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1. Introduction

1.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative, rod shaped bacterium (Figure 1) belonging to
the Gammaproteobacteria. P. aeruginosa cells are 3-4 um long and 0.5-1.0 um wide, and
most of the cells possess a single polar flagellum (Krieg & Holt, 1984). P. aeruginosa
produces the pigment pyocyanin when grown on minimal medium or during infections,
giving it a greenish-blue appearance (Govan & Deretic, 1996).

Figure 1. Scanning electron micrograph (SEM) of P. aeruginosa. Figure taken from Sandle
(2014).

The size of the complete P. aeruginosa PAO1 genome is about 6.3 Mbp (Stover et al., 2000),
encoding ~ 5,770 open reading frames. P. aeruginosa is known to be versatile in its ability to
degrade a wide variety of different organic molecules to be used as carbon and energy
sources, which enables it to inhabit a wide range of ecological niches (Ornston, 1971). P.
aeruginosa is found ubiquitously in water, air, soil, animals, and plants (Kucera & Lysenko,
1968; Kominos et al., 1972; Mahajan-Miklos et al., 1999). This versatility is believed to result
from its relatively large genome size and the complicated cellular regulatory network, as
indicated by the presence of more than 90 two-component regulatory systems (Stover et al.,
2000).



P. aeruginosa is an opportunistic human pathogen with a remarkable capacity to cause
diseases in susceptible hosts. It is the major microbial pathogen of cystic fibrosis (CF)
patients. Besides causing chronic CF lung infections, P. aeruginosa has been found to cause a
variety of acute infections, including common acute septicemia from burn or surgical
wounds, urinary tract infections, corneal ulceration, endocarditis and pneumonia in
immunocompromised patients (Van Delden & Iglewski, 1998; Tatterson et al., 2001; Kerr &
Snelling, 2009; Valderrey et al., 2010).

P. aeruginosa comprises both, cell-associated and extracellular virulence factors. The cell-
associated factors include lipopolysaccharide, flagella and type IV pili, and the
exopolysaccharide alginate. The secreted factors are toxins, elastase and other proteases,
phospholipases and small molecules such as phenazines, rhamnolipids and cyanide (Van
Delden & lIglewski, 1998; Sonnleitner et al., 2003; Yahr & Wolfgang, 2006; Gooderham &
Hancock, 2008).

The production of cell-to-cell connecting extracellular polymeric substances (EPS) are
required for the formation of biofilms (Donlan, 2002; Pamp et al., 2007; Karatan & Watnick,
2009; Tolker-Nielsen, 2015; Ciofu & Tolker-Nielsen, 2019). EPS is composed mainly of
exopolysaccharides, extracellular DNA (eDNA), and polypeptides that form a highly hydrated
polar mixture that contributes to the overall structural scaffold and architecture of the
biofilm (Sutherland, 2001; Barken et al., 2008; Flemming & Wingender, 2010; Rasamiravaka
et al.,, 2015; Tolker-Nielsen, 2015 ; Ciofu & Tolker-Nielsen, 2019). In addition, the outer
membrane proteins and a variety of cell appendages such as cup fimbriae, type IV pili and
flagella are also involved in connecting bacteria-to-bacteria and can therefore be considered
to be part of the biofilm matrix (Ciofu et al., 2015). Although the presence of a cell-to-cell
connecting matrix appears to be a common feature of microbial biofilms, there is a
remarkable diversity in the composition of these matrices. It is anticipated that the capacity
of bacteria to produce different biofilm matrix components allows colonization of different
niches through different biofilm formation pathways (Pamp et al., 2007; Ciofu et al., 2015).
In cystic fibrosis patients, P. areruginosa forms clusters of cells in the airway mucus that are
surrounded by inflammatory polynuclear cells consuming a large proportion of the available
oxygen. In this case, the formed anoxic biofilms are not surface attached (Worlitzsch et al.,
2002; Kolpen et al., 2010; Aanaes et al., 2011; Bjarnsholt et al., 2013; Jensen et al., 2017). On
the contrary, in nosocomial ventilator-associated pneumonia, the biofilms are attached to
endotracheal tubes, and are most likely localized in an aerobic environment. Thus, the
bacteria in the periphery of these biofilms experience aerobic conditions (Hgiby et al., 2015).

The most notable feature of biofilms is their recalcitrance to antibiotic treatments
(Costerton et al., 1999; Kirisits & Parsek, 2006; Lewis, 2010; Liao & Sauer, 2012; Ciofu et al.,
2015; Ciofu & Tolker-Nielsen, 2019). Biofilms persist and are hard to eradicate because of
mechanisms that involve restricted penetration of antimicrobials, differential physiological
activity, efflux systems, and enhanced repair systems (Brown & Smith, 2003; Mah et al.,
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2003; Walters et al., 2003; Werner et al., 2004; Pamp et al., 2008; Zhang & Mah, 2008; De
Groote et al. 2009; Lewis, 2010; Alhede et al., 2011; Liao & Sauer, 2012; Zhang et al., 2012;
Ciofu et al., 2015; Ciofu et al., 2017). These tolerance mechanisms not only lead to the
emergence of persisters, but also of antibiotic-resistant mutants (Ciofu & Tolker-Nielsen,
2019). Both resistance and tolerance are involved in the recalcitrance of biofilms to
antibiotic treatment (Lebeaux et al., 2014).

Over the past decades, antibiotic resistant bacteria are increasing due to the misuse and
abuse of antibiotics that are known to create selective pressure, which in turn provides a
competitive advantage for antibiotic resistant mutants. In addition to increased resistance to
existing antibiotics, there is a lack of development and introduction of new antimicrobials.
Thus, bacterial resistance to all classes of antibiotics is becoming a serious threat to human
health (Ferndndez & Hancock, 2012; Laxminarayan et al., 2013; Fair & Tor, 2014;
Rasamiravaka et al., 2015; Blair et al., 2015).

There are three principal types of antibiotic resistance; namely, intrinsic, acquired, and
adaptive (Fernandez & Hancock, 2012). Intrinsic resistance comprises all the inherent
structural or functional characteristics of a particular bacterial species that enables it to
resist the action of a certain antibiotic. An example for intrinsic resistance is the absence of a
susceptible target of a specific antibiotic. In addition to intrinsic resistance, bacteria can
acquire or develop resistance to antibiotics either by incorporating new genetic material
(plasmids, transposons, integrons, and naked DNA, etc.) or as a result of mutations
(Fernandez & Hanock, 2012; Blair et al., 2015). There are three main groups of mechanisms
that mediate acquired resistance: first, those that minimize the intracellular concentrations
of the antibiotic as a result of poor penetration into the bacterium or of antibiotic efflux;
second, those that modify the antibiotic target by genetic mutation or post-translational
modification of the target; and third, those that inactivate the antibiotic by hydrolysis or
modification (Blair et al., 2015). Both intrinsic and acquired resistance are characterized by
an irreversible phenotype and are independent of the presence of the antibiotic or of
environmental conditions (Fernandez et al., 2011). In contrast, adaptive antibiotic resistance
can be developed as a result of an environmental stimulus such as sub-inhibitory levels of
antimicrobials, pH, anaerobiosis, cation levels or nutrient cues, etc., as well as social
activities like biofilm formation and swarming motility leading to temporary adaptations in
gene expression levels, which are typically lost after removal of the trigger; although, in
many cases the original level of resistance cannot be restored (Mawer & Greenwood, 1978;
Gilleland et al., 1989; Karlowsky et al., 1997; Poole, 2005; Fernandez et al., 2011; Skiada et
al., 2011; Fernandez & Hancock, 2012). Whereas intrinsic and aquired resistance elements
are passed on vertically through bacterial reproduction, adaptive resistance is not inherited
due to its transient nature. Moreover, acquired resistance can be transferred horizontally
among different bacterial species through plasmids carrying resistance genes, thus
increasing the dissemination of antibiotic resistance genes (Table 1) (Blair et al., 2015;
Garneau-Tsodikova & Labby, 2016).



Table 1. Comparison between the three major types of antibiotic resistance (Fernandez et
al., 2011).

Type of resistance Intrinsic Acquired Adaptive
Acquisition Not acquired, part of Mutation Changes in gene
the genetic landscape of expression; triggered
the respective strain or Horizontal gene by environmental
species transfer factors or presence of
antimicrobials.
Characteristics Inheritable Inheritable Not inheritable
Stable Stable Transient
Irreversible Irreversible Generally, reverts
upon removal of
inducing signal
Independent of Independent of Dependent on
environmental cues environmental cues environmental cues

Microbial biofilms are capable to tolerate antibiotics and components of the host immune
system, which complicates the treatment of the infections (Hgiby et al., 2015). In fact, the
current antibiotics cannot completely eradicate the bacteria in biofilms, often leading to a
relapse of the infection (Fernandez-Barat et al., 2017). Moreover, the high concentrations of
antibiotics required for treating biofilm infections (up to 1,000 times higher than for
planktonic cells (Macia et al., 2014) are toxic in vivo if administrated intravenously to a
patient (Hengzhuang et al., 2012). Therefore, the development of new strategies to treat
microbial biofilms is urgent. Several strategies have been employed or proposed to
overcome the antibiotic tolerance of biofilms: providing high antibiotic concentrations
through topical administration, combined antimicrobials and sequential therapies or the use
of adjuvants to improve the efficacy of antibiotics (Hgiby et al., 2015; Ciofu et al., 2017).
Moreover, it has been proposed to revive persister cells in order to restore their antibiotic
susceptibility. For instance, mannitol was demonstrated to increase the susceptibility of P.
aeruginosa biofilm persister cells toward the aminoglycoside tobramycin by reverting the
persister phenotype through an active physiological response of the bacteria (Barraud et al.,
2013; Ciofu & Tolker-Nielsen, 2019).

1.2 Small non-coding RNAs in Bacteria

Around 40 years ago, the plasmid- and transposon-encoded antisense small RNAs (sRNAs)
RNAI and CopA were found to negatively regulate plasmid copy number in Escherichia coli
(Stougaard et al. 1981; Tomizawa et al., 1981). Although, the first detected regulatory sRNAs
were discovered on extra-chromosomal genetic elements such as plasmids, transposons,
and bacteriophages (Wagner & Simons, 1994), chromosomally encoded sRNAs were
identified more recently (Guillier et al., 2006). The bacterial sSRNAs constitute a structurally
diverse class of molecules that range in size from 70 to 500 nucleotides (nt). These sRNAs
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can modulate gene expression by acting as regulators of (i) transcription, (ii) RNA
modifications or stability, and (iii) mRNA translation. Most characterized sRNAs regulate
gene expression by base-pairing with mRNAs (Storz et al., 2011). These base-pairing sSRNAs
can be grouped into two general classes: the cis-encoded sRNAs, also termed antisense
RNAs (asRNAs), are encoded at the same genetic location, but on the opposite strand of the
RNA targets, whereas the trans-encoded sRNAs are encoded at a chromosomal location
distinct from their mRNA targets (Storz et al., 2005; Waters & Storz, 2009). While cis-
encoded sRNAs are complementary to their target, trans-encoded sRNAs pair to their target
with limited complementarity, often requiring the RNA chaperone Hfg for base-pairing
(Valentin-Hansen et al., 2004; Aiba, 2007; Brennan & Link, 2007).

1.3. The RNA chaperone Hfq

The RNA chaperone Hfq was discovered and characterized more than 40 years ago in
Escherichia coli as a host factor required for replication of the bacteriophage QB (de
Fernandez et al., 1968). Hfg belongs to the class of Sm and Sm-like proteins which in
Eukaryotes play an important role in nuclear pre-mRNA splicing (Moller et al., 2002;
Schumacher et al., 2002; Zhang et al., 2002). The Hfq protein is conserved among bacteria
(Sonnleitner et al., 2002). The conserved core of the Hfq promoter is composed of an N-
terminal a-helix followed by five B-strands that form a bent sheet that displays the topology
B501B1B2B3B4. The SM1 motif consists of the first three B-strands (B1-3), whereas the SM2
motif encompasses the B strands 4 and 5 (Figure 2a) (Sauter et al., 2003; Nikulin et al., 2005;
Brennan & Link, 2007; Vogel & Luisi, 2011). Six of these protomers (each 8-11 kDa) (Figure
2b) form the symmetric Hfg homo-hexamer (Figure 2c). The ring-like architecture of Hfq
exposes two faces for potential interaction with nucleic acids. The surface on which the
amino-terminal a-helix is exposed is referred to as ‘the proximal side’, whereas the opposite
site is termed ‘distal side’ (Figure 2d) (Brennan & Link, 2007). The proximal surface
preferably binds to uridine-rich stretches often present in sSRNAs, whereas the distal surface
binds to A-rich regions frequently present in mRNAs (Mikulecky et al., 2004; Link et al.,
2009). Thus, Hfq is able to bring these distinct RNA species into close proximity as part of a
sRNA-Hfg-mRNA ternary complex.
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Figure 2. The structure of Hfg and its interaction with RNA. (a) Secondary-structural
elements of the Hfg protomer, that consists of a N-terminal a-helix followed by five B-sheets
(b) Each protomer is a compact structural unit in which the B-strands form a set of anti-
parallel sheets. (c) Six of these protomers form the Hfq hexamer. (d) The proximal RNA
binding surface of Hfg (top) and the distal RNA binding surface of Hfq (bottom) are
indicated. Bound RNAs are presented in orange. Figure taken from Vogel & Luisi (2011).
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Hfq can act as a post-transcriptional regulator of gene expression at the level of translation
and/or RNA stability through several well characterized mechanisms (Valentin-Hansen et al.,
2004; Frohlich & Vogel, 2009; Vogel & Luisi, 2011; Stanek et al., 2017). First, Hfq can assist a
cognate sRNA to base-pair with the 5’UTR of its target mRNA, thus, rendering the 5’ region
inaccessible for ribosomes (Figure 3a). In opposite, Hfg can also mediate the interaction of a
sRNA with its target mRNA in order to disrupt a secondary structure that otherwise masks
the ribosome binding site (RBS) and inhibits translation (Figure 3b). Furthermore, Hfq can
protect sSRNAs from endonucleolytic attack thus increasing their stability (Figure 3c) (Moll et
al., 2003) or promote endonuclease-mediated cleavage of sRNA-bound mRNAs (Figure 3d)
(Aiba, 2007). Finally, Hfq can induce RNA turnover by rendering the 3’ ends accessible for
polyadenylation, which in turn triggers 3'-to-5' exonucleolytic degradation (Figure 3e) (Vogel
& Luisi, 2011).
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Figure 3. Post-transcriptional regulation mechanisms of Hfq. (a) Hfg in association with a
SRNA can prevent ribosome binding, thus repressing the translation of a given mRNA. (b) A
complex formed by Hfg and a specific SRNA can disrupt the secondary structure of a target
mRNA that otherwise masks the RBS and inhibits translation. (c) Hfqg may protect some
sRNAs from cleavage by ribonucleases such as ribonuclease E (RNaseE). (d) Hfg may promote
endonuclease-mediated cleavage of certain sRNAs and their target mRNAs. (e) Hfg may
induce polyadenylation by poly(A) polymerase (PAP) of a given mRNA, which in turn triggers
3'-to-5' degradation by an exoribonuclease (Exo). Figure taken from Vogel & Luisi (2011).
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1.4. Small RNAs in P. aeruginosa

sRNAs play important regulatory roles in P. aeruginosa. The few sRNAs functionally
characterized are known to be involved in the regulation of virulence genes (RsmY/Z/W,
ErsA, Sr0161 and Sr006), carbon catabolite repression (CrcZ), iron metabolism (PrrF1, PrrF2,
PrrH), nitrogen assimilation (NrsZ), as well as in quorum sensing (QS) regulation (PhrS) and
antibiotic resistance (ErsA and Sr0161) (Wilderman et al., 2004; Brencic et al., 2009;
Sonnleitner et al., 2009; Oglesby-Sherrouse & Vasil 2010; Sonnleitner et al., 2011; Wenner et
al., 2013). These sRNAs belong either to the group of base-pairing sSRNAs or to the group of
sequestering sRNAs.

PhrS, ErsA and Sr0161 are examples of Pseudomonas base-pairing sSRNAs. Under anaerobic
conditions, expression of the Anr controlled phrS gene leads to indirect expression of the
pgsR gene. Hereby, PhrS stimulates translation of an upstream open reading frame to which
pgsR is translationally coupled (Sonnleitner et al., 2011). PgsR is one of the key quorum
sensing regulators in P. aeruginosa, therefore PhrS provides a regulatory link between
oxygen availability and quorum sensing. ErsA, whose transcription is 0?2 dependent,
negatively regulates algC translation in an Hfg-dependent manner (Ferrara et al., 2015).
Moreover, ErsA and Sr0161 negatively regulate oprD mRNA translation (Zhang et al., 2017).
OprD is responsible for the entry of basic amino acids, peptides and carbapenem antibiotics
(Trias & Nikaido, 1990).

In P. aeruginosa, RsmZ/RsmY and CrcZ are members of the group of sequestering sSRNAs. The
RsmZ/RsmY RNAs are induced by the two-component system (TCS) GacS/GacA (Lapouge et
al., 2008; Brencic al., 2009; Goodman et al., 2009). The Gac/Rsm cascade regulates the
reversible switch between free-living, motile cells and sessile, non-motile cells engaged in
biofilms (Chambonnier et al., 2016). The regulatory RNA CrcZ is part of the CbrA/CbrB
cascade and is involved in post-transcriptional regulation of carbon catabolite repression
(CCR) (Sonnleitner et al., 2011; Sonnleitner & Blasi, 2014). In addition to its role in CCR, CrcZ
also limits biofilm formation under anaerobic conditions, and its overexpression leads to
enhanced antibiotic sensitivity (e.g. towards fosfomycin) by cross-regulating Hfg-dependent
physiological processes (Pusic et al., 2016; Pusic et al., 2018).

1.4.1 CrcZ synthesis and stability

In P. aeruginosa the TCS CbrA/CbrB is required for crcZ transcription and contributes to
maintainance of the carbon/nitrogen balance (Nishijyo et al., 2001; Li & Lu, 2007;
Sonnleitner et al., 2009). The CbrB protein is a transcriptional activator for the 0°* RNA
polymerase and belongs to the NtrC family of response regulators (Nishijyo et al., 2001). The
genes encoding the TCS CbrA/CbrB are located upstream of the crcZ gene (Sonnleitner et al.,
2009). The recognition sites for CbrB have been identified in the upstream region of the crcZ
promoter (Abdou et al., 2011). When a non-preferred substrate, e. g. mannitol, is used as a
sole carbon source by P. aeruginosa, CbrA is activated by an unknown trigger, leading to
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CbrA auto-phosphorylation. Upon activation, CbrA transfers the phosphoryl group to its
cognate response regulator CbrB. The activated CbrB protein, assisted by the integration
host factor (IHF), induces 6>* (RpoN)-dependent transcription of the crcZ gene (Sonnleitner
et al., 2009; Abdou et al., 2011; Moreno et al., 2012). The type of carbon source affects the
activity of CbrA/CbrB, and thus the CrcZ levels, which is low in the presence of a preferred
carbon source (e.g. succinate), is increased in the presence of an intermediate substrate (e.g.
glucose), and is high in the presence of a non-preferred carbon source (e.g. mannitol)
(Sonnleitner et al., 2009; Valentini et al., 2014). Although the signal activating the TCS
CbrA/CbrB remains unknown, it might be related to the energy status of the cell (Valentini et
al., 2014).

A putative binding motif for the anaerobic master regulator Anr was identified upstream of
the RpoN-dependent crcZ promoter, and it was shown that crcZ is poorly expressed in an anr
deletion mutant (Pusic et al., 2016). Moreover, a RpoN binding motif was identified
upstream of the anr coding sequence, and there is some evidence that RpoN plays a role in
anr transcription in PAO1 during anaerobiosis. Therefore, RpoN may regulate crcZ expression
not only directly, but also indirectly by contributing to anr transcription under anoxic
conditions (Pusic et al. in preparation). Furthermore, Hfq and the catabolite repression
control protein Crc also affect transcription, processing and stability of the sRNA CrcZ in
Pseudomonas putida. By forming a complex with CrcZ, these proteins protect CrcZ from
degradation by RNases (Hernandez-Arranz et al., 2016).

1.5 Post-transcriptional regulation of carbon catabolite repression (CCR)

Pseudomonas aeruginosa is a metabolically versatile bacterium that can utilize numerous
carbon sources, which enables its survival under diverse environmental conditions. In
Bacteria, the uptake and assimilation of carbon compounds is controlled by carbon
catabolite repression (CCR), a regulatory mechanism that prevents the utilization of less
preferred carbon sources until the preferred one is consumed (Rojo, 2010; Sonnleitner &
Blasi, 2014; Sonnleitner et al., 2018). Liu (1952) initially observed catabolite repression in P.
aeruginosa through the finding that the addition of succinate or citrate blocked glucose
degradation. Subsequent studies showed that in most studied Pseudomonas spp. the
presence of organic acids (for example succinate) results in catabolite repression of
degradative pathways for sugars, amino acids, and other carbon sources (Smyth & Clarke,
1975; Rojo & Dinamarca, 2004).

CCR has been most extensively studied in the model organisms Escherichia coli and Bacillus
subtilis (Deutscher, 2008; Gorke & Stililke, 2008; Rojo, 2010). Interestingly, the molecular
mechanisms of CCR vary in these two types of bacteria. In E. coli, CCR is mediated by the
inhibition of transcriptional activation of catabolic genes in the presence of glucose, whereas
in B. subtilis, CCR is mediated by negative regulation through a repressor protein in the
presence of glucose. In E. coli the major player of this regulation is the transcriptional
activator CRP (cyclic AMP receptor protein), which acts in conjunction with cAMP. In
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contrast, in B. subtilis CCR is mediated by the transcriptional repressor CcpA (catabolite
control protein A). In both organisms the signal-transduction pathway regulating CCR is the
phosphoenolpyruvate-carbohydrate phosphotransferase system (PTS) (Gorke & Stiilke,
2008).

In contrast to Enterobacteriaceae and Firmicutes (Gorke & Stiilke, 2008), in Pseudomonas
CCR is regulated at the post-transcriptional level and involves the RNA chaperone Hfqg, the
catabolite repression control protein Crc and the regulatory RNA CrcZ (Rojo, 2010;
Sonnleitner & Blasi, 2014). During growth on succinate (CCR), Hfq acts in concert with Crc as
a translational repressor of catabolic genes by binding with its distal face to A-rich sequences
within or adjacent to ribosome binding sites of the target mRNAs (Sonnleitner & Blasi, 2014).
Crc appears to enhance the lifetime of Hfg/Crc/RNA repressive complexes by interacting
with both Hfg and RNA (Sonnleitner et al., 2018; Kambara et al., 2018; Pei et al., 2019). Upon
relief of CCR, e.g. after exhaustion of succinate and in the presence of a less preferred C-
source, the levels of the Hfg-binding regulatory RNA CrcZ-increase (Sonnleitner et al., 2009;
Sonnleitner & Blasi, 2014). CrcZ contains six A-rich sequences which can bind to the distal
site of Hfg (Sonnleitner & Blasi, 2014). By interacting with Hfq, CrcZ acts as a decoy to
abrogate Hfg-mediated translational repression of catabolic genes (Figure 4) (Sonnleitner &
Blasi, 2014).

In P. aeruginosa, CCR not only impacts on metabolic regulation, but is also involved in
complex behavior including biofilm formation, quorum sensing, virulence and antibiotic
susceptibility (Yeung et al., 2011; Zhang et al., 2012).
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C-source

+ CCR

amiE repression amiE translation

Figure 4. Simplified model for post-transcriptional regulation of CCR in Pseudomonas
aeruginosa. During growth on a preferred carbon source, e. g. succinate (+CCR; left), CrcZ (in
purple) is poorly transcribed and Hfq (red hexamer) in concert with Crc (in green), represses
the translation of catabolic genes (e.g. amiE). Upon relief of CCR during growth on a non-
preferred carbon source, e. g. amides, (-CCR; right), the level of the Hfg-binding RNA CrcZ
increases, which allows translation of catabolic genes. Figure adapted from Sonnleitner &
Blasi (2014).

1.6 Metabolic regulation of biofilm formation and antibiotic susceptibility in P. aeruginosa
1.6.1 Hfq enhances biofilm formation of P. aeruginosa

Biofilm formation of P. aeruginosa is a highly regulated process that proceeds through
several distinct stages; 1) initial attachment, 2) irreversible attachment, 3) microcolony
formation, 4) macrocolony formation, and 5) dispersal. The c-di-GMP signaling pathway
(Valentini & Filloux, 2016) and the Gac/Rsm network (Mikkelsen et al., 2011) regulate the
switch between planktonic and sessile lifestyle.

The cyclic di-GMP (c-di-GMP) second messenger is an intracellular signaling molecule that
triggers the switch between planktonic and sessile lifestyles (Romling et al., 2013; Jenal et
al., 2017; Ciofu & Tolker-Nielsen, 2019). High c-di-GMP levels correlate with biofilm

18



formation, whereas low levels are associated with motility in several bacteria species, e.g. E.
coli, P. aeruginosa, and Salmonella enterica serovar Typhimurium (Simm et al., 2004). The
levels of c-di-GMP in the cell change according to the rate of its synthesis and degradation.
Cyclic di-GMP is synthesized from two molecules of GTP by diguanylate cyclases (DGCs) and
is degraded into 5’-phosphoguanylyl-(3’-5’)-guanosine (pGpG) and/or GMP by
phosphodiesterases (PDEs) (Valentini & Filloux, 2016). At least five DGCs have been
described to specifically control biofilm formation: WspR, SadC, RoeA, SiaD, and YfiN/TpbB
(Hickman et al., 2005; Malone et al., 2010; Bernier et al., 2011). In contrast, the GcbA and
NicD DGCs and the DipA (Pch), RbdA, and NbdA PDEs have been linked to biofilm dispersal
(Ueda & Wood, 2009; Basu Roy & Sauer 2014; Petrova et al., 2014) (Figure 5).

Pusic et al. (2018) have recently provided evidence that Hfg affects the c-di-GMP levels in P.
aeruginosa.
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Figure 5. C-di-GMP signaling pathways in concert with two-component systems control
biofilm formation in P. aeruginosa. Biofilm formation is a developmental process that
includes attachment to and movement on the surface, formation of microcolonies,
maturation, and ultimately dispersal. Planktonic, biofilm, and dispersed cells are represented
by green, black, and a red outline, respectively. The upper panel illustrates DGC (green), PDE
(red), and c-di-GMP receptors/effectors (blue) and the developmental stage in which they
are proposed to act. The lower panel illustrates biofilm stage-specific two-component
regulatory systems. The gradient of the gray panels in the background of the figure indicates
increasing intracellular c-di-GMP levels (indicated with *, **, *** and ****) Figure taken
from Valentini & Filloux (2016).

19



The TCS GacS/GacA is known as a regulator of virulence and biofilm formation (Parkins et al.,
2001) (Figure 6). In P. aeruginosa, the response regulator GacA positively controls the
expression of two functionally redundant sRNAs termed RsmZ and RsmY (Lapouge et al.,
2008; Brencic et al., 2009; Goodman et al., 2009). The role of these two regulatory small
RNAs (sRNAs) is to titrate the translational repressor protein RsmA (Lapouge et al., 2008).
RsmA translationally represses the genes required for chronic infections (e.g. genes coding
for proteins involved in secondary metabolism, biofilm formation and virulence), and
promotes the expression of genes needed for acute infections (e.g. genes coding for proteins
of type Ill secretion and flagellar motility) (Brencic & Lory, 2009). Thus, sequestration of
RsmA by RsmZ and RsmY results in de-repression of RsmA target mRNAs (Pessi et al., 2001;
Heeb et al., 2002; Kay et al., 2006; Brencic & Lory, 2009), and consequently in the switch
between acute and chronic infection phenotypes. Moreover, RNase G (the cafA gene
product) specifically cleaves RsmZ in P. aeruginosa biofilms. The expression of cafA is
controlled by the TCS BfiS/R (Petrova & Sauer 2010) (Figure 6).
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Figure 6. The Gac/Rsm pathway in P. aeruginosa. The TCS GacS/GacA activates transcription
of the sSRNAs RsmZ and RsmY. These two regulatory sRNAs titrate the translational repressor
protein RsmA, which mediates the switch from an acute to a chronic infection. Hfq
contributes to the regulatory cascade by stabilizing RsmY. J{,: positive control; L: negative
control; dashed lines: indirect control. Taken from Sonnleitner et al. (2012).
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In P. aeruginosa, Hfq plays also a role in the Gac/Rsm regulatory network. Hfq was shown to
bind to and stabilize the regulatory RNA RsmY, but not RsmZ (Sonnleitner et al., 2006). The
binding can occur concurrently with RsmA and protects RsmY from RNaseE cleavage (Sorger-
Domenigg et al., 2007) (Figure 6). As mentioned above, the Hfg is involved in both Gac/Rsm
and c-di-GMP regulatory networks (Sonnleitner et al., 2006; Pusic et al., 2018). Evidence that
the Gac system and c-di-GMP signaling are interlinked stems from the observation that the
deletion of the RetS sensor kinase (Figure 6), which is involved in negative regulation of
GacS, leads to increased c-di-GMP levels (Moscoso et al., 2011). Moreover, the c-di-GMP-
induced T3SS/T6SS switch is dependent on the two sRNAs RsmY and RsmZ (Moscoso et al.,
2011). In addition, Moscoso and colleagues showed that the activity of the SadC-DGC is
directly responsible for the hyperbiofilm phenotype, and that elevated levels of c-di-GMP
are observed in a retS mutant (Moscoso et al., 2014).

In most bacteria, Hfg positively regulates biofilm production (Martinez & Vadyvaloo, 2014).
Hfq acts to increase biofilm formation in uropathogenic E. coli, Salmonella enterica
typhimurium, Vibrio cholerae, Pseudomonas fluorescens, Stenotrophomonas maltophilia,
Erwinia amylovora, and Vibrio alginolyticus. In these pathogens, the respective hfqg deletion
strain not only results in reduced biofilm formation but also in pleiotropic phenotypes,
including defects in quorum sensing, motility, antibiotic susceptibility, growth rate, stress
tolerance, and virulence (Hammer & Bassler, 2007; Kulesus et al., 2008; Kint et al., 2010; Wu
et al., 2010; Liu et al., 2011; Monteiro et al. 2012; Zeng et al., 2013). Similarly, a deletion of
the hfg gene in PAO1 resulted in pleiotropic effects on growth and virulence (Sonnleitner et
al., 2003). In addition, Pusic et al. showed that Hfg might directly or indirectly control
functions implicated in anoxic biofilm formation (e.g. QS, glycerol metabolism and
NADH/NAD+ ratios) (Pusic et al., 2016).

It was previously shown that a mutation of the crc gene in P. aeruginosa PA14 impairs
biofilm formation and type IV pilus-mediated twitching motility (O'Toole et al., 2000), and
that a crc mutant of P. aeruginosa PAO1 is defective in type Il secretion, motility and
expression of quorum sensing-regulated virulence factors (Linares et al., 2010). Based on a
bioinformatic approach, Browne et al. (2010) showed that the production of some virulence
traits (e.g. alginate, rhamnolipid) might be regulated by CCR. In addition, translation of estA
was shown to be under CCR control (Sonnleitner & Blasi, 2014). The estA gene encodes an
autotransporter protein with esterase activity that is required for rhamnolipid production
(Wilhelm et al., 1999; Wilhelm et al., 2007). Rhamnolipids are surface-active molecules
involved in biofilm fluidity (Davey et al., 2003).

The deletion of the crcZ gene resulted in increased biofilm formation and it was suggested
that CrcZ indirectly limits biofilm formation by titrating Hfg (Pusic et al., 2016). In anoxic
biofilms, the levels of CrcZ are strongly increased compared to planktonically grown cultures.
Thus, the CrcZ-mediated sequestration of Hfq increases, which leads to the cessation of
further biofilm formation (Pusic et al., 2016).
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1.6.2 Hfq increases the antibiotic susceptibility of P. aeruginosa

Although Hfg has been established as an important virulence factor in bacterial pathogens,
there is limited knowledge on the impact of Hfg on antibiotic susceptibility (Hansen & Kaper,
2009; Yamada et al., 2010; Kim et al., 2015). Drug resistance in Bacteria is often associated
with multidrug efflux pumps that decrease cellular drug accumulation (Nikaido, 1996;
Zgurskaya & Nikaido, 2000). In E. coli, Hfg mediates drug resistance by regulating at the post-
transcriptional level the production of AcrB, which is a component of the ArcAB-TolC efflux
pump (Yamada et al., 2010). ArcAB-TolC confers resitance to quinolones (e.g. ciprofloxacin)
and other antimicrobials (Yu et al., 2003; Hooper & Jacoby, 2015). The sRNA RyeB, which
impacts on the expression of tolC, requires Hfg to mediate antibiotic resitance to quinolones
(e.g. levofloxacin and norfloxacin) and tetracycline in E. coli (Kim et al., 2015). Moreover, the
SmvA drug efflux system contributes to the Hfg-mediated drug resitance of Salmonella
(Hayashi-Nishino et al., 2012). In addition, porins may also play a significant role in resistance
mechanisms. In P. aeruginosa, the metal-specific TCS CzcRS is required for the repression of
the oprD porin gene, which is involved in carbapenem resistance. Hfq is a key factor required
for the transcriptional repression of OprD upon Zn treatment by mediating the binding of
CzcR to the oprD promoter (Ducret et al., 2016). Furthermore, two trans-acting sRNAs
(Sr0161 and ErsA) control meropenem resistance by binding to the 5' UTR of oprD (Zhang et
al., 2017). In E. coli, the outer membrane porin gene ompF is post-transcriptionally regulated
by the sRNA MicF, which mediate resistance to cephalosporins (Delihas & Forst, 2001; Kim et
al., 2015).

Recently, Pusic et al. (2018) showed that P. aeruginosa hfg deletion mutants were more
susceptible to different classes of antibiotics under aerobic conditions. Deletion of hfg
affected different mechanisms known to be involved in antibiotic susceptibility that
encompass import and efflux, cell wall and LPS composition, energy metabolism as well as c-
di-GMP levels. Moreover, the cross-regulation by the regulatory RNA CrcZ, which titrates
Hfqg, enhanced the sensitivity toward certain antibiotics such as gentamicin. Therefore, it has
been proposed to (re)sensitize P. aeruginosa to different classes of antibiotics by controlling
the synthesis of CrcZ (Pusic et al., 2018).

1.7 Aims of the project

Owing to Hfq sequestration, the regulatory RNA CrcZ not only enhances the suscebtibility
towards antibiotics under aerobic conditions (Pusic et al., 2018), but also decreases biofilm
formation under anoxic conditions (Pusic et al., 2016) in P. aeruginosa. The expression of
crcZ directly correlates with the hierarchical utilization of carbon sources under aerobic
(Sonnleitner et al. 2009; Valentini et al., 2014), as well as anaerobic conditions (Maximilian
Bauer, unpublished data). A central goal of this study was to investigate the regulation of
crcZ expression during anaerobiosis, and to test whether the induced synthesis of CrcZ via
non-preferred carbon sources could be harnessed to increase antibiotic susceptibility of P.
aeruginosa not only in planktonic cultures (Pusic et al., 2018), but also in anoxic biofilms.
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2. Materials and methods

2.1 Bacterial strains, plasmids and growth conditions

The bacterial strains, plasmids and oligonucleotides used in this study are listed in Tables 2, 3
and 4, respectively.

The cell cultures were grown overnight in Basal Salt medium (BSM) supplemented with 40
mM succinate (Sonnleitner et al., 2009) (BSM-succinate) or synthetic cystic fibrosis medium
(SCFM) (Palmer et al., 2007) supplemented with 100 uM FeSO4 (Tata et al., 2016). For
anaerobic nitrate respiration during anoxic growth, the BSM-succinate medium was
supplemented with 100 mM KNOs (BSManox) and the concentration of KNOs of the SCFM
medium was increased to 100 mM (SCFManox). After overnight growth the cells were diluted
to an ODego of 0.1 with BSManox or SCFManox media, respectively, and grown anaerobically at
37°Cin an anaerobic chamber fumigated with N2 (98%) and H2 (2%). To allow the growth of
the glutamine auxotroph strain PAO1ArpoN, 0.2% glutamine was added to all media (Totten
et al.,, 1990). The E. coli strain DH5a was used for the construction of plasmids. When
required, the following concentrations of antibiotics were used: 100 pg/ml ampicillin and 25
ug/ml tetracycline for E. coli; 100 pg/ml of tetracycline for P. aeruginosa.

Table 2. Bacterial strains

Strains Genotype/relevant characteristics Sources/references
P. aeruginosa
PAO1 Wild type Holloway et al., 1979
PAO1AcbrB PAO6711 Sonnleitner et al., 2009
PAO1ArpoN PAO6358 Heurlier et al., 2003
PAO1Ahfq in-frame deletion of hfg Sonnleitner et al., 2017
PAO1Aanr PAO6261 Ye etal., 1995
E. coli
DH5a recAl endAl hsdR17 thi-1 supE44 gyrA96 relA1 | Sambrook & Russell, 2001
deoRA(lacZYA-argF) U169 (®80/acZAM15)
TOP10 F- mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 | Invitrogen
AlacX74 nupG recAl araD139 A(araleu)7697
galE15 galK16 rpsL(StrR ) endA1 X
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Table 3. Plasmids

Plasmids Genotype/relevant characteristics Sources/references
pME6016 Cloning vector for transcriptional lacZ fusions; Schnider-Keel et al.,
Tc' 2000
pME6016crcZ-lacZ pPMEG6016 carrying a transcriptional crcZ-lacZ This study
fusion spanning nt -162 to nt +1 relative to the
crcZ transcriptional start site
pME6016 pPME6016 carrying a transcriptional crcZ-lacZ This study

crcZ (TT2 AA)-lacZ

fusion spanning nt -162 to nt +1 relative to the
crcZ transcriptional start site, wherein the Anr
motif of the crcZ promoter was altered TT> AA

pUC18 Cloning vector, AmpR Norrander et al.,
1983
pUC18crcZ-lacZ pUC18 carrying a transcriptional crcZ-lacZ fusion | This study
spanning nt -162 to nt +1 relative to the crcZ
transcriptional start site

Table 4. DNA oligonucleotides used in this study

Oligo- Sequence (5’-3’)? Binding region® Target

nucleotide gene/usage

P147 ACGTGAATTCCACCCTGCAACCTGTTAC 5308425-5308453 | crcZ, to

Q147 ACGTCTGCAGCCAATACATAAGCAGATG 5308558-5308586 | generate a
transcriptional
reporter fusion

R147 GAAAACCTCAACCCAaaGATTTTACTGGGT | 5308521-5308550 | crcZ, to

S$147 ACCCAGTAAAATCttTGGGTTGAGGTTTTC | 5308521-5308550 | generate site-
directed
mutation within
the crcz
promoter

K3 GCTGGAGTCGTTACGTGTTG crcZ

126 CCCCACACTACCATCGGCGATGCGETCG 5S rRNA
Northern-blot

a. Restriction sites are highlighted in bold.

b. Base pair annotations according to Winsor et al., 2016.

2.2 Construction of plasmids

Plasmid pME6016crcZ-lacZ encodes a transcriptional crcZ-lacZ fusion. The fragment (genome
coordinates: 5308435-5308586) including nucleotides -162 to +1 relative to the crcZ
transcriptional start site was amplified by PCR using chromosomal DNA of PAO1l as a
template together with the oligonucleotides P147 and Q147 (Table 3). The PCR fragment
was cleaved with EcoRl and Pstl and ligated into the corresponding sites of plasmid

pME6016.
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Plasmid pME6016crcZ (TT 2 AA)-lacZ encodes a transcriptional crcZ-lacZ fusion, wherein the
Anr motif of the crcZ promoter was altered TT> AA. The fragment (genome coordinates:
5308435-5308586) including nucleotides -162 to +1 relative to the crcZ transcriptional start
site was amplified by PCR using chromosomal DNA of PAO1 as a template together with the
oligonucleotides P147 and Q147, and R147 and S147 (Table 3), the latter of which
introduced the corresponding mutations. The PCR fragment was cleaved with EcoRl and Pstl
and ligated into the corresponding sites of plasmid pME6016.

Plasmid pUC18crcZ-lacZ encodes a transcriptional crcZ-lacZ fusion. The fragment (genome
coordinates: 5308435-5308586) including nucleotides -162 to +1 relative to
the crcZ transcriptional start site was amplified by PCR using chromosomal DNA of PAO1 as a
template together with the oligonucleotides P147 and Q147 (Table 3). The PCR fragment
was cleaved with EcoRl and Pstl and ligated into the corresponding sites of plasmid pUC18.

2.3 Northern-blot analyses

5 ml polypropylene tubes were filled with 1 ml of BSManox or SCFManox medium, which was
inoculated with the respective strains (ODeoo = 0.05). The cultures were then incubated for
24 hours or 48 hours at 37°C in an anaerobic chamber. The total content of the
polypropylene tube was used for RNA preparation. Total RNA was extracted using the TRIzol
reagent (Ambion) according to the manufacturer’s instructions. The samples were DNase |
treated, followed by phenol-chloroform-isoamyl alcohol extraction and ethanol precipitation
(Pusic et al., 2016). The steady state levels of CrcZ and 5S rRNA (loading control) were
determined by Northern-blotting using 1 ug of total RNA. The RNA samples were denatured
for 10 min at 65 °C in loading buffer containing 50% formamide, separated on a 6%
polyacrylamide/ 8 M urea gel, and then transferred to a nylon membrane by electroblotting.
The RNAs were cross-linked to the membrane by exposure to UV-light. The membranes were
hybridized with gene-specific 3?P-end-labeled oligonucleotides (crcZ: K3; 55 rRNA: 126, Table
3). The hybridization signals were visualized using a Phosphorimager (Molecular Dynamics).

2.4 B-galactosidase assays

The B-galactosidase assays were performed after anaerobic cultivation for 24 hours in
BSManox medium as described by Miller (1972), except that the cells were permeabilized with
5% toluene and the B-galactosidase activities were measured at 37°C. The B-galactosidase
activity was derived from two biological replicates and are presented as mean.

2.5 Biofilm assays in polystyrene tubes

Static culture biofilm assays were performed in 5 ml round bottom polystyrene tubes
(Falcon). Cells were grown under anoxic conditions in BSManox and in SCFManox for 24 hours
or 48 hours. The biofilms were washed with water and stained with 0.1% crystal violet
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solution for 10 min. The tubes were washed and air dried. The dye bound, which is
proportional to the biofilm produced, was solubilized with 96% (v/v) ethanol and the
absorption was photometrically measured at 595 nm (Asgs).

2.6 Biofilm assays in microtiter plates

To determine the effect of carbon sources on biofilm formation in SCFManox, the static
culture biofilm assays were performed in 96-well microtiter plates. Biofilms were established
with 180 ul bacterial cultures grown under anoxic conditions in SCFManox for 24 hours. Then,
100 pl of SCFManox and 20 pl of the carbon source (40 mM succinate, 40 mM mannitol, 40
mM lactamide or 40 mM glucose) or SCFManox (Mmock) were added to early biofilms, which
are formed after 24 hours of bacterial growth. The cultures were further grown under anoxic
conditions for 24 hours. The biofilms were washed with water and stained with 0.1% (w/v)
crystal violet solution for 10 min. The dye bound, which is proportional to the biofilm
produced, was solubilized with 96% (v/v) ethanol and the absorption at 595 nm (Asss) was
measured in a Synergy H1 plate reader.

2.7 Determination of the minimal biofilm-eradication concentration (MBEC) by
microdilution

The static culture biofilm assays were performed in 96-well microtiter plates as described
above. Briefly, biofilms were established with 180 ul bacterial cultures grown under anoxic
conditions in SCFManox for 24 hours. Then, 20 ul of respective carbon sources (final
concentrations: 40 mM succinate, mannitol or lactamide) and 100 ul of SCFManox containing
serial dilutions of the antibiotic (ciprofloxacin or cefepime) were added to early biofilms. The
biofilms were washed with water and stained with 0.1% (w/v) crystal violet solution followed
by solubilization with 96% (v/v) ethanol. The absorption at 595 nm (Asgs) was measured in a
Synergy H1 plate reader. The MBEC correspond to the lowest concentration of antibiotic
required to eradicate the biofilm (Ceri et al., 1999).
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3. Results

3.1 RpoN and CbrA/CbrB mediated transcription of crcZ during anaerobiosis

Under aerobic conditions, crcZ transcription requires the alternative sigma factor RpoN and
the response regulator CbrB, which is phosphorylated by the sensor/histidine kinase CbrA
(Sonnleitner et al., 2009; Abdou et al., 2011). A previous transcriptome study showed that
the cbrA gene is 2.5-fold up-regulated in anoxic biofilms when compared to planktonic
cultures (Tata et al., 2016). This finding may partly explain the observed increased
expression of crcZ under anoxic conditions (Pusic et al. 2016). To test whether CbrB is
required for crcZ transcription in anoxic biofilms, the CrcZ steady-state levels were
determined in strains PAO1 and PAO1AcbrB grown under anaerobic conditions for 24 hours
(B24 cultures) or 48 hours (B48 cultures) in BSManox, as well as SCFManox medium, the latter of
which approximates to the conditions in the CF lung. When compared to the corresponding
wild-type strain, the CrcZ steady-state levels were diminished in the cbrB deletion mutant at
both time points and in both media (Figure 7A and B).
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Figure 7. CbrB is required for crcZ transcription in anoxic biofilms. The PAO1 and
PAO1AchrB strains were grown under anoxic conditions for 24 hours (B24) and 48 hours
(B48) in (A) BSManox medium and (B) SCFManox medium. Total RNA was isolated, and 1 ug of
total RNA was used for the Northern-blot analyses. 55 rRNA served as a loading control. In
vitro transcribed CrcZ RNA was loaded for size comparison.

When compared with the wild-type strain a P. aeruginosa crcZ deletion mutant has been
shown to display an increased ability to form anoxic biofilms (Pusic et al., 2016). Therefore, it
was next examined whether the same phenotype is observed in a cbrB deletion mutant due
to diminished levels of CrcZ. Anoxic biofilm formation was assessed by a static crystal violet
assay in B24 and B48 cultures of the strains PAO1 and PAO1AcbrB, respectively, in both,
BSMoanox medium and in SCFManox medium (Figure 8A and B). Consistent with the notion,
anoxic biofilm formation was considerably increased in the PAO1AcbrB strain, when
compared with PAO1 in both B24 and B48 cultures grown in SCFManox medium (Figure 8B) as
well as in B48 cultures grown in BSManox medium (Figure 8A). However, biofilm formation
was increased in the PAO1 strain (Figure 8A) in B24 cultures grown in BSManox.
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Figure 8. Biofilm formation is increased in PAO1AcbrB compared to PAO1. The PAO1 and
PAO1AcbrB strains were grown under anoxic conditions in (A) BSManox medium and (B) in
SCFManox medium for 24 hours (B24) and 48 hours (B48). Top, biofilm formation was
assessed by a crystal violet assay. Bottom, graphical representation of the results obtained
with cultures of PAO1 (blue bars) and PAO1AcbrB (red bars).

3.2 Anr contributes to RpoN/CbrA/CbrB-mediated transcription of crcZ during anaerobiosis

Under anoxic conditions, the CrcZ steady-state levels are ~50 fold increased when compared
to aerobic conditions (Pusic et al., 2016). A putative binding site for the anaerobic regulator
Anr was identified upstream of the RpoN-dependent crcZ promoter (Figure 10A, in violet).
Moreover, crcZ was poorly expressed in the absence of Anr during anaerobiosis (Pusic et al.,
2016). To further assess how the expression of crcZ is regulated during anaerobiosis, we next
determined B-galactosidase activities obtained with the transcriptional crcZie2-lacZ reporter
gene encoded by plasmids pME6016PcrcZ-lacZ and pME6016PcrcZirsan-lacZ in strains
PAO1, PAO1AcbrB, PAO1ArpoN, PAO1Ahfq and PAO1Aanr grown in BSManox for 24 hours
(Figure 9). As expected, crcZ-lacZ expression was abolished in strains PAO1AcbrB and
PAO1ArpoN (Figure 10B), demonstrating that CbrA/CbrB and RpoN act as the main
regulators of crcZ expression during anaerobiosis. In contrast to PAO1, crcZ transcription was
also strongly diminished in the PAO1Ahfqg strain (Figure 10B). This result is in line with
previous data indicating that Hfq impacts on crcZ synthesis (Hernandez-Arranz et al., 2016).
Moreover, the crcZ promoter activity was reduced in the absence of Anr, indicating that Anr
contributes to crcZ expression during anaerobiosis (Figure 10B). For verification, a part of the
putative Anr motif located upstream of the RpoN-dependent crcZ promoter was altered
(TT->AA) in plasmid pME6016 PcrcZ-lacZ (Figure 9A). However, the base changes resulted in
reduced activity of the crcZ promoter in both strains, PAO1 and PAO1Aanr, respectively
(Figure 10B). This could indicate that the substitution TT->AA in the putative Anr motif might
interfere with binding of integration host factor (IHF), the recognition motif of which
overlaps with the putative Anr binding site (Figure 10A).
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Figure 9. Growth of strains PAO1, PAO1AcbrB, PAO1ArpoN, PAO1Ahfq and PAO1Aanr for
24 hours in BSManox medium harboring plasmid pME6016PcrcZ-lacZ (A) or plasmid
PME6016PcrcZrr-saa)-lacZ (B).
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Figure 10. Anr contributes to the RpoN and CbrA/CbrB mediated expression of crcZ during
anaerobiosis. (A) Promoter region of crcZ. The transcriptional start site (TSS, +1) of crcZ is
marked with a blue arrow. The RpoN promoter motif is underlined in ochre-yellow. The
putative IHF binding site is shown in italics. The CbrB binding site is denoted in green. A
putative recognition motif for Anr is indicated in violet with the corresponding consensus
motif shown below. The substituted bases are highlighted by black arrows. (B) The cultures
were grown anaerobically in BSManox medium for 24 hours. The bars represent the B-
galactosidase values obtained with the transcriptional crcZ-lacZ reporter gene encoded by
plasmid pME6016PcrcZ-lacZ in strains PAOl1 (pME6016PcrcZ-lacZ) (bar 1), PAO1
(PME6016PcrcZ (rrsan-lacZ) (bar 2), PAO1AcbrB (pME6016PcrcZ-lacZ) (bar 3), PAO1AcbrB
(PME6016PcrcZ (rrsaa-lacZ) (bar 4), PAO1Aanr (pME6016PcrcZ-lacZ) (bar 5), PAOlAanr
(PME6016PcrcZ (trsan-lacZ) (bar 6), PAO1Ahfg (pPME6016PcrcZ-lacZ) (bar 7), PAO1Ahfq
(PME6016PcrcZ (t1san-lacZ) (bar 8), PAOl1ArpoN (pME6016PcrcZ-lacZ) (bar 9) and
PAO1ArpoN (pME6016PcrcZ (rrsaa-lacZ) (bar 10). Error bars, mean * s.d. of three
independent experiments.

30



3.3 Harnessing metabolism to decrease anoxic biofilm formation and to increase antibiotic
susceptibility

By titrating Hfqg, CrcZ was shown to negatively impact on anoxic biofilm formation (Pusic et
al., 2016). On the other hand, over-expression of crcZ enhanced the sensitivity towards
antibiotics under aerobic conditions (Pusic et al., 2018). Since the CrcZ levels correlate with
carbon source utilization under aerobic as well as anaerobic conditions (Sonnleitner et al.
2009; Valentini et al., 2014), it was next tested whether we could harness metabolism to
decrease anoxic biofilms and to increase their susceptibility towards different antibiotics.

3.3.1 The addition of “poor carbon sources” during growth in SCFM does not affect the
formation of anoxic biofilms in SCFM medium

In previous work from our lab, the ability of the PAO1 strain to form 96 hours-old anoxic
biofilms (B-96) was assessed in BSManox medium supplemented with 40 mM of different
carbon sources including histidine, lactamide, pyruvate, arginine, mannitol, lactate,
glutamate, citrate, glucose and succinate (P. Pusic, unpublished data). Different carbon
sources seemed to affect anoxic biofilm formation of B-96 cultures in BSManox medium as
assessed by the crystal violet assay. For instance, mannitol and lactamide (non-preferred
carbon sources) decreased biofilm formation while succinate (a preferred carbon source)
increased it, which is in accordance with the hierarchical assimilation of the carbon sources
and its impact on crcZ expression under aerobic conditions (Valentini et al., 2014).

Therefore, it was next tested whether the same outcome is obtained with cells grown in
SCFManox medium, which approximates to the conditions in the CF lung. The PAO1 strain was
grown under anoxic conditions in SCFManox for 24 hours (B24 cultures). At this stage of
anoxic biofilm formation, succinate (40 mM final concentration; preferred carbon source),
glucose (less preferred carbon source), mannitol and lactamide (non-preferred carbon
sources), respectively, were added to a final concentration of 40 mM. Then, the cultures
were grown for additional 24 hours under anoxic conditions. Anoxic biofilm formation was
assessed by a static crystal violet assay. As shown in Figure 11, the addition of succinate or of
non-preffered carbon sources (glucose, mannitol or lactamide) to SCFM did not affect the
formation of anoxic biofilms. However, the addition of glucose caused a slight increase in the
growth of the cells (Figure 12).
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Figure 11. The addition of different carbon sources to SCFM medium does not affect anoxic
biofilm formation. Top, biofilm formation was assessed by a crystal violet assay. Bottom,
graphical representation of the results obtained with B48 cultures of PAO1 strain grown
initially for 24 hours in SCFManox medium. Then, succinate (violet bar), glucose (ochre-yellow
bar), mannitol (green bar) or lactamide (red bar) were added to a final concentration of 40
mM. Mock control (blue bar), SCFManox Was added. Cultures were grown anoxically for
additional 24 hours and biofilm formation was assessed. Error bars, mean = s.d. from 4
biological replicates and 2 technical replicates.
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Figure 12. Impact of different carbon sources on anaerobic growth in SCFManox medium.
Growth curves of PAO1 grown initially for 24 hours in SCFManox medium. Then, succinate
(violet), glucose (ochre-yellow), mannitol (green) or lactamide (red) was added to a final
concentration of 40 mM. Mock control (blue), SCFManox Was added. Cultures were grown
anoxically for additional 24 hours. Error bars, mean % s.d. from 4 biological replicates and 2
technical replicates.
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3.3.2 Addition of non-preferred carbon sources during growth in SCFM increases the
efficacy of ciprofloxacin and cefepime against anoxic biofilms

Next, it was tested whether the susceptibility of anoxic biofilms towards ciprofloxacin (CIP)
and cefepime (CEF) is altered in the presence of succinate, mannitol or lactamide (Figure 13
and Figure 14). The PAO1 strain was grown under anoxic conditions in SCFManox medium for
24h (B24 cultures). Then, succinate, mannitol or lactamide were added to a final
concentration of 40 mM in combination with increasing concentrations of the respective
antibiotic. The cultures were further grown for 24 hours under anoxic conditions (B48
cultures). Anoxic biofilm formation of B48 cultures was assessed by a static crystal violet
assay (Figure 13 and Figure 14). In planktonic cultures, the minimal inhibitory concentration
(MIC) is a parameter used to determine antibiotic activity. The MIC corresponds to the
lowest concentration of an antibiotic that inhibits visible growth of a planktonic culture after
overnight incubation. At variance, the minimal biofilm inhibitory concentration (MBIC) and
the minimal biofilm-eradication concentration (MBEC) are parameters used to quantify the
antimicrobial activity towards bacterial biofilms. The MBIC is defined as the lowest
concentration of a drug that resulted in an ODegso nm difference of < 10% of the mean of two
positive control well readings (Moskowitz et al., 2004). The MBEC is defined as the lowest
concentration of antibiotic required to eradicate the biofilm (Ceri et al., 1999) or, in other
words, the lowest concentration of an antibiotic that prevents visible growth in the recovery
medium used to collect biofilm cells. To assess the activity of the tested antibiotics in
combination with different carbon sources on anoxic biofilms, the MBECs were determined
as described in Material and Methods. In SCFManox medium without addition of any C-
source, the MBEC for CIP was 4 ug/ml (Figure 13), whereas the MBEC for CEF could not be
determined (Figure 14). The exposure to sub-inhibitory concentrations (between 0.5 and 2
ug/ml) of CIP induced biofilm formation (Figure 13) as previously reported (Morero et al.,
2011; Ahmed et al., 2018). When CIP was added in concentrations between 0.5 and 2 pg/ml
in combination with the non-preferred carbon source lactamide, biofilm formation
decreased. In comparison, biofilm formation was much stronger in the presence of CIP when
succinate was added (Figure 13). Similarly, the addition of CEF at concentrations between
128 and 512 pg/ml combined with lactamide decreased biofilm formation when compared
with the considerable increase that occurred when succinate was added (Figure 14).
Nevertheless, biofilm formation declined at low concentrations of CEF (32 to 64 ug/ml). This
contradictory finding could be explained by an insufficient staining when high-biomass
biofilms are formed (Musken et al., 2010). It is noteworthy that the combination of CIP or
CEF with mannitol seems not to affect biofilm formation when compared to the antibiotic
alone (Figure 13 and 14). Taken together these results showed that the efficiency of both CIP
and CEF on biofilm formation increased when they were added in combination with the non-
preferred carbon source lactamide.
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Figure 13. Carbon source dependent susceptibility of anoxic biofilms to ciprofloxacin. Top,
biofilm formation was assessed by a crystal violet assay. Bottom, graphical representation of
the results obtained with B48 cultures of PAO1 strain grown initially for 24 hours in
SCFManox. Then, succinate (violet bar), mannitol (green bar) and lactamide (red bar),
respectively, were added to a final concentration of 40 mM in combination with increasing
concentrations of ciprofloxacin (CIP). Blue bar, SCFManoxwas added. The cultures were then
grown anoxically for 24 hours and biofilm formation was assessed. Error bars, mean * s.d.
from two independent experiments.
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Figure 14. Carbon source dependent susceptibility of anoxic biofilms to cefepime. Top,
biofilm formation was assessed by a crystal violet assay. Bottom, graphical representation of
the results obtained with B48 cultures of PAO1 strain grown initially for 24 hours in SCFManox
medium, Then, succinate (violet bar), mannitol (green bar) and lactamide (red bar),
respectively, were added to a final concentration of 40 mM in combination with increasing
concentrations of cefepime (CEF). Blue bar, SCFManoxwas added. The cultures were then
grown anoxically for 24 hours and biofilm formation was assessed. Error bars, mean % s.d.
from three independent experiments.
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4. Discussion

4.1 Regulation of crcZ expression during anaerobiosis

In P. aeruginosa the cbrA/cbrB genes are situated upstream of the crcZ gene (Sonnleitner et
al., 2009), and the binding sites for the CbrB response regulator have been mapped in the
upstream region of the crcZ promoter (Abdou et al., 2011). It has been shown that
CbrA/CbrB and the alternative sigma factor RpoN are required for crcZ transcription under
aerobic conditions (Sonnleitner et al., 2009; Abdou et al., 2011). However, whether this is
also the case during anaerobiosis has so far not been studied. Previous studies have shown
that the cbrA transcript is 2.5-fold more abundant in anoxic biofilms than in planktonic
cultures (Tata et al., 2016), and the levels of CrcZ were found to be ~50-fold elevated during
anaerobiosis when compared with aerobic conditions (Pusic et al., 2016). On the other hand,
the absence of CrcZ in P. aeruginosa correlated with an increased ability to form anoxic
biofilms (Pusic et al., 2016). | therefore first asked whether the CrcZ steady-state levels are
affected by the presence/absence of CbrB during anaerobiosis, and whether this might
impact on anoxic biofilm formation. The results showed that in BSM and SCFM media, the
CrcZ steady-state levels were strongly decreased in the cbrB deletion mutant under
anaerobic conditions when compared to the wild-type strain (Figure 7), The observed
decreased steady-state levels of CrcZ in cbrB mutants were further supported by the
decreased B-galactosidase activities obtained with the transcriptional PcrcZ-lacZ reporter
gene in the absence of CbrB (Figure 10B). In summary, these studies revealed that the TCS
CbrA/CbrB is also required for anoxic crcZ synthesis.

As anticipated from the diminished levels of CrcZ, the cbrB deletion mutant formed also
more anoxic biofilms (Figure 8), except for the B24 cultures grown in BSManox Wherein
the cbrB deletion mutant produced less anoxic biofilms than the PAO1 strain (Figure 8A). Crc,
which is part of a signal transduction pathway that can sense and respond to nutritional cues
(O’'Toole et al., 2000), is involved in the transition from planktonic to biofilm growth by
playing a role in the control of genes required for extracellular appendages (e.g. flagella and
type IV pili) that mediate flagellar and twitching motilities in order to initiate surface
colonization (O’Toole et al., 2000; Vallet et al., 2004). It seems interesting to test whether
these genes are stronger expressed during early anoxic biofilm formation in BSManox When
compared to SCFManox. This approach might reveal why the wild-type strain produced more
anoxic biofilms in B24 cultures grown in BSManoxWhen compared with the cbrB deletion
mutant.

In addition, various studies have shown the role of other factors in the regulation of crcZ
expression. A putative motif for the anaerobic global regulator Anr was identified upstream
of the RpoN-dependent crcZ promoter, overlapping with the integration host factor (IHF)
recognition motif (Abdou et al., 2011; Figure 10A). Moreover, a putative RpoN binding motif
was identified upstream of the anr coding sequence, which may suggest that RpoN is as well
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a crucial player in anr transcription in PAO1 during anaerobiosis. This notion is supported by
a recent finding that RpoN inhibition negatively impacts the expression of anr and Anr-
dependent genes (Lloyd et al., 2017). Consequently, RpoN may regulate crcZ expression not
only directly, but also indirectly by contributing to anr transcription under anoxic conditions
(Pusic et al., in preparation).

To assess the role of RpoN and Anr on crcZ expression during anaerobiosis, the PB-
galactosidase activities conferred by the transcriptional crcZ-lacZ reporter gene were
assessed in PAO1 and in the deletion-mutants PAO1ArpoN and PAO1Aanr. The B-
galactosidase activity was drastically reduced in strain PAO1ArpoN (Figure 10B), showing
that the alternative sigma factor RpoN plays also a crucial role in the regulation of crcZ
expression under anoxic conditions.

In the absence of Anr, crcZ was poorly expressed during anaerobiosis (Pusic et al., 2016).
However, the crcZ promoter activity was not drastically reduced in strain PAO1Aanr (Figure
10B). In contrast, the alteration of the putative Anr motif (TT->AA; Figure 10A) led to the
reduction of the crcZ promoter activity in strain PAO1 (pME6016PcrcZirrsaa-lacZ), as well as
in strain PAO1Aanr (pME6016PcrcZ (rrsaa)-lacZ; Figure 10B). This result might be explained by
the fact that the substitution TT->AA in the putative Anr motif can interfere with binding of
the integration host factor (IHF), the recognition motif of which overlaps with the putative
Anr binding site (Figure 10A). Similar results were obtained in P. putida, not only for the
AcbrB mutant but also in the ihf (=IHF3) background (Barroso et al., 2018). CbrB and
integration host factor (IHF) appear therefore to be required for crcZ expression in both
species, P. geruginosa and P. putida. As previously described, IHF contributes to the correct
assembly of transcription initiation complexes at a number of oN-dependent promoters by
inducing a curvature in the DNA, and assists CbrB-mediated transcription activation of crcZ
and crcY (Garcia-Maurino et al., 2013). To further verify whether Anr is really involved in crcZ
transcription under anaerobic conditions, another mutation in the putative Anr binding site
that is not overlapping with the recognition motif of the IHF could be introduced.

To gain more information on factors that control crcZ expression during anaerobiosis, the B-
galactosidase activity conferred by the transcriptional crcZ-lacZ reporter gene was also
determined in the deletion mutant PAO1Ahfq. Our study showed that the B-galactosidase
activity of the wild type strain (PAO1) was drastically reduced in this mutant (Figure 10B).
This finding provided evidence that Hfg, which is mediating CrcZ synthesis and stability
(Hernandez-Arranz et al., 2016; Sonnleitner et al., 2018) under aerobic conditions, is also
affecting the CrcZ levels during anaerobiosis.
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4.2 Harnessing metabolism to increase antibiotic susceptibility and to decrease anoxic
biofilm formation

During CCR, Hfq and Crc translationally repress several catabolic genes (Sonnleitner & Blasi,
2014; Sonnleitner et al., 2018). Upon relief of CCR, the regulatory RNA CrcZ titrates Hfq. It
was previously shown that less preferred carbon sources induce the transcription of crcZ
during aerobic conditions (Zhang & Rainey, 2008; Sonnleitner et al., 2009) as well as under
anoxic conditions (Maximilian Bauer, unpublished data). The cross-regulation by the
regulatory RNA CrcZ, which sequester Hfg, enhances the sensitivity toward antibiotics
(e.g. gentamicin and cefepime) under aerobic conditions (Pusicet al., 2018). Therefore,
another aim was to test whether the induced synthesis of crcZ via non-preferred carbon
sources could be harnessed to increase antibiotic susceptibility of P. aeruginosa not only in
planktonic cultures (Pusic et al., 2018), but also in anoxic biofilms.

It has been shown that C-sources can affect antibiotic resistance (Barraud et al.,
2013). Previous studies reported that stimulating metabolic activity of E. coli persister cells
by the addition of carbon sources such as mannitol, glucose, fructose and pyruvate could
restore their susceptibility to antibiotics by generating a proton-motive force (PMF)
(Allison et al., 2011). Barraud et al.(2013) demonstrated that mannitol prevented the
formation of persister cells and enhanced the sensitivity of P. aeruginosa biofilms to
tobramycin. As these effects were abolished by a PMF inhibitor, and as another metabolic
substrate, glucose, had similar impacts, it is likely that the primary effect is metabolic
(Barraud et al. 2013). Meylan et al. (2017) provided evidence that carbon sources affect
antibiotic susceptibility via tricarboxylic acid cycle (TCA) control. Fumarate activates cellular
respiration and generates a PMF by stimulating the TCA cycle, thus potentiating tobramycin
susceptibility. In contrast, glyoxylate promoted tolerance by repressing the TCA cycle. The
PMF plays an important role in the function of drug efflux pumps (Du et al., 2018). It has
been shown that a P. aeruginosa hfq deletion mutant displayed a reduced PMF that might
impede antibiotic efflux, thus leading to increased susceptibility to certain antibiotics, such
as B-lactams, fluoroquinolones, tetracycline and aminoglycosides that are exported via efflux
pumps (Pusic et al., 2018). Besides affecting energy metabolism, Hfq also influences different
mechanisms known to be involved in antibiotic susceptibility including import and efflux, cell
wall and LPS composition as well as c-di-GMP levels (Pusic et al. 2018). Here, we found that
adding non-preferred carbon sources (lactamide) during growth in SCFM increased the
efficacy of ciprofloxacin and cefepime against anoxic biofilms (Figures 13 and 14). A recent
study showed that the addition of OAA to a complex medium increased CrcZ levels and
enhanced the susceptibility towards gentamicin and cefepime under aerobic conditions
(Pusic et al., 2018). Thus, our results corroborate the hypothesis that the induced synthesis
of CrcZ by non-preferred carbon-sources leads to sequestration of Hfg, which consequently
enhances the sensitivity towards antibiotics in anoxic biofilms.
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We determined the minimal biofilm eradication concentration (MBEC) for CIP and for
CEF in SCFM...« medium without addition of any C-source. The MBEC for CIP was 4 pg/ml
(Figure 13), whereas the MBEC for CEF could not be determined (Figure 14). This is in
accordance with previously published data which have shown that biofilms of various clinical
strains grown under aerobic conditions were responsive to ciprofloxacin, but not to
meropenem and ceftazidime, which belong to carbapenems and to the third class of
cephalosporins, respectively (Misken et al., 2010). This can be explained by the over-
production of beta-lactamases in biofilms. For example, ceftazidime is hydrolyzed by
the AmpC beta-lactamase, the levels of which are increased in biofilms (Hengzhuang et al.,
2013). Therefore, beta-lactams have to be used in high dosages (Bowler et al., 2012) or in
combination with beta-lactamase inhibitors (such as ceftolozane/tazobactam or
ceftazidime/avibactam) (Torrens et al., 2016) to overcome the degradative capacity of the
enzymes (Ciofu & Tolker-Nielson, 2019). Although a high dosage of CEF (16384 ug/ml) was
used, it was not possible to accurately determine the MBEC for CEF (Figure 14).

The formation of static biofilms increases when P. aeruginosa cells are incubated in the
presence of sub-inhibitory concentrations of ciprofloxacin, tobramycin, or tetracycline, while
no such inhibitory effect is detected with other antibiotics, such as carbenicillin,
chloramphenicol, or polymyxin (Hoffman et al., 2005; Linares et al., 2006; Morita et al.,
2014). Similarly, we found that treatment with sub-inhibitory concentrations of ciprofloxacin
and cefepime increased biofilm formation (Figures 13 and 14). The underlying mechanisms
could be increased eDNA release, induction of phage elements or different regulatory
responses (Ranieri et al., 2018). At sub-inhibitory concentrations of antibiotics, the most
susceptible members of a bacterial population die, leading to the release of eDNA, which
results in an increased biofilm formation by the remaining cells (Ranieri et al., 2018). The
release of eDNA can also result from the cell lysis caused by the induction of prophages
(Ranieri et al., 2018). Furthermore, antibiotics can act, at sub-inhibitory concentrations, as
signaling molecules either directly or indirectly through the induction of cell stress responses
or by increase in production of secondary messengers such as cyclic-di-GMP or ppGpp that in
turn modulate gene expression (Ranieriet al., 2018). For instance, sub-inhibitory
concentrations of aminoglycosides, especially, tobramycin, induce the expression of the
gene arr, encoding the aminoglycoside response regulator. Tobramycin, either directly or
indirectly, enhances the phosphodiesterase activity of the Arrcytoplasmic EAL domain,
leading to c-di-GMP inactivation and augmented biofilm formation (Hoffman et al., 2005).
Ciprofloxacin can induce cell lysis and release of eDNA via the SOS response regulator
RecA (Turnbull et al., 2016). Furthermore, in P. aeruginosa biofilms, the exposure to sub-
inhibitory concentrations of imipenem has been shown to strongly induce the expression
of ampC, leading to antibiotic degradation, as well as to the expression of genes
(algD to algA) encoding fuctions for alginate biosynthesis, resulting in thicker and more
robust biofilms (Bagge et al., 2004). This increased thickness and biomass may increase the
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potential of B-lactamase accumulation in the biofilm, thereby reducing the effect of B-lactam
treatment on P. aeruginosa cells growing in biofilms (Bagge et al., 2004).

In this study, | asked wether an increased synthesis of CrcZ would decrease anoxic biofilm
formation in the presence of sub-inhibitory concentrations of antibiotics. Indeed, when a
non-preferred C-source (lactamide) was added together with sub-inhibitory doses of
ciprofloxacin or cefepim, biofilm formation was less pronounced when compared with the
antibiotic alone (Figures 13 and 14). In contrast, the addition of a preferred C-source
(succinate) resulted in a 6-fold increase in biofilm formation when compared to the
antibiotic alone (Figure 13). Previous studies showed that CrcZ indirectly impacts on biofilm
formation by competing for Hfq (Pusic et al., 2016). Thus, these results corroborate the
hypothesis that the induced synthesis of CrcZ could be harnessed to decrease biofilm
formation, which in turn seems to increase the efficacy of antibiotics.

In our study, we employed a commonly used microtiter plate-based crystal violet assay to
indirectly quantify biofilm formation. Although this assay is a high-throughput method and is
widely used for assessing biofilm formation, it is known for its low reliability, which can lead
to variable results from experiment to experiment, and even from well to well due to growth
and handling. Indeed, we observed same technical variabilities in our experiments (Figures
13 and 14). Therefore, this assay may lead to flawed conclusions and should be used as a
screening tool rather than as a stand-alone tool (Kragh et al., 2019). Thus, it appears
worthwhile in future studies to employ bacterial viability staining in combination with
automated confocal laser scanning microscopy (Miusken et al., 2010). This method can be
used to identify antimicrobial resistance under biofilm growth conditions and to test the
impact of novel antimicrobial compounds on bacterial biofilms (Miskenet al.,
2010). Moreover, it was reported that biofilms grown on biotic surfaces are distinct from
biofilms grown on plastic (Anderson et al., 2008; Tran et al., 2014; Price et al., 2015). Price et
al. (2015) demonstrated that mannitol enhanced antibacterial activity of tobramycin only in
biofilms formed on abiotic surfaces but not in biofilms formed on CF airway cells. Therefore,
it seems to be of interest to assess the antibiotic susceptibility by adding non-preferred
carbon sources to biofilms grown on biotic surfaces. There are several model systems
available such as bacterial biofilms formed on the surface of CF-derived airway cells (Price et
al., 2015), the human skin infection model (Rancan et al., 2019) or the murine solid tumor
model (Pawar et al., 2014).
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6. Abstract

In Pseudomonas aeruginosa as well as in several Pseudomonas spp., the two-component
system (TCS) CbrA/CbrB controls a variety of metabolic and behavioral traits needed for
adaptation to changing environmental conditions. The histidine kinase CbrA and the
response regulator CbrB constitute a TCS that, together with the Crc system, controls carbon
metabolic flow in Pseudomonas species, allowing the utilization of preferred carbon sources
and establishing a carbon/nitrogen balance. In P. aeruginosa, CbrB activates the
transcription of the CrcZ RNA. CrcZ is a regulatory RNA involved in carbon catabolite
repression (CCR) and acts as a decoy for the Hfg RNA chaperone, and thus antagonizes the
function of Hfq/Crc repressive complexes on catabolic genes. The CbrA/CbrB system has
several functions besides the control of catabolic pathways. It is also involved in the
regulation of swarming, biofilm formation, cytotoxicity and antibiotic resistance.

In this study, the effect of CbrB on crcZ gene expression was assessed by Northern-blot
analyses using a cbrB deletion mutant. In addition, the regulation of crcZ expression during
anaerobiosis was studied using transcriptional reporter fusions. In addition, the possibility of
harnessing CrcZ synthesis to increase antibiotic susceptibility of P. aeruginosa early stage
biofilms was assessed. Two antibiotics, ciprofloxacin (CIP) cefepime (CEF), were tested in
SCFManox medium in combination with preferred (succinate) and non-preferred (mannitol or
lactamide) carbon sources.

Our results verified the predicted CbrB, IHF, Anr, and o" consensus binding sites present in
the crcZ promoter and showed that the corresponding transcription factors are necessary for
transcriptional activation of CrcZ during anaerobiosis. Sub-inhibitory concentrations of CIP
and CEF, when combined with lactamide, reduced biofilm formation under anoxic
conditions. The minimal biofilm eradication concentration (MBEC) for CIP in SCFManox
medium without addition of any C-source was 4 pg/ml; while the MBEC for CEF could not be
determined.

Keywords: CrcZ, RNA, Anoxic Biofilm, Antibiotic Susceptibility, P. aeruginosa
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7. Zusammenfassung

In Pseudomonas aeruginosa sowie in anderen Pseudomonas spp. kontrolliert das Zwei-
Komponenten System (TCS) CbrA/CbrB eine Reihe von metabolischen und
verhaltensbezogenen  Merkmalen, die fir die Anpassung an  wechselnde
Umweltbedingungen bendétigt werden. Die Histidinkinase CbrA und der Response Regulator
CbrB bilden ein TCS, das gemeinsam mit dem Crc System den metabolischen Kohlenstofffluss
in Pseudomonas spp. reguliert, wodurch die Verwendung bevorzugter Kohlenstoffquellen
ermoglicht wird und eine Kohlenstoff/Stickstoff Balance etabliert wird. In P. aeruginosa
aktiviert CbrB die Transkription der CrcZ RNA. CrcZ ist eine regulatorische RNA, die in die
Kohlenstoff Katabolit Repression (CCR) involviert ist und dabei als Anagonist fiir das RNA
Chaperon Hfq fungiert. Dadurch inhibiert CrcZ die Funktion des Hfg/Crc Komplexes als
translatorischem Repressor von katabolischen Genen. Neben der Katabolitregulation hat das
CbrA/CbrB System noch andere Funktionen, z.B. ist das CbrA/CbrB System beteiligt an der
Regulation des Schwarmens, der Biofilm Bildung, Zytotoxizitat und der Antibiotikaresistenz.

In dieser Studie wurde der Effekt von CbrB auf die crcZ Expression durch Northernblots
mittels cbrB Deletionsmutanten analysiert. Dartiber hinaus wurde die Regulation der crcZ
Expression wahrend der Anaerobiose durch den Einsatz verschiedener Mutanten mit einem
Reportergen untersucht. Weiters wurde die Moglichkeit in Betracht gezogen, die CrcZ
Synthese auszunutzen um die Antibiotikasensitivitat von P. aeruginosa in friihen Stadien der
Biofilmbildung zu erhohen. Die beiden Antibiotika Ciprofloxacin (CIP) und Cefepime (CEF)
wurden in SCFManox Medium in Kombination mit bevorzugten (Succinat) und nicht-
bevorzugten (Mannit oder Lactamid) Kohlenstoffquellen getestet.

Unsere Ergebnisse verifizieren die vorhergesagten CbrB, IHF, Anr und oV Konsensus
Bindestellen in der crcZ Promotorregion und zeigen, dass diese Faktoren essentiell sind flr
die transkriptionale Aktivierung von crcZ wahrend der Anaerobiose. Sub-inhibitorische
Konzentrationen von CIP und CEF in Verbindung mit Lactamid reduzierten die Biofilm
Bildung unter anoxischen Bedingungen. Die minimale Eradikationskonzentration (MBEC) fur
CIP in SCFManox Medium ohne Zugabe von Kohlenstoffquellen ist 4 ug/ml, wahrend die MBEC
far CEF nicht bestimmt werden konnte.

Schliisselworter: CrcZ RNA, anoxische Biofilme, Antibiotikasensitivitat, P. aeruginosa
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