotein complexes required 

for local c-di-GMP signaling. Our results indicate an interaction between the polar anchor 

protein FimV with the c-di-GMP effector FlgZ and lead to the theory that FimV is the missing 

link for a local c-di-GMP signaling module between FlgZ and the DGC DgcP, which is also 

interacting with FimV (281). FlgZ and DcgP show a phenotypic similarity of a polar localization 

in the wild type and a less polar or cytoplasmic localization in the fimV mutant, respectively. 

The classical phenotypes of a high c-di-GMP level (reduced motility, increased biofilm) were 

absent in the fimV mutant upon an overproduction of DcgP (281). Although a further 

characterization of such a multiprotein complex is necessary, we hypothesize an anchoring 

function of FimV for the polar c-di-GMP signaling module consisting of at least DgcP, FlgZ and 

the target protein MotC. Taken together, the presumed involvement of FlgZ in global and local 

c-di-GMP signaling indicates the flexibility with which the two mechanisms can be combined 

to achieve the full specificity of c-di-GMP signaling. 

5.2 Multiple TSS for one operon are a general regulatory mechanism 

Moreover, FlgZ can be transcribed by two different mechanisms: a co-transcription with flgMN 

and an operon-independent transcription of flgZ alone by its own TSS located within the 

operon. The operon-independent transcription becomes important in stationary growth phase, 

in which this mechanism is exclusively used for flgZ transcription. In exponential phase, when 

the flagellar apparatus is produced and assembled, cells are motile. The presence of FlgZ 

allows a fine-tuning of motility. In stationary phase, when c-di-GMP levels increase and the 

cells start to attach and to form biofilms, a decoupled transcription of flgZ from flgMN still allows 

a downregulation of motility, but does not waste energy for FlgMN production, which are 

previously needed for flagellar assembly. Overall, these mechanisms allow a precise 

adjustment of FlgZ abundance and activity. The existence of multiple TSS of one operon was 

not exclusively found for flgMNZ. A previous study of our group analyzed transcriptomes 

recorded from planktonic cultures as well as biofilms and determined putative TSS within the 

P. aeruginosa genome. Several operons with multiple TSS were identified. For the pqsABCDE 
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operon, for example, three TSS were experimentally confirmed (216). Two of them are located 

upstream of psqA and the third one is located within the operon upstream of pqsB. Although 

the biological function of the first two TSS, a post-transcriptional regulation, could be 

deciphered, that of the third remains unclear (282). Such a genetic structure provides the basis 

for multiple transcription factors and alternative sigma factors to influence gene expression, 

but also allows for post-transcriptional regulation mechanisms. The existence of multiple TSS 

for one operon is not restricted to P. aeruginosa. Such a regulatory mechanism has also been 

found in other bacterial species such as E. coli and Streptococcus pneumoniae but also in 

mammals (283–285).  

5.3 P. aeruginosa does not appear to use c-di-GMP-dependent riboswitches 

C-di-GMP effectors are very diverse and include proteins as well as RNAs. Conserved RNA 

domains bind c-di-GMP and affect gene expression via the formation of riboswitches. Two c-

di-GMP-dependent riboswitches were identified so far, but none of them was found in 

P. aeruginosa (115, 148). Although riboswitches are generally an ancient regulatory 

mechanism and c-di-GMP-dependent riboswitches have been found in several bacterial 

species, P. aeruginosa does not appear to use them for at least an initial response to elevated 

c-di-GMP levels. This study does not suggest that c-di-GMP-dependent riboswitches are 

present in P. aeruginosa. 

5.4 Targeting c-di-GMP signaling is a novel therapeutic strategy 

The fact that c-di-GMP is almost exclusively produced by bacteria could lead to the 

development of novel therapeutic strategies. Agents that disrupt or modulate c-di-GMP 

signaling could be used to combat biofilms in infections and have widespread applications in 

medical, environmental and industrial settings. Several candidates that interfere with c-di-GMP 

signaling were identified in the past years. One of them is nitric oxide. Nitric oxide was identified 

as a signaling molecule for biofilm dispersal that exerts its effect through stimulation of PDE 

activity (286, 287). Treatment of biofilms with nitric oxide leads to an extensive reduction of 

biofilms and biofilms that were treated with low doses of nitric oxide were more susceptible to 

antibiotic treatment (288).  

Another agent that interferes with c-di-GMP signaling is ebselen. Ebselen was found to inhibit 

c-di-GMP binding to effectors containing an RxxD motif and decreases DGC activity by a 

covalent modification of cysteine residues (289). Furthermore, ebselen and its analogues 

prevent c-di-GMP binding to the PilZ domain protein Alg44 resulting in a reduced alginate 

production (290). Besides agents influencing c-di-GMP signaling, virulence inhibitors, phages, 

probiotics, anti-microbial peptides, vaccine antigens, antimicrobial nanoparticles and iron 

chelators have the potential to be effective against multi-resistant strains (291–293). To target 

biofilms in infections, these agents could be combined with other already established drugs, 
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such as antibiotics. Different combinatorial treatments strategies were tested during infections 

with P. aeruginosa and show additive effects (294–297). Research on the basic mechanisms 

of c-di-GMP signaling and the specific role of effectors might offer new potential targets or 

treatment strategies, which become more and more important as an alternative for or in 

addition to antibiotic treatment. 
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Figure 7.1: Polysome profiles after rate-zonal centrifugation. 

The amount of polysomes is clearly reduced in the samples subjected to MNase I digestion (running at a 

sedimentation between 50-70. 

A Quality control of cell lysates of the PleD* producing strain with elevated c-di-GMP levels (PleD*) and the empty 

vector control strain (EV) that were not subjected to MNase I digestion. B Cell lysates were subjected to MNase I 

digestion before rate zonal centrifugation to decrease amount of polysomes. 

 

Figure 7.2: Individual protein intensity profile plots. 

A Protein abundance of the Caulobacter crescentus PleD* protein and two other identified DGCs (PA2870 and 

DgcH (PA5487)) of the PleD* producing strain as compared to the empty vector control (EV). B Protein abundance 

of PilY1. C Protein abundance of PilE. Error bars represent the Standard deviation of n=4. 
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Figure 7.3: The GFP-FlgZ fusion protein is functional. 

The GFP-FlgZ fusion protein has a negative effect on swimming and swarming motility but not to the same extent 

as FlgZ itself. As expected, the GFP-FlgZ variant with the mutated c-di-GMP binding motif ANAYA abrogates the 

negative effect on motility. 

A Swimming motility of the wild type (wt), the wt with the pJN105 empty vector (wt EV), the wt expressing flgZ from 

pJN105 (wt FlgZ), the wt expressing gfp-flgZ with the native c-di-GMP binding motif (wt GFP-FlgZ) and the wt 

expressing GFP-FlgZ with the mutated c-di-GMP binding motif (wt GFP-FlgZ ANAYA). Swimming agar plates were 

incubated 16 h at 30 °C in a humid atmosphere. Diameter of the swimming zone was measured in three replicates. 

B Swarming motility of the indicated strains after 16 h of incubation at 30 °C in humid atmosphere. Swarming assay 

was performed in three replicates and one picture is exemplarily shown. 
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Table 7.1: Custom-made primers for NEBNext Library prep Kit. 

Forward (fw) primers for NEBNext Library prep Kit correspond to NEBNext i501 Primer, reverse (rv) primers for 

NEBNext Library prep Kit correspond to NEBNext i701 Primer, Primer index is marked in bold and overlap with 

adaptor is marked in italics, the * indicates a Phosphorothioate (PTO). 

Primer Sequence (5’to 3’) 

VIII642_fw AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTTCCCGTTCAG

AGTTCTACAGTCCG*A 

VIII643_fw AATGATACGGCGACCACCGAGATCTACACATAGAGGCACACTCTTTCCCGTTCAG

AGTTCTACAGTCCG*A 

VIII644_fw AATGATACGGCGACCACCGAGATCTACACCCTATCCTACACTCTTTCCCGTTCAG

AGTTCTACAGTCCG*A 

VIII645_fw AATGATACGGCGACCACCGAGATCTACACGGCTCTGAACACTCTTTCCCGTTCAG

AGTTCTACAGTCCG*A 

VIII646_fw AATGATACGGCGACCACCGAGATCTACACAGGCGAAGACACTCTTTCCCGTTCAG

AGTTCTACAGTCCG*A 

VIII647_fw AATGATACGGCGACCACCGAGATCTACACTAATCTTAACACTCTTTCCCGTTCAG

AGTTCTACAGTCCG*A 

VIII648_fw AATGATACGGCGACCACCGAGATCTACACCAGGACGTACACTCTTTCCCGTTCAG

AGTTCTACAGTCCG*A 

VIII649_fw AATGATACGGCGACCACCGAGATCTACACGTACTGACACACTCTTTCCCGTTCAG

AGTTCTACAGTCCG*A’ 

VIII650_rv CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII651_rv CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII652_rv CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII653_rv CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII654_rv CAAGCAGAAGACGGCATACGAGATTTCTGAATGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII655_rv CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII656_rv CAAGCAGAAGACGGCATACGAGATAGCTTCAGGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII657_rv CAAGCAGAAGACGGCATACGAGATGCGCATTAGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII658_rv CAAGCAGAAGACGGCATACGAGATCATAGCCGGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII659_rv CAAGCAGAAGACGGCATACGAGATTTCGCGGAGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII660_rv CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 

VIII661_rv CAAGCAGAAGACGGCATACGAGATCTATCGCTGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATC*T 
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Table 7.2: Results list of RNA-seq experiment 1. 

All genes of the RNA-seq data with a |log2FC| of ≥ 1 are displayed and were selected as input data set for the 

functional enrichment analysis. BH adj.:Benjamini-Hochberg adjusted 

 

Gene, Name log2FC 
BH adj. 
p-value 

PA4598,mexD 2,88 0,85 

PA3877,narK1 2,86 0,85 

PA3876,narK2 2,60 0,85 

PA1920,nrdD 2,01 0,85 

PA3914,moeA1 1,91 0,85 

PA3051 1,68 0,90 

PA4167 1,61 0,93 

PA3337,rfaD 1,57 0,85 

PA4587,ccpR 1,55 0,86 

PA2662 1,54 0,85 

PA5408 1,52 0,85 

PA5027 1,52 0,85 

PA0459 1,50 0,85 

PA5475 1,45 0,91 

PA3875,narG 1,45 0,85 

PA3458 1,43 0,85 

PA3049,rmf 1,42 0,92 

PA2754 1,41 0,85 

PA5427,adhA 1,40 0,85 

PA5496,nrdJb 1,38 0,85 

PA2663,ppyR 1,36 0,93 

PA3392,nosZ 1,33 0,92 

PA3054 1,32 0,85 

PA2303,ambD 1,29 0,92 

PA3915,moaB1 1,27 0,93 

PA3531,bfrB 1,27 0,85 

PA1746 1,26 0,90 

PA4328 1,23 0,89 

PA0511,nirJ 1,22 0,85 

PA2179 1,22 0,93 

PA0141 1,22 0,85 

PA2016,liuR 1,21 0,88 

PA4352 1,21 0,91 

PA2381 1,21 0,92 

PA1289 1,20 0,92 

PA4577 1,20 0,88 

PA2504 1,20 0,85 

PA0518,nirM 1,20 0,90 

PA0510 1,19 0,85 

PA5497,nrdJa 1,17 0,85 

PA0244 1,17 0,88 

PA4571 1,17 0,85 

PA2126 1,16 0,85 

Gene, Name log2FC 
BH adj. 
p-value 

PA3613 1,16 0,88 

PA0517,nirC 1,15 0,90 

PA0519,nirS 1,15 0,88 

PA3911 1,15 0,85 

PA2753 1,15 0,93 

PA0779 1,15 0,85 

PA0122,rahU 1,15 0,85 

PA2839 1,15 0,85 

PA0516,nirF 1,14 0,85 

PA2578 1,14 0,85 

PA0656 1,14 0,92 

PA3614 1,13 0,85 

PA3431 1,13 0,88 

PA4554,pilY1 1,13 0,85 

PA1197 1,12 0,92 

PA0747 1,12 0,93 

PA4919,pncB1 1,12 0,89 

PA0513 1,12 0,85 

PA0323 1,11 0,85 

PA1789 1,11 0,92 

PA3919 1,11 0,92 

PA1429 1,09 0,92 

PA4542,clpB 1,09 0,85 

PA2588 1,09 0,85 

PA2119 1,09 0,90 

PA5170,arcD 1,08 0,93 

PA3619 1,07 0,90 

PA1556,ccoO2 1,07 0,93 

PA0515 1,07 0,92 

PA0996,pqsA 1,07 0,93 

PA4916 1,07 0,90 

PA3952 1,07 0,85 

PA2035 1,06 0,92 

PA2564 1,05 0,92 

PA0509,nirN 1,05 0,85 

PA0514,nirL 1,05 0,85 

PA0512 1,05 0,90 

PA4870 1,04 0,93 

PA0810 1,04 0,93 

PA2567 1,04 0,85 

PA4236,katA 1,04 0,85 

PA1041 1,04 0,93 

PA0200 1,03 0,93 
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Gene, Name log2FC 
BH adj. 
p-value 

PA0254 1,03 0,92 

PA4464,ptsN 1,03 0,85 

PA3874,narH 1,02 0,92 

PA2195,hcnC 1,01 0,85 

PA2206 1,01 0,90 

PA5208 1,01 0,93 

PA1647 1,01 0,92 

PA2220 1,00 0,85 

PA4226,pchE -1,00 0,93 

PA1966 -1,00 0,93 

PA2322 -1,01 0,93 

PA5139 -1,01 0,85 

PA0603 -1,01 0,96 

PA4719 -1,01 0,93 

PA4541.2 -1,01 0,93 

PA3094.2 -1,01 0,85 

PA3410 -1,01 0,93 

PA2252 -1,01 0,92 

PA2911 -1,01 0,93 

PA3574,nalD -1,03 0,90 

PA1713,exsA -1,03 0,85 

PA1695,pscP -1,03 0,93 

PA4195 -1,04 0,95 

PA1701,pcr3 -1,04 0,90 

PA1717,pscD -1,05 0,93 

PA5155 -1,05 0,93 

PA3610,potD -1,06 0,85 

PA1715,pscB -1,06 0,90 

PA4687,hitA -1,06 0,93 

PA0385 -1,07 0,95 

PA0165 -1,07 0,85 

PA4770,lldP -1,08 0,90 

PA1300 -1,08 0,93 

PA0887.1,P7 -1,09 0,92 

PA1696,pscO -1,09 0,95 

PA3713,spdH -1,09 0,85 

PA2653 -1,09 0,92 

PA1839 -1,10 0,93 

PA2840 -1,11 0,89 

PA0887,acsA -1,12 0,93 

PA0282,cysT -1,12 0,88 

PA4873 -1,12 0,85 

PA4629 -1,13 0,90 

PA1700,pcr2 -1,13 0,85 

PA4826 -1,14 0,85 

PA5156 -1,16 0,89 

PA4370,icmP -1,16 0,93 

Gene, Name log2FC 
BH adj. 
p-value 

PA4541.1 -1,16 0,90 

PA5407 -1,17 0,93 

PA2406 -1,17 0,93 

PA0283,sbp -1,17 0,85 

PA1716,pscC -1,18 0,85 

PA4688,hitB -1,19 0,93 

PA0606 -1,22 0,93 

PA4290 -1,22 0,93 

PA0604 -1,24 0,93 

PA2113,opdO -1,25 0,93 

PA1719,pscF -1,25 0,90 

PA3189 -1,26 0,94 

PA5024 -1,26 0,85 

PA1697, pscN -1,28 0,92 

PA3931 -1,28 0,85 

PA0033,hptC -1,30 0,85 

PA4371 -1,31 0,92 

PA3607,potA -1,31 0,90 

PA4574 -1,32 0,88 

PA0605 -1,35 0,93 

PA3441 -1,36 0,93 

PA1591 -1,36 0,92 

PA5406 -1,37 0,86 

PA1698,popN -1,39 0,92 

PA5445 -1,50 0,85 

PA3967 -1,51 0,85 

PA0284 -1,56 0,90 

PA5217 -1,62 0,90 

PA2404 -1,63 0,90 

PA1692,pscS -1,70 0,85 

PA3608,potB -1,70 0,90 

PA3187 -1,71 0,90 

PA5531,tonB1 -1,74 0,85 

PA3268 -1,75 0,88 

PA4675 -1,76 0,93 

PA1699,pcr1 -1,81 0,85 

PA0929 -1,87 0,90 

PA5169 -1,93 0,92 

PA4515 -1,98 0,85 

PA4179 -2,08 0,85 

PA3188 -2,13 0,85 
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Table 7.3: Results list of RNA-seq experiment 2 (repetition). 

All genes of the RNA-seq data with a |log2FC| of ≥ 1 are displayed and were selected as input data set for the 

functional enrichment analysis. BH adj.:Benjamini-Hochberg adjusted 

 

Gene, Name log2FC 
BH adj. 
p-value 

PA4211,phzB1 3,09 0,98 

PA2146 2,84 0,98 

PA4306,flp 1,76 0,98 

PA4556,pilE 1,48 0,39 

PA4555,pilY2 1,47 0,51 

PA3060,pelE 1,42 0,98 

PA0112 1,35 0,98 

PA3049,rmf 1,29 0,98 

PA2068 1,29 0,98 

PA1871,lasA 1,17 0,98 

PA3724,lasB 1,14 0,98 

PA2602 1,13 0,98 

PA4598,mexD 1,11 0,98 

PA1895 1,10 0,98 

PA2300,chiC 1,03 0,98 

PA4078 1,02 0,98 

PA4105 1,00 0,98 

PA1557,ccoN2 -1,00 0,98 

PA1746 -1,01 0,98 

PA4352 -1,01 0,98 

PA3337,rfaD -1,01 0,98 

PA1421,gbuA -1,02 0,98 

PA2074 -1,03 0,98 

PA1111 -1,03 0,98 

PA4577 -1,04 0,98 

PA3871 -1,05 0,98 

PA0509,nirN -1,05 0,98 

PA5427,adhA -1,06 0,98 

PA5316.1 -1,07 0,98 

PA0519,nirS -1,08 0,98 

PA0518,nirM -1,10 0,98 

PA1217 -1,10 0,98 

PA1419 -1,11 0,98 

PA2195,hcnC -1,11 0,98 

PA1556,ccoO2 -1,12 0,98 

PA1420 -1,12 0,98 

PA4587,ccpR -1,13 0,98 

PA2307 -1,14 0,98 

PA3877,narK1 -1,15 0,98 

PA4610 -1,16 0,98 

PA5475 -1,16 0,98 

PA2164 -1,17 0,98 

PA0513,nirG -1,17 0,98 

Gene, Name log2FC 
BH adj. 
p-value 

PA4272.1,P27 -1,17 0,98 

PA1665,fha2 -1,22 0,98 

PA1418 -1,32 0,98 

PA1416 -1,33 0,98 

PA0516,nirF -1,33 0,98 

PA0510,nirE -1,36 0,98 

PA0511,nirJ -1,37 0,98 

PA5172,arcB -1,37 0,98 

PA2348 -1,39 0,98 

PA1555,ccoP2 -1,39 0,98 

PA5227.1,ssrS -1,40 0,98 

PA0515 -1,41 0,98 

PA2722 -1,51 0,98 

PA1555.1,ccoQ2 -1,57 0,98 

PA0713 -1,58 0,98 

PA5173,arcC -1,74 0,98 
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Table 7.4: Results list of Ribo-seq vs RNA-seq data. 

All genes of the Ribo-seq vs RNA-seq data with a |log2FC| of ≥ 1 are displayed and were selected as input data 

set for the functional enrichment analysis. BH adj.:Benjamini-Hochberg adjusted 

 

Gene, Name log2FC 
BH adj. 
p-value 

PA0103 7,87 0,94 

PA0531 7,65 1,00 

PA4359 7,45 1,00 

PA0930 6,86 0,94 

PA4704.1,prrF1 6,81 1,00 

PA1246,aprD 6,76 1,00 

PA4541.3 6,65 1,00 

PA2031 6,44 1,00 

PA1691,pscT 6,26 1,00 

PA4290 6,03 1,00 

PA0234 6,02 1,00 

PA2467,foxR 5,72 1,00 

PA2520,czcA 5,66 1,00 

PA4146 5,51 1,00 

PA0525 5,47 1,00 

PA2557 5,45 1,00 

PA4818 5,30 1,00 

PA4903 5,23 1,00 

PA3448 5,13 1,00 

PA0213 4,95 1,00 

PA4981 4,80 1,00 

PA1804.1 4,79 1,00 

PA2434 4,77 1,00 

PA3959 4,69 1,00 

PA2655 4,66 1,00 

PA3139.1 4,64 1,00 

PA3142 4,57 1,00 

PA1834 4,56 1,00 

PA3095,xcpZ 4,52 1,00 

PA4821 4,38 0,94 

PA4334 4,24 0,94 

PA0928,gacS 4,20 0,31 

PA0722 4,11 1,00 

PA3522 3,98 1,00 

PA2938 3,98 1,00 

PA5379,sdaB 3,82 1,00 

PA4504 3,57 1,00 

PA3577 3,31 1,00 

PA1985,pqqA 3,18 1,00 

PA3595 3,05 1,00 

PA3749 3,04 1,00 

PA0606 3,03 1,00 

PA2383 3,00 1,00 

Gene, Name log2FC 
BH adj. 
p-value 

PA3779 2,94 1,00 

PA1300 2,82 1,00 

PA4008 2,80 1,00 

PA0434 2,73 1,00 

PA2723 2,69 1,00 

PA4980 2,54 1,00 

PA1183,dctA 2,52 1,00 

PA3990 2,50 1,00 

PA3409 2,47 1,00 

PA0670 2,45 1,00 

PA2914 2,44 1,00 

PA4746.1 2,43 1,00 

PA5375,betT1 2,33 1,00 

PA0465,creD 2,24 1,00 

PA3608,potB 2,20 1,00 

PA1629 2,19 1,00 

PA3843 2,17 1,00 

PA3573 2,16 1,00 

PA3268 2,13 1,00 

PA1966 2,10 1,00 

PA3100,xcpU 2,10 0,94 

PA0523,norC 2,09 1,00 

PA1676 2,07 1,00 

PA0524,norB 2,07 1,00 

PA2664,fhp 2,00 1,00 

PA4886 1,97 1,00 

PA4451.1,P35 1,96 1,00 

PA1519 1,94 1,00 

PA0628 1,87 1,00 

PA5544 1,86 1,00 

PA4513 1,85 1,00 

PA0188 1,84 1,00 

PA0476 1,84 1,00 

PA4718 1,83 1,00 

PA4929 1,82 1,00 

PA4297,tadG 1,82 1,00 

PA3358 1,81 1,00 

PA2278,arsB 1,79 1,00 

PA4574 1,79 1,00 

PA3391,nosR 1,78 1,00 

PA4293,pprA 1,75 1,00 

PA0033,hptC 1,75 1,00 

PA2590 1,74 1,00 
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Gene, Name log2FC 
BH adj. 
p-value 

PA0282,cysT 1,73 1,00 

PA4305,rcpC 1,73 1,00 

PA3854 1,73 1,00 

PA0743 1,73 1,00 

PA4675 1,71 1,00 

PA1364 1,71 1,00 

PA4913 1,71 1,00 

PA1692 1,70 1,00 

PA4691 1,69 1,00 

PA1578 1,69 1,00 

PA0281,cysW 1,68 1,00 

PA0417,chpE 1,65 1,00 

PA1593 1,65 1,00 

PA0634 1,65 1,00 

PA1699,pcr1 1,64 1,00 

PA0450 1,60 1,00 

PA5248 1,60 1,00 

PA4926 1,57 1,00 

PA0245,aroQ2 1,56 1,00 

PA0226 1,54 1,00 

PA5486 1,54 1,00 

PA5530 1,53 1,00 

PA2538 1,52 1,00 

PA1286 1,52 1,00 

PA4040 1,52 1,00 

PA0320 1,51 1,00 

PA4277.2 1,51 1,00 

PA2018 1,50 1,00 

PA3739 1,49 1,00 

PA3606 1,49 1,00 

PA4018 1,48 1,00 

PA4541.2 1,48 1,00 

PA0330,rpiA 1,48 0,94 

PA4055,ribC 1,47 1,00 

PA5510 1,47 1,00 

PA5407 1,46 1,00 

PA4940 1,45 1,00 

PA4094 1,43 1,00 

PA1114 1,42 1,00 

PA0890,aotM 1,42 1,00 

PA1824 1,41 1,00 

PA4862 1,40 1,00 

PA1960 1,40 1,00 

PA4832 1,39 1,00 

PA4995 1,39 1,00 

PA2671 1,38 1,00 

PA3403 1,38 1,00 

Gene, Name log2FC 
BH adj. 
p-value 

PA3490 1,37 1,00 

PA3232 1,37 1,00 

PA1973,pqqF 1,36 1,00 

PA5118,thiI 1,35 1,00 

PA2113,opdO 1,35 1,00 

PA1062 1,34 1,00 

PA5168 1,34 1,00 

PA3271 1,34 1,00 

PA3132 1,32 1,00 

PA4688,hitB 1,31 1,00 

PA5341 1,30 1,00 

PA0346 1,30 1,00 

PA3024 1,30 1,00 

PA2202 1,30 1,00 

PA3963 1,30 1,00 

PA5286 1,29 1,00 

PA1943 1,28 1,00 

PA2391,opmQ 1,28 1,00 

PA2848 1,27 1,00 

PA2112 1,27 1,00 

PA2581.1 1,27 1,00 

PA0377 1,27 1,00 

PA0131,bauB 1,26 1,00 

PA3489 1,26 1,00 

PA3355 1,26 1,00 

PA3676 1,25 1,00 

PA1733 1,24 1,00 

PA3967 1,24 1,00 

PA3441 1,23 1,00 

PA1116 1,23 1,00 

PA2386,pvdA 1,22 1,00 

PA4364 1,22 1,00 

PA2777 1,21 1,00 

PA2387,fpvI 1,21 1,00 

PA4391 1,21 1,00 

PA2870 1,21 1,00 

PA4516 1,21 1,00 

PA4368 1,21 1,00 

PA4046 1,19 1,00 

PA3766 1,19 1,00 

PA1422,gbuR 1,19 1,00 

PA4135 1,19 1,00 

PA3511 1,19 1,00 

PA0138 1,19 1,00 

PA1163,ndvB 1,19 1,00 

PA2775.1 1,18 1,00 

PA0385 1,17 1,00 
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Gene, Name log2FC 
BH adj. 
p-value 

PA1796.3 1,17 1,00 

PA3388 1,17 1,00 

PA2597 1,17 1,00 

PA3994 1,17 1,00 

PA4541.1 1,16 1,00 

PA2560 1,16 1,00 

PA1061 1,15 1,00 

PA1483,cycH 1,15 1,00 

PA4801 1,15 1,00 

PA2653 1,14 1,00 

PA2909 1,14 1,00 

PA4746 1,14 1,00 

PA1479,ccmE 1,14 1,00 

PA1718,pscE 1,14 1,00 

PA0914 1,13 1,00 

PA3986 1,13 1,00 

PA1959,bacA 1,13 1,00 

PA2868 1,13 1,00 

PA4277.1 1,13 1,00 

PA0948 1,13 1,00 

PA4066 1,12 1,00 

PA0720 1,12 1,00 

PA1391 1,11 1,00 

PA1525,alkB2 1,11 1,00 

PA4698 1,11 1,00 

PA0339 1,11 1,00 

PA3187 1,11 1,00 

PA5217 1,10 1,00 

PA1419 1,10 1,00 

PA4179 1,10 1,00 

PA0580,gcp 1,10 1,00 

PA0530 1,10 1,00 

PA5247 1,09 1,00 

PA0887.1,P7 1,09 1,00 

PA4372 1,09 1,00 

PA3748 1,09 1,00 

PA2649,nuoN 1,09 1,00 

PA3291 1,08 1,00 

PA3368.1 1,08 1,00 

PA2496 1,07 1,00 

PA3607,potA 1,07 1,00 

PA5084 1,07 1,00 

PA1599 1,07 1,00 

PA1247,aprE 1,07 1,00 

PA4178 1,06 1,00 

PA4719 1,06 1,00 

PA4119,aph 1,06 1,00 

Gene, Name log2FC 
BH adj. 
p-value 

PA5216 1,06 1,00 

PA5096 1,06 1,00 

PA5132 1,05 1,00 

PA2228 1,05 1,00 

PA1550 1,05 1,00 

PA3177 1,05 1,00 

PA3273 1,05 1,00 

PA1725,pscL 1,05 1,00 

PA4143 1,04 1,00 

PA0729.1 1,04 1,00 

PA2204 1,03 1,00 

PA4605 1,03 1,00 

PA2666 1,02 1,00 

PA1719,pscF 1,02 1,00 

PA3094.2 1,01 1,00 

PA1940 1,01 1,00 

PA5406 1,01 1,00 

PA3129 1,01 1,00 

PA2704 1,01 1,00 

PA1715,pscB 1,00 1,00 

PA1724,pscK 1,00 1,00 

PA5023 -1,00 1,00 

PA1424 -1,00 1,00 

PA1884 -1,00 1,00 

PA0957 -1,01 1,00 

PA2069 -1,01 1,00 

PA0982 -1,01 1,00 

PA0063 -1,01 1,00 

PA1603 -1,01 1,00 

PA3054 -1,02 1,00 

PA3401 -1,02 1,00 

PA1515,alc -1,03 1,00 

PA1866 -1,03 1,00 

PA1946,rbsB -1,04 1,00 

PA3066 -1,04 1,00 

PA1484 -1,04 1,00 

PA5208 -1,04 1,00 

PA3093 -1,04 1,00 

PA4328 -1,04 1,00 

PA5355,glcD -1,04 1,00 

PA5094 -1,05 1,00 

PA0050 -1,05 1,00 

PA3923 -1,05 1,00 

PA2119 -1,05 1,00 

PA4311 -1,06 1,00 

PA5382 -1,06 1,00 

PA0080,tssJ1 -1,06 1,00 
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Gene, Name log2FC 
BH adj. 
p-value 

PA4611 -1,06 1,00 

PA2544 -1,06 1,00 

PA1390 -1,06 1,00 

PA1637,kdpE -1,07 1,00 

PA2716 -1,07 1,00 

PA2791 -1,07 1,00 

PA5056,phaC1 -1,07 1,00 

PA1789 -1,08 1,00 

PA4147,acoR -1,08 1,00 

PA2567 -1,08 1,00 

PA5496,nrdJb -1,08 1,00 

PA2841 -1,08 1,00 

PA1945 -1,08 1,00 

PA0365 -1,08 1,00 

PA1549 -1,09 1,00 

PA3570,mmsA -1,09 1,00 

PA3601 -1,09 1,00 

PA0586 -1,09 1,00 

PA0566 -1,10 1,00 

PA1950,rbsK -1,10 1,00 

PA0136 -1,10 1,00 

PA4918 -1,10 1,00 

PA4610 -1,10 1,00 

PA5437 -1,11 1,00 

PA3710 -1,11 1,00 

PA1656 -1,11 1,00 

PA3458 -1,12 1,00 

PA3445 -1,12 1,00 

PA2198 -1,12 1,00 

PA0830 -1,12 1,00 

PA4833 -1,12 1,00 

PA2551 -1,12 1,00 

PA4347 -1,12 1,00 

PA1042 -1,12 1,00 

PA0919 -1,12 1,00 

PA2894 -1,13 1,00 

PA0998,pqsC -1,13 1,00 

PA2736.1 -1,13 1,00 

PA4987 -1,13 1,00 

PA2195,hcnC -1,13 1,00 

PA3971 -1,14 1,00 

PA2610 -1,15 1,00 

PA1604 -1,15 1,00 

PA0847 -1,16 1,00 

PA3613 -1,16 1,00 

PA2753 -1,16 1,00 

PA5207 -1,16 1,00 

Gene, Name log2FC 
BH adj. 
p-value 

PA3616 -1,16 1,00 

PA5475 -1,17 1,00 

PA0519,nirS -1,17 1,00 

PA5537 -1,17 1,00 

PA0176,aer2 -1,17 1,00 

PA2096 -1,17 1,00 

PA5211 -1,18 1,00 

PA0517,nirC -1,18 1,00 

PA1041 -1,18 1,00 

PA2079 -1,18 1,00 

PA5548 -1,18 1,00 

PA2752 -1,20 1,00 

PA3842,spcS -1,20 1,00 

PA1130,rhlC -1,21 1,00 

PA3590 -1,21 1,00 

PA5359 -1,21 1,00 

PA4739 -1,21 1,00 

PA3755 -1,22 1,00 

PA4571 -1,22 1,00 

PA3278 -1,22 1,00 

PA2407 -1,23 1,00 

PA2663,ppyR -1,23 1,00 

PA2759 -1,24 1,00 

PA1555,ccoP2 -1,24 1,00 

PA4352 -1,25 1,00 

PA4978 -1,25 1,00 

PA2016,liuR -1,25 1,00 

PA5324 -1,25 1,00 

PA2701 -1,26 1,00 

PA3470 -1,26 1,00 

PA4009 -1,26 1,00 

PA1313 -1,26 1,00 

PA0441,dht -1,26 1,00 

PA4799 -1,27 1,00 

PA3431 -1,27 1,00 

PA2920 -1,27 1,00 

PA1429 -1,28 1,00 

PA3919 -1,28 1,00 

PA2865 -1,28 1,00 

PA1465 -1,29 1,00 

PA4682 -1,29 1,00 

PA2687,pfeS -1,30 1,00 

PA1556,ccoO2 -1,31 1,00 

PA5027 -1,31 1,00 

PA0573 -1,32 1,00 

PA2259,ptxS -1,32 1,00 

PA4183 -1,32 1,00 
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Gene, Name log2FC 
BH adj. 
p-value 

PA0323 -1,33 1,00 

PA4587,ccpR -1,33 1,00 

PA4835 -1,33 1,00 

PA3209 -1,33 1,00 

PA3327 -1,34 1,00 

PA5170,arcD -1,34 1,00 

PA0215 -1,36 1,00 

PA2390,pvdT -1,36 1,00 

PA4758.1,P32 -1,36 1,00 

PA0227 -1,37 1,00 

PA0656 -1,37 1,00 

PA2603.1 -1,37 1,00 

PA0179 -1,37 1,00 

PA1489 -1,37 1,00 

PA2566 -1,38 1,00 

PA1990,pqqH -1,38 1,00 

PA4554,pilY1 -1,38 1,00 

PA4167 -1,39 1,00 

PA5185 -1,40 1,00 

PA4194 -1,41 1,00 

PA1672 -1,41 1,00 

PA1871,lasA -1,41 1,00 

PA3911 -1,42 1,00 

PA3619 -1,42 1,00 

PA2206 -1,42 1,00 

PA1473 -1,43 1,00 

PA3337,rfaD -1,43 1,00 

PA3254 -1,44 1,00 

PA2694 -1,44 1,00 

PA2754 -1,45 1,00 

PA2816 -1,45 1,00 

PA3307 -1,46 1,00 

PA2303,ambD -1,47 1,00 

PA4603 -1,48 1,00 

PA5467 -1,48 1,00 

PA0244 -1,50 1,00 

PA4919,pncB1 -1,52 1,00 

PA2555 -1,52 1,00 

PA0615 -1,52 1,00 

PA4205,mexG -1,52 1,00 

PA5408 -1,52 1,00 

PA5188 -1,53 1,00 

PA3366,amiE -1,54 1,00 

PA5294 -1,54 1,00 

PA4354 -1,57 1,00 

PA0256 -1,59 1,00 

PA3881 -1,59 1,00 

Gene, Name log2FC 
BH adj. 
p-value 

PA4517 -1,59 1,00 

PA0032 -1,61 1,00 

PA5350,rubA2 -1,61 1,00 

PA1345 -1,61 1,00 

PA2381 -1,62 1,00 

PA0618 -1,63 1,00 

PA1378 -1,64 1,00 

PA2527 -1,64 1,00 

PA5427,adhA -1,65 1,00 

PA3478,rhlB -1,66 1,00 

PA1282 -1,69 1,00 

PA4220 -1,70 1,00 

PA0504,bioD -1,70 1,00 

PA5102 -1,73 1,00 

PA5072 -1,73 1,00 

PA2480 -1,74 1,00 

PA4577 -1,74 1,00 

PA1169 -1,75 1,00 

PA4346 -1,77 1,00 

PA1350 -1,77 1,00 

PA4536 -1,78 1,00 

PA1434 -1,79 1,00 

PA0228,pcaF -1,81 1,00 

PA3750 -1,82 1,00 

PA1166 -1,82 1,00 

PA1002,phnB -1,83 1,00 

PA2706 -1,87 1,00 

PA3521 -1,88 1,00 

PA4073 -1,92 1,00 

PA2177 -1,95 1,00 

PA2179 -1,95 1,00 

PA3051 -1,96 1,00 

PA0801 -1,96 1,00 

PA4207,mexI -1,97 1,00 

PA0053 -1,98 1,00 

PA3049,rmf -1,98 1,00 

PA3868 -1,98 1,00 

PA0185 -2,01 1,00 

PA4209,phzM -2,02 1,00 

PA1145 -2,05 1,00 

PA2396,pvdF -2,06 1,00 

PA4598,mexD -2,06 1,00 

PA1187 -2,08 1,00 

PA1920,nrdD -2,11 1,00 

PA1558 -2,11 1,00 

PA3236 -2,12 1,00 

PA1408 -2,13 1,00 



7 Supplemental materials  97 

 

 

Gene, Name log2FC 
BH adj. 
p-value 

PA2572 -2,15 1,00 

PA1690,pscU -2,15 1,00 

PA1671,stk1 -2,16 1,00 

PA0348 -2,22 1,00 

PA5180 -2,24 1,00 

PA4219 -2,25 1,00 

PA3015 -2,29 1,00 

PA0051,phzH -2,29 1,00 

PA2485 -2,29 1,00 

PA3464 -2,33 1,00 

PA4900 -2,35 1,00 

PA1403 -2,37 1,00 

PA4206,mexH -2,37 1,00 

PA3877,narK1 -2,38 1,00 

PA4306,flp -2,38 1,00 

PA0811 -2,42 1,00 

PA5115 -2,42 1,00 

PA1552,ccoP1 -2,42 0,94 

PA0712 -2,54 1,00 

PA0543 -2,55 1,00 

PA2460 -2,61 1,00 

PA0216 -2,74 1,00 

PA3303 -2,81 1,00 

PA4111 -3,17 1,00 

PA1302 -3,32 1,00 

PA2022 -3,34 1,00 

PA3016 -3,62 1,00 

PA5238 -3,66 1,00 

PA4702 -3,80 1,00 

PA0751 -3,87 1,00 

PA1882 -4,01 1,00 

PA3410 -4,03 1,00 

PA1394 -4,04 1,00 

PA0287,gpuP -4,19 1,00 

PA4710,phuR -4,23 1,00 

PA5169 -4,37 1,00 

PA2934,cif -4,57 1,00 

PA5468 -4,57 1,00 

PA2561 -4,65 1,00 

PA4612 -4,77 1,00 

PA5097 -5,27 1,00 

PA3262.1 -5,27 1,00 

PA0556 -5,27 1,00 

PA4685 -5,45 1,00 

PA3964 -5,46 1,00 

PA1507 -5,47 1,00 

PA0029 -5,94 1,00 

Gene, Name log2FC 
BH adj. 
p-value 

PA4844 -6,25 1,00 

PA1975 -6,55 1,00 

PA3938 -6,58 1,00 

PA4120 -6,59 1,00 

PA1646 -6,80 1,00 

PA1147 -6,98 0,94 

PA4825,mgtA -7,25 0,94 

PA3910,eddA -7,26 1,00 

PA1912,femI -7,36 0,96 

PA2089 -7,77 0,94 
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Table 7.5: Results list of proteome data. 

All proteins of the proteome data set with a |logFC| of ≥ 1.2 are displayed and were selected as input data set for 

the functional enrichment analysis. 

 

Protein, Name log2FC p-value 

PA4554,pilY1 2,39 0,024 

PA3931  1,84 0,093 

PA4556,pilE 1,53 0,002 

PA5498,znuA 1,25 0,147 

PA0542  1,19 #NV 

PA5505  1,03 0,255 

PA0315  1,02 0,185 

PA0888,aotJ 1,01 0,253 

PA5330  1,00 0,301 

PA3836  0,92 0,188 

PA1327  0,92 0,220 

PA0300,spuD 0,91 0,169 

PA4453  0,89 0,209 

PA5489,dsbA 0,88 0,184 

PA0283,sbp 0,87 0,116 

PA3441  0,86 0,197 

PA3313  0,84 0,271 

PA5167,dctP 0,83 0,338 

PA1493,cysP 0,82 0,160 

PA1342,aatJ 0,81 0,321 

PA2450  0,80 0,144 

PA0604,agtB 0,76 0,244 

PA3922  0,74 0,132 

PA0301,spuE 0,72 0,143 

PA0460  0,72 0,160 

PA0388  0,71 0,155 

PA1639  0,71 0,237 

PA2204  0,71 0,404 

PA3227,ppiA 0,69 0,287 

PA3610,potD 0,68 0,190 

PA3204,cpxR 0,68 0,059 

PA4708,phuT 0,67 0,344 

PA1579  0,66 0,181 

PA0423,pasP 0,65 0,175 

PA2398,fpvA 0,64 0,653 

PA1741  0,61 0,655 

PA5369,pstS 0,60 0,284 

PA2633  0,58 0,201 

PA2464  0,58 0,406 

PA2352  0,58 0,208 

PA3675  0,56 0,242 

PA0856  0,54 0,134 

PA4687,hitA 0,53 0,198 

Protein, Name log2FC p-value 

PA2033  0,53 0,241 

PA1844,tse1 0,52 #NV 

PA3439,folX 0,52 0,109 

PA4281,sbcD 0,50 0,614 

PA5184  0,50 0,375 

PA2764  0,48 0,225 

PA4110,ampC 0,48 0,267 

PA0943  0,47 0,301 

PA0462  0,47 0,273 

PA1074,braC 0,46 0,290 

PA1171,sltB2 0,45 0,235 

PA0306.1  0,45 0,108 

PA2742,rpmI 0,44 0,912 

PA4616  0,44 0,244 

PA4451  0,43 0,009 

PA1277,cobQ 0,42 0,020 

PA3967  0,41 0,174 

PA3682  0,40 0,188 

PA0269  0,40 0,107 

PA0055  0,40 0,033 

PA1804,hupB 0,39 0,086 

PA2614,lolA 0,39 0,275 

PA5378,cbcX 0,38 #NV 

PA0309  0,38 0,299 

PA2396,pvdF 0,37 0,819 

PA0834  0,36 0,060 

PA1005  0,36 0,043 

PA5139  0,36 0,387 

PA1089  0,36 0,399 

PA3190  0,36 0,191 

PA3569,mmsB 0,35 0,103 

PA5018,msrA 0,35 0,005 

PA0789  0,35 0,094 

PA2974  0,34 0,026 

PA4840  0,34 0,025 

PA4470,fumC1 0,34 0,387 

PA4078  0,34 0,250 

PA2755,eco 0,33 0,374 

PA1591  0,33 0,235 

PA1456,cheY 0,33 0,022 

PA1558  0,33 0,026 

PA4176,ppiC2 0,33 0,112 

PA4728,folK 0,33 0,113 
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Protein, Name log2FC p-value 

PA5148  0,32 0,071 

PA4373  0,31 0,174 

PA3450,lsfA 0,31 0,075 

PA2647,nuoL 0,31 0,173 

PA3392,nosZ 0,31 0,397 

PA0947  0,31 0,116 

PA3418,ldh 0,31 0,449 

PA2300,chiC 0,30 0,343 

PA5472  0,30 0,525 

PA3989,holA 0,30 0,295 

PA0586  0,29 0,316 

PA0015  0,29 0,279 

PA5217  0,28 0,368 

PA0562  0,28 0,143 

PA3003  0,28 0,385 

PA2813  0,28 0,020 

PA0494  0,28 0,204 

PA3332  0,28 0,084 

PA2850,ohr 0,27 0,073 

PA2942  0,27 0,254 

PA2717,cpo 0,27 0,317 

PA4463  0,27 0,538 

PA4662,murI 0,27 0,221 

PA0122,rahU 0,27 0,585 

PA3170  0,27 0,152 

PA2619,infA 0,26 0,031 

PA5062  0,26 0,035 

PA4284,recB 0,26 0,458 

PA1823,nudC -0,26 0,137 

PA0928,gacS -0,27 0,001 

PA3183,zwf -0,27 0,104 

PA5509  -0,27 0,205 

PA0419  -0,27 0,052 

PA0118  -0,27 0,106 

PA0896,aruF -0,27 0,139 

PA4512,lpxO1 -0,27 0,006 

PA3038,opdQ -0,27 0,227 

PA1561,aer -0,27 0,053 

PA5178  -0,27 0,012 

PA1809,nppB -0,27 0,189 

PA0045  -0,27 0,223 

PA1714,exsD -0,27 0,245 

PA0663  -0,27 0,622 

PA1068  -0,27 0,189 

PA5172,arcB -0,28 0,353 

PA0231,pcaD -0,28 0,189 

PA0597  -0,28 0,242 

PA4218,ampP -0,28 0,246 

Protein, Name log2FC p-value 

PA3345,hptB -0,28 0,345 

PA2761  -0,28 0,242 

PA4409,ftsQ -0,28 0,141 

PA0357,mutM -0,28 0,032 

PA4431  -0,28 0,035 

PA1009  -0,28 0,189 

PA2760,oprQ -0,29 0,282 

PA4444,mltB1 -0,29 0,187 

PA0046  -0,29 0,010 

PA5232  -0,29 0,261 

PA1774,crfX -0,29 0,111 

PA1070,braG -0,29 0,238 

PA5042,pilO -0,29 0,210 

PA4489,magD -0,29 0,201 

PA3727  -0,29 0,493 

PA4290  -0,29 0,374 

PA0077,icmF1 -0,29 0,370 

PA0041  -0,29 0,451 

PA2684,tse5 -0,30 0,191 

PA5362  -0,30 0,035 

PA5044,pilM -0,30 0,054 

PA2525,opmB -0,30 0,012 

PA5412  -0,30 0,035 

PA1102,fliG -0,30 0,053 

PA2453  -0,31 0,180 

PA4369  -0,31 0,043 

PA0095  -0,31 0,055 

PA2537  -0,31 0,214 

PA1036  -0,31 0,214 

PA0406,tonB3 -0,31 0,092 

PA1711,exsE -0,31 0,348 

PA3732  -0,31 0,120 

PA4307,pctC -0,31 0,124 

PA0418  -0,31 0,550 

PA5104  -0,31 0,385 

PA2775,tsi4 -0,32 0,291 

PA1126  -0,32 0,613 

PA5304,dadA -0,32 0,009 

PA1709,popD -0,32 0,270 

PA3483  -0,32 0,021 

PA0093,tse6 -0,32 0,175 

PA0716  -0,32 0,380 

PA5171,arcA -0,32 0,347 

PA4954,motA -0,32 0,004 

PA4492,magA -0,32 0,281 

PA4585,rtcA -0,32 0,531 

PA5546  -0,32 0,112 

PA0079,tssK1 -0,32 0,166 
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Protein, Name log2FC p-value 

PA5291,betT2 -0,33 0,012 

PA1445,fliO -0,33 0,102 

PA3317  -0,33 0,273 

PA0715  -0,33 0,326 

PA0835,pta -0,33 0,141 

PA2774,tse4 -0,33 0,211 

PA1340,aatM -0,33 0,119 

PA3187,  -0,34 0,048 

PA0336,rppH -0,34 0,313 

PA5436  -0,34 0,122 

PA0867,mliC -0,34 0,013 

PA0085,hcp1 -0,34 0,274 

PA0070,tagQ1 -0,34 0,098 

PA3271  -0,35 0,225 

PA1555.1,ccoQ2 -0,35 0,039 

PA2463  -0,35 0,018 

PA1713,exsA -0,35 0,275 

PA5112,estA -0,35 0,128 

PA0047  -0,35 0,138 

PA1407  -0,35 0,188 

PA2445,gcvP2 -0,35 0,153 

PA5553,atpC -0,35 0,038 

PA1101,fliF -0,35 0,030 

PA4746  -0,36 0,182 

PA3728  -0,36 0,132 

PA1457,cheZ -0,36 0,012 

PA4606  -0,36 0,051 

PA4271,rplL -0,36 0,172 

PA0501,bioF -0,36 0,041 

PA3212  -0,37 0,165 

PA1069  -0,37 0,163 

PA0078,tssL1 -0,37 0,182 

PA3196  -0,37 0,224 

PA3352  -0,37 0,214 

PA0360  -0,37 0,540 

PA2462  -0,37 0,281 

PA5136  -0,38 0,149 

PA2727  -0,38 0,431 

PA2281  -0,38 0,199 

PA0164  -0,38 0,426 

PA4320  -0,39 0,106 

PA0073,tagT1 -0,39 0,171 

PA0277  -0,39 0,303 

PA3533,grxD -0,39 0,330 

PA0114,senC -0,39 0,050 

PA3575  -0,39 0,048 

PA1791  -0,39 0,084 

PA5479,gltP -0,40 0,127 

Protein, Name log2FC p-value 

PA0084,tssC1 -0,40 0,222 

PA2998,nqrB -0,40 0,558 

PA5041,pilP -0,40 0,099 

PA5508,pauA7 -0,40 0,136 

PA0086,tagJ1 -0,41 0,192 

PA1673  -0,41 0,308 

PA3402  -0,41 0,003 

PA2540  -0,41 0,060 

PA3716  -0,41 0,123 

PA3878,narX -0,41 0,328 

PA2966,acpP -0,41 0,514 

PA2536  -0,41 0,252 

PA5128,secB -0,42 0,212 

PA2685,vgrG4 -0,42 0,261 

PA3366,amiE -0,42 0,280 

PA5152  -0,42 0,020 

PA4200  -0,42 0,115 

PA0071,tagR1 -0,43 0,197 

PA3729  -0,43 0,053 

PA1555,ccoP2 -0,43 0,346 

PA0083,tssB1 -0,43 0,137 

PA1716,pscC -0,43 0,768 

PA4464,ptsN -0,43 0,364 

PA2116  -0,44 0,189 

PA5061  -0,44 0,117 

PA5441  -0,44 0,088 

PA2329  -0,44 0,117 

PA3790,oprC -0,44 0,065 

PA3485,tsi3 -0,44 0,460 

PA0044,exoT -0,45 0,388 

PA0094,eagT6 -0,45 0,259 

PA4207,mexI -0,45 0,372 

PA4317  -0,45 0,140 

PA4031,ppa -0,46 0,188 

PA4235,ftnA -0,46 0,199 

PA3879,narL -0,46 0,087 

PA0370  -0,46 0,246 

PA4133  -0,46 0,558 

PA5225  -0,46 0,080 

PA0563  -0,46 0,314 

PA3266,capB -0,47 0,439 

PA4853,fis -0,47 0,038 

PA0127  -0,47 0,127 

PA1071,braF -0,48 0,009 

PA1417  -0,48 0,070 

PA0082,tssA1 -0,48 0,163 

PA2020,mexZ -0,49 0,388 

PA1698,popN -0,49 0,299 
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Protein, Name log2FC p-value 

PA0141  -0,49 0,289 

PA4067,oprG -0,50 0,254 

PA0090,clpV1 -0,50 0,245 

PA0087,tssE1 -0,51 0,368 

PA0303,spuG -0,51 0,018 

PA3365,  -0,51 0,489 

PA3153,wzx -0,51 0,033 

PA0126  -0,52 0,099 

PA0998,pqsC -0,52 0,083 

PA4230,pchB -0,52 0,145 

PA0091,vgrG1 -0,52 0,130 

PA5113  -0,52 0,082 

PA0436  -0,52 0,151 

PA0659  -0,53 0,034 

PA0516,nirF -0,53 0,617 

PA0080,tssJ1 -0,53 0,148 

PA2705  -0,53 0,136 

PA3435  -0,53 0,216 

PA4348  -0,53 0,018 

PA4131  -0,54 0,251 

PA5114  -0,55 0,046 

PA3295  -0,55 0,154 

PA3841,exoS -0,56 0,269 

PA4811,fdnH -0,57 0,133 

PA0088,tssF1 -0,58 0,088 

PA1658,hsiC2 -0,60 0,308 

PA0565  -0,61 0,159 

PA1708,popB -0,61 0,282 

PA0735  -0,66 0,230 

PA5440  -0,67 0,195 

PA1737  -0,68 0,264 

PA1421,gbuA -0,70 0,110 

PA1546,hemN -0,74 0,227 

PA3122 -0,74 0,517 

PA3364,amiC -0,81 0,043 

PA2195,hcnC -0,83 0,280 

PA0076,tagF1 -0,84 0,225 

PA4762,grpE -0,84 0,212 

PA2789 -0,88 0,004 

PA4780 -0,91 0,073 

PA2194,hcnB -1,16 0,340 
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