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Abstract

Multi-drug resistant bacterial pathogens are an emerging threat worldwide, particularly
within clinical settings. One of the most frequent nosocomial pathogens is Pseudomonas
aeruginosa. As an extremely versatile opportunist, it takes advantage of a large genetic
pool and extraordinary metabolic flexibility, causing problematic infections in immuno-
compromised individuals. Especially cystic fibrosis patients, who suffer from a genetic
disorder leading to a thick and sticky mucus layer specifically within the lung, are highly
susceptible towards severe P. aeruginosa infections. It is crucial to gain profound in-
sight into the bacterial pathogenic mechanisms in order to develop alternative treatment
strategies against life-threatening acute and chronic infections.

The aim of this work was to identify highly variably expressed genes. Transcriptional
variation could indicate bet-hedging mechanisms, which represent a crucial risk-spreading
strategy allowing the pathogen to be prepared for a variety of stress factors and envi-
ronments. The analysis of 334 transcriptomes enabled the detection of glpD as a gene
with an outstanding expression variability. It was assumed that glpD as central glycerol
metabolism gene plays a major role in P. aeruginosa’s survival strategies by a poten-
tial bet-hedging mechanism. Detailed investigations of the physiological effects by glp
operon knockout mutants revealed that the glycerol metabolic pathway plays a signifi-
cant role in carbon source dependent growth behavior and bacterial motility. Production
of the important quorum sensing determinants c-di-GMP and pyocyanin was further-
more significantly affected. Strikingly, glpD was essential for host-pathogen interactions
and pathogenicity as shown in two acute infection models.

These findings reveal the fundamental role of glpD expression variability and glycerol
metabolism in virulence behavior in vivo and thus highlight the importance of the inter-
dependency between phenotypic plasticity, nutrient availability and virulence. These in-
sights can contribute to the discovery of novel strategies in order to target life-threatening
P. aeruginosa infections in the future.
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Zusammenfassung

Multiresistente bakterielle Erreger stellen weltweit eine zunehmende Bedrohung dar, ins-
besondere im klinischen Umfeld. Einer der häufigsten nosokomialen Erreger ist Pseudo-
monas aeruginosa. Als extrem vielseitiger Opportunist nutzt er einen großen genetischen
Pool und außergewöhnliche metabolische Flexibilität und verursacht problematische In-
fektionen bei immungeschwächten Personen. Insbesondere Mukoviszidose-Patienten, die
an einer genetischen Störung leiden, welche zu einer dicken und klebrigen Schleimschicht
speziell in der Lunge führt, sind sehr anfällig für schwere P. aeruginosa-Infektionen. Es
ist von entscheidender Bedeutung, tiefe Einblicke in die bakteriellen Pathogenitätsme-
chanismen zu gewinnen, um alternative Behandlungsstrategien gegen lebensbedrohliche
akute und chronische Infektionen zu entwickeln.

Das Ziel dieser Arbeit war es, hoch variabel exprimierte Gene zu identifizieren. Tran-
skriptionelle Variation könnte auf Bet-Hedging-Mechanismen hinweisen, die eine ent-
scheidende Risikostrategie darstellen, welche es dem Erreger ermöglicht, sich auf ver-
schiedene Stressfaktoren und Umgebungen einzustellen. Die Analyse von 334 Transkrip-
tomen ermöglichte den Nachweis von glpD als Gen mit herausragender Expressionsva-
riabilität. Es wurde vermutet, dass glpD als zentrales Glycerol-Stoffwechsel-Gen eine
wichtige Rolle in den Überlebensstrategien von P. aeruginosa durch einen möglichen
Bet-Hedging-Mechanismus spielt. Detaillierte Untersuchungen der physiologischen Ef-
fekte durch glp-Operon-Knockout-Mutanten ergaben, dass der Glycerol-Stoffwechselweg
eine bedeutende Rolle im kohlenstoffquellenabhängigen Wachstumsverhalten und der
bakteriellen Motilität spielt. Darüber hinaus war die Produktion der wichtigen Quorum-
Sensing-Determinanten c-di-GMP und Pyocyanin signifikant beeinträchtigt. Auffallend
ist, dass glpD essentiell für Wirt-Pathogen-Interaktionen und Pathogenität war, wie in
zwei akuten Infektionsmodellen gezeigt wurde.

Diese Befunde zeigen die fundamentale Rolle der glpD-Expressionsvariabilität und des
Glycerol-Stoffwechsels für das Virulenzverhalten in vivo und unterstreichen damit die
Bedeutung des Zusammenhangs zwischen phänotypischer Plastizität, Nährstoffverfüg-
barkeit und Virulenz. Diese Erkenntnisse können zur Entdeckung neuartiger Strate-
gien beitragen, um lebensbedrohliche P. aeruginosa-Infektionen in Zukunft gezielt zu
bekämpfen.
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1 Introduction

Pseudomonas aeruginosa is a ubiquitous rod-shaped Gammaproteobacterium. Its large
genome of 5.5 up to 7 million base pairs and an average gene content of more than 6,000
genes encodes a huge variety of metabolic enzymes and nutrient acquisition modulators
(Klockgether et al. 2011; Muthukumarasamy et al. 2020; Stover et al. 2000). As a
member of the extremely diverse and widespread genus Pseudomonas, P. aeruginosa
possesses a remarkable metabolic and physiologic versatility which allows it to thrive
in almost any terrestrial habitat, being able to use various carbon sources and electron
acceptors (Figure 1.1, Silby et al. 2011.)

P. aeruginosa is of particular importance as an opportunistic human pathogen (Lyczak
et al. 2000). It is responsible for a wide range of life-threatening acute and chronic
infections in several tissues and sites, including burn wounds (Santucci et al. 2003), the
urinary tract (Bader et al. 2017) or the lung (Bhagirath et al. 2016; Lund-Palau et al.
2016; Malhotra et al. 2019). In recent years, it has been one of the leading nosocomial
pathogens due to its capability of adapting to extremely diverse and highly stressful
conditions and escaping antibiotic treatment. A strategy for mastering this challenge
is to adapt transcription. The resulting exceptional phenotypic plasticity guarantees
optimal survival of the pathogen in constantly changing conditions (DeWitt et al. 2004;
Sadikot et al. 2005; Schlichting et al. 1998; Sommer 2020).

With its extraordinary capabilities of adapting to various environments using a wide
range of regulative mechanisms, P. aeruginosa represents a perfect model organism to
study bacterial gene regulation and survival strategies. Its genetic repertoire of transcrip-
tional regulators and networks represents the highest proportion observed in bacterial
genomes and results in outstanding survival abilities under diverse conditions by re-
cruiting several responsive mechanisms (Frimmersdorf et al. 2010; Mathee et al. 2008;
Moradali et al. 2017; Stover et al. 2000).

P. aeruginosa’s exceptional versatility is reflected in its ability to use a wide variety of
different carbon sources. In recent years, increasing evidence supports a tight connection
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1 Introduction

between nutrient availability and infection behavior (Rohmer et al. 2011). Notably,
glycerol assimilation is one of the regulatory pathways which is significantly upregulated
during chronic lung infection (Son et al. 2007; Turner et al. 2014).

In clinical settings, P. aeruginosa is ubiquitously present leading to severe infections
which are hard to eradicate due to its increasing antibiotic tolerance. Therefore, new
antibiotics are essential to avoid a public health crisis. However, also new knowledge on
how P. aeruginosa adapts and survives in the human host during an infection process is
mandatory in order to combat life-threatening infections.

Figure 1.1: Functional and environmental diversity of Pseudomonas spp. The common
ancestor of Pseudomonas has been confronted with a variety of environments, leading to the
evolution of a plethora of different lifestyles overlapping among species. Figure taken from Silby
et al. 2011.

2



1.1 Transcriptional noise and bet-hedging strategies in prokaryotes

1.1 Transcriptional noise and bet-hedging strategies in
prokaryotes

Gene expression is an intrinsically noisy process. Noise or stochastic fluctuations in gene
transcription around its average value is an unavoidably random process. Therefore,
significant variation can be observed in gene expression of genetically identical cells,
referred to as transcriptional noise (Maheshri et al. 2007).

Theoretical and experimental investigations have found out that noise can have two dif-
ferent sources: it may either be caused intrinsically or extrinsically. Intrinsic noise, which
is frequently found in prokaryotes, originates from gene-specific biochemical events, such
as random promoter transitions from an inactive to a transcriptionally active status.
Along with this, random mRNA outbursts can lead to transcriptional noise, as was
shown in the E. coli lac/ara promoter (Golding et al. 2005). Extrinsic noise on the
other hand is more frequent in eukaryotes and originates from fluctuations in extrinsic
factors. Among these are cell morphology variations, expression capacity fluctuations,
such as the number of ribosomes or upstream transcription factors, or pathway-specific
noise which results from the architecture of the regulatory scheme (Swain et al. 2002;
Taniguchi et al. 2010).

In bacteria, intrinsic noise is of particular relevance. A large number of transcription
factors and post-transcriptional regulators are present only in a few copies per cell, for
example small non-coding RNAs. This results in large variations in protein abundance.
However, this does not lead to a generally disruptive issue that must be overcome for
robust cellular function. In fact, cell functionality is not only maintained while noise oc-
curs, but it may even be beneficial. E.g., stochasticity may enhance phenotypic diversity
and cellular decision making (Balázsi et al. 2011; Raj et al. 2008; Raser et al. 2005). An
obvious benefit has been observed in situations of nutritional changes, in which homoge-
neous populations perform phenotypic alteration. In this process, known as responsive
diversification, cells adapt to changes in metabolic conditions (Grimbergen et al. 2015;
Kotte et al. 2014). Mechanistically, a transition between different gene expression states
takes place, enabled by molecular noise and stabilized by a positive feedback loop (Acar
et al. 2008).

The environmental bacterium P. putida, which inhabits polluted sites and degrades
m-xylene, benefits from such a noise by utilizing a metabolic diversification strategy
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1 Introduction

allowing for careful explorations of new chemical enivronments. Here, a limiting tran-
scription factor (XylR) for the m-xylene responsive promoter is expressed in a growth
phase dependent manner and a bimodal distribution. The resulting phenotypic diversity
may thus serve as an advantage in a competitive environment (Guantes et al. 2016).

In other words, bacteria make use of their phenotypic plasticity in order to be prepared
for any risks in an uncertain environment. Even within a clonal population, bacteria
diversify individual phenotypes thus spreading the risk of unexpected conditions across
different phenotypes adjusted to a variety of environments (Grimbergen et al. 2015;
Kussell et al. 2005; Veening et al. 2008). This phenomenon is widely known as bet-
hedging strategy and can be observed in different species and to various degrees.

A prominent example for bacterial bet-hedging is the formation of persister cells. Here, a
small fraction of cells within a population slows down its proliferation, thus being highly
resistant to external stress factors such as antibiotics. Stochastically, the dormant cells
restart their metabolism and start proliferation, again forming a population that consists
of antibiotic-sensitive cells and a small persister subpopulation (Lewis 2007; Moyed et al.
1986).

1.1.1 A large genetic pool and transcriptional variability account for
adaption to various environments

In addition to transcriptional variability, P. aeruginosa has a second strategy for adapt-
ing to different environments, which is genomic variation. Each individual bacterium has
a huge genome that contains a selection of genes from the species’ vast gene pool. The
genome of P. aeruginosa PA14 for example, counts 6.5 Mb and contains a remarkable
number of 5973 ORFs (Lee et al. 2006). In comparison, the E. coli K12 genome counts
4.6 Mbp and 4288 ORFs (Blattner et al. 1997). Between the different P. aeruginosa
strains, there is a remarkably high number of variable genes. However, around 4,500
genes show an identity of over 98% between different P. aeruginosa strains. Hilker et al.
2015 suggest that about 4,000 genes are shared by the majority of P. aeruginosa strains,
forming the so-called ‘core genome’. Beyond the functionally essential core genes, several
niche specific adaptive genes are present only in a smaller number of strains, referred to
as ‘accessory genome’. Estimations state that in total, the complete set of genes found
in P. aeruginosa strains called ‘pan genome’ consists of 10,000 to 40,000 genes (Parkins
et al. 2018). The large quantity of genes is a key factor for P. aeruginosa’s striking
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1.2 P. aeruginosa as a nosocomial pathogen

adaptation capacity that enables the pathogen to thrive in various niches, overcoming
numerous severe stress factors.

Owing such a large quantity of genes, a tight and robust gene expression regulation
is the essential key for efficient and effective adaptation in response to the variety of
environmental stimuli. It is therefore not surprising, that environmental factors have a
bigger impact on the transcriptional landscape of P. aeruginosa than variations within
the genome (Dötsch et al. 2015; Frimmersdorf et al. 2010). This demonstrates that
regulatory processes under the control of master regulators ensure survival in diverse
habitats and control phenotypic plasticity (Dötsch et al. 2015).

Taken together, a large genome and transcriptional variability lead to a phenotypic het-
erogeneity that provides a population with the necessary flexibility to quickly adapt to
changing environments. P. aeruginosa is therefore particularly well equipped to react
to varying conditions, being able to adjust its gene expression through these two mech-
anisms to a variety of niches (Silby et al. 2011). As such, P. aeruginosa is able to thrive
in aquatic and soil environments but is also capable of infecting a wide range of organ-
isms. Among these are plants such as Arabidopsis thaliana or lettuce (Rahme et al.
1997; Walker et al. 2004), the fruit fly Drosophila melanogaster (D’Argenio et al. 2001),
the waxmoth Galleria mellonella (Miyata et al. 2003) and mammals like mice (Colledge
et al. 1995; Snouwaert et al. 1992).

1.2 P. aeruginosa as a nosocomial pathogen

P. aeruginosa is responsible for more than 30,000 hospital-acquired infections per year
in the US (CDC 2019). Well-regulated virulence factors and effective defensive strategies
like multidrug efflux pumps (Chuanchuen et al. 2001) and biofilm formation (Costerton et
al. 1999) enable the pathogen to escape host defense and cause a wide range of acute and
chronic infections that are difficult to treat. Intrinsic antibiotic resistance mechanisms
further complicate treatment, thus leading to a high morbidity and mortality rate of
infected patients (Pang et al. 2019).

Being an extraordinarily versatile bacterium, P. aeruginosa can grow in almost any
aqueous habitat such as sewage water, surface waters, plants and various foods (Silby
et al. 2011). It is also commonly found in human gut microbiota (Bonten et al. 1999).
In the health care environment, P. aeruginosa can be found in hand-washing sinks and
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1 Introduction

ventilators and is frequently transferred by medical staff via direct contact (Levin et al.
1984; Montoya et al. 2019; Nseir et al. 2002).

A particular risk group for P. aeruginosa infections is found in patients suffering from
Cystic Fibrosis (CF). In the U.K., over 40 per cent of CF patients suffer from chronic
P. aeruginosa infection (Charman et al. 2019). CF is a genetic disorder that leads
to thick and sticky mucus accumulation in the respiratory tract. It is caused by a
mutation within the cystic fibrosis transmembrane conductance regulator (CFTR) gene,
which affects chloride ion channel function and leads to dysregulation of epithelial fluid
transport. As a result, microbial clearance is significantly deteriorated allowing bacterial
colonization within the mucus plaques of the respiratory airways (Davis 2006).

Longitudinal studies suggest that P. aeruginosa infections occur intermittently before
the manifestation of a chronic infection. It has been shown that CF patients initially
get infected in the first three years of their lives, but that the infection can be cleared
with an antimicrobial therapy (Burns et al. 2001). Those isolates were shown to be
non-mucoid and antibiotic-susceptible and thus were successfully eradicated in 90 per
cent of cases. However, 44 per cent of children were re-infected with an isolate of a
different genotype (Kidd et al. 2015). Eventually, re-infection can lead to persistence
and chronic infection by a single dormant or multiple co-infecting strains (Cramer et al.
2012). Those infections severely reduce lung function and result in a higher frequency
of acute respiratory exacerbations of young children (Emerson et al. 2002). It was
also shown that an early P. aeruginosa infection of the respiratory tract is a major
predictor of mortality in young children with CF (Nixon et al. 2001; Wilmott et al.
1985). Especially mucoid P. aeruginosa isolates were found to be associated with poorer
survival of infected children (Henry et al. 1992). Several virulence mechanisms facilitate
P. aeruginosa to survive and persist in the CF airway but also to escape host defense
and antibiotics, thus making treatment extremely difficult.

1.3 The multiple virulence mechanisms of P. aeruginosa

P. aeruginosa can choose from a plethora of virulence mechanisms in order to establish
acute and chronic infections, adapt to the host site and even persist for a patient’s
life time. These mechanisms differ in mode of action, severity and strategy ranging
from directly attacking cells to passive resistance by hiding from the immune system.
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Figure 1.2 summarizes the most important aspects of acute and chronic infection of
epithelial tissue.

1.3.1 Surface structures and toxin secretion

To begin with, P. aeruginosa expresses surface structures which are involved in patho-
genicity and trigger host immune activation. These include lipopolysaccharide (LPS),
flagella and type IV pili. Flagella and type IV pili are involved in motility, attachment
to the host epithelium and biofilm formation, as shown in Figure 1.2 A (Feldman et al.
1998; O’Toole et al. 1998). Flagella also trigger the host immune response, which may
explain its downregulation in late stage infection isolates (Wolfgang et al. 2004).

The large set of secretion systems forms a crucial part of P. aeruginosa virulence. The
versatile secretion systems differ in their complexity and in the mechanism by which
effector proteins are released to the extracellular environment, or introduced into the
host cell. With the complex type III secretion system (T3SS), P. aeruginosa has an
effective tool that injects toxins with a needle-like structure directly into the host cell
(Hauser 2009). So far, four effector molecules, namely ExoS, ExoT, ExoU and ExoY,
have been described in P. aeruginosa, with toxin prevalence varying between strains.
E. g. ExoS is most frequently found in clinical isolates from CF patients and induces
apoptosis in target host cells (Kaminski et al. 2018; Wareham et al. 2007). ExoU as the
most potent toxin causes rapid lysis of host cells.

Apart from its complex secretion systems, P. aeruginosa can secrete virulence factors
into the extracellular environment in order to degrade host tissue and manipulate the
host immune response (Bleves et al. 2010). Among these are proteases, toxins and
hemolysins. For example, exotoxin A causes cell death by protein synthesis inhibition
in eukaryotes (Sadikot et al. 2005). The secondary metabolite pyocyanin is a phenazine
derivative and responsible for the blue pigmentation of P. aeruginosa cultures. Through
its redox-activity, pyocyanin can kill competing microbes or epithelial cells in infected
CF lungs (Rada et al. 2013). Pyocyanin is involved in a variety of other processes, which
are described in Section 1.3.3.
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Figure 1.2: Models of Pseudomonas aeruginosa infection establishment. In an acute
infection state, P. aeruginosa is equipped with a full arsenal of virulence traits such as pili, flag-
ella, T3SS and secreted virulence factors (a). Epithelial cell binding occurs via flagella and pili
to various structures on the target cell. Toxin secretion injures the surrounding host tissue. Cy-
tosolic invasion is thought to lead to epithelial cell surface breach resulting form toxin secretion.
Epithelial injury furthermore leads to a loss of mechanical clearance mechanisms and establish-
ment of the P. aeruginosa biofilm leads to a persistent infection. In (b), P. aeruginosa infects
an already inflamed surface with a defective mucociliary elevator. Infecting organisms may or
may not be piliated and may already exist in a biofilm state if acquired from another patient.
Infection occurs strictly in the mucous layer where groups of Pseudomonads bind to cell debris
and extracellular DNA rather than to the epithelial surface. The pseudomonal microcolonies
form a strong inflammatory stimulus but are resistant to the action of neutrophils. Figure taken
from Vilaplana et al. 2020.

1.3.2 Biofilm formation and quorum sensing

In the later stages of infection, P. aeruginosa can switch from free floating, planktonic
growth to the sessile biofilm mode of growth (Bjarnsholt et al. 2009), which is illustrated
in Figure 1.2 B. Within the biofilm, bacterial cells aggregate in a matrix of self-produced
exopolysaccharides and are therefore protected from the immune system (Flemming
et al. 2016). Moreover, biofilms tend to produce more persister cells than late stage
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planktonic cultures (Spoering et al. 2001). These cells slow down their metabolism in
order to persist external stress factors such as antimicrobials (Zhang et al. 2012). Taken
together, biofilms are extremely hard to eradicate for both, the immune system and
antibiotic substances.

A tightly regulated social cooperation network enables cell-to-cell communication which
is involved in the establishment of a functional biofilm. This mechanism is known as
quorum sensing (QS) and regulates collective behavior via chemical signaling of N-Acyl
homoserine lactone (AHL) molecules that are highly diffusible (Rutherford et al. 2012).
Once a critical population density is reached, target gene expression is mediated through
the QS receptors LasR and RhlR (Pesci et al. 1997). These systems have moreover been
shown to be involved in the regulation of multiple virulence genes, including swarming
motility, expression of antibiotic efflux pumps and biofilm maturation (Karatuna et al.
2010; Smith et al. 2003).

1.3.3 The multiple roles of pyocyanin in P. aeruginosa

Pyocyanin is a redox-active phenazine derivative secreted by P. aeruginosa. As a blue
pigment, it is responsible for the characteristic color of P. aeruginosa cultures (Turner
et al. 1986). Pyocyanin has two crucial functions for the opportunistic pathogen: It
is required both as a virulence factor and as a QS molecule. A plethora of biological
activities ranging from gene expression to fitness maintenance and biofilm formation
are also pyocyanin-dependent. Moreover, it serves as an electron shuttle for bacterial
respiration as well as an antimicrobial (Jayaseelan et al. 2014).

The phz gene cluster is responsible for complete pyocyanin production. There are two
phenazine-1-carboxylic acid (PCA) biosynthetic operons, phzABCDEFG 1 and 2. PCA
is subsequently converted to pyocyanin by the PCA-modifying genes phzM and phzS
(Mavrodi et al. 2001). Pyocyanin production is regulated via quorum sensing with the
involvement of the transcription factors LasR and RhlR (Rutherford et al. 2012).

As a redox active secondary metabolite, pyocyanin can have cytotoxic effects on bacteria,
fungi and mammalian cells within an infected lung. It disturbs the electron flow of other
organisms as it is able to oxidize or reduce certain molecules (Rada et al. 2013). In E. coli,
pyocyanin interacts with the respiratory chain, which eventually blocks the cell’s active
metabolic transport process (Baron et al. 1989; Hassan et al. 1980). Further susceptible
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microorganisms include pathogens such as Klebsiella pneumoniae, Salmonella Paratyphi
or food spoilage bacterium Listeria monocytogenes (Jayaseelan et al. 2014).

In the CF lung, pyocyanin has multiple effects. It alters the immune response which
eventually helps P. aeruginosa to escape the immune system and establish chronic in-
fection (Jayaseelan et al. 2014). Furthermore, the phenazine creates reactive oxygen
species from molecular oxygen, causes epithelial dysfunction and reduces intracellular
ATP concentration which leads to further damage of the CFTR channels which are al-
ready affected by the disease (O’Malley et al. 2003; Rada et al. 2009). In conclusion,
pyocyanin is significantly involved in pulmonary tissue damage (Rada et al. 2013).

It has been recently stated that pyocyanin increases the fitness of cooperating QS capable
bacterial cells, whereas QS deficient bacteria are less tolerant towards oxidative stress.
Thus, social cheaters without a functional QS system become less frequent (Castañeda-
Tamez et al. 2018). It has moreover been reported that pyocyanin and QS signaling
molecule AHL increase persister cell formation in P. aeruginosa cultures (Möker et al.
2010).

1.3.4 Antibiotic resistance strategies

P. aeruginosa has the ability to resist many of the currently used antibiotics which
makes infection treatment extremely challenging. It is therefore not surprising that
carbapenem-resistant P. aeruginosa is listed as one of the three critical bacterial species
on the WHO Priority Pathogens List for Research and Discovery of New Antibiotics
(Tacconelli et al. 2017).

For effective resistance against several classes of antibiotics, P. aeruginosa uses three
different strategies: intrinsic, acquired and adaptive resistance mechanisms (Hancock
et al. 2000). Intrinsic resistance is achieved by low antibiotic permeability through
the outer membrane, expression of efflux pumps that transport antibiotics out of the
cell and production of drug inactivation enzymes such as β-lactamases (Poole 2011;
Zhao et al. 2010). Acquired resistance can be mediated via horizontal gene transfer
of plasmids or integron-coded resistance genes (Breidenstein et al. 2011). Biofilm and
persister cell formation are part of the adaptive resistance strategy of P. aeruginosa and
are characterized by extensive antibiotic tolerance, which is particularly severe in the
case of chronic late-stage infections (Drenkard 2003; Lewis 2010).
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1.4 A versatile metabolism is the basis of P. aeruginosa’s
pathogenicity

In order to survive and replicate under diverse conditions, it is essential for bacteria to
make perfect use of the available nutrients. As an opportunistic pathogen as well as an
environmental bacterium, P. aeruginosa is capable of growing under a wide variety of
conditions. Its extreme metabolic versatility is a key prerequisite for growth in multiple
habitats. The pathogen is able to make use of its surrounding nutrients, thrive in an
animate niche and escape host defense. Nutritional requirements are minimal, and often
acetate or ammonia are sufficient as sole sources of carbon and nitrogen. To absorb
the essential growth factor iron, P. aeruginosa is capable of using various strategies.
Among these, the production of the two siderophores pyoverdine and pyochelin is crucial
(Cornelis et al. 2013).

P. aeruginosa is able to assimilate a wide range of compounds, thus enabling growth in
marginal environments, such as the CF lung (Høiby et al. 2010; Sordé et al. 2011).

1.4.1 P. aeruginosa is a facultative anaerobe

P. aeruginosa thrives in aerobic conditions, but is also a facultative anaerobe. It is
known to grow under limiting oxygen conditions or total oxygen depletion with nitrate
or nitrite serving as terminal electron acceptors. In anaerobic conditions lacking either
of these, P. aeruginosa is capable of fermenting arginine and pyruvate by substrate-level
phosphorylation (Eschbach et al. 2004; Filiatrault et al. 2006; Vander Wauven et al.
1984). As P. aeruginosa frequently inhabits environments with microaerobic or anaero-
bic conditions, its adaptation abilities are essential. As a poor pathogen, P. aeruginosa
needs to make use of these opportunistic adaptation strategies in order to survive. Thus,
P. aeruginosa often inhabits environments where anaerobic niches develop, such as sed-
iments and bogs.

Within chronic CF lung infection, low-oxygen environments develop within mucus plugs
in the lower airways of CF patients. CF epithelial cells and metabolically active bacteria
consume the available oxygen, thus quickly leading to an anaerobic milieu (Worlitzsch et
al. 2002). Here, P. aeruginosa often becomes mucoid by secreting the exopolysaccharide
alginate which further restricts oxygen diffusion and thus contributes to the formation
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of anoxic conditions (Hassett et al. 2002). The increased biofilm formation of P. aerugi-
nosa under anaerobic conditions leads to the assumption that P. aeruginosa prefers this
oxygen-limited environment (Yoon et al. 2002). Biofilms overwhelm the immune system
and can prove fatal for CF patients with chronic infection (Costerton et al. 1999).

1.4.2 Carbon utilization is hierarchically organized but flexible

Bacterial survival in various habitats and shifting environmental conditions is achieved
through adaption of the metabolism to the consumption of many different compounds
as carbon and energy sources. A tight but flexible regulation network is responsible
for optimizing metabolic pathways towards efficiency and ecological fitness (Cases et al.
2005).

If several carbon sources are available in quantities sufficient for unrestricted growth,
bacteria can choose between two strategies. Either they co-metabolize several carbon
sources simultaneously, or choose to metabolize only one carbon source which promotes
the most efficient proliferation. In doing so, other pathways leading to catabolism of
the remaining non-preferred compounds are inhibited. This mechanism is referred to as
carbon catabolite repression (CCR) and enables bacteria to increase fitness by optimized
growth rates in natural complex environments (Deutscher 2008; Rojo 2010; Stülke et al.
1999). Furthermore, CCR impacts the expression of many other genes which are not only
related to specific pathways, but linked to aspects of cell physiology and environmental
interaction. For instance, it has been shown that virulence-associated pathways are
substantially affected by CCR in Pseudomonads (Görke et al. 2008; Linares et al. 2010;
Zhang et al. 2012).

In P. aeruginosa, hierarchical carbon utilization with pronounced diauxic growth can
be observed when grown on mixed carbon sources (Rojo 2010). Efficient proliferation is
achieved by performing CCR regulated by the CbrA/CbrB two-component system and
the Hfq/CrcZ-CrcY repression network (La Rosa et al. 2016; MacGregor et al. 1996;
Valentini et al. 2014; Wolff et al. 1991).

In general, P. aeruginosa prefers certain organic acids and amino acids over glucose,
forming a striking contrast to many enteric bacteria. Remarkably, when succinate and
glucose are available, central glucose catabolism enzymes are repressed until succinate is
consumed (Collier et al. 1996). P. aeruginosa furthermore blocks the expression of genes
for the assimiliation of sugars such as fructose, mannitol and gluconate in the presence of
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succinate or acetate. On the other hand, glucose assimilation leads to the repression of
regulons for mannitol, histidine utilization and on amidase genes. Interestingly, glycerol
is a preferred carbon source over most amino acids, lactate and glucose in complex media
(La Rosa et al. 2016; La Rosa et al. 2018). The importance of glycerol metabolism will
be discussed in more detail in Section 1.5.

All in all, its remarkable metabolic plasticity allows for P. aeruginosa to switch carbon
sources instantly, thus maximizing its energy yield in a wide variety of habitats (Dolan
et al. 2020). This metabolic versatility is a key determinant for P. aeruginosa’s survival
and virulence in vivo.

1.4.3 The importance of fatty acid metabolism

In order to identify essential genes for the virulence of P. aeruginosa, research has in-
tuitively concentrated on studying its virulence factors in recent years. However, it is
becoming more and more evident that virulence factors are not as striking as assumed.
Instead, certain metabolic pathways seem to be essential for the pathogen’s survival
in vivo (Fahnoe et al. 2012; Turner et al. 2014; Turner et al. 2015). Here, P. aerugi-
nosa faces a number of particular challenges. Unless these challenges are overcome with
its adaptive metabolic skills, the pathogen fails to proliferate and is eliminated by the
immune system.

Within the host environment, P. aeruginosa may not only face oxygen limitation, but
also deficiency or unbalanced availability of nutrients. In order to take advantage of the
available set of nutrients, P. aeruginosa can redirect its metabolic pathways. However,
which are P. aeruginosa’s preferred nutrients in an infection? For long, it has been
assumed that P. aeruginosa is an amino acid lover (Palmer et al. 2007). Several studies,
on the other hand, show a different picture (Turner et al. 2014; Turner et al. 2015). The
RNASeq/TnSeq analysis by Turner et al. 2014 revealed that P. aeruginosa particularly
prefers long-chain fatty acids and that fatty acid oxidation is a key parameter for survival
in vivo.

However, there is an issue in breaking down fatty acids via β-Oxidation. It results
in acetyl-CoA units, which finally enter the tricarboxylic acid (TCA) cycle and are
liberated as CO2. The acetate moieties (acetyl-CoA units) can thus be used to generate
energy (NADH and ATP equivalents) but not for the production of biomass. This
means that gluconeogenesis is ruled out when fatty acids are utilized as sole carbon

13



1 Introduction

source. However, bacteria as P. aeruginosa found a solution to fix this problem. Before
carbon is lost in the form of CO2 in the TCA cycle, bacteria bypass those steps via
the so-called ‘glyoxylate shunt’ (Crousilles et al. 2018; Kornberg et al. 1957). After the
initial two steps of the TCA cycle, isocitrate is cleaved into succinate and glyoxylate
by ICL, isocitrate lyase (encoded by aceA) (Figure 1.3). Succinate re-enters the TCA
cycle, whereas glyoxylate is combined with an additional acetyl-CoA by GlcB (encoded
by glcB) to form the gluconeogenic precursor malate. As a result, the glyoxylate shunt
enables the production of glucose from fatty acids (Cozzone 1998; Kornberg 1966).

Figure 1.3: Glyoxylate shunt pathway in P. aeruginosa. In order to make fatty acids
available for biomass production, β-Oxidation (depicted in blue) is bypassed with the glyoxylate
shunt (depicted in orange). Isocitrate is redirected away from the TCA cycle steps, in which it
would be lost as CO2. The two required enzymes, isocytrate lyase (ICL) and malate synthase
(GlcB), are responsible to convert isocitrate and an additional acetyl-CoA into one molecule of
malate which is a gluconeogenic precursor. In P. aeruginosa, there are two isocitrate dehydro-
genases (ICD and IDH) in FaoAB mediated fatty acid oxidation, of which one is likely to be
inhibited by AceK mediated phosphorylation. Taken from Crousilles et al. 2015.
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1.5 Glycerol metabolism in P. aeruginosa

In a long-time evolutionary process, pathogenic bacteria adapted to their hosts in order
to make perfect use of the available resources. Depending on the specific conditions
within the host environment, differential regulation of certain metabolic processes proved
beneficial to ensure survival and optimal growth (Berger et al. 2014; Hoffman et al. 2010;
Turner et al. 2014). Moreover, there is increasing evidence that nutrient availability can
affect virulence factor production and that among the nutrients, glycerol may play a
central role (Fahnoe et al. 2012; Rohmer et al. 2011; Turner et al. 2014; Turner et al.
2015).

1.5.1 Glycerol availability in the host site

A pathway that is significantly upregulated in P. aeruginosa during chronic CF lung
infection and acute wound infection, is glycerol assimilation (Son et al. 2007; Turner
et al. 2014). This is particularly interesting, as glycerol per se is not abundant in the CF
lung environment. However, P. aeruginosa is capable of making glycerol available in the
CF lung via degradation of phosphatidylcholine. The phospholipid is a membrane com-
ponent and highly abundant in lung surfactant, accounting for about 80% of the lipid
content (90% lipid vs. 10% protein within the lung, Bernhard et al. 2001). P. aeruginosa
possesses extracellular lipases which catalyze the degradadation of phosphatidylcholine
into glycerol, long chain fatty acids and phosphorylcholine, which can be incorporated
by the bacterial cell and used as nutrients (Son et al. 2007; Terry et al. 1992). Phos-
phorylcholine can be used as carbon, nitrogen and phosphorus source (Terry et al. 1992;
Terry et al. 1991). As described in Section 1.4.3, fatty acids are used as energy sources.
Glycerol is one of the preferred carbon sources of P. aeruginosa (La Rosa et al. 2018). It
is metabolized by the products of the glp operon to sn-glycerol-3-phosphate and finally
enters Entner-Doudoroff pathway for energy production (McCowen et al. 1981).

In accordance with this, a P. aeruginosa strain lacking the ability to utilize phosphatidyl-
choline (PC) showed reduced replication fitness and competitiveness in a BALB/c mouse
lung infection model compared to the complement strain, indicating that PC supports
cell replication and P. aeruginosa maintenance within the CF lung (Son et al. 2007; Sun
et al. 2014). However, this study did not reveal any significant differences in typical
virulence factor production, such as hemolysin, lipase and protease levels.
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Marty et al. 1992 showed that glycerol is a particularly suitable carbon source for al-
ginate synthesis in bronchial and cystic fibrosis P. aeruginosa isolates by presumably
supplying triose phosphate intermediates for biosynthesis. Terry et al. 1991 furthermore
showed that glycerol supplied at high concentrations promotes the formation of mucoid
colonies.

1.5.2 The glp regulon

Glycerol metabolism is regulated by the genes of the glp regulon. It consists of the
glycerol uptake facilitator gene glpF (PA14 ID: PA14_17980), glycerol kinase gene glpK
(PA14_17960), regulon repressor gene glpR (PA14_17940), sn-glycerol-3-phosphate de-
hydrogenase gene glpD (PA14_17930) and sn-glycerol-3-phosphate transporter gene glpT
(PA14_69130) (Schweizer et al. 1997; Schweizer et al. 1996). Figure 1.4 B illustrates
the structure of the glp operon in P. aeruginosa PA14 including the genes glpDFKMR.
In this figure, the glpT gene is not included, as it lies 1.4 Mb upstream of the operon.

Figure 1.4 A schematically shows the glp mediated glycerol catabolism. Glycerol that
was previously degraded from PC enters the cell via GlpF, the membrane uptake facilita-
tor. GlpK catalyzes the phosphorylation of intracellular glycerol to glycerol-3-phosphate
(G3P), which acts as a substrate for GlpD. GlpD oxidizes glycerol-3-phosphate to di-
hydroxyacetone phosphate (DHAP) which then enters the central metabolic pathways,
e.g. Entner-Doudoroff pathway for energy production or glycerolipid metabolism, as dis-
played in Figure 1.5 (Schweizer et al. 1994; Schweizer et al. 1996; Williams et al. 1994).
The sn-glycerol-3-phosphate transporter GlpT was shown to translocate G3P across the
inner membrane into the bacterial cytoplasm in E. coli (Lemieux et al. 2004; Lemieux
et al. 2005). In P. aeruginosa, it has so far been demonstrated that GlpT acts as a fos-
fomycin transporter and disruptions within the glpT gene lead to fosfomycin resistance
but inability to use G3P as sole carbon source (Castañeda-García et al. 2009).

Transcription of glpFK and glpD is negatively regulated by the product of glpR, which
is the glycerol-3-phosphate regulon repressor GlpR. It was also shown that E. coli glpT-
lacZ+ was repressed with P. aeruginosa GlpR and even more efficiently than with E. coli
GlpR, indicating an effective repression of the glp regulon. The GlpR repressor can be
derepressed by G3P (as depicted in Figure 1.4 B), which is the product of GlpK and
substrate of GlpD (Schweizer et al. 1996).
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Figure 1.4: Glycerol metabolism in P. aeruginosa (A) Metabolic process of glycerol
utilization and (B) structure of the glp operon. Glycerol is imported into the cytoplasm via
membrane facilitator GlpF and afterwards phosphorylated by GlpK (glycerol kinase). Subse-
quently, GlpD (sn-glycerol-3-phosphate dehydrogenase) oxidizes sn-Glycerol-3-Phosphate (G3P)
to DHAP (dihydroxyacetone phosphate) which is shuttled into downstream metabolic reactions.
The putative glycerol transporter GlpT may transport G3P from the periplasm into the cyto-
plasm. Thus, G3P can directly be used by GlpD, therefore being independent of GlpK converting
glycerol. G3P blocks GlpR, which is the Glycerol-3-phosphate regulon repressor. Thus, the ex-
pression of the essential glycerol catabolism genes glpD and glpK is unblocked.

In P. putida, glycerol metabolism is stochastically regulated by the GlpR repressor (Nikel
et al. 2015). It was shown that this stochastic behaviour leads to a time-dependent
bimodal switch between metabolically inactive and actively growing bacteria, finally re-
sulting in a prolonged lag phase when grown in glycerol as sole carbon source. GlpR
repression of the operon can only be overcome randomly when enough G3P is produced
from glycerol to inactivate GlpR. The resulting positive feedback loop leads to derepres-
sion and maximized glp operon transcription enabling glycerol catabolism. In summary,
this mechanism appears as a bimodal glpD expression pattern, as long as GlpR is not
randomly derepressed by G3P.
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G3P GAP

Figure 1.5: Glycerol metabolism, glycolysis and tricarboxylic acid (TCA) cycle in
P. aeruginosa. Glycerol is metabolized via GlpK to glycerol-3-phosphate and then either en-
ters phospholipid synthesis or is dehydrogenzied by GlpD to dihydroacetone phosphate. Glucose
is metabolized through the Entner-Doudoroff (ED) pathway via 6-phosphogluconate that is af-
terwards dehydrogenated and turned into pyruvate and GAP. Since P. aeruginosa lacks phospho-
fructokinase, it cannot transform fructose-6-phosphate into fructose-1,6-biphosphate. Therefore,
the TpiA-mediated conversion between G3P and DHAP serves as a critical link between gly-
colysis/gluconeogenesis and glycerol metabolism/phospholipid synthesis. Glc, glucose; Gnt, glu-
conate; Fru, fructose; Glc6P, glucose-6-phosphate; Gnt6P, 6-phosphogluconate; KDPG, 2-keto-
3-deoxy-6-phosphogluconate; GAP, glyceraldehyde-3-phosphate; DPG, 1,3-diphosphoglycerate;
3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; PA, pyruvate;
DHAP, dihydroacetone phosphate; Ac-CoA, acetyl-coenzyme A; Gly, glycerol; G3P, glycerol-3-
phosphate. Graphic taken from Xia et al. 2020.

1.5.3 GlpD is a key player beyond glycerol metabolism

GlpD is a central glycerol metabolism enzyme. The glpD gene has been shown to be
constitutively expressed together with the glp regulon genes glpFKRT in certain clinical
P. aeruginosa isolates and is essential for the usage of glycerol degraded from PC in vivo
(Son et al. 2007).

However, several studies have shown that GlpD has a wider impact on cellular phys-
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iology than only catabolizing glycerol. Daniels et al. 2014 reported that an adapted
P. aeruginosa CF isolate had a growth advantage on glycerol compared to the acute
isolate PAO1. GlpD was furthermore required for the optimal production of several
virulence determinants such as alginate, pyocyanin and pyoverdine in PAO1 as well as
in the CF isolate. Alginate has been shown to be crucial within biofilm formation and
protection from anti-microbials (Hentzer et al. 2001). Biofilm formation is a critical vir-
ulence strategy for many pathogens and 80% of chronic infections have been shown to
be associated with biofilm formation (Costerton et al. 1999), which makes these findings
particularly interesting.

In a follow-up study, the group could show that biofilm formation was indeed promoted
by glycerol metabolism (Scoffield et al. 2016). Here, glycerol promoted biofilm formation
in both, PAO1 as well as a chronic CF isolate. Loss of the glycerol regulon repressor
GlpR causes the upregulation of Pel polysaccharide in the CF isolate, leading to the
assumption that this mechanism promotes biofilm formation in this background.

Beyond its impact on virulence mechanisms, there is also evidence that glpD is a key fac-
tor for P. aeruginosa bioenergenetics. In a transcriptome analysis, Shuman et al. 2018
proved that a null mutation of glpD PAO1 led to a significantly altered amino acid meta-
bolism and furthermore affected the production of tricarboxylic acid cycle intermediates.
Reduced extracellular ATP accumulation as well as increased heat output were further
effects of the glpD deletion related to energy metabolism. Furthermore, loss of glpD
induced an RpoS mediated stress response and induced persister cell formation.

Taken together, these findings underline that there is a strong correlation between carbon
utilization and virulence, particularly in the case of glycerol as a carbon source. Glycerol
usage evidently plays an important role in bioenergetics and the production of certain
virulence determinants. Thus, carbon source availability may have a considerable impact
on infection behavior in vivo by regulating metabolism and virulence in response to
nutritional cues.
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1.6 Aims of the thesis

The overall aim of this work is to shed light into bacterial gene expression variability,
which could indicate bet-hedging mechanisms. To this end, 166 replicated P. aeruginosa
PA14 transposon mutant transcriptomes are analyzed with regard to their transcriptional
variability. Genes with a distinctly conserved transcription level among the tested con-
ditions as well as genes with a remarkably high transcriptional variability are identified.
The results are validated by in vitro promoter studies via flow cytometry and time-lapse
microscopy.

Based on the finding that the central glycerol metabolism gene glpD is extremely tran-
scriptionally variable, the second step aims at characterizing the role of this metabolic
pathway in cellular physiology and virulence in vivo. Deletion mutants of the key fac-
tors of glycerol metabolism, glpD, glpK and glpR are analyzed regarding to their growth
behavior in a glycerol-containing and in a glycerol-free environment. Differential gene
expression of the mutant strains, as well as the production of the virulence determinant
pyocyanin is investigated. The analysis of motility and c-di-GMP gives further insight
into infection behavior. Finally, acute infection assays in a primary macrophage and a
G. mellonella model are conducted to investigate the effects of glycerol metabolism on
pathogenicity.
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Transcriptomic data provides valuable information about an organism’s gene regulatory
processes. Bacteria as P. aeruginosa are capable of reacting to sudden environmen-
tal changes by adaptation of gene transcription. These traits are crucial i. a. in chronic
infections. In order to gain insight into genes which are stochastically prepared for adap-
tation to a new condition, a dataset of transcriptional profiles from isogenic P. aeruginosa
strains was examined.

The analysis revealed that among others, the expression of the glycerol metabolism gene
glpD was regulated in a stochastic way. The role of glycerol metabolism for P. aeruginosa
physiology and pathogenicity was therefore examined in detail.

2.1 Transcriptional variability analysis of P. aeruginosa PA14

The transcriptional variability of a gene can shed light on its molecular function. Low
transcriptional variability indicates an essential housekeeping gene, whereas a high tran-
scriptional variability suggests that a gene is subjected to a bet-hedging strategy. Bet-
hedging mechanisms are essential for the survival of opportunistic pathogens under
rapidly changing condition (Silby et al. 2011).

In order to distinguish which P. aeruginosa genes belong to either of these categories,
a dataset of 334 transcriptional profiles of transposon mutants harboring Tn insertions
in overall 166 different gene loci was subject of the investigation. The dataset contained
PA14 transposon mutants from the Tn mutant database provided by Liberati et al. 2006
and mainly consisted of genes coding for transcription factor, signal transduction and
protein turnover genes that are listed in Supplementary Table S1. In this study, all
transcriptomes that were included in the analyses had a minimum sequencing depth of
one million reads (mapping to protein-coding sequences) and a minimum correlation
between the replicates of 0.9.
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2.1.1 P. aeruginosa transcriptome analysis reveals variability of gene
expression

Transcriptional profiles for all samples used in this work were recorded at least in dupli-
cates under identical conditions in LB-medium at an OD600 of 2.0. LB-medium provides
a nutrient rich and complex environment with a high number of different carbon sources
P. aeruginosa could use, such as organic acids, amino acids, sugars and glycerol. Here,
the ability to utilize various nutrients plays a major role. As soon as one carbon source
is consumed, the bacterial population has to adapt to a new one. P. aeruginosa reaches
a growth plateau at OD600 2.0, as preferentially used carbon sources are completely con-
sumed. Therefore, adaption processes such as bet-hedging are especially important at
this stage. A transcriptome analysis thus reveals which genes are essential to keep home-
ostasis. If these genes remain stably expressed under conditions in which major cellular
changes and adaptations take place, they are candidates for essential housekeeping genes.
On the other hand, these conditions provide information about gene candidates which
might be subjected to adaptation and bet-hedging. A high transcriptional variability of
certain genes within the population enables a rapid adaptation to new conditions.

Figure 2.1: Rarefaction analysis of Tn mutant library. Rarefaction analysis of three
libraries with a sequencing depth of >10 million reads demonstrates that one million reads are
sufficient to recover expression levels of the majority of P. aeruginosa genes.

The overall sequencing depth in the analyzed transcriptomes was sufficient to detect the
expression of the majority of P. aeruginosa genes, as was shown by a rarefaction analysis
(Figure 2.1). The biological coefficient of variation (BCV) was determined among the
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Figure 2.2: Transcriptional variability analysis of 166 transposon mutants. 334 tran-
scriptomes in replicates were used. Biological coefficient of variation (BCV) as a function of
average log2(counts per million) in the smaller panel and sorted by their BCV value in the big
panel. Common and trendwise BCV are marked with a red and blue line, respectively. The BCV
gene glpD is marked with a red circle. Genes of the glp operon and selected genes representing
high or low BCV are highlighted.

replicates for each gene in the complete dataset. All values are listed in Supplementary
Table S2. Genes with a weak expression were generally more variably expressed across
the replicate populations than the average. In order to avoid resulting artifacts, only
genes with more than 3.0 log2(counts per million reads) were considered. Figure 2.2
depicts the level of transcriptional variability (BCV) for each gene. The average BCV
of all genes lay at 0.265. An exceptionally high BCV was found for the glpD gene and
also other genes of the glp operon showed a variability above the average. The biological
variation was conserved for several genes such as uvrAB and rpsG.

3680 genes exhibited a BCV below the average value of 0.265 and 2225 above the av-
erage value, indicating that most genes were stably expressed under the tested condi-
tions. As illustrated in Figure 2.3, genes encoding for proteins belonging to basic cellu-
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lar functional (PseudoCAP categories, Winsor et al. 2010) were most stably expressed.
Among these categories were DNA replication, recombination, modification and repair,
cell wall/lipopolysaccharide (LPS)/capsule, transcription, RNA processing and degrada-
tion, cell division, nucleotide biosynthesis and metabolism as well as chemotaxis related
genes. Genes which are responsive to environmental changes showed more variable gene
expression values with medians above 0.25. Among these were genes belonging to the
PseudoCAP categroies of chaperones and heat shock proteins, secreted factors (toxins,
enzymes, alginate), protein secretion/export apparatus as well as antibiotic resistance
and susceptibility.
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Figure 2.3: BCV values for each gene categorized by PseudoCAP categories. BCV
value of each gene assigned to its corresponding PseudoCAP category and sorted by median
BCV. Dashed lines represent a threshold of BCV = 0.5 and BCV = 0.6. The PseudoCAP func-
tional classes are abbreviated as follows: AAsynth, amino acid biosynthesis and metabolism;
ABresist, antibiotic resistance and susceptibility; AdptProt, adaptation and protection; CCatab,
carbon compound catabolism; CellDiv, cell division; CellEnv, cell wall/lipopolysaccharide
(LPS)/capsule; ChapHsp, chaperones and heat shock proteins; Chemotax, chemotaxis; CIM,
central intermediary metabolism; Cofactor, biosynthesis of cofactors, prosthetic groups, and
carriers; DNAetc, DNA replication, recombination, modification, and repair; EnergMb, energy
metabolism; FAPOL, fatty acid and phospholipid metabolism; Hypoth, hypothetical, unclassi-
fied, and unknown; Membrane, membrane proteins; MotAtt, motility and attachment; ncRNA,
noncoding RNA (rRNA and tRNA were excluded in this study); NuclSynth, nucleotide biosyn-
thesis and metabolism; PhaTraPla, related to phage, transposon, or plasmid; ProtExpo, protein
secretion/export apparatus; Putative, putative enzymes; Secreted, secreted factors (toxins, en-
zymes, alginate); SmallTrans, transport of small molecules; TranscRNA, transcription, RNA
processing and degradation; TranslEtc, translation, posttranslational modification, degradation;
TRs, transcriptional regulators; TwoComp, two-component regulatory systems.
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2.1.2 Transcriptional variability is conserved within operons

Despite the overall low variation of gene expression values across isogenic replicate
P. aeruginosa populations, 21 genes were found that exhibited a remarkably high BCV
of more than 0.6, while 58 genes exhibited BCV values of more than 0.5.
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Figure 2.4: Correlation analysis of highly variable P. aeruginosa genes. Genes with
BCV ≥ 0.6 and a read count of log2(CPM) ≥ 3.0 were subjected to a correlation analysis.
Resulting values were clustered and plotted in a heatmap. Correlation values and corresponding
colouring is given on the right side. Gene product names are displayed for each annotated gene
and PA14 IDs for genes without a known product name.

The gene with by far the highest transcriptional variability was glpD with a BCV of 0.93.
Its median gene expression was log2(CPM) = 6.48 which was intermediate compared to
the other genes and thus ruled out that the high BCV was a result of a low expression
level. Other genes of the glp locus, glpK and glpF, showed a BCV of 0.55 and 0.43,
respectively, and a similar median expression (log2(CPM) = 6.25 and 7.27).

In addition to the glp locus, the denitrification genes from the nar, nir, and nor operons
as well as chaperone encoding genes (dnaJK, groEL, hslU ) were among those exhibiting
the highest BCV values. A correlation analysis revealed a strong co-regulation within

25



2 Results

PA
14_40230

opm
L

PA
14_40240

PA
14_40260

pa1L
hvn
PA

14_55940
PA

14_28250
PA

14_36490
trxB

2
PA

14_02010
hcpC
PA

14_21260
PA

14_29660
fhp
PA

14_29650
dctA
glpD
glpK
norB
norD
nirN
nosL
nirE
nosY
nosF
nosZ
nirG
nirL
nirJ
nirH
nosD
nirD
nirM
m

oeA
1

m
oaB

1
narK

1
narK

2
narG
m

oaA
narH
narI
narJ
PA

14_13840
putP
putA
PA

14_36200
PA

14_01080
clpB
ibpA
groE

L
dnaK
dnaJ
hslU
bfd
PA

14_15610
PA

14_15580
PA

14_15590

PA14_40230
opmL
PA14_40240
PA14_40260
pa1L
hvn
PA14_55940
PA14_28250
PA14_36490
trxB2
PA14_02010
hcpC
PA14_21260
PA14_29660
fhp
PA14_29650
dctA
glpD
glpK
norB
norD
nirN
nosL
nirE
nosY
nosF
nosZ
nirG
nirL
nirJ
nirH
nosD
nirD
nirM
moeA1
moaB1
narK1
narK2
narG
moaA
narH
narI
narJ
PA14_13840
putP
putA
PA14_36200
PA14_01080
clpB
ibpA
groEL
dnaK
dnaJ
hslU
bfd
PA14_15610
PA14_15580
PA14_15590

−1

−0.5

0

0.5

1

Figure 2.5: Gene expression correlation analysis of highly variable P. aeruginosa
genes. Genes with BCV ≥ 0.5 and a read count of log2(CPM) ≥ 3.0 were subjected to a
correlation analysis. Resulting values were clustered and plotted in a heatmap. Correlation
values and corresponding colouring is given on the right side. Gene product names are displayed
for each annotated gene and PA14 IDs for genes without a known product name.
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2.1 Transcriptional variability analysis of P. aeruginosa PA14

these operons (Figures 2.4 and 2.5). Here, strong correlations were also observed within
the functional units, such as denitrification pathway genes, chaperones or the glp operon.
The correlation of gene expression across the different functional units was weaker. These
results indicate that variability of gene expression is organized within the respective
operons.

2.1.3 The glp genes show distinct expression and correlation patterns

I furthermore focussed on the analysis of the glp operon, and the glpD gene in particular,
as it showed a marked variability. As references, I analyzed genes with a low variability.

Figure 2.6 A visualizes the distribution of gene expression variability of the Tn mutant
dataset in a beeswarm plot for the glp operon genes, as well as for dnaK, a chaperone
gene, rpsG, encoding the 30S ribosomal protein and uvrA and uvrB, which are DNA
repair protein encoding genes.
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Figure 2.6: Gene-specific transcriptional variability in transposon mutant and clinical
isolate dataset. log2(CPM) expression values of selected genes based on their BCV. Genes
from the glp operon with variable BCV values as well as genes with intermediate and low BCV
(dnaK, rpsG, uvrA, uvrB) are displayed. Analysis based on (A) transposon mutant and B)
clinical isolate dataset is plotted. Median and Mean ± SD expression level are depicted in
orange and red, respectively.
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For glpK2, rpsG, uvrA and uvrB, the BCV was the result of a very homogenous distri-
bution of gene expression values across the different P. aeruginosa populations and a
high average of gene expression. GlpFKMR and dnaK showed a wider distribution of
expression values. Of note, glpD appears to be expressed either at high or at low levels
in the various P. aeruginosa Tn mutant populations. The same analysis was repeated on
the previously published dataset of transcriptome profiles of 414 (non-isogenic) clinical
P. aeruginosa isolates (Khaledi et al. 2020), which is depicted in Figure 2.6 B. Here,
the glpD signal was distributed even wider and showed a trend to produce three distinct
states of gene expression levels. This observation was surprising, as the transcriptomes
were recorded from isolates that were cultivated under the same environmental condi-
tions. Average gene expression remained similar to the Tn mutant dataset. GlpK and
glpF showed a wider spread of expression values, but the stably expressed genes from
the Tn mutant dataset, rpsG, uvrA and uvrB, showed the same behavior in the clinical
isolates. The glp operon regulator gene glpR was stable in its expression distribution as
well, but showed a markably higher median gene expression.

In order to study co-regulations among the glp operon genes, a correlation analysis
was performed for both datasets (Figure 2.7 A and B). As expected, glpD and glpK
highly correlated within the Tn mutant dataset with a correlation coefficient above 0.8.
Correlations to the other genes of the operon were weaker. In the clinical isolate dataset,
glpDKF exhibited remarkable correlations to each other. Furthermore, the expression
of the glycerol transporter gene glpT was highly correlated to the expression of glpDKF
within the transposon mutant and the clinical isolate dataset. Interestingly, glpT is
not part of the glp operon and can be found at a distant chromosomal location (1.4 Mb
upstream). Nevertheless, a common DNA binding motif was identified upstream of glpT,
glpD, and glpK, indicating that the repressor GlpR binds not only to the promoters of
glpD and glpK but also to glpT (Figure 2.7 C). This might explain co-regulation of the
genes in the different P. aeruginosa isolate populations.
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Name p-value Motif Locations
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Figure 2.7: GlpR repressor logic in P. aeruginosa. Gene expression correlation within
the glp operon based on the Tn mutant transcriptome dataset (A) and 414 clinical isolate tran-
scriptomes (B). In order to find a common binding motif, potential promoter sequences which
lay 300-400 bp upstream of glpT, glpD and glpK1F were analyzed with MEME motif finder
(Bailey et al. 2009). The analysis revealed a likely common motif bound by the GlpR repressor,
highlighted in red (C).
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2.1.4 Public database analysis confirms glp operon interactions

In order to validate the results, putative glpD interactions were analyzed in silico using
the network analysis tools STRING (Szklarczyk et al. 2019) and ADAGE (Tan et al.
2017). The STRING database contains known and predicted protein-protein interactions
which include physical as well as functional associations. ADAGE is a web tool for
the exploration of gene expression data based on signatures from unsupervised machine
learning models. The database contains 125 datasets with 1,051 individual transcriptome
samples.
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Figure 2.8: In silico analysis of the glpD interaction network. (A) String database (Szk-
larczyk et al. 2019) was used for protein interaction network analysis of glpD in P. aeruginosa.
Here, a full network with a minimum interaction score of 0.4 is displayed. Line thickness repre-
sents the strength of data support (see legend for Edge Confidence). (B) An ADAGE (Tan et al.
2017) analysis was performed for glpD with standard conditions. Here, line thickness represents
edge weight.

As shown in Figure 2.8 A and B, both tools found the strong interactions between and
within glpD, glpK and glpF, which are already known. Furthermore, STRING identified
interactions of glpD with the acyltransferases plsBXY and with gpsA, which catalyzes
the reverse reaction of glpD. The ADAGE signature analysis furthermore identified co-
regulations of glpDFK with glpT. This finding supports the previously identified potential
regulation by GlpR (Figure 2.7 C). If GlpR regulates glpDKF, which indeed show co-
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regulation, glpT would also be part of this network. The connection of glpD is weaker
to glpT than to glpKF, but still stronger than to other genes like fruI and ybaK. This
could be due to a lower binding efficiency of GlpR to the glpT binding motif, or to the
distant position in the chromosome.

2.1.5 In vitro promoter activity measurement confirms predicted
transcriptional variability

The analysis of 166 replicated transposon mutant transcriptomes revealed a striking
expression variability of the essential glycerol metabolism gene glpD. In order to verify
the predicted expression variability based on transcriptome data, I performed promoter
reported in vitro assays.

Firstly, promoter variability was tested by fusing selected promoters to the stable version
of fluorescent reporter gene GFP. Signal detection was carried out using flow cytometry.
The highly variable transcribed promoters of the glpD, glpK1 and glpF genes should
be tested in LB-medium which was also used for the transposon mutant transcriptome
acquisition. As glpK1 and glpF share a promoter sequence in the upstream region of
glpK1 (Figure 1.4), their promoter activity was analyzed at the same time (PglpKF ).
Apart from PglpD and PglpKF , the glpR promoter was analyzed (PglpR). PglpR was less
variable in the transposon mutant transcriptome analysis and was therefore used as a
control for the GFP signal appearance in genes with low variability. Furthermore, the
promoter of the less but still considerably variably expressed gene dnaK (PdnaK) and the
stably expressed genes rpsG, uvrA (PrpsG, PuvrA) and uvrB (PuvrB) were considered.

Signal intensities in log10(a.u.) were plotted in histograms for each promoter and bio-
logical replicate (Figures 2.9 and 2.10). All of the tested promoters showed an active
population which was defined by a gate at log10(a.u.) ≥ 2.25. This threshold was chosen
according to a comparison between cells carrying the empty plasmid and cells carrying a
functional promoter. Mean fluorescence intensity of the active population was calculated
and indicated by a vertical line in each histogram.

Among all the tested promoters, PglpD showed a striking variability between biological
replicates, as shown in Figure 2.9. The histograms for each sample depicting signal in-
tensity distributions of the measured cells show that the PglpD signal randomly shifted
towards a higher or lower intensity. This finding was independent from the growth stage
and was visible in exponential (OD600 ≈ 0.6), as well as in transition phase (OD600 ≈ 1.5)
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Figure 2.9: P. aeruginosa PA14 glp operon promoter activities measured via flow
cytometry. Fluorescent reporter GFP was used to quantify promoter activities of the glpR,
glpK1F and glpD gene in exponential (A) and transition phase (B) in LB-medium. GFP fluores-
cence intensities are displayed in log10(a.u.) for each promoter in biological replicates (n = 6−9).
The empty plasmid was used as a reference and a gate was set at log10(a.u.) = 2.25 to separate
active from inactive population, indicated by a red line. The black vertical line in each histogram
represents median fluorescence activity.

bacterial cells (Figure 2.9 A and B). In contrast, PglpKF did not show a comparably high
signal shift and it was even lower in PglpR. Promoters of the genes which previously
showed a stable transcription (PuvrB, PuvrA and PrpsG) also showed a stable activity be-
tween different populations measured in exponential and transition phase (Figure 2.10 A
and B). PdnaK showed a slight shift of signal intensities between the replicates, as was
expected due to the previously determined BCV value.

In order to quantify promoter activity variation, mean promoter expression values for
each of the tested genes were visualized in the same plot and subjected to a statistical
analysis (Figure 2.11). Exponential and transition phase values were analyzed seperately
(Figure 2.11 A, B and C, D, respectively). In order to define promoter activity variation,
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Figure 2.10: Selected P. aeruginosa PA14 promoter activities measured via flow
cytometry. Fluorescent reporter GFP was used to quantify promoter activities of the uvrB,
uvrA, rpsG and dnaK gene in exponential (A) and transition phase (B) in LB-medium. GFP
fluorescence intensities are displayed in log10(a.u.) for each promoter in biological replicates
(n = 6 to 9). The empty plasmid was used as a reference and a gate was set at log10(a.u.) = 2.25
to separate active from inactive population, indicated by a red line. The black vertical line in
each histogram represents median fluorescence activity.

the variation coefficient of means (cv) was calculated (Figure 2.11 A and C). An F-
test revealed significant differences between certain promoter variances (Figure 2.11 B
and D).

Comparison of the analysis of mid exponential and transition phase revealed a shift to-
wards a lower promoter activity variation in the later growth stage. Except for PdnaK

and PglpD, all cv values were below 1 ranging from 0.19 up to 0.69 in transition phase.
For PglpD, cv analysis confirmed the predicted high transcription variability of the tran-
scriptome analysis. It was indeed highest among all tested promoters. The PglpKF and
PglpR promoter activities were less variable, especially in the transition phase. F-tests
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confirmed that glpD’s activity was significantly more variable compared to the other
promoters. Among all promoters with a low predicted transcription variability, PrpsG

activity was least variable in transition phase. It was significantly less variable than all
other promoter activities except for PglpR and PuvrA, which showed a low variability as
well.
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Figure 2.11: Coefficient of variation for selected PA14 promoters in LB-Medium.
Promoter activity was obtained via GFP-reported flow cytometry from bacterial cells in expo-
nential (A and B) and transition phase (C and D). GFP signal intensity means are depicted by
black circles in A and C, red crosses mark the resulting coefficient of variation. F-Tests were
performed in order to test correlation and are displayed in B and D. Significant p-values are
marked with white asterisks, *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.

2.1.6 Expression variability of glpD is carbon source dependent

The remarkably noisy expressed glpD gene encodes the essential glycerol metabolism
enzyme sn-glycerol-3-phosphate dehydrogenase. Therefore, carbon source composition
and especially glycerol content may play a crucial role in glpD expression variability.
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In order to evaluate if glpD promoter variability was influenced by carbon source com-
position, promoter activity was measured in M9 minimal medium supplemented with
20 mM glucose and 40 mM glycerol as single carbon sources, respectively (Figure 2.12
A and B). As expected, PglpD and PglpKF activities were much higher when glycerol
was the sole carbon source compared to glucose, whereas PglpR activity remained stable
in both media. Between the replicates and timepoints, all promoter signals were sta-
ble in minimal media complemented with glucose or glycerol. However, in LB-medium
PglpD activity was distinctly bimodal between the different replicates, as depicted in
Figure 2.9.

Because of its strikingly variable transcription and promoter activity behavior, I inves-
tigated the expression of the glpD gene and its regulatory logic in more detail.
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Figure 2.12: Glp operon promoter activities measured via flow cytometry in defined
carbon sources. Fluorescent reporter GFP was used to quantify promoter activities of the glpR,
glpK1F and glpD gene in exponential phase in minimal media supplemented with 20mM glucose
(A) and 40mM glycerol (B), respectively. GFP fluorescence intensities are displayed in log10(a.u.)
for each promoter in biological duplicates. The empty plasmid was used as reference and a gate
was set at log10(a.u.) = 2.25 to separate active from inactive population, indicated by a red line.
A black vertical line in each histogram represents median fluorescence activity. Percentages of
GFP active cells are given for each sample on the right side of the plot.
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2.1.7 Time lapse microscopy provides insight into glpD promoter activity on
single cell level

In P. putida, the GlpR repressor has been found to stochastically regulate the transcrip-
tion of glpFK and glpD (Nikel et al. 2015). If this regulatory logic was conserved in
P. aeruginosa, one would also expect a variable promoter activity distribution.

In line, promoter activity measurement of glpD via flow cytometry showed a remarkable
gene expression variability in the PA14 wildtype strain (Figure 2.10). In contrast, a
deletion strain lacking GlpR would be expected to show a constant glpD promoter signal.
Here, glp expression would not be repressed but constantly enabled. Therefore, glpD
promoter activity was also measured via flow cytometry in a P. aeruginosa PA14 ∆glpR
mutant strain. In Figure 2.13, the mean signal intensities of biological replicates in
late stationary phase were plotted together with the percentage of GFP-active cells for
the PglpD reported signal in the ∆glpR mutant strain and the PA14 wildtype strain.
The signal was highly conserved in PA14 ∆glpR, but not in the wildtype strain. It
could therefore be assumed that an underlying regulation stochasticity also exists in
P. aeruginosa which may also lead to the bimodal signal. However, it was left unclear
how the bimodality was expressed. In order to address this question, a time-resolved
microscopy analysis of the PglpD signal was performed.

Within a population, bimodality can occur through two possible scenarios. Firstly,
the population heterogeneity can be formed by two different coexisting populations.
Secondly, variation can occur over time, in which each cell constantly changes its signal.

Here, time-lapse microscopy was performed over a period of up to 5 hours with snapshots
captured every 3 to 5 minutes. P. aeruginosa PA14 carrying a reporting plasmid was
cultivated on an agar pad. The glpD promoter sequence was fused to the instable GFP
variant GFP(LVA) as fluorescent reporter. The use of GFP(LVA) enables monitoring
of expression in real time, as the GFP protein is degraded rapidly within the cells and
thus does not accumulate. As an active promoter control, the synthetically constructed
strong promoter (vsp) was fused to GFP(LVA). Figure 2.14 shows the resulting control
promoter activity represented as maximum fluorescence intensity (a. u.) over a time
period of up to 8 hours for two replicates. Over time, maximum fluorescence intensity
gradually increased in both replicates until a maximal value of up to 4× 104 a. u. after
7 hours. A strong signal fluctuation was observed, which could be attributed to random
fluctuations in the imaging sensors or fluorescent signal quenching. Of note, all captured
cells remained fluorescent during the whole measured period.
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Figure 2.13: GlpD promoter activity comparison in PA14 wildtype strain and ∆glpR.
Promoter activity of the glpD promoter in LB medium in late stationary phase in the PA14
wildtype strain compared to the glpR Knockout strain. Mean values of GFP signal intensities
are plotted as crosses. Percentages of GFP active cells which directly correlate to glpD promoter
activity are plotted as circles.

For the PglpD signal, time-lapse microscopy revealed that both bimodality forming sce-
narios can occur. A fraction of cells retained an active glpD signal over a long period
of time, representing the first scenario. As soon as these cells divided, the daughter
cells quickly lost the PglpD signal, as shown for two dividing cells in Figure 2.15 A. At
48 minutes, the upper white arrow indicates that the daughter cell lost its fluorescent
PglpD signal directly after completion of cell division. A white arrow at the center of
the picture highlights a PglpD active dividing cell, which started losing its signal and
completely lost it after a second cell division. After 2 hours, no fluorescent signal could
be detected anymore. Fluorescence intensity over time in a. u. corresponding to the de-
scribed cells is plotted in Figure 2.15 C for a time interval of up to 4 hours. Together
with Figure 2.15 D, representing an additional experiment, it is clearly shown that cell
division events are followed by a signal loss of the daughter cell while the mother cell
remains active. Certain cells even keep their signal over long periods of time without
any cell division event (Figure 2.15 E and F).

On the other hand, it could be observed that PglpD activity can occur spontaneously,
representing the second bimodality scenario. Figure 2.15 B illustrates a spontaneous
activation of PglpD after 1 h and 36minutes. The corresponding fluorescent signal only
occured weakly compared to another PglpD active cell within the captured frame, rang-
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Figure 2.14: Time-lapse microscopy of vsp control promoter activity. The synthet-
ically constructed strong promoter vsp was fused to the GFP(LVA) reporter gene. Maximum
fluorescence intensity was measured for up to 8 hours in two independent experiments (A and
B). This experiment served as control for glpD promoter activity experiments.

ing below 2× 103 a. u. compared to 6× 103 a. u. (Figure 2.15 F). The weak signal is
about to disappear after approximately 30minutes, indicated by a decreasing signal in-
tensity. In Figure 2.15 G, another sample is depicted in which different bacterial cells
briefly activated PglpD to a low extent (up to 1.5× 102 a. u.). Mechanistically, it can be
assumed that these cells represent the lower peak of the bimodal signal. In these cases,
stochasticity did not lead to a derepression of the GlpR repressor. Instead, only a few
glycerol molecules entered the cell and were metabolized to G3P. The low extent of G3P
partly inactivated GlpR allowing only a weak promoter activity of PglpD. As no addi-
tional glycerol molecules entered the cell, GlpR derepression did not exceed a necessary
threshold and the cell shifted back to the repressed state of glycerol metabolism.

In total, significantly fewer PglpD active cells were detected under the microscope using
the unstable variant GFP(LVA) (1.48 %± 3.34) compared to the standard GFP version
used in the FACS analysis (83.60 % ± 23.02). The lower percentage of active cells was
due to the significantly reduced cellular stability of GFP(LVA) compared to the standard
GFP, which accumulates within the cells.

In summary, time-lapse microscopy enabled a detailed picture of glpD expression activity
on single cell level. It demonstrated that two possible scenarios lead to the bimodal
signal. Either, a cell maintains a strong signal over a long time, or a brief signal impulse
occurs.
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Figure 2.15: Time-lapse microscopy of glpD promoter activity. The glpD promoter
was fused to the unstable GFP variant GFP(LVA) in order to ensure an unbiased signal. All
time-lapse experiments were carried out in LB-medium. A and B: Selected shots recorded during
a time course of 2.5 hours are displayed. White arrows mark cells that lose their glpD activity
after dividing from their glpD active mother cell (A) and a cell that spontaneously activates
glpD (B). Time stamp and 5 nm scale are shown in the bottom of each picture. C-G: Maximum
fluorescence intensity which correlates with glpD promoter activity is plotted as function of time
in hours. Each graph depicts the fate of a single cell. Grey dots (C, D) mark cell division events.
D and F represent the same experiment as shown in A and B, respectively.
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2.2 The role of glpD in bacterial physiology

The remarkable transcriptional noise of the glpD gene and its bimodal repression logic
drove interest towards its physiological role. Therefore, I wanted to characterize the glpD
gene and its associated effects on glycerol metabolism. To this end, I constructed the
different glp operon deletion mutants as listed in Table 2.1. The expected phenotypes
for growth on glycerol as a sole carbon source are listed, as well as the PA14 gene ID of
the respective knockout gene.

In addition to the direct effects on glycerol by examination of the growth phenotype in
comparison to the wildtype strain, further phenotypic effects were examined. This in-
cluded transcription analysis, motility assays, c-di-GMP- and pyocyanin measurement.

Table 2.1: Mutant strain overview.

Strain PA14 ID Expected phenotype

PA14 ∆glpD PA14_17930 No growth on glycerol
PA14 ∆glpK PA14_17960 No growth on glycerol
PA14 ∆glpR PA14_17940 Enhanced growth on glycerol

2.2.1 A glpD deletion significantly alters the growth behavior of PA14

Expression of glpD has been demonstrated to be stochastically repressed by GlpR in
P. putida, leading to a bimodal glpD expression pattern (Nikel et al. 2015). In ac-
cordance, inactivation of GlpR in P. aeruginosa also led to a high and non-variable
expression of glpD (Figure 2.13). I therefore aimed to evaluate the growth behavior of a
∆glpR mutant in comparison to a ∆glpD and ∆glpK mutant.

The time dependent growth behavior was analyzed in minimal medium supplemented
with glucose as sole carbon source (Figure 2.16 A). All glp knockout mutants showed a
similar growth behaviour, which was comparable to the wildtype strain. In the tested
condition, all strains grew to a maximum OD600 of approximately 0.6 and their growth
constant k was around 0.04, showing no significant differences between the strains.

As expected, neither ∆glpD nor ∆glpK grew in M9 minimal medium with glycerol as sole
carbon source (Figure 2.16 B). For PA14 ∆glpD, growth on glycerol could be partially
restored by complementation. Both mutant strains were capable of growing in a medium
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2.2 The role of glpD in bacterial physiology

supplemented with glucose and glycerol in combination (Figure 2.16 B). Compared to
the PA14 wildtype, growth of ∆glpD was affected to a greater extent than that of ∆glpK,
expressed in a significantly reduced growth rate compared to the wildtype strain.
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Figure 2.16: PA14 glp deletion mutant growth behavior on selected carbon sources.
Growth was monitored over a time period of 45 hours in liquid media on a 96 multi well plate.
3 to 12 replicates were tested per condition. M9 minimal medium was used for defined carbon
source experiments. It was supplemented with 20 mM glucose (A); 40 mM glycerol (B); 20 mM
glucose combined with 40 mM glycerol (C) and 90 mM glycerol-3-phosphate combined with
10 mM glucose (D). LB-Medium (E) was used as a complex carbon source. Growth curves on
the right and growth rate k on the left are given for PA14 wt and knock out mutants ∆glpD,
∆glpK and ∆glpR. No growth was observed for ∆glpD and ∆glpR knockout mutants on glycerol
as sole carbon source. Growth rate differences between mutant strains and wt were statistically
tested using Mann-Whitney U test and corrected by Bonferroni method. Significant p-values are
marked with asterisks (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001).

Interestingly, the growth of the ∆glpK mutant could be fully restored by the exogenous
addition of G3P (Figure 2.16 D). This could occur either directly by adding G3P to
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the medium, or indirectly through adding glycerol. Stationary phase proliferation was
visibly impaired in the ∆glpK deletion strain when grown on combined carbon sources
glucose and glycerol, but not when combining glucose and G3P. A potential toxicity of
accumulated G3P, which was shown in B. subtilits (Klier et al. 1988; Lindgren et al.
1976) could lead to this effect. On the other hand, this result could confirm that there
are two different entry points for glucose and G3P into glycerol metabolism. G3P can
enter either via phosphorylation of glycerol by GlpK or by directly entering the cell by
GlpT (glycerol-3-phosphate-transporter). Thus, GlpT activity enables the cell to use
available G3P for any downstream metabolic reactions.

The ∆glpD mutant was also the only mutant that exhibited an impaired growth in LB
(Figure 2.16 E). The growth curve was markedly flattened which was reflected in the
reduced growth rate. The median growth constant of ∆glpD was remarkably lower with
0.068 compared to values above 0.1 for wildtype, ∆glpK and ∆glpR. Growth was partially
restored by complementing the ∆glpD mutant strain.

This finding was in line with the observation that the ∆glpD mutant produced a smaller
colony size on LB agar plates after 18 hours incubation at 37 °C compared to the PA14
wildtype, ∆glpK and ∆glpR mutant strains (Figure 2.17). The observation that growth
of ∆glpK in LB did not differ to that of the PA14 wildtype indicates the presence of
G3P in the medium.

Of note, ∆glpR, which is overexpressing glpD and glpK, started to grow slightly earlier
on glycerol than the wildtype strain (Figure 2.16 B). However this effect was consider-
ably less pronounced as shown before for P. putida (Nikel et al. 2015). As glpD and
glpK expression are not repressed by GlpR anymore, glycerol could theoretically be
used directly. Apparently, this effect is masked by other metabolic reactions, such as a
potentially toxic G3P accumulation.

42



2.2 The role of glpD in bacterial physiology

PA14 wt ∆glpD  1 

∆glpK ∆glpR

Figure 2.17: P. aeruginosa PA14 glp deletion mutant colony phenotype on LB agar
plates. Colony phenotypes of PA14 ∆glpD, ∆glpK, ∆glpR and wildtype captured after incubation
for 18 hours at 37 °C.

2.2.2 Deletion of glpD has a global impact on the gene expression profile

I next aimed at evaluating whether the activity of the glp operon had an impact on the
transcriptome that goes beyond regulation of the glycerol metabolizing enzymes.

To this end, I recorded transcriptional profiles of PA14 grown in M9 minimal medium
with glucose (low expression of the glp operon) versus glycerol (high expression of the
glp operon) as the sole carbon sources. Bacterial cells were harvested in exponential
and in stationary growth stage. The complete results of the differential expression (DE)
analysis can be found in Supplementary Table S3.

The biggest differences among the tested conditions occured between bacteria grown in
glucose vs. glycerol in exponential growth phase, which was reflected by 793 significantly
DE genes (Figure 2.18). In stationary phase, 204 genes were differentially expressed in
glucose compared to glycerol. Only 112 of these two sets of DE genes were overlapping,
meaning that other pathways were differentially regulated in exponential and stationary
growth stage comparing both media. When comparing bacteria grown in exponential and
stationary phase within the same medium, the number of DE genes was increased more
than 8-fold in glucose (547 significant fold changes) compared to glycerol (62 significant
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Figure 2.18: Count and overlap of differentially expressed genes in PA14 wildtype
transcriptomes recorded under different conditions. PA14 wildtype transcriptomes from
growth in M9 minimal medium supplemented with 20 mM glucose or 40 mM glycerol and harvest
at exponential and stationary growth stage were compared. Count of significant fold changes (DE
genes, FDR ≤ 0.05) was plotted for the comparison of bacteria grown in glucose vs. glycerol in
exponential and stationary growth stage as well as for the comparison exponential vs. stationary
growth stage of bacteria grown in glucose and glycerol. The count of overlapping genes for each
comparison is given below.

fold changes). Only 33 genes overlapped here. Therefore, growth in glucose and growth
in glycerol of PA14 wildtype must be regulated in different ways.

To elucidate potential gene expression effects of the glp deletion, a transcriptome anal-
ysis was carried out for PA14 ∆glpD, PA14 ∆glpK and PA14 ∆glpR in comparison to
PA14 wildtype. Here, samples were collected in exponential growth phase, as well as in
transition phase from cultures in LB medium. The complete results of the DE analysis
are listed in Supplementary Table S4. DE genes of each deletion strain compared to the
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Figure 2.19: Differentially expressed genes of glp knock out strains compared to
PA14 wildtype strain visualized in venn diagrams. Overlap of differentially expressed
(DE) genes comparing each glp mutant strain to PA14 wildtype grown in LB medium. Count
of significantly DE genes (FDR ≤ 0.05) was visualized in venn diagrams. Results are shown for
transcriptomes at exponential growth phase (A) and transition phase (B).

wildtype were visualized in Venn diagrams for each growth stage (Figure 2.19). In tran-
sition phase, all deletion strains shared 112 differentially expressed genes (Figure 2.19
B). In exponential growth phase, only 22 DE genes overlapped in all mutant strains
(Figure 2.19 A). The total count of DE genes of ∆glpK and ∆glpR was extremely small
with 66 and 38, respectively. However, the glpD deletion strain differentially expressed
625 genes in total, with 576 genes that did not overlap with the other strains.

While the glp operon is inactive in ∆glpD (and partially inactive in ∆glpK ), the glp
genes are highly expressed in ∆glpR even when grown in LB medium which only contains
low amounts of glycerol. ∆glpD deletion results in a significant upregulation of ∆glpK,
since the GlpR agonist glycerol-3-phosphate (G3P) is no longer consumed by GlpD and
accumulates inside the cell. Thus, GlpR could no longer repress the expression of its
target promoters glpD and glpK1F, respectively.

2.2.3 Glycerol metabolism impacts expression of central metabolism genes

An enrichment analysis of the DE genes enabled the detection of functional categories
that were altered in the PA14 wildtype in response to growth on glycerol compared to
growth on glucose (Table 2.2). In exponential phase, energy-metabolism and central
intermediary metabolism were significantly enriched categories among DE genes when
comparing transcriptomes from growth in the different carbon sources. Furthermore,
translation, post-translational modification, degradation related genes and secreted fac-
tors (toxins, enzymes, alginate) were significantly enriched. Non-coding RNA genes

45



2 Results

Table 2.2: Functional enrichment analysis of PA14 wildtype grown under the given
conditions.

Comparison PseudoCAP category FC

Glucose vs. glycerol
Exponential phase Translation, post-translational modification, degradation 1.75

Central intermediary metabolism 1.60
Secreted Factors (toxins, enzymes, alginate) 1.70
Energy metabolism 1.62
Non-coding RNA genes 1.88

Stationary phase Adaptation, Protection 2.78
Non-coding RNA genes 4.48

Exponential vs. stationary
Glucose Chemotaxis 1.41

Transcriptional regulators 1.10
Secreted Factors (toxins, enzymes, alginate) 1.29
Related to phage, transposon, or plasmid 1.26
Putative enzymes 1.26
Hypothetical, unclassified, unknown 1.07

FC: Foldchange. Only significantly enriched categories with FDR ≤ 0.05 are displayed.

were significantly enriched in both exponential and stationary phase. Adaptation and
protection related genes were enriched in stationary phase only.

When comparing exponential to stationary phase within each carbon source, only glu-
cose showed significantly enriched categories, which was in line with the count of DE
genes as shown in Figure 2.18. Among these were chemotaxis, phage, transposon, or
plasmid related genes, secreted factors (toxins, enzymes, alginate) and transcriptional
regulators.

In order to gain insight into the DE physiological pathways in response to deletions in the
glp operon, the affected genes were subjected to a Voronoi tree analysis (Liebermeister
et al. 2014) and classified into their cellular functions based on Kyoto Encyclopedia of
Genes and Genomes database (https://www.genome.jp/kegg/, Kanehisa et al. 2000).
Figure 2.20 depicts DE pathways for all mutant strains in transition phase as well as
∆glpD in exponential phase, which was the only strain to show a remarkable amount of
DE genes in this growth stage. Genes with a role in metabolism, in particular biosynthe-
sis related genes, were primarily affected in all strains. When comparing exponential and

46



2.2 The role of glpD in bacterial physiology

transition phase of ∆glpD, a decrease in genes classified as central carbon metabolism,
biosynthesis and membrane transport became evident.

However, more genes connected to transcription, translation and DNA maintenance were
DE in transition phase. Compared to ∆glpD, ∆glpK and ∆glpR had a lower count in DE
genes of transcription and translation. It could therefore be assumed that ∆glpD has a
strongly altered growth physiology particularly compared to the wildtype. The knockout
mutation has been shown to significantly alter metabolism genes in the transcriptome
profiles, reflecting the slower growth observed in LB-medium as shown in Figure 2.16.
The high number of DE transcription and translation genes in the transition phase
demonstrated that a ∆glpD mutation leads to a flattened transition from exponential to
stationary phase. The ∆glpR knockout strains showed a remarkable number of DE cell
motility genes, which gave hints to an altered motility phenotype.

Figure 2.21 depicts those genes that were commonly positively or negatively co-regulated
with the glp genes, under conditions when the glp operon was induced by the presence
of glycerol and at the same time mutationally locked in an active state (in ∆glpR) or
functionally knocked out (in ∆glpD). Interestingly, 13 of the 58 genes that exhibited
a high BCV value (of above 0.5) were among the co-regulated genes. Especially the
genes of the nir, nar and nor operons were found to be induced as a result of an
active glp operon. In PA14 ∆glpR, the expression of denitrifying genes was significantly
upregulated, whereas the same genes were downregulated in PA14 ∆glpD. In comparison
to the remaining gene clusters, all of the denitrifying genes exhibited a high biological
coefficient of variation around 0.5 (as identified in Section 2.1.1).

Furthermore, in ∆glpD fimbrial biogenesis proteins pilMNO and the ABC inner mem-
brane transporters gltBKG which enable glucose uptake were significantly downregu-
lated. The amiBCER genes encoding amidases and amidase regulators, as well as py-
ochelin regulator gene pchR and pyochelin biosynthesis gene pchD were significantly
upregulated. None of these genes were significantly affected in ∆glpR. However, the pro-
lin degradation and transport genes putA and putP were significantly upregulated in the
∆glpR mutant but not affected in ∆glpD. The corresponding BCV values were around
0.5 and thus above average.

Conclusively, the activity of the glp operon had significant effects on the transcriptomic
landscape of P. aeruginosa PA14. Especially a deletion of glpD had a considerable tran-
scriptional impact during growth in the exponential phase, which was also reflected in the
different growth rate. Mostly metabolism-associated genes were affected, highlighting
the importance of glpD in cellular energy balance.
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Figure 2.20: Differentially regulated KEGG pathways in glp mutants compared to
PA14 wildtype. DE genes were assigned to their respective KEGG categories (Kanehisa et al.
2000) and visualized as Voronoi tree map weighted by FDR. Hypothetical or unmapped reads
were removed prior to Voronoi analysis. Proteomaps web service was used for visualization
(Liebermeister et al. 2014). Transcriptomes from transition phase were analyzed, as well as
exponential phase transcriptomes for ∆glpD. Transcriptome analysis was performed in triplicates
for all knock-out strains and as duplicate for PA14 wildtype.
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Figure 2.21: Significant differentially regulated genes of ∆glpD and ∆glpR compared
to PA14 wildtype strain. DE genes between ∆glpD and ∆glpR were identified from transition
phase transcriptomes recorded in LB and DE in comparison to the PA14 wildtype strain was
plotted. Significant LFCs, determined by FDR, are displayed in the left panel (*, p ≤ 0.05;
**, p ≤ 0.01; ***, p ≤ 0.001) and BCV as assessed from transposon mutant transcriptomes is
displayed for each gene in the right panel.
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2.2.4 Bacterial motility and c-di-GMP production are affected by deletion
of the glpR gene

The transcriptome analysis revealed significant differential expression of motility related
genes in the glp knock out mutant strains and especially in the ∆glpR mutant. P. aerug-
inosa’s motility is of special interest as it is a crucial factor in its infection and virulence
behaviour. Motility behavior of ∆glpD, ∆glpK and ∆glpR was therefore compared with
that of the PA14 wildtype strain in vitro. To this end, swimming and swarming assays
were performed.

 wt   ΔglpD   ΔglpK   ΔglpR   wt+  ΔglpD+
W

T
glp

D
glp

K
glp

R
W

T+
D+D

0.0

0.5

1.0

1.5

2.0

sw
ar

m
in

g
 m

o
ti

lit
y 

[r
at

io
]

C

wt         ΔglpD        ΔglpK        ΔglpR   

wt+       ΔglpD+ 

wt+         ΔglpD+ 
 wt    ΔglpD   ΔglpK   ΔglpR   wt+  ΔglpD+
W

T
glp

D
glp

K
glp

R
D+D

0.0

0.5

1.0

1.5

sw
im

m
in

g
 m

o
ti

lit
y 

[r
at

io
]

A

* *

*

wt            ΔglpD        ΔglpK        ΔglpR   

B

D

Figure 2.22: Effects on bacterial motility by knock out of glp genes. Swimming (A,
B) and swarming (C, D) motility were measured for all glp mutants, as well as the ∆glpD+
complemented strain. Values were calculated in relation to the corresponding wt strain with
(wt+) and without reference plasmid (wt), respectively. Median and IQR are plotted for each
sample, consisting of 6 to 16 replicates. Significant changes (p ≤ 0.05, two-sided t-test) in
comparison to the corresponding wildtype are marked with asterisks. Examples of swimming
and swarming phenotypes are depicted in B and D, respectively.

As depicted in Figure 2.22, swimming and swarming was not significantly reduced in
∆glpD and ∆glpK compared to the PA14 wildtype. However, the ∆glpR mutant was sig-
nificantly impaired in swimming as well as swarming capacities. As shown in Figure 2.22
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Table 2.3: C-di-GMP concentrations for glp mutants given
in [pmol/mg protein].

Medium Strain Mean SD

LB PA14 wt 33.02 8.03

∗∗
∗

LB PA14 ∆glpD 32.98 12.14
LB PA14 ∆glpK 27.34 9.40
LB PA14 ∆glpR 51.97 26.27

Glu PA14 wt 30.51 0.39

∗∗

∗∗

Glu PA14 ∆glpD 35.05 6.48
Glu PA14 ∆glpK 27.46 2.43
Glu PA14 ∆glpR 44.87 1.79

Gly PA14 wt 97.92 2.74

∗∗

Gly PA14 ∆glpR 117.01 1.11

Two-sided t-tests were performed and significant p-values are
marked on the right side of the table (*, p ≤ 0.05; **, p ≤ 0.01;
***, p ≤ 0.001). n = 3.

B and D, the ∆glpR mutant only showed traces of a swimming or swarming phenotype.
Over-complementation of ∆glpD with glpD in trans (expressed on pSEVA551) also re-
vealed impaired swimming and swarming motility, which was comparable to that of
∆glpR. In ∆glpR, the levels of GlpD are increased due to the lack of repression. In
the glpD complementation strain, the levels of GlpD are increased as well, because the
glpD gene is present in more than just one copy (up to 13 in the low copy plasmid
pSEVA551glpD, Silva-Rocha et al. 2013).

Motility regulation in P. aeruginosa is closely linked to the activity of the second mes-
senger molecule c-di-GMP. A high c-di-GMP level is associated with decreased motil-
ity behavior and increased biofilm production, which is important in chronic infections
(Chua et al. 2014; Lin Chua et al. 2017; Römling et al. 2013). As motility was reduced
due to increased levels of GlpD, I suspected an increase of c-di-GMP content in the glpR
deletion strain. Therefore, the intracellular c-di-GMP concentration of ∆glpD, ∆glpK
and ∆glpR was measured. The resulting mean values and standard deviations are listed
in Table 2.3.
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In LB medium, a tendency towards a higher c-di-GMP level for the ∆glpR variant was
detected. The replicates scattered over a wide range of 51.97±26.27 pmol c-di-GMP per
mg of protein. The other glp mutant strains, ∆glpD and ∆glpK, did not show any differing
tendencies of c-di-GMP production in comparison to the wildtype strain. The replicate
values also scattered, but their standard deviation with 32.98± 12.14 was less than half
of the ∆glpR mutant strain. Also, the wildtype strain showed scattered values in LB
medium. This leads to the assumption that the c-di-GMP concentration in independent
biological cultures of isogenic strains is generally highly variable in LB medium.

In order to assess the effects of glycerol presence, c-di-GMP levels were measured in min-
imal medium supplemented with either glucose or glycerol. Here, the general picture
looked differently. The replicates scattered less, which is expressed in lower standard
deviations. In glucose, the ∆glpR mutant showed similar behavior as in LB medium,
exhibiting a significantly increased c-di-GMP level relative to the wildtype. Also, ∆glpD
and ∆glpK showed a similar behaviour as before, with c-di-GMP median concentrations
ranging around 30.0 pmol/mg protein, close to the the wildtype strain. Most interest-
ingly, the levels of c-di-GMP could be significantly induced by growth on glycerol in the
∆glpR mutant, but also in the wildtype strain, indicating that the activity of the glp
operon directly translates into elevated c-di-GMP levels.

2.2.5 Expression of glpD affects pyocyanin production

Pyocyanin production is an important factor in P. aeruginosa virulence especially within
the CF lung, modulating immune responses that finally lead to lung damage (Caldwell
et al. 2009; Lau et al. 2004). When growing ∆glpD in liquid LB cultures, I encountered
a weaker green coloration of the medium, which indicates pyocyanin production. I
therefore measured the content of this important virulence factor in the PA14 wildtype
and the glp mutant strains under different conditions.

PA14 ∆glpD showed an 85% reduced level of extracellular pyocyanin after 18 hours
of growth in LB medium (Figure 2.23 A). The pyocyanin levels of ∆glpK and ∆glpR
remained stable in comparison to the wildtype with no significant alterations. The
complementation ∆glpD+ restored pyocyanin levels in comparison to the wildtype strain
carrying the empty plasmid. In order to rule out that differences in growth would
account for differences in pyocyanin production, the PA14 wildtype, the ∆glpD, ∆glpK
and ∆glpR mutants as well as the complemented ∆glpD mutant and the PA14 wildtype
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were cultivated in M9 minimal medium with glucose as the sole carbon source and
pyocyanin production was measured after 18 hours of growth.
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Figure 2.23: Pyocyanin content of glp mutants after growth in different media. Py-
ocyanin content in the supernatant of liquid cultures was measured after 18 hours growth in
LB-Medium (A), M9 supplemented with 20 mM glucose (B), M9 complemented with 20 mM
glucose and 40 mM glycerol (C) and 40 mM glycerol (D) as carbon sources. Pyocyanin levels of
the mutants were normalized to the wt level, the glpD complemented mutant was normalized to
wt carrying the empty pSEVA551 plasmid (wt+). 4 to 5 replicates were sampled. Median and
IQR are plotted, asterisks highlight significant differences between wt and the marked mutant
strain determined by two-sided t-tests and Bonferroni correction (*, p ≤ 0.05; **, p ≤ 0.01; ***,
p ≤ 0.001). No pyocyanin could be measured in any of the strains grown in glycerol.

Pyocyanin production was not affected in any mutant strain when grown on glucose as
sole carbon source (Figure 2.23 B). However, the complemented strain ∆glpD+ showed
a 3 fold increased pyocyanin level compared to the wildtype carrying the empty plasmid.
In minimal medium supplemented with a combination of glucose and glycerol as carbon
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source, pyocyanin was also increased in the complemented ∆glpD+ strain with a wide
scattering of replicate values (Figure 2.23 C). Also, ∆glpK showed a significant increase
in pyocyanin levels compared to the wildtype strain. The ∆glpD mutant did not produce
any pyocyanin anymore in glucose and glycerol as combined carbon sources, indicating
that the presence of glycerol has a large impact on pyocyanin production of ∆glpD. The
two strains which were able to grow in glycerol as sole carbon source, PA14 wildtype and
∆glpR, did not exhibit any pyocyanin production when grown in it (Figure 2.23 D).

In order to examine glycerol-dependent pyocyanin production independent of an im-
paired glycerol pathway, I compared the µM pyocyanin content of the PA14 wildtype
strain under the different conditions as shown in Figure 2.24.

PA14 wt pyocyanin production was considerably increased when grown in glucose as sole
carbon source with an average content of 1.1 µM after 18 hours of cultivation time. As
soon as the medium contained glycerol, the levels were significantly lower. In LB as well
as in minimal medium supplemented with glucose and glycerol combined, the pyocyanin
levels were around 0.3 µM. When glycerol was used as the only carbon source, pyocyanin
production was completely stopped.
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Figure 2.24: Pyocyanin levels of PA14 wt grown in different carbon sources. Py-
ocyanin concentrations in µM of the PA14 wildtype strain are plotted for different media. LB-
Medium, M9 supplemented with 20 mM glucose, M9 supplemented with 20 mM glucose and
40 mM glycerol combined as well as 40 mM glycerol as sole carbon source were tested. 4 to 5
replicates were sampled. Median and IQR are plotted. Two-sided t-tests were performed and
significant p-values are indicated by asterisks (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001))
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2.3 Effects on virulence by deletion of glp genes

As reduced pyocyanin production may indicate effects on the development of full viru-
lence or on alterations in host-pathogen interactions, the glp mutants were analyzed in
two different infection models. I used a cell-culture based approach to test eukaryotic
cell invasion, as well as the acute in vivo infection model G. mellonella.

2.3.1 PA14 primary macrophage invasion is impaired by glpD deletion

In a primary macrophage invasion assay using bone-marrow derived macrophages
(BMDMs) originating from C57BL/6 mice, the invasion capacity of the glp operon
mutants was tested. Cells were infected with a multiplicity of infection (MOI) of 1,
representing an equal ratio of the amount of bacterial cells to infected BMDMs. The
bacterial cell’s ability to invade and replicate within eukaryotic cells provides valuable
information about their infection behaviour in vivo.
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Figure 2.25: Primary macrophage invasion of glp mutants. Invasion (A) and replication
(B) in BMDMs was calculated relative to PA14 wt or PA14 wt carrying the empty plasmid
(pSEVA551) for the complemented glpD mutant strain. Invasion was measured 1 hour after bac-
terial infection with an MOI of 1. Intracellular replication was measured 5 hours after infection.
All experiments were replicated 6 times. Significant alterations in comparison to the wildtype
strain determined by two-sided t-tests are marked with asterisks (*, p ≤ 0.05; **, p ≤ 0.01; ***,
p ≤ 0.001).

In comparison to the wildtype, uptake of ∆glpD was significantly reduced by 75%
(Figure 2.25 A) while uptake was not altered in the other deletion strains ∆glpK and
∆glpR. Uptake of the ∆glpD mutant could be fully restored by complementation with
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glpD in trans. Furthermore, the replication factor which describes bacterial replication
within the BMDMs was considerably reduced in the ∆glpD knock out mutant. In com-
parison to the PA14 wildtype strain, ∆glpD replication was reduced to 4.5%. The other
mutants, ∆glpK and ∆glpR did not show any significant differences in replication within
the BMDM cells.

In order to measure cytotoxicity, supernatants of the infected BMDMs were subjected
to a lactate dehydrogenase (LDH) release assay. In this assay, the level of cell death
of a population is measured via LDH enzyme reaction. This stable enzyme, which is
present in eukaryotic cells, is rapidly released into the cell culture medium when the
plasma membrane is damaged. This extracellular LDH can subsequently be quantified
by a coupled enzymatic reaction and a following colorimetric measurement. As shown in
Figure 2.26, cytotoxicity was not significantly impaired in any of the glp mutant strains.
This was surprising, as even ∆glpD which was significantly impaired in uptake as well
as in replication within BMDMs, did not differ significantly from the wildtype cytotoxic
capacity. It is possible that PA14 ∆glpD was actively killed by the BMDMs. The relative
cytotoxic capacity median values lay between 26% for the PA14 ∆glpR mutant strain
and 41% for the ∆glpD mutant strain.
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Figure 2.26: Relative cytotoxicity of glp knock out mutants in BMDMs. Cytotoxicity
towards BMDMs was measured 5 hours after bacterial infection with MOI = 1. Median and IQR
are plotted. All glp mutants were tested for their cytotoxic potential. To assess the amount of
lysed cells, an LDH assay was carried out. As negative control, the supernatant of untreated
cells was used. As positive control, cells were lysed using PBS with 1% triton and the suspension
was subjected to the LDH assay. Cytotoxicity was calculated in relation to the positive control.
The experiment was carried out 3 times for each strain.
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2.3.2 G. mellonella killing capacity is significantly reduced by a glpD
deletion

As second infection model, I used Galleria mellonella larvae. These larvae from the
great wax moth serve as an alternative in vivo infection model to rodents for studying
microbial infections (Ramarao et al. 2012). G. mellonella larvae are cheap and easy to
obtain in large numbers and simple to use as they do not require specific housing. Even
though insects lack an adaptive immune response, the larval immunity shows substan-
tial similarities with the human innate immune response which makes them a suitable
infection model.
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Figure 2.27: G. mellonella survival after infection with glp mutants. G. mellonella
survival rate was assessed in 4 independent experiments (A to D) with 10 larvae per condition and
monitored form 16 to 48 hours post infection. Here, the killing curves from 16 to 27 hours post
infection are displayed for each mutant strain, as well as for wildtype and PBS control. Asterisks
mark significant differences calculated with a two-tailed t-test (*, p ≤ 0.05; **, p ≤ 0.01; ***,
p ≤ 0.001).
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I infected G. mellonella larvae with the glp mutant strains and the PA14 wildtype after
cultivating the bacteria in LB medium. Each larva was infected with approximately 300
colony forming units (CFU) of the respective bacterial strain. Figure 2.27 shows the
results of 4 independently conducted experiments, A to D. G. mellonella killing was
monitored from 16 hours past infection and the survival percentage was displayed as a
function of time. As a control, 10 larvae were inoculated with PBS in each experiment.

The resulting killing curves looked overall linear from the monitoring starting point. In
all experiments, the killing curve of G. mellonella larvae was the flattest when infected
with the ∆glpD knockout mutant. Especially in the experiments shown in Figure 2.27 B
and D, the rate of survived larvae infected with ∆glpD exceeds the rate of those infected
with ∆glpK, ∆glpR and the PA14 wildtype strain. In experiment B and C, killing began
up to 4 hours later when infected with ∆glpD. The killing rates of ∆glpK, ∆glpR and
the wildtype strain were similar in each experiment, whereas sometimes either ∆glpK
or ∆glpR killed the larvae faster or slower than the wildtype. PBS controls survived
treatment in all experiments except for experiment D. Here, 20% of the larvae did not
survive the first 22 hours of the experiment.

For easier quantification and statistics, the G. mellonella survival rate 24 hours past
infection was analyzed for each strain as depicted in Figure 2.28. Here, the reduced
killing capacity of ∆glpD becomes particularly evident. 60% of the larvae survived
for 24 hours after infection with ∆glpD, whereas only 2 to 4% of the larvae survived
after infection with the wildtype strain, the ∆glpK or ∆glpR mutant. Compared to the
wildtype strain, ∆glpD killing capacity was significantly reduced.

Taken together, these results prove a significantly impaired acute virulence phenotype
of PA14 ∆glpD and therefore a striking importance of the glpD gene for fully developed
virulence.
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Figure 2.28: G. mellonella survival 24 hours after infection with glp mutants. G. mel-
lonella survival rate was assessed in 4 independent experiments with 10 larvae per condition and
monitored from 16 to 48 hours post infection. Here, killing after 24 hours is given as percentage
for each experiment. Asterisks mark significant differences calculated with a two-tailed t-test (*,
p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001).
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Hospital-acquired infections are an increasing global threat, particularly for immuno-
compromised individuals. The opportunistic human pathogen P. aeruginosa is regularly
one of the ‘top ten’ of common hospital ‘superbugs’ worldwide. Affected patients suffer
from severe acute or chronic P. aeruginosa infections. Chronic infections fail to resolve
through normal immune intervention and antibiotic treatment and can even persist for
many years without clearance (Bhagirath et al. 2016; Lyczak et al. 2000; Malhotra et al.
2019). An acute infection on the other hand can rapidly spread and become systemic,
a circumstance that may kill the host in a matter of days (Roy-Burman et al. 2001).
Thus, it is becoming increasingly important to understand the variety of pathogenic
mechanisms to develop novel anti-infectives. In times of increasing antibiotic resistance,
disarming the pathogen by targeting its virulence traits could make an important con-
tribution to combating infections.

In this study, the interdependency of metabolism and pathogenic behavior was analyzed
with respect to one specific pathway, which is glycerol metabolism. This pathway was of
particular interest due to its pronounced transcriptional variability in an environment of
complex nutrient composition, which was revealed in this work. The ability to metabolize
glycerol was shown to be crucial for P. aeruginosa’s full virulence potential. The clinical
relevance of glycerol metabolism is underlined by findings from Turner et al. 2014 and
Son et al. 2007, which demonstrated that glycerol catabolism was commonly upregulated
in pseudomonal CF lung infections.

3.1 Gene expression variability depends on cellular function

P. aeruginosa is an extremely versatile organism with an exceptional phenotypic plas-
ticity, which is achieved by transcriptional variation and adaptation, regulated by an
enormous set of regulators and responsive networks. Intrinsic gene expression variabil-
ity, often referred to as ‘noise’, is a biologically important variable, which enables the
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pathogen to quickly react to changing conditions. However, it comes with the cost of
organismal fitness (Barkai et al. 2000; Thattai et al. 2001). The analysis of transcrip-
tional noise thus enables insight to those genes and pathways, which have to be noisy in
order to maintain the organism’s adaption abilities despite the fitness cost.

In this study, an RNA sequencing based approach was used in order to identify gene
expression variability. A transcriptome generally only allows for statements on the pop-
ulation’s differential gene regulation in response to various environmental stimuli, de-
livering an average transcription level for each gene. Transcriptional noise, serving a
bacterial population as pre-adaptation to possible future environmental conditions, is
not directly evident. On the other hand, if the analysis is based on a large dataset
of several hundred transcriptomes, transcriptional noise could be detectable. If there
is a high transcriptional variability between multiple bacterial populations grown under
the same conditions, it could also exist within each population which would represent
transcriptional noise.

Based on this assumption, a dataset consisting of 166 Tn mutant transcriptomes in
two to four replicates, resulting in a total of 334 transcriptomes, was analyzed. The
variability for each of the 5906 annotated P. aeruginosa genes was determined by cal-
culation of the BCV. This analysis delivered the expected result that the vast majority
of genes is stably transcribed. Around 62% of genes had a BCV below the average
value. When considering the gene expression variation in a functional categorization,
those categories involving essential cellular functions, such as DNA, cell wall and division
related functions, showed the lowest variation. In accordance, Fraser et al. 2004 stated
for eukaryotes that the expression of essential proteins involves lower levels of noise than
the production of most other genes. Furthermore, Dötsch et al. 2015 revealed that the
same categories, i. a. DNA related, cell envelope and nucleic acid synthesis, had a low
abundance of variable gene expression in a set of more than 100 P. aeruginosa clinical
isolates.

This work therefore enabled a robust analysis of gene expression variation and allowed
an estimation of potential housekeeping genes under the tested conditions in the first
step. Among these, uvrA, uvrB and rpsG were identified, which was confirmed by a
promoter reporting analysis. UvrA and UvrB are involved in the repair of UV radiation
induced DNA demage by nucleotide excision, and thus represent an essential cellular
function (Das et al. 2015; Žgur-Bertok 2013). Rivera et al. 1997 also showed that uvrA
expression in P. aeruginosa was constitutive in contrast to E. coli, which induces uvrA
in response to UV radiation. These findings highlight the importance of the uvr system
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as a housekeeping function in P. aeruginosa. As for dnaK, gene expression was also
intermediately conserved, which is in accordance with its cellular function as a chaperone
that is also involved in chromosomal DNA replication in E. coli (Zhu et al. 1996; Zylicz
et al. 1984; Zylicz et al. 1983). These candidate genes could be used as references for a
stable to intermediate transcription variation in gene expression experiments.

The large proportion of stably expressed genes underlines the statement that stable gene
expression is preferred in general. This raises the question of which gene categories can
be afforded to be noisily expressed for the cost of fitness. In this study, the highest vari-
ation in gene expression was found in the categories chaperones and heat shock proteins,
secreted factors (toxins, enzymes, alginate), protein secretion/export apparatus and an-
tibiotic resistance and susceptibility genes. Most of these categories were also identified
as highly variable in the study by Dötsch et al. 2015. All of these categories are connected
to bacterial virulence and stress response. These mechanisms are needed within the host
site, where environmental changes can occur spontaneously and a quick adaptation is
necessary. E. g., P. aeruginosa is capable of performing transient phenotypic changes in
response to antibiotic treatment in vitro and in vivo (Drenkard et al. 2002). In contrast
to the studies mentioned, the transcriptomes in this work were recorded from isogenic
P. aeruginosa strains under identical conditions. It is noteworthy that these mechanisms
were highly variable even under laboratory conditions, as no extrinsic stress factors were
present, which highlights the significance of gene expression noise for P. aeruginosa.

3.2 Metabolic pathways are targets of exceptional noise in
gene expression

Only a set of 58 genes exhibited an extraordinary high level of transcriptional noise
which was increased by almost 90% compared to the average level. Interestingly, mainly
metabolism related genes were among these genes of exceptional transcriptional noise,
instead of genes associated to virulence. It appeared that genes associated with viru-
lence or stress response had a generally high level of transcriptional variation, while the
variation of certain metabolic genes was characterized by extreme gene expression noise.
In this work, one of the pathways which showed pronounced transcriptional noise was
the denitrification pathway.

In anoxic condition, P. aeruginosa is capable of using nitrogen oxyanions and oxides
as terminal electron acceptors. During denitrification, nitrate is reduced stepwise to
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nitrogen gas by the NAR, NIR, NOR and NOS reductases (Arai 2011; Galloway et al.
2004). When oxygen becomes limiting, the organism has to get ready for anaerobic
respiration. It can either prepare by synthesizing the required cascade of enzymes as a
whole or one by one in order to avoid being stuck in anoxia without energy. The model
denitrifier Paracoccus denitrificans for example, minimizes the metabolic burden of this
precaution by synthesizing a selected unit of the cascade (NOS) in all cells, while only a
few cells synthesize another functional unit (NIR) (Lycus et al. 2018). Here, NIR gene
transcription start is the subject of a stochastic process. Interestingly, P. denitrificans
maintains a certain level of NIR within non growing persistent cells, thus being ready for
rapidly switching to anaerobic respiration when faced with spontaneous oxygen depriva-
tion. Such bet hedging characteristics may be widespread among denitrifying bacteria,
representing a probable fitness trait.

Considering the level of transcriptional noise within the denitrification genes in P. aerug-
inosa, it is immensely plausible that the pathway is subjected to a similar way of bet
hedging mechanism. This would serve the pathogen to be prepared for sudden oxygen
limitation without wasting energy on constantly expressing the complete regulon.

A second pathway that was substantially variable in its gene expression in this study
was glycerol metabolism. The BCV of the central glycerol metabolism gene glpD was
outstandingly high. This was an interesting finding as glycerol per se is not an abundant
carbon source in vivo and it would thus be questionable if a pre-adaptation via transcrip-
tional noise would serve the pathogen in an infection process. However, P. aeruginosa
can degrade glycerol from phosphoglycerides, which are main components of cellular
membranes (Son et al. 2007; Terry et al. 1992). Glycerol as a carbon source consequently
plays an important role in host infection processes (Turner et al. 2014). Still, the role
of glycerol metabolism regulation and its physiological role have not been studied in de-
tail. Therefore, the regulatory logic as well as physiological effects of the central glycerol
metabolism genes, glpD, glpK and glpR were thoroughly analysed in this study.

3.3 Glycerol metabolism is stochastically regulated

Glycerol may be an energy-poor carbon source, yet it is preferred by certain P. aerugi-
nosa CF isolates over the high-energy carrier glucose and several organic acids (La Rosa
et al. 2018). This indicates a striking role of glycerol metabolism as soon as the substrate
is available.
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In P. aeruginosa, glycerol metabolism is regulated by GlpR, the glycerol-3-phosphate
regulon repressor (Schweizer et al. 1996). In this work, strong transcriptional correlations
within the glp regulon confirmed that glpDKF expression is regulated simultaneously.
Moreover, there was a notable correlation of glpT (active G3P transporter) with glpDKF
in the clinical isolate dataset, which led to the hypothesis that also glpT is under the con-
trol of GlpR. This hypothesis was supported by the in silico identification of a common
motif within the glpD, glpKF and glpT upstream regions and interaction analyses based
on external databases. Additionally, GlpR is involved in glpT expression regulation in
E. coli (Yang et al. 1997). Co-regulation of the whole regulon would have substantial
advantages on pathway regulation, as transcription repression would save energy in the
absence of glycerol and G3P, whereas a full activation of the pathway would be highly
beneficial in the presence of these carbon sources.

Considering transcriptional noise among the whole dataset, the glpD gene stood out
in particular. Its gene expression was the noisiest among all tested genes and showed a
pronounced bimodal distribution, which was reflected in in vitro promoter studies carried
out in LB-medium. The distinct bimodality observed within glpD expression indicates
bet-hedging, which is a risk spreading strategy by stochastic switches between different
phenotypic states (Beaumont et al. 2009).

Bimodality of gene expression can theoretically be generated by a unimodal distribution
of the transcription factor which inherits a non-linear transcription rate without any
bimodal input signal (Ochab-Marcinek et al. 2010). Here, two possible states may have
led to bimodality while the transcriptional repressor GlpR is expressed in an unimodal
fashion. The first state may occur due to those cells, in which glpD activity is only shortly
activated by a flattering influx of glycerol that cannot lead to a complete inactivation of
GlpR by the resulting production of G3P. The second state is characterized by permanent
GlpD activity as a consequence of reaching a certain threshold of glycerol within the cell,
muting GlpR repression.

In P. putida, Nikel et al. 2015 demonstrated that bimodal expression of glpD during
growth on glycerol was the result of a time-dependent shift between two alternative
physiological states resulting from a stochastic lifting of GlpR repression. Here, glpD
inactivity was linked to a state of metabolic inactivity and glpD activity was linked
to a metabolically active state. P. aeruginosa may have a similar regime of stochastic
GlpR repression, leading to the described bimodality. However, changes in metabolic
activity reflected by growth behaviour in glycerol as sole carbon source have not been
as pronounced in this study. This may be due to the presence of GlpT in P. aeruginosa,
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which is not present in P. putida. GlpT transports G3P into the cytoplasm, which
represses GlpR and thus allows for glpD transcription.

Within an environment of complex nutrients, the stochastic expression pattern of glycerol
metabolism genes in P. aeruginosa hints towards a bet-hedging strategy. In defined
minimal media or by deletion of the stochastic GlpR repressor, the expression pattern was
conserved without any bimodal shift. These findings indicate a particular importance of
glycerol as a nutrient source for P. aeruginosa.

3.4 Glycerol utilization plays a fundamental role in
P. aeruginosa growth characteristics and metabolism

In order to examine the role of glycerol as a nutrient source in detail, deletion mutants
of the respective genes were constructed. By deletion of the glpR gene, encoding for the
glpD repressor, glpD transcription was permanently locked to a high level, while deletion
of glpD decreased its expression to zero. Investigation of the physiological effects caused
by these mutations revealed that the glycerol metabolic pathway plays a significant role
in carbon source dependent growth behavior which was strikingly reflected in the gene
expression profiles.

When grown in glucose as sole carbon source, mutational alterations in the mechanism of
glycerol catabolism did not change the phenotype. However, as soon as a glycerol source
was available, whether minimal media or LB, the growth phenotype was significantly
affected. In accordance with Daniels et al. 2014, the glpD gene was essential for growth
on glycerol. Equally, glpK was essential when glycerol was provided as sole carbon source
in this study. Yet, in combined carbon sources containing a form of glycerol, growth of
∆glpD was always impaired, whereas ∆glpK growth was not. It can be assumed, that the
GlpT transporter explains the observed phenomenon. GlpT, an sn-glycerol-3-phosphate
transporter, is a transmembrane protein which imports the GlpD substrate sn-glycerol-
3-phosphate into the cytoplasm (Castañeda-García et al. 2009; Lemieux et al. 2004;
Lemieux et al. 2005). G3P can therefore directly be used by GlpD to produce DHAP for
downstream metabolic reactions, without the need of GlpK to produce the substrate.
GlpD can thus act independently of GlpK, as long as G3P is available and imported into
the cell by GlpT. This hypothesis was supported by a significantly reduced growth rate
of ∆glpD in the presence of G3P while ∆glpK growth was unaffected.
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Interestingly, a difference in growth behavior compared to P. putida was observed. In
P. putida, growth on glycerol is characterized by an extended lag phase (Nikel et al.
2015), whereas P. aeruginosa PA14 not only shows an extended lag phase but also a
lower growth rate. In contrast to P. putida, the prolonged lag phase was not completely
removed by deleting glpR, whose product represses the production of the key protago-
nists for glycerol metabolism. It has been published that P. aeruginosa grows slower
on glycerol than on other organic acids, as it does not have to switch to an ‘overflow
metabolism’ in order to maintain redox homeostasis (Dolan et al. 2020). Here, partially
oxidized metabolites are excreted to allow a maximization of the growth rate (Basan
et al. 2015). Consequently, the slower growth rate in glycerol might be an advantage
for P. aeruginosa as it is not forced to waste energy. Additionally, the transcriptome
analysis performed in this work revealed that only few changes take place in early vs.
late growth stage in glycerol. It could thus be argued, if the classic growth stage classifi-
cations (lag, exponential and stationary phase) can be applied to P. aeruginosa growing
in glycerol at all, as they do not seem to be pronounced by the expected changes. The
flattened growth curve observed in this work strengthens this hypothesis, which is in line
with P. aeruginosa’s omission of overflow metabolism in glycerol.

In accordance, P. aeruginosa grown in glycerol was able to grow to higher cell densities
compared to glucose while equimolar concentrations of the carbon sources were used.
This indicates increased biomass production (Kim et al. 2012), which in turn suggests
a more efficient metabolism. In line, PA14 wildtype grown in glucose compared to
glycerol showed fundamental transcriptomic changes in exponential growth stage, largely
occurring in growth- and metabolism-associated genes.

The deletion of glpD furthermore led to significant transcriptional changes primarily
in metabolism related genes. Correspondingly, Shuman et al. 2018 found wide-ranging
effects of a PAO1 ∆glpD deletion on bioenergetics within the transcriptome, as well as
in the phenotype. Extracellular ATP accumulation was significantly reduced while heat
output was significantly increased, indicating energy-spilling reactions (Russell 2007;
Tabata et al. 2013). It could thus be presumed that GlpD plays the crucial role in
energy balance upon the availability of glycerol, leading to a balanced redox homeostasis
(Dolan et al. 2020). In turn, loss of GlpD leads to a metabolic disruption, expressed in
a significantly impaired growth and bioenergetics phenotype.
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3.5 Lifestyle and host-pathogen interactions are tightly linked
to glycerol metabolism

P. aeruginosa lifestyle has been presumed to be one of the key contributors for virulence.
In acute infection stage, planktonic lifestyle traits were postulated to be predominant
whereas chronic infections were associated with a biofilm character (Goodman et al.
2004; Ventre et al. 2006). This is highly plausible for several reasons. Acute infections are
associated with a more aggressive nature, which is reflected in increased virulence factor
production of planktonic cells. Chronic infections are often characterized by antibiotic
treatment failure and reduced host clearance, which are both biofilm associated patterns
(D’Argenio et al. 2007; Smith et al. 2006).

Here, impaired growth phenotype and bioenergetics in response to glp deletions implied
alterations in the lifestyle of P. aeruginosa in dependence of glycerol metabolism. A
transcriptome analysis and an in vitro motility assay revealed that motility was reduced
when mutationally derepressing GlpD expression via deletion of glpR. Conversely, this
means that the presence of GlpR is a critically contributing factor to the regulation of
motility, and thus pathogen lifestyle. The switch of pathogen lifestyle is regulated via
c-di-GMP. An increase in c-di-GMP is associated to a decrease in motility and indicates
biofilm production (Lin Chua et al. 2017; Römling et al. 2013). Here, c-di-GMP levels
were increased in response to unhindered GlpD production, independent of the available
carbon source. Scoffield et al. 2016 showed that loss of glpR enhances biofilm formation
in PAO1 and in a chronic CF isolate, which fits the results obtained in this study.
Taken together, these findings indicate that GlpR interferes with the lifestyle switch
via c-di-GMP messaging. However, GlpR itself does not possess any of the c-di-GMP
binding domains that have been identified to date. The regulation of c-di-GMP in turn
is controlled by a highly complex network of c-di-GMP forming and degrading enzymes,
namely diguanylate cyclases (DGCs) and phosphodiesterases (PDEs). It is therefore
likely, that GlpR does not directly interfere with c-di-GMP itself, but with a c-di-GMP
forming or degrading enzyme. However, this hypothesis hasn’t been examined here and
remains to be elucidated in future studies.

In acute infection models, a lack of glpD led to heavily reduced virulence capabilities.
Without GlpD, the bacteria were less capable of entering and replicating within BMDMs
and killing capacity in a G. mellonella infection model was significantly reduced com-
pared to the wildtype strain. Accordingly, glycerol metabolism plays an important role
in host-pathogen interaction in the acute infection stage.
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Additionally, glycerol metabolism was shown to be a crucial factor for the production
of the redox-active phenazine pyocyanin (Daniels et al. 2014). It has been known for
long, that optimal pyocyanin production of P. aeruginosa can be achieved by adding
glycerol to the medium (Frank et al. 1959; Sellers et al. 1962), highlighting the role
of glycerol metabolism for pyocyanin production. This study revealed that the crucial
factor leading to optimal pyocyanin production was GlpD. Overexpression of glpD led to
enhanced pyocyanin production compared to a glpD deletion strain in all tested media.

In contrast to glycerol’s pyocyanin enhancing role as a supplement to media containing
other carbon sources, it completely suppressed pyocyanin production when used as the
sole carbon source. When using glucose as sole carbon source, pyocyanin production was
significantly enhanced, which was particularly surprising, as no additional pyocyanin en-
hancing glycerol was added here. This effect could have been caused by two possible
ways. First, the limitation of various nutrient sources in the medium could have led to
an increase in pyocyanin production, which is known to be enhanced under depletion of
nutrients, such as iron (Jayaseelan et al. 2014). Second, the increase in pyocyanin pro-
duction may have been a result of extremely high growth rates and overflow metabolism
which may have caused a redox imbalance. One of the strategies in order to maintain
redox homeostasis in P. aeruginosa PA14, is to increase pyocyanin production, which
can serve as an alternative electron acceptor in the absence of other electron acceptors
(Price-Whelan et al. 2007) and may have been the reason for extremely increased py-
ocyanin levels in reaction to growth on glucose as sole carbon source. In contrast to
that, cells growing on glycerol as sole carbon source exhibit a very balanced redox-state,
which does not require any alternative electron acceptor.

On the other hand, the reduced capability of producing pyocyanin may be one of the
contributing factors of the substantially impaired virulence phenotype of ∆glpD. Py-
ocyanin is a striking virulence factor especially within the CF lung by causing oxidative
stress (Muller 2002; Ran et al. 2003). Without pyocyanin, P. aeruginosa cannot develop
its full virulence potential (Britigan et al. 1999).

Taken together, glycerol metabolism and especially the central glycerol metabolism gene
glpD play a critical role P. aeruginosa virulence behavior. A low level of GlpD led to
a weak acute infection phenotype and impaired host-pathogen interactions, presumably
due to an altered metabolism and reduced pyocyanin production capability. Increased
GlpD levels and thus unlimited metabolization of available glycerol hinted towards the
development of a sessile lifestyle, a classic feature of chronic infections.
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3.6 Nutrient consumption is linked to virulence and fitness
in vivo

As an opportunistic pathogen, P. aeruginosa is equipped with an extensive repertoire
of secreted virulence factors consisting of proteases and secretory systems that release
phospholipases, exotoxins and endotoxins that can seriously damage the surrounding
tissue (Hoge et al. 2010; Nouwens et al. 2003; Passmore et al. 2015). Regulation of
these secretory proteins was shown to be mediated by quorum sensing, and quorum
sensing mutants were reduced in their virulence phenotype in vivo (Nouwens et al. 2003;
Pearson et al. 2000; Pearson et al. 1997; Rumbaugh et al. 1999). Therefore, it was a
longstanding assumption that P. aeruginosa is a stereotypical secretor and that virulence
factors belong to its key weapons.

Recent advances in technology allowed for specialized analyses of essential genes which
P. aeruginosa requires during infection of mammalian systems. The results were sur-
prising, as the classical virulence machinery did not contribute to the overall fitness to
the formerly expected extent (Lee et al. 2015; Turner et al. 2014; Turner et al. 2015).
Instead, certain metabolic genes were the crucial contributors toward fitness in vivo.
Metabolism and nutrient consumption thus increasingly gain importance in the under-
standing of P. aeruginosa virulence in vivo.

As a ubiquitous environmental organism that can act as a pathogenic opportunist,
P. aeruginosa needs to be prepared for numerous challenges in a plethora of differ-
ent conditions. A way for dealing with this kind of challenges is a bet-hedging strategy.
It enables risk-spreading within the population by developing subpopulations harboring
diverse phenotypes prepared for different situations (Beaumont et al. 2009; Grimbergen
et al. 2015; Veening et al. 2008). This work gave substantial indications for glycerol
metabolism to be the subject of a bet-hedging strategy. From the pathogen’s perspec-
tive, this is a sophisticated way to perfectly prepare a subpopulation for a mammalian
infection, in which glycerol is an abundant carbon source. Furthermore, as mentioned in
Section 3.3, glycerol is preferred over several other carbon sources, as its metabolization
enables a balanced redox homeostasis. In addition, transcriptional noise of denitrification
was associated with the abundance of glpD, suggesting a co-regulation of these mech-
anisms. This would be a clever complement to glycerol metabolism, as denitrification
could prepare a subpopulation for oxygen limitations that may occur within the infected
host site. This hypothesis is strengthened by recent studies, which were discussed in
Section 3.2, assuming that denitrification is a bet-hedging subject as well.
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In this study, glycerol as a nutrient source was identified as one of the critical factors
for pathogenicity. It has been shown to be a critically important component for the
production of pyocyanin, which plays a wide-ranging role in the virulence and physiology
of P. aeruginosa. Pyocyanin is involved in the maintenance of redox homeostasis and
the control of multicellular behavior (Price-Whelan et al. 2007). In deeper anaerobic
niches, which are present in the lower layers of a biofilm, pyocyanin can serve as an
alternative electron acceptor (Dietrich et al. 2008; Ramos et al. 2010; Wang et al. 2010).
Interestingly, glycerol metabolism was also shown to be involved in biofilm formation,
as discussed in Section 3.5. Glycerol usage may thus play a role in the coordination of
biofilm formation and pyocyanin production, which is crucial for biofilm maintenance.
Being involved in important functions of biofilm formation, glycerol metabolism plays a
crucial role in one of the main characteristics of chronic CF lung infections.

Strikingly, glycerol as a carbon source is favored over glucose and several organic acids
in P. aeruginosa CF airway isolates (La Rosa et al. 2018). It is therefore tempting
to speculate that glycerol is also favorably consumed in the CF lung along with fatty
acids which have been degraded from the highly abundant lung surfactant component
phosphatidylcholine (Son et al. 2007; Terry et al. 1992). As such, phosphatidylcholine is
suggested to play an important role in the reduction of surface tension in the terminal
airways, thus decreasing the tendency for alveolar collapse (Neergaard 1929; Veldhuizen
et al. 1998). Several studies demonstrated a crucial role of the compounds degraded from
phosphatidylcholine as nutrient sources for P. aeruginosa during infection in vivo (Son
et al. 2007; Turner et al. 2014). Behrends et al. 2013 revealed that acetate production
was significantly lower in long-term infection. Acetate is usually secreted as a by-product
of glycolysis, and its lack may indicate that β-oxidation is active in combination with the
glyoxylate shunt, which directly consumes acetyl-CoA units from fatty acid degradation.
Correspondingly, Lindsey et al. 2008 found that ICL, which is a key enzyme of the
glyoxylate shunt, was required for full virulence in mammalian infection and that it
is often upregulated in CF-derived isolates adapted to chronic infection. Furthermore,
glycerol metabolism genes were proved to be significantly upregulated in a virulence
adapted P. aeruginosa isolate (Kordes et al. 2019).

Consistent with these studies, this work demonstrated that a lack of the key glycerol
metabolism enzyme GlpD led to significantly reduced pathogenicity. Glycerol usage
furthermore might be involved in the maintenance of a balanced redox-homeostasis since
there is no overflow-metabolism but a positive influence on pyocyanin production.
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In conclusion, it can be assumed that P. aeruginosa favors metabolization of glycerol
and fatty acids in vivo. Recognition of the availability of these nutrients in the host
environment through a bet-hedging mechanism may lead P. aeruginosa to a tailored
response. Infectious agents, such as pyocyanin, are produced, a lifestyle switch to a
biofilm mode of growth is made and finally metabolism is switched to degradation of the
favored carbon sources. A rewiring of the metabolism in response to nutrient availability
thus ensures optimal growth and competitiveness in vivo. The nutrient availability is
therefore central to the infection process of the clinical pathogen P. aeruginosa. However,
further studies of intracellular metabolism, for example using metabolic flux analyses,
will be necessary in order to unravel the detailed cellular regulatory mechanisms of the
interplay between nutrient consumption, metabolism and virulence.

On the long run, knowledge about the metabolism related mechanisms leading to en-
hanced pathogenicity can lead to the identification of novel drug targets for effective
P. aeruginosa treatment. Such new treatment strategies are essential in order to com-
bat P. aeruginosa infections, as they become more and more difficult to treat due to
increasing antibiotic resistance development.
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4 Materials and Methods

4.1 Microbiological methods

4.1.1 Growth conditions and media

All bacterial strains and plasmids used in this study are listed in Table 4.1. All strains
were stored in 20% glycerol stocks at -70 °C. For all cloning steps, the E. coli strain
DH5α was used. As P. aeruginosa reference strain, the completely sequenced clinical
isolate PA14 was used.

Routinely, P. aeruginosa and E. coli were cultured in lysogeny broth (LB; 1 L = 5 g/L
yeast extract, 7.5 g/L NaCl, 10 g/L tryptone) at 37 °C and shaken at 180 rpm or cultured
on LB-Agar plates (LB supplemented with 1.5% (wt/vol) Bacto-Agar and 10 g/L NaCl)
at 37 °C for 8-16 h. In specialized experimental conditions, defined M9 minimal medium
(8.5 g/L Na2HPO4 · 2 H2O, 3.0 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, 2 mMMgSO4,
10 µM FeSO4, 1 X trace metal solution prepared after Abril et al. 1989) was used with
varying carbon sources (40 mM Glycerol or 20 mM Glucose). When using the DAP
dependent strain E. coli χ7213, the medium was supplemented with 200 µg/mL DAP.
For motility assays, BM2 agar plates were used. BM2 salts (0.07 M (NH4)2SO4, 0.22 M
KH2PO4, 0.4 M K2HPO4) were diluted 1:10 and supplemented with 0.4 % (wt/vol)
glucose, 2 mM MgSO4, 10 µM FeSO4, 0.5 % (wt/vol) CAS amino acids and either 0.3
or 0.5% (wt/vol) Bacto-Agar.

When required for selection, antibiotics were used in the following concentrations for
E. coli and P. aeruginosa: 10 µg/mL and 100 µg/mL tetracycline, 15 µg/mL and
50 µg/mL gentamycin, 50 µg/mL and 500 µg/mL kanamycin, 34 µg/mL chlorampheni-
col in E. coli. Materials and chemicals were ordered from Sigma Aldrich or Thermo
Fisher Scientific.
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Table 4.1: Strains and plasmids used in this study.

Strains Relevant characteristics Source

Escherichia coli
DH5α Cloning host Manoil et al. 1985
HB101 Bacterial conjugation helper strain for

triparental mating carrying pRK600
Boyer et al. 1969

χ7213 DAP-dependent conjugation compe-
tent strain

Curtiss Lab

Pseudomonas aeruginosa
PA14 Wildtype strain Friedman et al. 2004
PA14 ∆glpD Deletion of glpD gene in PA14 wild-

type strain
This study

PA14 ∆glpR Deletion of glpR gene in PA14 wild-
type strain

This study

PA14 ∆glpK Deletion of glpK gene in PA14 wild-
type strain

This study

PA14 ∆glpD+ Complemented ∆glpD deletion strain
carrying complementation plasmid
pSEVA551-glpD

This study

Plasmids

pRK600 Conjugation helper plasmid, Cmr Kessler et al. 1992
pSEVA237 Cloning backbone; ori(pBBR1);

Promoter-less GFP; Kmr
Silva-Rocha et al. 2013

pSEVA237V Cloning backbone; ori(pBBR1);
Promoter-less GFP (LVA); Kmr

Silva-Rocha et al. 2013

pSEVA551 Cloning backbone; ori(RSF101); Tcr Silva-Rocha et al. 2013
pSEVA237-glpD pSEVA237 derivative carrying glpD

promoter and Shine-Dalgarno Se-
quence cloned before gfp gene, Kmr

This study

pSEVA237-glpR pSEVA237 derivative carrying glpR
promoter and Shine-Dalgarno Se-
quence cloned before gfp gene, Kmr

This study

pSEVA-glpKF pSEVA237 derivative carrying glpKF
promoter and Shine-Dalgarno Se-
quence cloned before gfp gene, Kmr

This study

Continued on next page
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Table 4.1 continued

pSEVA237V-glpD pSEVA237V derivative carrying glpD pro-
moter and Shine-Dalgarno Sequence cloned
before GFP(LVA) gene, Kmr

This study

pSEVA237V-vsp pSEVA237V derivative carrying vsp pro-
moter and Shine-Dalgarno Sequence cloned
before GFP(LVA) gene, Kmr

This study

pSEVA237-uvrA pSEVA237 derivative carrying uvrA pro-
moter and Shine-Dalgarno Sequence cloned
before GFP gene, Kmr

This study

pSEVA237-uvrB pSEVA237 derivative carrying uvrB pro-
moter and Shine-Dalgarno Sequence cloned
before GFP gene, Kmr

This study

pSEVA237-dnaK pSEVA237 derivative carrying dnaK pro-
moter and Shine-Dalgarno Sequence cloned
before GFP gene, Kmr

This study

pSEVA237-rpsG pSEVA237 derivative carrying rpsG pro-
moter and Shine-Dalgarno Sequence cloned
before GFP gene, Kmr

This study

pEX18Gm Allelic exchange vectors for P. aeruginosa.
Gmr, oriT, sacB, lacZα, MCS from pUC18

Hmelo et al. 2015

pEX18-∆glpD Allelic exchange vector carrying flanking re-
gions of the glpD gene

This study

pEX18-∆glpK Allelic exchange vector carrying flanking re-
gions of the glpK1 gene

This study

pEX18-∆glpR Allelic exchange vector carrying flanking re-
gions of the glpR gene

This study

pSEVA551-∆glpD pSEVA551 derivative carrying glpD gene and
its native promoter sequence

This study

Cmr, chloramphenicol resistant; Kmr, kanamycin resistant; Tcr, tetracyclin resistant; Gmr, gen-
tamycin resistant.

4.1.2 Primers and cloning conditions

All oligomers used for cloning and RNA sequencing (Table 4.2) were ordered from Eu-
rofins Genomics. Cloning primers were designed based on the P. aeruginosa PA14
genome sequence (Winsor et al. 2010). PCR amplifications were carried out using PA14
genomic DNA as template and Q5 Hot Start High-Fidelity Master Mix (New England
Biolabs). To rule out PCR errors, all obtained constructs were sequenced at Eurofins
Genomics and analysed using ApE (Davis 2020). DNA and plasmid isolation were car-
ried out using QIAGEN DNeasy Blood and Tissue Kit and QIAprep Spin Miniprep Kit.
Plasmids were designed based on pSEVA architecture (Silva-Rocha et al. 2013).
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Table 4.2: Primers and oligomers used in this study.
Target Primer name Sequence 5’ → 3’ Restriction Sites Target plasmid

Promoter Reporter Primer glpD promoter ev-glpD-F CGGGTACCGGCATTTCCCCTGCCACG KpnI pSEVA237, pSEVA237V
ev-glpD-R GCAAGCTTGTGAAAGGCCCTGAAGTCG HindIII

glpR promoter ev-glpRl-F CGGGTACCGAGTCAAGGCCGACCACCT KpnI pSEVA237
ev-glpRs-R GCAAGCTTGGGTTGTTCTCGTGCTGCC HindIII

glpKF promoter ev-glpK1-F CGGGTACCGGTCACTCCCGGAGAAGAAC KpnI pSEVA237
ev-glpK1-R GCAAGCTTGGGGCCTCTCTTGTCTGTTC HindIII

glpT promoter Pro-glpT-F CAGGTACCGCCACGAAGGCGGCGAGTA KpnI pSEVA237
Pro-glpT-R GTAAGCTTCGCGAGCTCCGCTTGTTGT HindIII

KO mutant generation glpR KO glpR_Up_F ATCAAAGCTTGCCAACAACTTCCTCATGCAG HindIII pEX18Gm
glpR_Up_R GGGTTGTTCTCGTGCTGCC
glpR_D_F GGCAGCACGAGAACAACCCCGTATCCCAGGCGATCATCG
glpR_D_R ATCAGGTACCGTAGACTTCGGCGAGTGGAG KpnI

glpK KO glpK1_Up_F ATGCAAGCTTCGAACAGGCGCAGAACATCG HindIII pEX18Gm
glpK1_Up_R GGCTGTGGCCTTGTGGCTA
glpK1_D_F TAGCCACAAGGCCACAGCCCACCCTGGAATCCATCGCCTAC
glpK1_D_R ATAGGAATTCCGTTGTCAGCCGTGCATGAG EcoRI

glpD KO glpD_Up_F ATCAAAGCTTATGGCAGCCTGCTCGACTTC HindIII pEX18Gm
glpD_Up_R GTGAAAGGCCCTGAAGTCGAA
glpD_D_F TTCGACTTCAGGGCCTTTCACGTTCTTCGCCAATCTCGGCC
glpD_D_R ATCAGGTACCGAACATCAGGTCCACGGGATTC KpnI

KO crtl primers glpR gene glpR_ctrl_F CCCGACAGCAAAGCATCATC
glpR_ctrl_R GCGGAACTGCTGGATGAAGTC

glpK gene glpK_ctrl_F ATGACCGACAAGCACAACAAG
glpK_ctrl_R TACCAGGTAGACGCCGTTG

glpD gene glpD_ctrl_F CTCCACTCGCCGAAGTCTAC
glpD_ctrl_R CGAAGCTGTGCAGGATGTC

KO complementation glpD gene glpD_cp_F CGGGTACCGGCATTTCCCCTGCCACGGC KpnI pSEVA551
glpD_cp_R ATAAGCTTTCAGGCCGCATGCACCCG HindIII

Sequencing Primer R24 AGCGGATAACAATTTCACACAGGA pSEVA
M13F-47 CGCCAGGGTTTTCCCAGTCACGAC pEX18
pEX18-Seb-Seq-RV CGCAGCGAGTCAGTGAGC pEX18
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4.1.3 Generation of competent cells and heat shock transformation

Initially, competent E. coli cells were produced. To this end, an overnight culture of
E. coli DH5α was diluted in LB medium to a starting OD600 of 0.05 and regrown until
OD600 of 0.5. The culture was incubated on ice for 15 min to prevent further growth
and subsequently harvested by centrifugation for 15 min at 4000 rpm and 4 °C. The
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 30 min of incubation on ice, and
another centrifugation step, the pellet was resuspended in 4 mL RF2-Solution (10 mM
RbCl, 10 mM MOPS, 75 mM CaCl2, 15 % Glycerol). The suspension of competent cells
was stored in aliquots of 125 µL at -70 °C until further use.

For heat shock transformation, competent cells were gently thawed on ice for 20 min and
mixed with 10 µL ligated plasmid DNA. After 20 min on ice, heat shock was performed
for 90 sec at 42 °C. The cells were cooled down for 2 min on ice and resuspended in
1 mL of preheated LB medium. The cell suspension was incubated in a rotary shaker
for 1-2 h at 37 °C and variable dilutions were plated on selective antibiotics LB plates.
The culture plates were incubated overnight at 37 °C.

4.1.4 Electroporation

In order to introduce plasmids into P. aeruginosa cells, electroporation was performed.
In this procedure, an electrical field is applied to the bacterial cells that increases mem-
brane permeability. Thus, DNA can be transferred efficiently into the target cell.

To generate electro-competent cells, 6 mL of a P. aeruginosa overnight culture was
centrifuged for 2 min at 8000 rpm. To wash off remaining LB medium, the supernatants
were discarded and the pellets resuspended in 1 mL of 300 mM sucrose solution. After
repeating the washing step, the pellet was resuspended in a total volume of 200 µL of
300 mM sucrose solution.

To electroporate a plasmid, 50 µL of competent cells were mixed with approximately
50 ng of plasmid DNA and transferred into a sterile electroporation cuvette (2 mm
electrode gap). The cuvette was placed into a Gene Pulser II (Bio-Rad) and exposed to
an electro pulse of 25 µF capacitance, 200 Ω resistance and 2.5 kV voltage. Immediately
after the electro pulse, 1 mL LB medium was added to the cuvette and the suspension was
placed in a rotary shaker at 37 °C for 1 h. To select for transformants, 1:100 and 1:1000

77



4 Materials and Methods

dilutions were plated on selective antibiotic LB agar plates and incubated overnight at
37 °C.

4.1.5 Conjugation of plasmids via di- or triparental mating

In order to introduce bigger plasmids of up to 11 kb into P. aeruginosa, bacterial con-
jugation was performed either triparentally with the donor strain E. coli DH5α and
the helper strain E. coli HB101 pRK600 or diparentally with the DAP dependent strain
E. coli χ7213. The recipient strain P. aeruginosa was incubated under rotary shaking for
24 h at 42 °C to induce stress, while donor and, in case of triparental procedure helper,
E. coli strains were shaken overnight at 37 °C. 2 mL of each culture where harvested
by centrifugation, washed twice in LB and resuspended in 100 µL LB. All strains were
mixed, centrifuged and the pellet resuspended in 50 µL LB. As a single droplet, the re-
suspended pellet was placed on an LB agar plate and incubated overnight at 37 °C. The
drop was washed off the agar plate with PBS. Appropriate dilutions (up to 10−7) were
plated on selective M9 plates containing 0.2% (wt/vol) citrate to positively collect for
P. aeruginosa and the appropriate antibiotics to select for P. aeruginosa conjugants.

4.1.6 Generation of P. aeruginosa knockout strains

In order to perform a traceless deletion of a target gene in P. aeruginosa PA14, the
two-step allelic exchange method described by Hmelo et al. 2015 was used.

Here, the pEX18Gm plasmid was used for mutagenesis by homologous recombination.
A 500 bp fragment upstream of the target gene and a 500 bp fragment that lay ap-
proximately within the last third of the gene were amplified and combined by overlap
extension PCR. Thus, two thirds of the target gene could be knocked out in order to
save possible promoter sequences for downstream genes. The resulting approx. 1000 bp
fragment was cloned into pEX18Gm using HindIII/KpnI or HindIII/EcoRI in the case
of the ∆glpK mutant. The complete plasmid was introduced into the DAP-dependent
strain E. coli χ7213 and conjugated into P. aeruginosa PA14, using DAP-free and gen-
tamycin containing plates for P. aeruginosa transconjugant selection in the last step.
To promote plasmid counterselection and thus deletion of the target gene, 8 isolates of
the transconjugant strain were grown in a single tube in LB for 4 h in 37 °C in a rotary
shaker. 1:100 and 1:1000 dilutions were plated on NaCl-free LB plates supplemented
with 10 % sucrose and incubated at RT for 48 h. In order to identify mutant strains,
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single isolates were streaked on different LB agar plates supplemented with either gen-
tamycin, 10 % sucrose or no supplementation. Finally, colony PCR was performed and
isolates were identified according to the resulting fragment size.

4.1.7 Measurement of bacterial growth

To monitor growth of bacterial strains in high resolution and replication, an EnSpire
Multimode Plate Reader (PerkinElmer) was used.

Tested strains were grown overnight as a preculture in triplicates and diluted to an
OD600 of 0.06 in the desired media. Technical triplicates and medium blanks of 200 µL
were transferred into a flat bottom 96 well plate and incubated at 37 °C for up to 60 h
continuous shaking. Optical density at 600 nm was measured every 60 min. Data was
analysed using R (Ihaka et al. 1996). Blank medium values were subtracted from raw
values and growth curves were visualized using the ggplot2 package (Wickham 2016).

4.1.8 Pyocyanin measurement

For quantification of the extracellular pigment pyocyanin secreted by P. aeruginosa, the
following procedure was used. The optical density of an overnight culture was measured
and 2 mL were centrifuged for 10 min at 13 000 rpm in a table top centrifuge. 1 mL
supernatant was transferred to a micro centrifuge tube and mixed with 1 mL chloroform.
The mixture was thoroughly vortexed for 30 seconds and subsequently centrifuged for
5 min at 13 000 rpm. The aqueous phase was discarded and 1 mL 0.2 M hydrochloric
acid solution was added to the lower, chloroform-containing phase. The mixture was
vortexed for another 30 seconds and again centrifuged for 5 min at 13 000 rpm. The
upper, light pink-colored hydrochloric acid phase was transferred to a clean cuvette and
its absorbance was measured at 520 nm. Pyocyanin concentration was measured with
the following formula (Essar et al. 1990).

c(Pyocyanin) [µM ] = OD520
OD600

∗ 17.072 (4.1)
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4.1.9 Measurement of bacterial motility

To assess bacterial motility, swimming and swarming assays were performed. Overnight
cultures grown in LB were diluted 1:100 and regrown until reaching mid-exponential
phase. 1 mL was harvested by centrifugation at 8000 rpm for 5 min and resuspended in
100 µL PBS. For swimming assays, 2 µL culture were stabbed into semi-solid BM2-agar
plates containing 0.3 % (wt/vol) agar. Swarming assays were performed by adding 2 µL
culture on top of BM2 agar plates containing 0.5 % (wt/vol) agar. After 18 h incubation
at 37 °C under humid atmosphere, the swimming culture’s diameter and after 18 h
incubation at 30 °C, the swarming culture’s area was measured using Fiji (Schindelin
et al. 2012).

4.2 Nucleic acid isolation and sequencing

4.2.1 Total RNA extraction

Total RNA-Extraction was performed in order to analyze P. aeruginosa transcriptomes.
To this end, a modified version of the Qiagen RNeasy Plus Kit and Qiashredder (Qiagen)
was used.

Bacterial cultures were grown in triplicates in LB medium until they reached an OD600

of 0.6 and 2.0. To prepare RNA extraction, 1 mL of cell suspension was mixed with
1 mL RNA protect (Qiagen) and incubated for 10 min at RT. The suspension was
centrifuged for 5 min at 8000 rpm. The pellet was stored in -70 °C until proceeding with
the extraction.

The pellet was carefully thawed on ice and centrifuged again for 5 min at 8000 rpm.
Residual supernatant was removed and the pellet was thoroughly resuspended in 100 µL
TE buffer (1 mM Tris-HCl, 1 mM EDTA, pH 8) supplement with 800 µg/mL lysozyme.
For efficient lysis, the mixture was thoroughly vortexed and incubated for 10 min at
RT. Subsequently, 350 µL of RLT buffer (Qiagen) supplemented with 10 µL/L mercap-
toethanol was added. The suspension was frozen at -70 °C for 30 min and thawed again
for additional cell lysis. Total RNA was extracted using Qiashredder columns (Qiagen)
and RNeasy plus kit (Qiagen) according to manufacturer’s instructions. Total RNA was
collected in a final volume of 50 µL and residual DNA was removed by DNAse (Ambion)
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treatment according to manufacturer’s instructions. RNA concentration was measured
using Qubit RNA BR Assaykit (ThermoFisher).

4.2.2 RNA Tag-Seq library preparation and Illumina sequencing

RNA Tag-Seq was performed to characterize gene expression. Tag-Seq is a high-through-
put approach allowing efficient data processing and detection of rare transcripts.

Tag-Seq libraries for transcriptomics were generated according to protocol and primer
design by Shishkin et al. 2015 and Bhattacharyya et al. 2019 with a modified version
of RNA depletion. Briefly, RNA was normalized to a fragment size of 150-300 bp us-
ing FastAP buffer according to manufacturer’s instructions (ThermoFisher). End repair
was performed by incubating the fragmented RNA for 30 min at 37 °C with 10 µL
FastAP and 4 µL TurboDNase (ThermoFisher). 1 µL SUPERase-IN RNA inhibitor
(ThermoFisher) was added to the reaction. Enzymes and buffer was removed using
RNAClean XP beads (Beckman Coulter). T4 RNA Ligase 1 (NEB) was used to ligate
barcoded DNA adapters onto RNA fragments. In order to remove PEG, Zymo Clean
and Concentrator Kit (Zymo Research) was used. All samples were pooled at this point.
Ribosomal RNA depletion was either performed using Ribo-Zero Bacteria Kit (Illumina)
or by an RNase-H-based approach according to Engelhardt et al. 2020. Samples were
cleaned up again using RNAClean XP beads. Reverse transcription was performed using
SmartScribe RT (Takara) and AR2/3Tr3 primers. RNAClean XP beads cleaning was
performed afterwards. PCR enrichment was performed using AccuPrime DNA poly-
merase (ThermoFisher). Barcodes were added in this reaction. Universal P5 and unique
X01 primer were added, which are recognized by Illumina sequencers. A final RNA-
Clean XP beads cleaning step was performed prior to sequencing. Quality control and
size distribution of the library was controlled on an Agilent 2100 Bioanalyzer Pico Chip
(Agilent). Sequencing was performed on an Illumina NovaSeq 6000 device (2 x 50 bp) in
paired-end mode (service kindly provided by the Genome Analytics Group, Helmholtz
Center for Infection Research).

4.2.3 Raw data processing and gene expression analysis

Raw sequencing data was processed using command line based programs within the
Linux environment. Here, quality control and adapter clipping was performed using
fastqc-mcf from the ea.utils package (Aronesty 2011). Reads were mapped to the
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reference genome UCBPP-PA14 (NC_008463.1, available for download from the Pseu-
domonas Genome database (Winsor et al. 2010)) with bowtie2 (Langmead et al. 2012)
using default parameters for single- or paired-end reads. Resulting sam-files were con-
verted to indexed binary format and pile-up format using SAMtools (Li et al. 2009).
The program featureCounts (Liao et al. 2014) was used to count the reads mapping to
genes.

Read counts were used for further analyses conducted within the R statistics language en-
vironment (Ihaka et al. 1996). Differential gene expression analysis was performed using
the R package edgeR with the function glmQLFTest (Robinson et al. 2010). Significant
fold changes (FDR ≤ 0.05) were extracted and analyzed in a Venn diagram using the R
package eulerr (Chen et al. 2011). A Voronoi tree based on the respective KEGG cat-
egories was constructed for selected contrasts using the Proteomaps webtool (Kanehisa
et al. 2000; Liebermeister et al. 2014). Here, PAO1 annotated genes with an FDR below
0.05 were used. Correlations of gene regulation within selected transcriptome datasets
were analyzed using the basic R function cor. Results were displayed using pheatmap
(Kolde et al. 2015) or ggplot2 (Wickham 2016).

4.2.4 Transcriptome analysis of transposon mutants

Replicate samples from a systematic transcriptional profiling of P. aeruginosa transpo-
son mutants were used to assess transcriptional variability. To minimize the effect of
sequencing depth and cultivation variability only those samples were selected that had at
least one million reads and a Pearson correlation coefficient of at least 0.9 between repli-
cates. The biological coefficient of variation was estimated within the edgeR-package
using the estimateDispersion function with the robust=TRUE option on the TMM-
normalized read counts (Robinson et al. 2010).

4.2.5 In silico functional network analysis

For in silico analyses of proteomic or transcriptomic interactions, the online webtools of
the STRING database (Szklarczyk et al. 2019) and adage (Tan et al. 2017) were used.

For a proteomic interaction analysis with STRING, the glpD gene of P. aeruginosa was
used as search parameter while maintaining standard options. As settings, the network
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edge option confidence was chosen, in which line thickness indicates the strength of data
support.

In order to analyse transcriptomic gene networks with the adage online tool, the gene
search option was used and glpD (PA14_17930) was chosen as input search parameter.
Node and edge weight cutoff were kept at the default values.

4.3 Infection experiments

4.3.1 Cell line

Bone marrow-derived macrophages (BMDMs) were isolated from the bones of C57BL/6
mice of own breeding. The cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 Medium supplemented with 20 % (vol/vol) conditioned L929 (ATCC num-
ber: CCL-1) medium to allow for differentiation into macrophages for at least 7 days.

4.3.2 Infection of human and mice cell lines

Bacterial strains were prepared for infection by diluting an over night culture 1:30 and
regrowing for 3.5 h at 37 °C under heavy shaking. 1.5 mL culture were harvested and
washed with PBS. OD600 was measured and the culture was diluted in DMEM medium
to a final OD of 0.055 which corresponds to a CFU count of 5 · 105 bacteria per 100 µL
and MOI 1. CFU count was controlled by plating 100 µL of a 10−3 dilution on a plate
and counting CFUs after overnight incubation.

To infect a cell culture, 100 µL bacterial suspension were added on each well in a 24 well
plate containing 5 ·105 primary macrophage cells per well. The plate was centrifuged for
5 min at 1200 g at RT, incubated at 37 °C for 55 min and supernatants were removed.
Bacterial cells that did not enter target cells were killed using 500 µL DMEM containing
50 µg/mL gentamycin. In order to measure bacterial uptake, supernatants were removed
and cells were detached and lysed using 1 mL PBS containing 1% TritonX-100 per well.
Released bacterial CFU were determined by plating appropriate dilutions on LB agar
plates and counting CFU after over night incubation at 37 °C.
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To measure bacterial replication within tested cells, the incubation period after infection
was extended to 6 h. Before harvesting bacterial cells, supernatants were carefully
transferred to micro centrifuge tubes and stored at -20 °C until further analysis.

4.3.3 Cytotoxicity measurement via LDH-assay

Damaged cells release lactate dehydrogenase (LDH) which can be measured by calorime-
try. Here, the LDH-Assay was performed using the CytoTox 96 ® Non-Radioactive Cy-
totoxicity Assay according to manufacturer’s instructions. Colorimetric measurement at
490 nm was performed using an EnSpire Plate Reader. Raw values were exported and
analyzed with MS Excel.

4.3.4 Galleria mellonella infection assay

The G. mellonella infection model serves as an alternative to other infection models as
the larvae are economic, survive at 37 °C and do not require a specialist equipment.

In this work, G. mellonella infection experiments were carried out as described before
with an adapted protocol (McLaughlin et al. 2014). P. aeruginosa strains for infection
were cultivated in LB medium overnight, regrown in a 1:100 diluted subculture for 3 h
at 37 °C in a rotary shaker and washed with PBS. For each tested strain, ten randomly
chosen, healthy G. mellonella larvae (fauna topics GmbH) were infected with 10 µL
diluted culture containing approx. 300 colony forming units (CFU). Injection was placed
into the haemocoel of the rear left proleg with a 100 µL Hamilton syringe and a 30-G
needle. The larvae were incubated in a sterile petri dish at 30 °C and mortality was
monitored for 48 h. As viability control of the batch, 10 larvae were inoculated with
10 µL PBS and ten larvae were incubated without any treatment.

4.4 Flow cytometry analysis of promoter activity

Fluorescence-activated cell sorting (FACS) was used in order to monitor promoter ac-
tivity reported via GFP fluorescence. To this end, a P. aeruginosa PA14 strain carrying
a reporter plasmid was incubated over night and diluted to a starting OD600 of 0.05
in LB-Medium or M9 minimal medium containing either glucose or glycerol as carbon
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source. OD600 was monitored and samples were taken at early exponential, mid expo-
nential, late exponential and early stationary phase. Samples were diluted 500 to 1000
fold in PBS and measured on a BD FACS Canto™ flow cytometry system. FITC-A
channel was recorded at 500 nm and 20 000 cells were monitored for each sample. Flow
cytometry data was processed using the R packages flowCore and flowViz. (Hahne et al.
2009; Sarkar et al. 2008) Truncation and log10 transformation were performed using the
transformList command. A gate was determined with an empty plasmid control strain
(log10 (a.u.) of 2.25 to 4.5) and applied to the FITC-A values. Mean signals were ex-
tracted and the coefficient of variation was calculated using the raster package function
cv (Hijmans et al. 2015). R stats function var.test was used to perform F-tests to
compare the variances between the replicated samples.

4.5 Time-lapse microscopy

Time-lapse microscopy was performed as described before (Pascual et al. 2018). Briefly,
2 µL of P. aeruginosa PA14 pSEVA237V-glpD and P. aeruginosa PA14 pSEVA237V-
vsp cells of an exponentially growing culture (OD600 0.2-0.3) were immobilized on a
1 % agarose pad (supplemented with LB medium 500 µg/mL kanamycin), in a MatTek
Glass Bottom Microwell Dish (35 mm dish, 14 mm Microwell with No. 1.5 cover-glass
P35G-1.5-14-C). Images were taken with phase-contrast and fluorescence illumination
using a NikonTi microscope with a Nikon N Plan Apochromat λ 100x/1.45 Oil objective
and the ORCA-Flash 4.0 Hamamatsu camera. Fluorescence images were detected using
GFP (485/20-525/30) filters. Cell growth and GFP expression were observed every 3 to
5 min for up to 12 h at 37 °C. Micrographs were subsequently aligned and analysed using
the NIS-Elements imaging software V 4.3 (Nikon) and plotted using ggplot2 (Wickham
2016).
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