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ABSTRACT 
The conversion of environmental signals into cellular responses is a critically important 
process that occurs in all organisms. The ability to process information depends, in 
general, on complex signal transduction and regulatory networks that control genes 
required to cope with certain environmental conditions. Bacteria exhibit a bewildering 
range of strategies that allow them to exploit their surrounding to the maximum and to 
colonize environmental niches, which are inaccessible for most other organisms. A 
detailed understanding of bacterial signalling processes is required to control bacterial 
spread in medicine and health care, and to utilize the beneficial behaviours of bacteria 
in biotechnology and industry. 
The focus of this thesis is the BarA-UvrY-Csr signalling system, which is widely 
distributed among bacteria. In the present work the system was predominantly studied 
in the model organism Escherichia coli and in part in Salmonella enterica serovar 
Typhimurium. A transposon-based search identified YhdA (CsrD) as a new component 
of the system (Paper I). YhdA was found to regulate the expression of the two small 
non-coding RNAs (sRNAs) CsrB and CsrC, which antagonize the action of the global 
carbon storage regulator protein CsrA. YhdA contains so called GGDEF and EAL 
domains, which have been associated with the turnover of c-di-GMP, a second 
messenger molecule that triggers the transition from a sessile to a motile life style, an 
integrative part of biofilm formation. YhdA neither synthesizes c-di-GMP nor breaks it 
down. However, it seems to play an indirect role in the regulation of c-di-GMP 
metabolism as it controls the activity of CsrA through the Csr sRNAs (Paper II, III). 
CsrA, in turn, was discovered to control the expression of several GGDEF and/or EAL 
proteins in E. coli as well as in Salmonella and thereby to globally adjust the levels of 
the c-di-GMP second messenger. Previous studies have demonstrated that CsrA 
controls motility and biofilm formation by directly regulating the master regulator of 
flagella synthesis and the production of the biofilm matrix component PGA. Thus, by 
combining these direct regulatory pathways with the control of c-di-GMP levels, CsrA 
plays a central role in switching between motility and biofilm behaviour. The Csr 
system is predominantly controlled by the BarA-UvrY two-component system, which 
activates the expression of the Csr sRNAs in response to extracellular signals. We 
found that the membrane anchored histidine kinase BarA is inactivated at a pH below 5 
(Paper IV). On the other hand, expression of the Csr sRNAs was strongly induced in 
nutrient poor media, suggesting that the Csr system is controlled by the nutrient 
availability in the environment (Paper V). The ability to respond to external pH and the 
availability of nutrients might be important for the bacteria to switch between 
environmental growth and survival in the host.  
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1 PREFACE 
 
The conversion of environmental information into cellular responses is a critically 
important process that occurs in both unicellular and multicellular organisms throughout 
the living world. The capability to process information is generally endowed by 
complex signal transduction networks, which rely on surface or cytoplasmic receptors 
that perceive external or internal stimuli and, subsequently, trigger cellular signalling 
cascades that result in changes in gene expression or the regulation of protein activity. 
This leads to the adjustment of the organism’s behaviour, physiology, development 
and/or metabolism according to the requirements of the environment, a process called 
adaptation.  
Bacteria exhibit an overwhelming range of behavioural responses and permutations of 
metabolic pathways for maximum exploitation of their environment [1]. By constantly 
monitoring their surroundings for important changes bacteria can colonize dynamic 
environmental niches that are inaccessible for most other organisms. Unlike higher 
multi-cellular organisms, bacterial species can resist for example extreme temperatures, 
starvation, dryness, conditions of low oxygen, acidic or alkaline pH, or changing salt 
concentrations. A considerable number of bacteria have adapted to colonize host 
organisms. In fact, more than 1013 prokaryotes are estimated to reside the human colon, 
and more than 108 bacteria live on the skin of an adult  [2]. Some of these bacteria can 
even exist intracellularly, thereby protecting themselves from the immune system of the 
host. Although the vast majority of bacteria are harmless or even beneficial, some 
species can cause damage. Such include pathogenic bacteria that cause serious 
infectious diseases or bacteria that cause trouble in industrial settings.  
The ubiquity of bacteria makes the ability to control their growth and behaviour critical. 
A detailed understanding of bacterial signalling processes is required for the 
development of effective and specific antimicrobial agents controlling bacterial spread, 
and might eventually allow for the manipulation of bacterial behaviour in response to 
synthetic compounds. Due to their simplicity and tractability, bacteria are also 
outstanding models to investigate the general principles of signalling networks and 
decision-making switches, which are exhibited by prokaryotic and eukaryotic cells 
alike. This will help to gain a better understanding of human diseases that are caused by 
failures of highly complex signalling systems. Moreover, transferring the knowledge 
about bacterial signalling systems into synthetic biology, bionanotechnology or 
computing will provide powerful tools in engineering and technology.  
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2 INTRODUCTION 
 
2.1 THE MEDIATORS OF BACTERIAL SIGNALLING NETWORKS 
 
Signalling networks consist of a number of modules that are combinatorically used by 
bacteria to coordinate their behaviour in response to various signals. The conversion of 
external signals into cellular responses is accomplished by two- or one-component and 
phosphorelay signal transduction systems. Also so called ECF-systems play an 
important role in this process in many bacteria. Further on in the signalling process, 
regulator proteins, including sigma factors and other global regulators, as well as 
regulatory RNAs and small second messenger molecules control the genes and the 
proteins that determine bacterial adaptation.    
 
2.1.1 Two-component and phosphorelay systems 
Two-component systems (TCS) are key signalling modalities in bacteria as well as in 
fungi, slime molds and plants, allowing the translation of environmental signals into 
complex cellular regulatory processes [3]. Bacteria contain numerous of these 
paralogous signalling systems, comprised of histidine kinases and their cognate 
response regulators. An extraordinary high number of such systems possesses 
Myxococcus xanthus that encodes 278 TCS proteins [4]. In Escherichia coli at least 62 
open reading frames were identified as putative members of the two-component signal 
transducers [5]. The histidine kinase is commonly membrane-anchored [6], and senses 
specific signals that trigger the autokinase activity resulting in ATP hydrolysis and 
phosphorylation of a conserved histidine (His) residue [7, 8]. In the prototypical 
example (e.g. OmpR-EnvZ) the phosphoryl group is then transferred to the aspartate 
(Asp) within the receiver domain of the cognate response regulator, leading to the 
activation of the attached output domain (Fig. 1A) [7-9]. Such output domains harbour 
most commonly DNA-binding functions that allow the response regulators to act as 
transcriptional regulators upon phosphorylation-dependent activation, but also enzymes 
or domains of other types can be controlled in this manner [10]. Numerous histidine 
kinases can also have activity as a phosphatase and can dephosphorylate the response 
regulator [8]. The function of such bifunctional histidine kinases, either as kinase or 
phosphatase, is regulated by the input signal.  
The phosphorelay system is a more complex variant of the prototypic two-component 
system [7]. In such systems so-called hybrid sensor kinases phosphorylate an 
intramolecular receiver-like aspartate residue, before transferring the phosphoryl group 
to an intermediate histidine phosphotransferase (htp), and subsequently to the terminal 
response regulator (Fig. 1B) [7, 8]. In the hybrid sensor histidine kinase ArcB, the 
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kinase, receiver and phosphotransferase domains are integrated within a single protein, 
transferring the phosphoryl group in the order His Asp His before releasing it to the 
Asp of the cognate response regulator (Fig. 1C) [11]. Besides ArcB, the E. coli genome 
encodes four additional such complex tripartite sensor kinases: EvgS, TorS, BarA and 
YojN [5, 11-16]. The additional components in the phosphorelay systems are 
considered to give more targets for regulation of the pathway [7].    
In most cases, histidine kinases are highly specific for their cognate response regulator 
and the cross-talk between different two-component signalling pathways at the level of 
phosphorylation is rare [17]. However, in some examples, it has been shown that a 
single histidine kinase can have two or more cognate response regulators, comprising 
so-called three-component systems (e.g. [18, 19]). Vice versa, other examples exist, in 
which the phosphorylation status of a single response regulator is controlled by 
multiple histidine kinases [20]. Such systems, in which the signal is passed in a “one-
to-many” or a “many-to-one” fashion, are also referred to branched pathways [17]. An 
example of a very complex phosphotransfer system represents the bacterial chemotaxis 
system that allows bacteria to move in response to specific metabolites and other 
signalling molecules [21, 22]. In these highly conserved systems a histidine kinase 
(CheA) associates with several transmembrane receptor proteins, called methyl-
accepting chemotaxis proteins (MCPs), which interact with chemicals in the 
surrounding environment. These receptor–signalling complexes control the 
phosphorylation of the chemotaxis response regulators CheY and CheB. CheY 
diffuses upon phosphorylation to the flagellar motors where it acts as an allosteric 
regulator to promote clockwise rotation and tumbling [22]. Phosphorylation of CheB, 
on the other hand, enhances its activity as a methylesterase for the MCP receptors, 
which is important for precise adaptation [21].  
In contrast to the conserved cytoplasmic kinase domains, the sensor domains are highly 
variable, reflecting the diversity of different signals and modes of sensing [23]. For the 
majority of histidine kinases the molecular signal to which they respond has not been 
identified yet. Based on the way how histidine kinases sense input signals, sensor 
kinases have been divided into three groups [23]: (i) Periplasmic-sensing histidine 
kinases that detect their stimuli through an extracellular input domain; (ii) histidine 
kinases with sensing mechanisms linked to the transmembrane regions that detect 
stimuli (membrane-associated stimuli, such as redox state, ionic strength, osmolarity, or 
functional state of the cell envelope) via their membrane-spanning segments and 
sometimes via additional short extracellular loops; and (iii) cytoplasmic-sensing 
histidine kinases (either membrane anchored or soluble) that detect cellular or diffusible 
signals representing the metabolic or developmental state of the cell. 
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Figure 1 The translation of input signals into output responses by two-component, 
phosphorelay and one-component systems. A. In the classical two-component system, the 
phosphoryl group (P) is directly transferred from a conserved His (H) in the sensor to an Asp 
(D) in the response regulator. B. Hybrid sensor kinases of phosphorelay systems phosphorylate 
an intramolecular Asp, before transferring the phosphoryl group to an intermediate histidine 
phosphotransferase (htp), and subsequently to the response regulator. C. Tripartite sensor 
kinases contain the htp domain as an integrated domain, e.g. ArcB or BarA. D. In one-
component systems the input and output domains are associated within the same molecule.  
 
2.1.2 One-component systems 
In contrast to two-component systems, which consist of at least two counterparts, in so-
called one-component systems the sensing and the output domain are associated within 
the same molecule and do not require the transfer of a phosphoryl group (Fig. 1D) [24]. 
Various domains have been annotated to possess sensing functions, including PAS, 
GAF, MASE1, MASE2, MHYT, BLUF, NIT as well as a large number of undefined 
domains [6, 25, 26]. As in the case of two-component response regulators the output 
domain can have DNA-binding, enzymatic or other functions. In most cases the 
perception of a signal results in a conformational change that activates the output 
domain. One of such examples is FNR, the regulator of anaerobic metabolism in E. 
coli that contains Fe for signal perception [27, 28]. In response to O2 availability in the 
cytoplasm, FNR is converted reversibly from the aerobic (inactive) state to the 
anaerobic (active) state, which affects the function of FNR as a transcriptional activator 
[29]. Although most one-component system proteins are cytoplasmic [24], some of 
such proteins are also embedded in the membrane and contain large periplasmic loops 
that are involved in the perception of external stimuli. An example is the membrane-
bound phosphodiesterase Arr (aminoglycoside response regulator) in Pseudomonas 



Signalling Pathways Controlling Bacterial Adaptation 

  5 

aeruginosa, which was shown to be enzymatically activated in the presence of 
subinhibitory concentrations of aminoglycoside antibiotics [30]. Arr contains a 
phosphodiesterase output domain that can degrade the small second messenger 
molecule cyclic diguanosine monophosphate (c-di-GMP).  
 
2.1.3 Extracytoplasmic function (ECF) sigma factors 

During the past years ECF sigma (σ) factor signal transduction systems have been 
recognized as another mean, by which environmental signals can be translated into 
cellular responses [31, 32]. In analogy to two-component systems, ECF systems consist 
of two proteins, a transmembrane sensor protein that detects a specific stimulus, and a 
cognate cytoplasmic effector protein that mediates the cellular response. However, in 
contrast to two-component signalling, which relies on phosphor-transfer reactions, ECF 
signal-transduction occurs through protein-protein interaction [31]. Sigma factors are 
an essential component of RNA polymerase and determine promoter selectivity [33, 
34]. The substitution of a sigma factor for another can redirect some or all of the RNA 
polymerase in a cell to activate the transcription of genes that would otherwise be 
silent. In ECF-signal transduction systems the activity of a σ factor is regulated by a 
membrane-bound anti-σ factor [35]. In the absence of a signal an anti-σ factor tightly 
binds and thereby inactivates the σ factor. In the presence of a signal the σ factor is 
released and binds alternative promoter sequences upstream of its target genes. In 
contrast to two-component systems, whose output can be flexible, ECF σ factors only 
function as activators of expression [31]. Many bacteria contain multiple ECF sigma 
factors. Examples include Bacillus subtilis (7 ECF sigma factors), Caulobacter 
crescentus (13), P. aeruginosa (approximately 19), and Streptomyces coelicolor 
(approximately 50) [31]. Many of these systems are still of unknown function.  

 
2.1.4 Global regulator proteins  

Once signal perception has been accomplished by one of the above described 
mechanisms, complex regulatory networks mediate the tight regulation of gene 
expression that is required to coordinate the cellular responses to the intra- and 
extracellular signals. Global regulators are proteins that regulate a large set of genes 
in response to certain environmental conditions. Examples of regulators that act under 
certain conditions on a large number of target genes are the alternative sigma factors.  
Sigma factors bind as a subunit to the RNA polymerase and thereby enable specific 
binding of the enzyme to gene promoters and the initiation of transcription [36-38]. 
The regulons of sigma factors can comprise hundreds of genes that are appropriate 
under a given condition. Different sigma factors are activated under different 
environmental conditions. In E. coli at least eight sigma factors exist [39], among 
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those are the "housekeeping" sigma factor σ70 (RpoD), the starvation/stationary phase 
sigma factor σS (RpoS), the nitrogen-limitation sigma factor σ54 (RpoN) or the 
flagellar sigma factor σ28 (RpoF). In some cases, the genes comprising a sigma factor 
regulon have a clearly defined primary function (e.g. genes regulated by the flagella 
sigma factor); in others, the genes comprising a regulon contribute to multiple 
functions (e.g. genes regulated by the house-keeping or the stationary-phase sigma 
factors) [40]. 
Another example of a global regulator that controls a large subset of genes is the 
cAMP-CRP complex. Cyclic adenosine monophosphate (cAMP) is a second 
messenger molecule that is controlled in response to the nutritional availability sensed 
by the cell [41]. In E. coli, the absence of certain sugars, such as glucose, leads to 
activation of the cAMP synthase (Cya) and  production of cAMP [42]. cAMP 
subsequently binds to its only known receptor, the cAMP receptor protein (CRP), 
resulting in the formation of the functional cAMP-CRP complex [41]. cAMP-CRP 
recognizes a consensus DNA sequence located adjacent to the promoters of cAMP-
regulated genes and thereby up- or downregulates transcription of a large set of genes 
[43]. Homologs of CRP are widely distributed in various bacterial groups [44, 45].  
Also the response regulators of two-component system can control the expression of a 
large set of target genes. For example, the response regulator CtrA in C. crescentus 
controls cell cycle progression by directly regulating the transcription of almost 100 
genes [46].  
Global regulators do not only act at the transcriptional level. Some of them regulate 
post-transcriptionally the stability of mRNAs. Among those are RNA-binding 
proteins of the CsrA (carbon storage regulator) family that are widely distributed 
among eubacteria and have pleiotropic effects. CsrA regulates genes by binding to, 
and thereby, affecting the stability of mRNAs [47, 48]. Microarray analysis revealed 
that CsrA affects directly and indirectly the expression of almost 400 genes in the 
food-borne pathogen Salmonella enterica serovar Typhimurium, many of which are 
important for metabolic or physiological processes [49]. However, the number of 
mRNA targets proven to be directly regulated by CsrA is to this date limited and far 
too low to explain the global effects that are caused by a csrA mutation. Also 
exoribonucleases, such as the polynucleotide phosphorylase (PNPase), may have 
global functions in the control of adaptive processes by controlling specifically the 
processing of mRNAs and small non-coding RNAs (sRNAs) [50-52].  
Notably, the regulatory networks of such global regulators are not isolated from one 
another. In many cases, global regulators combinatorically control an overlapping set 
of output genes (Fig. 2A). E. coli has several of such dense overlapping regulons 
(DORs) with hundreds of output genes, each responsible for a broad biological 
function, such as carbon utilization, anaerobic growth or stress response (Fig. 2B) 
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[53]. The DORs can be thought of as a gate-array, carrying out a computation by 
which multiple inputs are translated into multiple outputs [53].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 The regulons of different regulators are often interconnected and form so-called 
dense overlapping network motifs. A. General principle illustrating that many regulators (R1, 
R2, R3 …) regulate concertedly many targets (T1, T2, T3 …). B. An example represents the 
stress-response system of E. coli. The figure was modified from Alon, 2007 [53].  
 

2.1.5 Small non-coding RNAs (sRNAs) 

RNAs molecules that do not function as messenger RNAs (mRNAs), transfer RNAs 
(tRNAs) or ribosomal RNAs (rRNAs) comprise a diverse class of molecules that are 
commonly referred to as small non-coding RNAs (sRNAs). Such sRNAs, in the size 
range from 20 to 500 nucleotides, have during the past years been recognized as 
important regulators in gene expression in both pro- and in eukaryotes [54-58].  

Many regulatory sRNAs act through base-pairing interactions with target RNAs [55]. 
Such base-pairing RNAs can be grouped into two classes: those that are encoded by 
the antisense strand of their target RNAs (cis) and therefore contain perfect 
complementarity with their targets, and those that are encoded at other locations 
(trans) on the chromosome and have imperfect base-pairing potential with their 
targets [55, 59]. Most cis-encoded antisense sRNAs are predicted to block the 
expression of the target mRNA. However, the GadY sRNA in E. coli was shown to 
stabilize, and thereby to upregulate expression of the gadX mRNA target by binding 
to the 3’ end of the transcript [60]. In contrast to cis-encoded sRNAs, which do not 
require the action of other factors, the function of trans-encoded sRNAs depends in 
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Gram-negative bacteria on the RNA chaperone protein Hfq [55, 56]. Hfq binding to 
the sRNAs results in various outcomes, including protection against ribonucleolytic 
cleavage, structural changes in the sRNAs that are advantageous in the interaction 
with the target, and assistance in the base-pairing between the sRNA and the target 
[55]. Not all sRNAs act by base-pairing. Some regulatory sRNAs have also been 
shown to modify protein activity. An example represents the CsrB/RsmY family of 
sRNAs that control the CsrA RNA-binding regulator protein [48, 61]. These RNAs 
contain multiple sequences that resemble the CsrA binding sites in the leader 
sequences of CsrA mRNA targets. The sRNAs thereby sequester multiple copies of 
the CsrA protein and block it from acting on its downstream targets [62]. The 
expression of sRNAs is generally tightly controlled by environmental conditions, for 
example through the action of two-component systems or alternative sigma factors 
[63-65]. 

 
2.1.6 Intracellular second messenger molecules 

Second messengers are diffusible signalling molecule that are rapidly produced in 
response to intra- or extracellular signals and exert broad cellular responses by 
regulating effector molecules. The importance of such intracellular signalling 
molecules in the regulation of adaptive processes became especially apparent over the 
past years after the discovery of the cyclic dinucleotide c-di-GMP, an important 
molecule in the regulation of physiological processes in most bacteria. Other examples 
of second messenger molecules in bacteria include cAMP and guanosine-
tetraphosphate (ppGpp), an alarmone produced in response to nutrient stress. More 
recent data suggest that another dinucleotide, cyclic diadenosine monophosphate (c-di-
AMP), might possess global functions in the regulation of bacterial adaptation.   
 

2.1.6.1 c-di-GMP 
c-di-GMP is a small second messenger molecule that plays a global role in the 
regulation of fundamental developmental processes in many bacteria [66-69]. Soon 
after its discovery in the fruit-degrading bacterium Gluconacetobacter xylinus, proteins 
with so-called GGDEF and EAL domains have been implicated in the synthesis and 
degradation of this novel molecule [70, 71]. Over the past years elaborate research has 
been focusing on c-di-GMP mediated phenotypes and the molecular mechanisms 
governing c-di-GMP turnover. GGDEF domains have been shown to possess activity 
as diguanylate cyclases that convert two GTP molecules into a single c-di-GMP 
molecule, whereas EAL and HD-GYP domains were demonstrated to harbour function 
as phosphodiesterases that degrade c-di-GMP (Fig. 3) [72-77]. C-di-GMP metabolizing 
enzymes have frequently been found to play a role in biofilm formation [67, 68, 78], 
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the organisation of sessile multicellular structures, where the cells are embedded in a 
self-produced matrix of extracellular polymeric substances [79]. In this process, the 
diguanylate cyclase activity of GGDEF domain proteins was shown to promote 
sessility and the production of adhesive extracellular matrix component, whereas the 
phosphodiesterase activity of EAL domain proteins was found to mediate motility (Fig. 
3) [66, 67, 76].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Principles of c-di-GMP signalling. C-di-GMP is synthesized by diguanylate cyclases 
(DGC), containing GGDEF domains, and degraded by phosphodiesterases (PDE) with EAL or 
HD-GYP domains. High levels of c-di-GMP promote a sessile life style, whereas  low levels of 
c-di-GMP mediate motility and virulence. 
 
More recent data revealed that c-di-GMP not only plays a role in the transition between 
a motile and a sessile life style, but also in the regulation of virulence [80, 81]. For 
example, the phosphodiesterase activity of the Vibrio cholerae EAL domain protein 
VieA was required for full toxin production and stimulation of c-di-GMP production by 
ectopic expression of a GGDEF domain protein inhibited cytotoxicity [18, 82]. This led 
to the idea that in bacterial pathogens c-di-GMP signalling is involved in regulating the 
switch between an environmental state, such as a biofilm, to survival and colonization 
in the host. A number of studies using genetic screens or transcriptional profiling 
have implicated a role of c-di-GMP in the regulation of virulence of several other 
bacteria, including P. aeruginosa, S. Typhimurium, Legionella pneumophila, Brucella 
melitensis, Bordetella pertussis and Borrelia burgdorferi [80, 83-85]. 
Despite its broad effects on physiology, only a few molecular targets for c-di-GMP 
have to this date been discovered. So far, two families of c-di-GMP receptor motifs, the 
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PilZ protein domain and the I-site (inhibitory site) in GGDEF domains, have been 
identified [72, 86, 87]. In a few recently identified novel c-di-GMP binding proteins, no 
common c-di-GMP binding motif could, however, be found [88, 89]. A recent study 
showed that c-di-GMP can also interact with a specific RNA domain (GEMM 
riboswitch), thereby controlling the expression of a broad range of target genes [90]. 
Some organisms make extensive use of this c-di-GMP riboswitch (e.g. Geobacter 
uraniumreducens), most species, however, lack it. The small number of so far 
identified c-di-GMP binding molecules, and the fact that no overall consensus motif 
that applies to all c-di-GMP receptor molecules exists, makes the experimental 
identification of c-di-GMP targets to a major future challenge. 
Bioinformatic analysis identified GGDEF and EAL domains as being highly abundant 
in bacterial genomes [26]. The genome of E. coli K12, for example, encodes 19 
proteins with a GGDEF and 17 with an EAL domain, S. Typhimurium contains 12 
proteins with a GGDEF domain and 15 with an EAL domain [25, 26]. The most 
extreme example is Vibrio vulnificus that encodes 66 GGDEF domain proteins and 33 
proteins with the EAL domain [25]. Only in a few species (e.g. Helicobacter pylori) 
none of such domains have been identified. Notably, a considerable fraction of proteins 
(~ 30 %) contain both a GGDEF and an EAL domain, which are arranged in tandem. 
Many of the so far characterized GGDEF-EAL proteins have either diguanylate cyclase 
or phosphodiesterase activity [71, 72, 91, 92]. However, several findings suggest that 
bifunctional GGDEF-EAL proteins might exist [93, 94]. A few  GGDEF-EAL domain 
proteins were shown to function neither as a diguanylate cyclase nor as a 
phosphodiesterase, but instead to harbour alternative functions [95, 96]. Also among 
the proteins that contain either a GGDEF or an EAL domain, several proteins have not 
retained their enzymatic activity in the turnover of c-di-GMP, but have instead evolved 
other functions [97-100]. In such unconventional proteins, the residues that are required 
for the enzymatic activity of the GGDEF or EAL domains are altered. In some cases 
these alterations even comprise novel consensus motifs conserved in orthologous 
proteins [95].    
The high redundancy in the c-di-GMP system raises the question of how specificity 
within the signalling system can be accomplished. Recent studies indicated that the 
tight regulation of c-di-GMP metabolism in response to intra- and extracellular signals 
may lead to specificity of c-di-GMP action [101]. Various mechanisms have been 
described that allow spatial and temporal control of the levels of the second messenger. 
These include the tight and concerted regulation of c-di-GMP metabolizing enzymes at 
the gene expression level, as well as regulatory mechanisms that act at the protein level, 
including protein modification (e.g. phosphorylation), protein-protein interactions, 
protein stability, protein localization or feedback inhibition [101].  
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2.1.6.2 Other intracellular second messengers 
Beside c-di-GMP, a few other second messengers are exploited by bacteria for the 
coordination of cellular responses. One of them is the above described molecule cAMP, 
that is produced by the cAMP synthase Cya in response to nutrient availability and 
controls in concert with CRP the expression of a broad range of genes [41]. Among 
those are also genes encoding c-di-GMP metabolizing enzymes, linking both signalling 
networks to each other. Another well studied second messenger is the molecule ppGpp, 
which accumulates through the action of the two enzymes RelA and SpoT in response 
to changing nutrient availability [102, 103]. In association with the transcription factor 
DksA, ppGpp has profound effects on transcription initiation of a broad set of genes in 
E. coli [104]. Also replication and translation have been shown to be affected by ppGpp 
[104]. ppGpp contributes, thereby, to the regulation of many phenotypes, including, 
growth, secondary metabolism, persistence, cell division, motility, biofilm formation, 
development, competence, and virulence [102].  
A recent study identified c-di-AMP as a novel candidate for a second messenger that 
signals DNA integrity in Bacillus subtilis during sporulation [105]. Structural and 
biochemical analyses of the DNA integrity scanning protein (DisA) have identified a 
domain that has diadenylate cyclase activity and was consequently named DAC (for 
diadenylate cyclase). The DAC domain is widespread in bacteria and archaea. Together 
with the fact that DAC domains are often associated with other domains in proteins, 
this suggests that c-di-AMP might act as a second messenger molecule in response to 
various signals [105, 106].  
Notably, each of the so far discussed second messengers consists of nucleotides. This 
indicates that other so far unidentified nucleotide derivatives might exist, which 
harbour signalling functions. Besides the described nucleotide second messenger, a 
number of other molecules, in many cases metabolic intermediates, have been 
suggested to have signalling function. Among those are for example acetyl-phosphate, 
acetyl-Coenzyme A, inorganic polyphosphate and thiamine triphosphate [107-110], all 
of which would represent effective means by which bacterial behaviour is controlled in 
response to the metabolic state of the cells.    
 

2.1.7 Extracellular signalling – quorum sensing 

Signalling mechanisms involving small molecules are not restricted to the cytoplasm. 
Many bacteria employ also extra-cellular signalling mechanisms, providing them with 
the ability to communicate with each other. This cell-to-cell communication, also 
referred to as quorum sensing, involves the production, secretion, and community-wide 
detection of molecules called autoinducers [111-113]. Quorum sensing provides a 
mechanism for bacteria to sense and to respond to population density. In the simplest 
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scenario, accumulation of a certain concentration of an autoinducer, which is correlated 
with increasing population density, initiates a signal transduction cascade that results in 
an alteration in gene expression [112, 113]. By this process, community behaviour, 
including biofilm formation, luminescence or virulence, is coordinated population-wide 
in numerous bacteria. In general, each bacterial species produces and responds to a 
unique autoinducer signal, Gram-negative bacteria most commonly to acylated 
homoserine lactones (AHLs) and Gram-positives to oligopeptides [113, 114]. However, 
several indications suggest that quorum sensing also allows the communication 
between different species [115]. For example, the quorum sensing gene luxS encoding 
the AI-2 synthase is present in roughly half of all sequenced bacterial genomes [113]. 
AI-2 production has been verified in a large number of these species, and AI-2 controls 
gene expression in a variety of bacteria. This led to the hypothesis that bacteria use AI-
2 to communicate between species [116].  
Interestingly, in different bacteria extracellular quorum sensing has been shown to be 
tightly linked with intracellular small molecule signalling [117]. For example, in Vibrio 
cholerae El Tor, the expression of multiple c-di-GMP metabolizing enzymes are 
globally regulated by the quorum sensing master regulator HapR [118]. In the plant 
pathogen Xanthomonas campestris extracellular diffusible small factors (DSF) have 
been shown to control the activity of a c-di-GMP phosphodiesterase [119, 120].  
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2.2 INTERPLAY BETWEEN THE DIFFERENT COMPONENTS 

Besides the identification and mechanistic characterization of the different components 
that govern information-processing, a challenge is to understand how the different 
modules interplay to ensure a coordinated response to multiple environmental signals. 
The focus of this thesis is a regulatory system, referred to as the BarA-UvrY-Csr 
system, which served as a model system to better understand what kind of signalling 
principles bacteria use to coordinate their behaviour in response to external signals. 
Notably, this system relies on the concerted action between most of the thus far 
described signalling modalities (Fig. 4): a two-component system, a global post-
transcriptional regulator protein, two regulatory sRNAs as well as second messenger 
molecules. The BarA-UvrY-Csr cascade is widely distributed among bacteria. 
However, in this thesis the system was predominantly studied in the model organism E. 
coli and in part in S. Typhimurium. 
 
2.2.1 The E. coli BarA-UvrY-Csr regulatory cascade 
 

2.2.1.1 The RNA-binding protein CsrA 
The central player of the BarA-UvrY-Csr regulatory system is the carbon storage 
regulator CsrA, a 61- amino acid RNA-binding protein that up- or downregulates the 
expression of target genes [62]. CsrA is a homodimer containing two identical RNA-
binding surfaces located on opposite sides of the protein, whose structure and function 
has been recently elucidated in considerable detail [121-124]. Despite its global role in 
metabolism and physiology, only a few direct mRNA targets have been identified. By 
binding to mRNA leaders and preventing translation, followed by destabilizing of the 
transcript, E. coli CsrA has been shown to downregulate expression of the glgCAP 
operon [125], encoding the glycogen synthesis apparatus, the cstA gene [126], involved 
in carbon starvation, the pga operon, encoding the biofilm polysaccharide poly-β-1,6-
N-acetyl-D-glucosamine (PGA) [127], as well as ydeH and ycdT, both of which encode 
proteins with GGDEF domains that have activities as diguanylate cyclases [128](Paper 
II). Regulation of the RNA chaperone gene hfq is also mediated by CsrA binding and 
translation inhibition, although this does not result in hfq mRNA destabilization [129]. 
CsrA can also upregulate the expression of certain target genes. The mRNA of flhDC, 
which is required for flagellum biosynthesis, is stabilized by CsrA binding to the flhDC 
leader [130]. However, the detailed biochemical mechanism for this activation has not 
been elucidated.  
The binding of CsrA (RsmA) to its mRNA targets has been studied in detail in both E. 
coli and Pseudomonas and optimal binding sites (ACA-GGA-G) have been 
experimentally determined [48, 61, 131, 132]. Besides the primary RNA sequence also 
other parameters contribute to RNA recognition, for example, the secondary structure 
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of the mRNA as the GGA motif is commonly found in the loop of a predicted hairpin. 
In addition, the spacing between different binding sites might determine specificity.   
 
 

Figure 4 Schematic view of the BarA-UvrY-Csr cascade in E. coli. The central regulator CsrA 
is antagonized by the sRNAs CsrB and CsrC, whose expression is positively regulated by the 
BarA-UvrY two-component system. The complex sensor BarA responds to an unknown signal. 
The unconventional GGDEF-EAL protein CsrD regulates the sRNAs at the level of RNA 
stability. By directlty binding to its mRNA targets, CsrA can up- or downregulate the 
expression of downstream genes, which have functions in metabolism and physiology. 
 

2.2.1.2 CsrB and CsrC sRNAs 
The participation of sRNAs in the Csr global regulatory network was discovered when 
CsrA was purified as a CsrA–CsrB ribonucleoprotein complex [62]. Genetic studies 
further established that CsrB functions as an antagonist of CsrA by sequestering this 
protein [48, 62]. A second redundant sRNA (CsrC) functions in an analogous manner 
to CsrB [133]. CsrB contains 22 potential CsrA binding sites and is capable of 
sequestering ~ 9 CsrA dimers [48]. Both sRNAs seem to have redundant functions, as 
only the disruption of both genes results in distinct phenotypes that, in fact, oppose the 
phenotypes of a csrA mutation [127, 128, 133]. Studies in E. coli and Salmonella, 
which possess CsrB and CsrC homologs, showed that both sRNAs influence each 
others expression. Loss of csrB led to increased expression of csrC, and vice versa, 
csrC deletion upregulated csrB expression [133, 134].   
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2.2.1.3 Signal integration through the BarA-UvrY two-component system 
Transcription of the Csr sRNAs is controlled by the response regulator UvrY that 
together with the BarA histidine kinase comprises a two-component system [63, 133, 
135]. BarA (bacterial adaptive response) is a tripartite sensor that beside its kinase 
activity also possesses phosphatase activity and can thereby dephosphorylate and 
inactivate UvrY [13]. Notably, when glucose is added to the growth medium 
transcription of csrB and csrC can also be induced in a strain, which is mutated in 
barA [13] (Fig. 5). This can be explained by the fact that UvrY can be phosphorylated 
by acetyl-phosphate [13], a metabolic intermediate that is produced by the enzymes 
AckA and Pta within a pathway that branches from glycolysis [108]. Acetyl-
phosphate has been proposed to function as a global signal that feeds into various 
two-component systems [108, 136]. However, in the case of BarA-UvrY, acetyl-
phosphate mediated phosphorylation of UvrY seems to occur only in the absence of 
BarA as the addition of glucose to the growth medium, and thus the accumulation of 
acetyl-phosphate, does not lead to a significant increase in csrB-lacZ expression in 
the wild type (Fig. 5). Furthermore, deletion of ackA and pta, leading to the depletion 
of acetyl-phosphate, does not influence csrB-lacZ expression greatly (Fig. 5). Thus, in 
a wild type strain phosphorylation by acetyl-phosphate does not seem to be of great 
physiological relevance, probably due to BarA’s ability to counteract the excessive 
phosphorylation by acetyl-phosphate. 
BarA contains an extended periplasmic loop (~ 150 AA), which is likely to possess 
sensing functions. The chemical structure of a stimulus, to which BarA responds, has 
not been identified yet. It has been suggested that BarA may respond to the sensing of 
the host organism by the bacteria during an infection [137], as many of the target genes 
are involved in pathogenesis. Experimental evidence, however, shows that the 
expression of csrB and csrC is activated in monocultures at the entry into stationary 
phase in a BarA-UvrY-dependent manner [13, 63, 138, 139]. Thus, the induction of 
BarA-UvrY seems rather to depend on the population density and not on cell 
attachment or the presence of a host organism. Based on the observation that BarA-
UvrY was needed for efficiently switching between glycolytic and gluconeogenic 
carbon sources, it was previously proposed that BarA senses the metabolic status of the 
cells [138]. Sensing the metabolic status might be mediated by one of the following 
mechanisms: (i) the production of an endogenously produced metabolite, which is 
secreted and subsequently sensed (in a quorum sensing like manner) by the periplasmic 
portion of the sensor, (ii) protein-protein interactions or other changes in the inner 
membrane that monitor e.g. the redox status or (iii) intracellular signalling processes 
that do not, or only partly, involve the extracellular portion of the sensor. Our current 
data demonstrate that BarA sensing is pH dependent (Paper IV) [140] and that csrB and 
csrC expression is strongly induced in nutrient poor media (Paper V), which is in line 
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with the previously proposed model that BarA-UvrY signalling is subject to a 
metabolic control.  
Although both csr sRNA genes have been demonstrated to be regulated by UvrY, the 
regulation of their expression seems to differ in some points. The expression levels for 
csrB are in general higher than for csrC and the expression profile over growth is not 
identical (unpublished data). Furthermore, deletion of uvrY leads in the case of csrB to 
a >10-fold reduction in expression, but in the case of csrC to only a 2.5 – 3-fold 
reduction (Paper I) [133, 139]. In Salmonella, SirA (UvrY) could only be shown to 
bind to the promoter of csrB, but not to the promoter of csrC [141]. In summary, this 
suggests that both sRNAs might be differentially regulated under different conditions. 
The ability of csrB and csrC to distinctly respond to intra- or extracellular signals 
would in part explain their redundancy.    
 

2.2.1.4 Regulation of the Csr sRNAs at the level of RNA stability 
In addition to UvrY another factor has recently been identified that controls the levels 
of the CsrB and CsrC, called YhdA or CsrD (Paper I) [95, 139]. Despite its GGDEF 
and EAL domains, this factor does not synthesize or degrade the c-di-GMP second 
messenger. Instead, CsrD was found to target CsrB and CsrC for degradation by RNase 
E [95]. Its detailed mechanism of action in CsrB/C decay has so far not been resolved. 
CsrD is predicted to be membrane-bound and to contain a large periplasmic loop, 
which might have functions in signal perception.   
.  

2.2.1.5 Autoregulation of CsrA activity 
Expression of csrB and csrC also requires CsrA [63, 142]. The mechanism of this 
autoregulation is to this date, however, poorly understood. CsrA is not assumed to 
directly bind double stranded DNA. Furthermore, results from an in vitro transcription-
translation assay [142] and analysis of the kinetics of csrB induction after pulse 
overexpression of CsrA (Paper II) [128], strongly suggest that CsrA mediates its effect 
on csrB and csrC by an indirect mechanism. Overexpression of uvrY restores the effect 
of a csrA mutation, but not vice versa [142], indicating that CsrA may act upstream or 
at the level of UvrY. Previously, it was proposed that BarA contributes in part to this 
regulation [142]. However, our unpublished data suggest that the observed effect of 
CsrA on csrB expression most probably does not involve BarA. This hypothesis is 
supported by the finding that, in the absence of BarA, the effect of a csrA mutation can 
partly be restored, when glucose is added to the medium, a condition, under which 
UvrY is phosphorylated by acetyl-phosphate (Fig. 5). The restoration of csrB 
expression is lost in an ackA pta mutant. The observation that acetyl-phosphate-
mediated UvrY phosphorylation does not completely restore csrB expression in the 
barA and csrA negative background could be explained by the possibility that the csrA 
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mutation also negatively affects glycolysis resulting in a less efficient production of 
acetyl-phosphate by AckA/Pta. We therefore propose that the csrA dependent 
activation of csrB and csrC transcription depends on the ability of CsrA to somehow 
influence UvrY to activate csr transcription. A possible scenario might be that CsrA 
post-transcriptionally controls another so far unidentified factor that assists UvrY to 
dimerize or to interact with the csr promoters. Alternatively, the observed CsrA 
mediated effect might be a consequence of the ability of the sRNAs to block, in the 
absence of CsrA, their own expression by interfering with UvrY or the binding of UvrY 
to the DNA. Notably, CsrA employs an additional negative feedback loop to 
autoregulate its acitivity (Paper II + III). By downregulating the mRNA level of CsrD, 
the negative regulator of CsrB and CsrC, CsrA indirectly causes the stabilization of the 
sRNAs (Fig. 4) [128]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Regulation of csrB expression by acetyl-phosphate and CsrA (unpublished data). The 
CsrB RNA levels were measured by qRT-RT PCR in wild type bacteria and in different 
mutants (as indicated). Addition of glucose to the medium leads to the production of acetyl-
phosphate through the ackA-pta pathway.  

 
2.2.1.6 Phenotypes mediated by the BarA-UvrY-Csr cascade 

CsrA was originally identified as a regulator of glycogen biosynthesis [143]. But soon 
it became clear that CsrA also controls numerous other functions. CsrA is an important 
regulator in central carbon metabolism as it represses glycogen biosynthesis and 
gluconeogenesis and activates glycolysis and acetate metabolism [47]. In addition, 
CsrA plays a crucial role in the inverse regulation of motility and biofilm formation. By 
directly activating flagella synthesis by stabilizing the transcript of the FlhDC master 
regulator, CsrA positively controls motility [130]. Destabilization of pga mRNAs, 
encoding the synthesis apparatus of the PGA biofilm polysaccharide, was shown to 
lead to the inhibition of biofilm formation [127]. In addition, CsrA controls the switch 
between sessility and motility by directly regulating the expression of several genes 
encoding GGDEF/EAL domain proteins that control the levels of the c-di-GMP second 
messenger [128] (Paper II). These findings agree with the earlier observed phenotypes 
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of a csrA mutant that is non-motile and lacks flagella and, on the other hand, shows 
enhanced biofilm formation and adherence [47, 130]. In general, deletion of csrB and 
csrC leads to a phenotype that opposes the csrA mutant phenotype and that resembles 
the phenotype of an uvrY mutant [127, 128]. Results from competition experiments also 
demonstrated that uropathogenic E. coli mutated in uvrY showed reduced fitness in a 
monkey cystitis model, implicating that the E. coli BarA-UvrY-Csr system is a 
determinant for virulence [144]. 
 
 
2.2.2 The BarA-UvrY-Csr system in other bacteria 

CsrA is widely distributed among bacteria [145]. According to the database 358 genes 
encoding putative members of the CsrA protein family are distributed among the 
genomes of 283 bacterial species (Fig. 6). Several species (e.g. P. fluorescens, P. 
syringae and L. pneumophila) encode more than one homolog [145]. In γ-
proteobacteria, members of the CsrA family are controlled by the action of the Csr 
sRNAs [146], which are commonly regulated by two-component systems. Besides in E. 
coli, the regulatory cascade has been also extensively studied in species of Salmonella, 
Pseudomonas, Vibrio, Erwinia and Legionella (Table 1). Notably, in each of these 
bacteria mutations in the BarA-UvrY-Csr regulatory system have been shown to lead to 
a significant reduction in virulence in the interaction with animal or plant hosts [61, 
147, 148]. Thus, the regulatory system appears to be a universal virulence factor that 
has ancient evolutionary origins and is preserved across phylogeny [149]. 

 
 
Figure 6 Distribution of csrA among bacteria. The tree was generated by pfam 
(www.pfam.sanger.ac.uk).  
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2.2.2.1 The BarA-SirA-Csr system in Salmonella 
The Salmonella BarA-SirA-Csr system resembles in many aspects the E. coli BarA-
UvrY-Csr. The CsrA protein is even identical between both organisms. Also 
Salmonella contains CsrB and CsrC sRNAs, which are predicted to act as in E. coli by 
sequestering CsrA [134, 150]. Transcription of the Csr RNAs is regulated by the BarA-
SirA TCS, the orthologous system to BarA-UvrY [141, 151]. In Salmonella, the SirA 
response regulator also regulated the expression of hilA and hilC, which encode key 
regulators of invasion, the process by which the intracellular pathogen penetrates the 
intestinal epithelium [141]. Similar to E. coli, a csrA mutation leads to the 
downregulation of motility [49]. Salmonella does not produce the PGA biofilm 
polysaccharide and the detailed role of Salmonella CsrA in biofilm formation is not 
fully understood. But as in E. coli, the link between Csr and c-di-GMP signalling also 
exists in Salmonella (Paper III). Furthermore, Salmonella CsrA plays an important role 
in invasion [150]. Most of the invasion gene regulators and effectors are strongly 
downregulated in a csrA mutant [49, 150]. Results from Paper III also suggest that 
CsrA controls invasion through the action of an unconventional EAL domain protein.     
Also in Salmonella, the identification of the signal that acts on BarA-SirA is elusive. 
Bile salts have been found to repress Salmonella invasion in a BarA-SirA dependent 
manner [152]. Results from another study have shown that short chain fatty acids, such 
as acetate, propionate and butyrate, affect invasion gene expression in a pathway 
involving SirA, but probably not BarA [153].  
  

2.2.2.2 The GacS-GacA-Rsm system in Pseudomonas 
The CsrA homolog in pseudomonads is termed RsmA (repressor of secondary 
metabolism). Certain Pseudomonas species (e.g. P. fluorescens and P. syringae) 
contain more than one CsrA-family member, and also the number of the regulatory 
sRNAs varies between different Pseudomonas species [61]. A higher degree in 
redundancy might ensure the integration of more signals resulting in a higher flexibility 
of the system. The Rsm RNAs in Pseudomonas spp. are controlled by the BarA-UvrY 
orthologue GacS-GacA (global activation of antibiotic and cyanide synthesis) [147]. 
Interestingly, in addition to GacS two other sensors, RetS and LadS, were demonstrated 
to contribute to the signalling cascade in P. aeruginosa [20]. RetS was recently shown 
to modulate the phosphorylation state of GacA by a direct and specific interaction 
[154]. The hybrid sensor LadS has previously been identified to act in a manner 
opposite to RetS [20]. It has been suggested that the different sensors respond to 
distinct signals leading to a reciprocal regulation of output virulence genes that is 
required for switching between acute and chronic infection. Strikingly, the 
Pseudomonas Gac-system has been shown to be important for pathogenesis in 
mammals, plants, nematodes and presumably in insects [155], illustrating that the 
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Gac/Rsm cascade contributes to virulence in a wide host spectrum. Besides phenotypes 
in virulence, motility and biofilm formation, the Gac-Rsm system of several 
Pseudomonas species has also been demonstrated to control the production of 
secondary metabolites that can play roles in the interaction with animal and plant hosts. 
For example, in P. aeruginosa and P. fluorescens the Gac-Rsm cascade controls the 
production of hydrogen cyanide (HCN) synthase and other exoproducts [156-160]. In 
the plant-beneficial rhizosphere bacterium P. fluorescens CHA0, the secretion of such 
exoproducts can protect plant roots from pathogenic fungi [161, 162]. In several 
Pseudomonas species the Gac-Rsm system has also been associated with quorum 
sensing, as the system was found to modulate the synthesis of AHL quorum sensing 
signals [61, 157, 160, 163]. Also the activation of the Gac system seems to occur by a 
quorum sensing-like mechanism. Cells growing to high population densities were 
found to excrete signal molecules that activate the GacS-GacA system, even between 
different Pseudomonas species [164]. Such signals do not appear to belong to the 
homo-serine lactone class of autoinducers and their chemical structure(s) remains to be 
identified [61].     
 

2.2.2.3 The BarA-UvrY-Csr System in Other γ-Proteobacteria 
In V. cholerae CsrA is controlled by three Csr sRNAs (B,C,D) that are controlled by 
the VarS-VarA TCS. The pathway is interconnected via CsrA with two other quorum 
sensing pathways, all of which converge at the central regulator LuxO [165, 166]. 
LuxO regulates expression of the genes encoding four other sRNAs, termed quorum 
regulator RNAs (qrr), which act as negative regulators of hapR expression. HapR is a 
master regulator that controls the downstream quorum sensing targets, including genes 
for virulence factors and biofilm matrix components [167-169]. Interestingly, culture 
extracts from V. harveyi and V. natriegens were observed to produce signal molecules 
that induce the Gac/Rsm pathway in P. fluorescens [164]. Thus, the VarS-VarA system 
in Vibrio might respond to similar unidentified signals as Pseudomonas. 
The BarA-UvrY-CsrA pathway has also been in detail studied in the plant-pathogen 
Erwinia carotovora, in which the ExpS/A-Rsm system fulfils similar functions as in 
pseudomonads, including the production of exoproteins that play roles in the interaction 
with the plant hosts and in quorum sensing [170-173]. Notably, two LuxR homologs, 
ExpR1 and ExpR2, which are receptors for the AHL quorum-sensing signal, were 
found to function as direct activators of rsmA transcription in the absence of the 
cognate HSL molecule [174, 175]. In contrast to Erwinia, in the other bacteria little is 
known about the molecular mechanism by which csrA (rsmA) expression is regulated.  
In the intracellular pathogen L. pneumophila, the LetS-LetA-CsrA (BarA-UvrY-CsrA) 
cascade is important for differentiation from a replicating to a transmissible form [176, 
177]. Intriguingly, depletion of amino acids, resulting in the accumulation of ppGpp, 
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was demonstrated to trigger this phenotype in a LetS-LetA-dependent manner [176]. 
Furthermore, recent data showed that also an excess in short chain fatty acids 
influences LetS-LetA dependent differentiation [178].  
In summary, the collected knowledge from work in the different model organisms 
illustrates that the components of the BarA-UvrY-CsrA and their organization are 
conserved in evolution, but that the physiological functions, which they fulfil, can differ 
between the different organisms. The chemical structures of the signals acting on the 
orthologous family of BarA-UvrY TCSs remain to be identified. A common feature 
among most γ-proteobacteria is that induction of the BarA-UvrY mediated responses 
depends on the population size [61], which might indicate that BarA orthologs from 
different bacteria respond to a common or similar signal. In consistence, the VarS-
VarA system of Vibrios and the GacS-GacA system of pseudomonads seem to respond 
to the same signal extracts (see above) [164]. On the other hand, however, the 
periplasmic loop of BarA othologs shows only a poor degree of conservation [147]. 
This suggests that the periplasmic loop is not directly (or not majorly) involved in the 
sensing of the signal, or, alternatively, that different species respond to related, but 
structurally distinct signal molecules.  

 
Table 1 The BarA-UvrY-Csr system in other γ-proteobacteria. 

Species CsrA sRNAs TCS Phenotypes Refs. 
E. coli CsrA CsrB, 

CsrC 
BarA-UvrY Motility, biofilm 

formation, carbon 
metabolism, virulence 

[47, 127, 
130, 
144] 

S. Typhimurium CsrA CsrB, 
CsrC 

BarA-SirA Motility, biofilm 
formation, invasion, 
virulence 

[134, 
141, 
150] 

P. aeruginosa RsmA RsmY, 
RsmZ 

GacS-GacA Motility, biofilm 
formation, virulence, 
exoproducts, quorum 
sensing   

[61, 155, 
160, 
163] 

P. fluorescens RsmA, 
RsmE 

RsmX, 
RsmY, 
RsmZ 

GacS-GacA Motility, biocontrol, 
adherence,  quorum 
sensing,  exoproducts 

[61, 158, 
164]  

V. cholerae CsrA CsrB, 
CsrC, 
CsrD 

VarS-VarA Quorum sensing, other 
HapR regulated 
phenotypes  

[165] 

L. pneumophila CsrA RsmY,  
RsmZ (?) 

LetS-LetA Cytotoxicity, 
virulence, motility 

[176, 
177] 

E. carotovora RsmA RsmB GacS-GacA 
(ExpS-
ExpA) 

Virulence in plant 
hosts, motility, quorum 
sensing, exoproducts 

[170-
175] 
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3 AIMS 
 
Although many molecular details regarding the BarA-UvrY-Csr signalling system have 
been characterized over the past years, several questions remained to be solved when I 
have started my work. Two of the key questions were: (i) how is the BarA-UvrY-Csr 
system regulated by extra- eller intracellular signals, and (ii) what are the downstream 
targets and responses that are regulated by BarA-UvrY-Csr?  
 
In order to answer these key questions, I addressed the following aims in my work: 
 
 

 Identification of new factors involved in the regulation of the BarA-UvrY-Csr 
cascade (Paper I) 

 
 

 Identification of novel direct mRNA targets for CsrA and understanding of the 
global role of CsrA in physiology (Paper II and Paper III)  

 
 

 Identification of environmental conditions/signals that trigger the BarA-UvrY-
Csr cascade (Paper IV and Paper V) 
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4 METHODOLOGY 
 
This chapter describes the general principles of most of the techniques that have been 
used for the laboratory work of this thesis. A more detailed description of the protocols 
that were used in the different experiments can be found in the Materials & Methods 
sections of the respective papers.  
 
 
4.1 BACTERIA  
 
Escherichia coli 
E. coli is a Gram-negative, facultative anaerobic, rod-shaped bacterium that belongs to 
the family Enterobacteriaceae [179]. Most strains of E. coli form part of the normal 
intestinal microflora in humans and warm-blooded animals. However, some strains, 
such as serotype O157:H7 or uropathogenic E. coli can cause serious infections in 
humans. Cultivated strains, such as E. coli K12, are well-adapted to the laboratory 
environment. The bacteria can also be grown easily and the genetics are comparatively 
simple and easily-manipulated, making it to one of the best-studied prokaryotic model 
organisms. In the present studies E. coli MG1655 [180], a derivative of the laboratory 
strain K-12 was used [179]. 
 
Salmonella enterica serovar Typhimurium 
S. Typhimurium, another member of the Enterobacteriaceae, is a major cause of human 
gastroenteritis [179]. In humans, Salmonellosis causes diarrhea, fever, and abdominal 
cramps 12 to 72 hours after infection and may last for up to 7 days. The fact that S. 
Typhimurium causes a systemic disease in mice that is similar to typhoid in humans 
has made S. Typhimurium to an extensively used model for typhoid fever. Like E.coli, 
S. Typhimurium is fast-growing under laboratory conditions and can easily be 
genetically manipulated. In Paper III of this thesis strain UMR1 [181], derived from S. 
Typhimurium ATCC 14028, was used as the background strain.   
 
 
4.2 GENETIC APPROACHES 
 
Construction of chromosomal deletion mutants 
In E. coli and S. Typhimurium single-gene knockouts are commonly constructed using 
the λ Red recombination system [182]. These homologous recombination systems 
mediate the efficient replacement of a chromosomal gene with an antibiotic resistance 
gene. In the first step PCR products are generated by using primers with 36- to 50-nt 
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extensions that are homologous to regions adjacent to the gene to be inactivated and 
template plasmids carrying antibiotic resistance genes that are flanked by FRT (FLP 
recognition target) sites. Subsequently, the resultant linear DNA fragments are 
transferred by electroporation into a strain that expresses the λ Red recombination 
genes under the control of an arabinose-inducible promoter from a temperature-
sensitive, low-copy number plasmid. Recombinant clones can then be selected for their 
antibiotic resistance. The use of a temperature sensitive plasmid replicon allows for 
easy elimination of the Red functions by growing the transformants at 42 C in the 
absence of selection. The FRT sites that flank the resistance gene facilitate the excision 
of the selective marker by expressing FLP recombinase from another temperature-
sensitive plasmid. Mutations with selectable markers are generally transferred between 
different strains by phage transductions. Bacteriophages P1 or P22 are commonly used 
as transducing agents, for E. coli or Salmonella, respectively [183].  
 
Transposon mutagenesis 
Transposons are segments of DNA that can move (transpose) from one location in a 
genome to another. Many different types of transposons have been classified according 
to the mechanism by which they transpose [184]. The simplest transposon is a segment 
of DNA flanked by sequences (often these are inverted repeats) that are recognized 
by a transposase, which enables the transposon to transpose. The locations to which a 
transposon can move depend on the sequence that the transposase recognizes and 
cleaves, although the recognition sequence for some transposons is unclear or has not 
yet been determined. The insertion of transposons into an open reading frame or in 
the promoter region of a functional gene can result in the disruption of this specific 
region and leading to a mutant phenotype. This principle is frequently used to 
randomly mutate a genome and, thereby, to screen for mutants that display a certain 
phenotype [185]. In bacteria, transposition mutagenesis is usually accomplished by the 
use of plasmids from which a transposon is extracted and inserted into the host 
chromosome. A drawback of many transposon types is that they only allow for the 
identification of mutations that do not reduce the viability of the strain [186]. However, 
during the past years several transposons have been developed that also allow for the 
identification of genes that encode essential products [185, 186]. Among those is the 
mariner-based transposon, TnAraOut, that allows efficient identification and 
characterization of essential genes by transcriptionally fusing them to an outward-
facing, arabinose-inducible promoter [187], located at one end of the transposon [188]. 
In the absence of arabinose, TnAraOut functions like a traditional transposon. 
However, when arabinose is added to the growth medium the enhanced promoter 
activity on the transposable element may lead to the activation of downstream located 
genes that are potentially essential leading to improved growth. In Paper I of this thesis 
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the TnAraOut transposon was used to identify new targets that affect transcription of 
the csrB gene.  
 
 
4.3 GENE EXPRESSION ANALYSIS 
 
Reporter gene expression 
A reporter gene is used to monitor and quantify the expression of a specific gene [189]. 
In transcriptional gene fusions the reporter gene is generally directly attached to the 
transcriptional start site of the original gene, thereby allowing the quantification of the 
promoter activity. In translational fusions, the reporter genes is fused downstream of 
the start codon for translation. In this thesis the expression of the csrB gene, encoding 
the sRNA CsrB, was frequently monitored using a chromosomally borne csrB-lacZ 
transcriptional fusion containing the region from −242 to +4 bp, relative to the 
transcriptional start of csrB [142]. The lacZ gene encodes the enzyme β-galactosidase, 
whose activity can easily be measured on agar plates, or in liquid culture that contain 
the substrates X-gal or ONPG, respectively [190].   
 
Quantitative real-time RT PCR 
Quantitative real time polymerase chain reaction (qRT PCR) is a technique, which is 
used to amplify and simultaneously quantify a targeted DNA molecule [191, 192]. The 
procedure follows the general principle of a PCR, however, the amplified DNA is 
quantified as it accumulates in the reaction in real time after each amplification cycle. 
Two approaches are frequently applied for quantification: (i) the use of fluorescent dyes 
that intercalate with double-stranded DNA (e.g. SYBR-Green), and (ii) the use of 
modified DNA oligonucleotide probes that fluoresce (e.g. Taqman probes). The 
reaction is run in a thermo cycler, and after each cycle, the levels of fluorescence are 
measured with a light source. To quantify mRNA levels, qPCR is frequently combined 
with the reverse transcription of the mRNA templates into cDNA (qRT-RT PCR). This 
allows for the relative quantification of gene expression, which determines the change 
in expression of a specific target gene in a test sample relative to the same gene in a 
calibrator sample, for example in a wild type sample or a sample at time zero in a time-
course study [193]. To ensure accuracy in the quantification process, it is necessary to 
normalize expression of the target gene to a stably expressed gene, the endogenous 
control gene, which can correct possible differences in RNA quantity or quality across 
experimental samples [191]. The quantitative real-time RT PCR assays performed in 
the studies of this thesis (Papers II, III and V) were routinely run in an ABI7500 
thermocycler (Applied Biosystems) using the fluorescent dye SYBR-green and the 
recA or the rrnD genes as endogenous control genes.   
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Microarray analysis 
In a gene expression profiling experiment the expression levels of a whole genome can 
be simultaneously monitored to study the effects of certain conditions or mutations on 
gene expression [194]. In this thesis, microarray-based gene expression profiling was 
used to identify genes that are rapidly changed in expression upon pulse overexpression 
of CsrA (Paper II). A microarray consists of an arrayed series of spots of 
oligonucleotides, consisting of the sequence of a gene, that are used as probes to 
hybridize a cDNA under high-stringency conditions [195]. Hybridization between the 
probe and the target is usually detected and quantified by fluorescence-based detection 
of fluorophore-labelled targets to determine relative abundance of nucleic acid 
sequences in the target. In this study, Affymetrix arrays were used, where the probes 
are covalently attached to a chemical matrix on a solid glass or silicon surface (the gene 
chip) [196, 197]. Specifically, the herein used GeneChip® E. coli Genome 2.0 Array 
contains approximately 10 000 probe sets for all 20 366 genes present in four strains of 
E. coli to detect transcripts from E. coli K-12 strain and three pathogenic strains of E. 
coli (www.affymetrix.com). The GeneChip tiles probe sets over the entire open reading 
frames (ORF) of E. coli and includes over 700 intergenic regions. 
 
Rapid amplification of 5’complementary DNA ends (5’RACE) 
5’RACE is a procedure for amplification of cDNA sequences from a messenger RNA 
template between a defined internal site and an unknown sequence at the 5' end of a 
transcript [198, 199]. cDNA conversion of specific mRNA is facilitated by using a 
gene-specific antisense oligonucleotide that is complementary to a short sequence 
within the gene of interest and primes first strand cDNA synthesis to the 5’end of the 
transcript. Subsequently, a homopolymeric tail (e.g. polyC) is added via a terminal 
transferase to the 3' ends of the cDNA, creating an adapter to which a complementary 
homopolymer-containing anchor primer can bind. In combination with a nested gene-
specific primer the unknown sequence towards the tailed cDNA can be amplified by 
PCR allowing the amplification of unknown sequences between the nested gene-
specific primer and the 5’end of the mRNA. To increase specificity an additional 
nested PCR can be performed. The final PCR products can directly be used for 
sequencing.  
In Papers II and III the RACE method was used to determine the length and sequence 
of the 5’ leader of the mRNA targets, to which CsrA was predicted to bind. This 
knowledge was needed for the prediction of CsrA binding sites within the 5’leaders 
by sequence analysis and for performing gel-shift mobility assays. The 5’RACE 
System for Rapid Amplification of cDNA ends version 2.0, provided by Invitrogen, 
was used for the procedure that includes all necessary reagents and enzymes.  
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4.4 ANALYSIS OF BACTERIAL PHENOTYPES 
 
Biofilm and motility assays 
Biofilms are sessile communities, where the cells are embedded in a self-produced 
matrix of extracellular polymeric substances [79]. Several strategies have been 
developed to measure the ability of bacteria to form biofilms. Among those are 
methods that determine the adherence of the bacteria to glass or plastic (e.g. the 
microtiter plate assay) or the ability to produce biofilm matrix components. For the 
visualisation of the biofilm components curli and cellulose, the colony morphology of 
bacteria grown on agar plates supplemented with the dyes Congo Red (CR) or 
calcofluor, is routinely analysed [78]. Bacteria that produce curli and cellulose appear 
as red, dry and rough colonies (rdar), whereas bacteria impaired in the production of 
these matrix components display a smooth and white phenotype (saw) [200]. The 
architecture and the development of complex biofilms is usually analysed by 
microscopy methods, for example by using a flow chamber.  
Flagella-mediated motility can easily be analysed by monitoring the swim behaviour on 
motility agar plates, containing only a low amount of agar (0.3 – 0.4 %). Inoculation of 
3 - 5 µl of the bacterial culture in the center of such a plate leads to the movement of 
the bacteria through the agar, which can be detected as a concentric ring that enlarges 
over time.  
     
Atomic force microscopy (AFM) 
During the time of my PhD studies we have set up an imaging approach involving 
AFM to study bacterial phenotypes [201]. Unlike optical microscopes, AFM measures 
the topography of a surface with a probe or “tip” scanning in close contact over the 
sample, leading to high-resolution images, containing the three dimensional 
information about the surface (Fig. 7) [202]. Compared to other microscopes, which 
most often require some kind of staining, AFM is non-destructive and can be operated 
on the natural surface in air or liquid [202, 203]. In addition, AFM is also frequently 
used to measure forces between molecules at the nano-newton scale [203-205]. In 
several studies included in this thesis I have used AFM to study the expression of 
extracellular surface components (e.g. curli, pili, flagella) of E. coli and S. 
Typhimurium. Bacterial samples were routinely prepared by growing the bacteria on 
the mineral surface mica, submerged in Petri dishes containing the growth medium 
[201]. Afterwards the mica slides were dipped three to four times in double-distilled 
water and dried at room temperature. Imaging was performed with the BioScope SZ 
(Veeco Instruments). The instrument was operated using the contact mode, an AFM 
operation mode where the force between the tip and the surface is kept constant during 
scanning by maintaining a constant deflection. Images were obtained using V-shaped 
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silicon nitride nanoprobe cantilevers MLCT-AUHW (Veeco) with a spring constant of 
0.05 N/m.   
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 7 Schematic view of the operating mode of an atomic force microscope. A sharp tip 
(the probe) mounted or integrated on the end of a tiny cantilever spring, which is moved by a 
mechanical scanner (a piezo-element), scans in close contact over the sample. Variations of the 
surface height lead to changes in the force acting on the tip and therefore to changes in the 
bending of the cantilever. Using a laser, which is reflected on top of the cantilever, this bending 
can be measured and quantified by a photodetector. (H. Tomenius contributed to the design of 
this figure).   
 

 
4.5 ANALYTICAL METHODS 
 
High-performance liquid chromatography (HPLC) 
HPLC is used to separate and quantify compounds. The principle is that a mobile phase 
containing the analyte(s) is pumped through a column that holds the chromatographic 
packing material (the stationary phase). The time after which a specific analyte is 
released from the column, the retention time, is monitored by a detector and depends on 
the interactions between the packing material, the molecules being analysed, and the 
solvent(s) used. 
For the detection and quantification of c-di-GMP in Paper II extracted nucleotides were 
separated by ion pair chromatography as described by Simm et al. [206]. The mobile 
phase was composed of 0.1 M triethylamine/acetic acid (pH 6.0) (buffer A) or 80% 
acetonitrile mixed with 20% buffer A (buffer B). The programme was run according to 
an optimized protocol [206]. Amounts of c-di-GMP exceeding the picomole range can 
be conveniently determined after separation of the extract by HPLC. 
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Matrix-assisted laser desorption/ionization–time-of-flight (MALDI–TOF) 

MALDI–TOF is a type of mass spectrometry using a particular ionization technique 
that allows the identification, detection and quantification of biomolecules and large 
organic molecules [207-210]. The MALDI process involves a laser beam, normally a 
nitrogen laser that triggers the ionization of the analyte by firing at the crystals of a 
matrix in a MALDI spot. The matrix absorbs the laser energy, gets ionized and 
transfers subsequently part of its charge to the analyte molecules, thus ionizing them 
while still protecting them from the disruptive energy of the laser. To determine the 
molecular weight of the ionized compounds the MALDI ionization processes is 
commonly used in combination with the TOF mass spectrometer, mainly due to its 
large mass range. As the intensities of signals obtained by MALDI-TOF are relative, 
a standard curve using c-di-AMP as an internal standard was used for quantification 
of c-di-GMP in Paper III. The standard curve was constructed and c-di-GMP amounts 
determined according to an optimized protocol [206]. The MALDI–TOF-based 
method allows the quantification of c-di-GMP levels down to femtomole amounts 
[206].  
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5 RESULTS AND DISCUSSION 
 
5.1 PAPER I 

Identification of YhdA as a regulator of the Escherichia coli carbon 
storage regulation system 

The first study included in this thesis aimed at the identification of factors that play a 
regulatory role in the control of the BarA-UvrY-Csr cascade. We used two approaches 
to identify such factors: (i) we tested the effect of mutations in genes for factors that 
have previously been implicated to play a role in the regulatory system in other bacteria 
by using a csrB-lacZ reporter gene, and (ii) we performed transposon mutagenesis with 
the same transcriptional csrB fusion as a read-out system to screen for yet unidentified 
genes that might influence the regulatory cascade.  
In Vibrios as well as in pseudomonads, orthologs of the BarA-UvrY-Csr system have 
been associated with quorum sensing [61, 160, 163, 165]. In L. pneumophila, the 
signalling molecule ppGpp has been shown to activate the cascade [176]. Our study 
revealed that neither mutation of the E. coli quorum sensing gene luxS, encoding LuxS 
that produces the AI-2 autoinducer, nor disruption of relA and/or spoT, both of which 
encode enzymes that synthesize ppGpp, changed the expression of csrB-lacZ, 
implicating that luxS mediated quorum sensing and ppGpp do not influence the 
induction of the BarA-UvrY TCS and transcription of the csrB in E. coli under the 
given conditions. In contrast, transposon mutagenesis using TnAraOut led to the 
isolation of a transposon mutant that decreased the expression of csrB-lacZ. Rescue 
cloning and subsequent sequencing revealed that the transposon disrupted the open 
reading frame of yhdA, encoding a 646-amino-acid protein, which is predicted to 
contain a signal sequence, a transmembrane and a coiled-coil domain, followed by a 
GGDEF and an EAL domain (Fig. 8A). Disruption of yhdA led to a reduction in csrB-
lacZ expression to approximately 40 % compared to the wild-type and plasmid borne 
yhdA expression restored csrB–lacZ transcription to wild-type levels. Deletion of the 
yhdA gene had a similar negative effect on csrC-lacZ expression as mutations in barA 
and uvrY, reducing csrC–lacZ expression to approximately 30 %. Rather unexptected 
was the finding that expression of plasmid borne yhdA expression led to decreased 
csrC–lacZ expression in the wild type and failed to fully restore csrC-lacZ expression 
in the yhdA mutant.  
YhdA contains GGDEF and EAL domains that are arranged in tandem (Fig. 8A). 
Several conserved residues in the EAL domain have been associated with a functional 
c-di-GMP phosphodiesterase activity including the EAL and DDFGTG key motifs that 
participate in nucleotide and metal binding [92]. As YhdA has a poor conservation of 
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these motifs (ELM, NQAGLT), we suggested that the protein lacks c-di-GMP 
phosphodiesterase enzymatic activity. We also considered it unlikely that the YhdA 
GGDEF domain possesses diguanylate cyclase activity as the GGDEF residues are 
very poorly conserved in YhdA (HRSDF). There are no apparent regulatory domains in 
the YhdA protein that could modulate its activity, but the presence of a putative 100 
amino acid periplasmic region and a putative coiled-coil linker domain led us to 
suggest that external signals or membrane-bound factor might regulate YhdA activity.  
While Paper I was in press another study was published, in which YhdA (renamed 
CsrD) was identified as a factor controlling csrB and csrC expression [95]. In 
consistence with our data, deletion of yhdA led to a 30-40 % reduction in csrB-lacZ 
and csrC-lacZ expression. Surprisingly however, Northern Blot analysis revealed that 
CsrB RNA levels were elevated (2.4-fold) and CsrC levels were essentially 
unchanged in the yhdA (csrD) mutant. Additional experiments showed that YhdA 
(CsrD) mediates the decay of the CsrB and CsrC sRNAs through an RNase E-
mediated pathway (Fig. 8B). The detailed mechanism of YhdA action has to this date 
not been defined. The observed reduction in csrB-lacZ and csrC-lacZ expression in 
the yhdA mutant was explained by the Csr autoregulatory circuitry, earlier described 
by Suzuki et al. 2002 [63]: in the absence of decay, CsrB/C RNAs are thought to 
accumulate and sequester CsrA, leading to decreased transcription of csrB/C (Fig. 
8B). 
Consistent with our predictions about the role of YhdA in c-di-GMP metabolism, 
Suzuki et al. demonstrated experimentally that YhdA does neither synthesize c-di-
GMP nor break it down. However, both domains seem to be required for YhdA’s 
activity on the CsrB and CsrC sRNAs.  

 

 

 

 

 

 
 
 
Figure 8 Identification of YhdA (CsrD) as a new factor within the BarA-UvrY-Csr system. A. 
YhdA contains a GGDEF and an EAL domain with degenerate sequence motifs, a coiled-coil 
domain, two transmembrane regions and a signal peptide. B. CsrD negatively controls CsrB 
and CsrC by targeting the RNAs for degradation.  
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5.2 PAPER II 

The RNA binding protein CsrA controls cyclic di-GMP metabolism by 
directly regulating the expression of GGDEF proteins 

Despite the global role of CsrA in bacterial adaptation, only a few direct CsrA mRNA 
targets have been identified, and limited information is available concerning the 
integration of the Csr cascade into other global networks. The study published in Paper 
II aimed at the identification of novel direct targets regulated by CsrA. We thought that 
this knowledge would help to better understand the global impact of the Csr network on 
bacterial physiology.  

 

 
 
Figure 9 Identification of ycdT and ydeH as novel targets for CsrA. A. Microarray analysis 
identified genes, whose expression was rapidly decreased after pulse overexpression of csrA 
from a plasmid containing an arabinose inducible vector (pBADcsrA). B. qRT-RT PCR 
measurements demonstrate that mRNA levels of csrA drastically increase after arabinose 
induction (at 0 min), whereas the mRNA levels of pgaA, ycdT and ydeH rapidly decrease.  
 
We conducted a genome-wide search analysis for genes that allowed us to identify 
novel targets that are directly regulated by CsrA. Our strategy involved the pulse 
overexpression of csrA, followed by the immediate analysis of changes in whole-
genome expression patterns by microarray analysis. The approach was based on the 
assumption that CsrA not only blocks the translation of many of its mRNA targets, but 
also secondarily destabilizes them within a short time frame. In agreement, pulse 
overexpression of CsrA from an inducible vector led to a rapid (< 12 min) decrease in 
the transcript level of the directly regulated target pga (Fig. 9). In contrast, changes in 
the transcript levels of the indirectly regulated csrB gene were observed first at later 
time points after csrA induction (> 12 min). Using this approach we discovered that 
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CsrA regulates the expression of several genes encoding GGDEF/EAL proteins, in 
particular ycdT and ydeH (Fig. 9). Both genes were strongly downregulated by CsrA 
that bound specifically and with high affinity to the mRNAs of both genes. ycdT and 
ydeH encode proteins with well conserved GGDEF domains. We were able to show 
that both proteins produce c-di-GMP in vivo and, thus, possess activities as 
diguanylate cyclases. Moreover, YdeH and YcdT were found to negatively control 
flagella-mediated swimming motility by modulating flagella synthesis or flagella 
function, respectively. Results from another parallel study suggest that YdeH 
positively affects biofilm formation by enhancing the production of the PGA 
polysaccharide by an unknown post-translational mechanism (Goller and Romeo, 
unpublished). Beside ycdT and ydeH, the genes for at least five other proteins with 
GGDEF and/or EAL domains were negatively regulated by CsrA. Together with the 
finding that the cellular concentrations of c-di-GMP were increased in a csrA mutant, 
this led to the suggestion that CsrA plays a global role in the regulation of c-di-GMP 
metabolism. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 10 Schematic view of the interconnection between Csr and c-di-GMP signaling in E. 
coli. The activity of the central player CsrA is controlled by the sRNAs CsrB and CsrC, which 
are regulated by the BarA-UvrY two-component system and CsrD, a GGDEF-EAL protein not 
involved in c-di-GMP metabolism. CsrA directly acts on motility and biofilm formation, by 
controlling mRNA levels of flhDC and pgaA, respectively. In addition, CsrA controls indirectly 
the switch between a motile and a sessile life style by regulating the levels of c-di-GMP through 
post-transcriptional regulation of the GGDEF proteins YcdT and YdeH and possibly additional 
proteins with GGDEF or EAL domains. Transcription of ydeH is controlled by the CpxAR two-
component system in response to cell envelope stress and external copper.  
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The findings made in Paper II revealed a direct link between the global Csr network 
and c-di-GMP signalling, introducing the first example of GGDEF/EAL proteins being 
regulated at the mRNA level by a global post-transcriptional regulator. This supports 
the idea that c-di-GMP signalling is controlled at multiple levels, including 
transcriptional, translational and post-translational levels. CsrA has previously been 
shown to control motility and biofilm formation by directly targeting the flhDC and 
pgaA mRNAs, respectively [127, 130]. In this study we showed that in addition to the 
regulation of biosynthesis and global regulators, CsrA regulates bacterial physiology in 
a c-di-GMP-dependent pathway by directly controlling the expression of ycdT and 
ydeH, which in turn cause c-di-GMP accumulation and thereby favour the sessile life 
style (Fig. 10). The combination of c-di-GMP-dependent and direct regulatory 
pathways allows CsrA to regulate biofilm-related processes at various levels and, thus, 
to regulate precisely the switch between a motile and a sessile life style. As csrA 
homologs are present in many different Gram-negative bacteria, the role of CsrA in the 
regulation of GGDEF/EAL proteins might be a conserved feature. Most of the CsrA-
regulated E. coli GGDEF/EAL genes do not have homologous genes in S. 
Typhimurium.  
Interestingly, the ycdT gene and the pga operon are adjacently, but divergently, 
organized, indicating that both genes might be functionally related. Yersinia pestis 
encodes an ycdT homolog, called hmsT, that has been reported to be required for 
biofilm formation by regulating the production of a biofilm polysaccharide that is 
structurally related to PGA [211]. HmsT was shown to physically interact with the 
phosphodiesterase HmsP, as well as proteins that are involved in the synthesis of this 
polysaccharide [212]. This indicates that protein-protein interactions between a 
GGDEF protein, an EAL protein and effector proteins (the polysaccharide synthase 
apparatus) may facilitate specificity in the c-di-GMP mediated regulation. It is likely, 
that also PGA production in E. coli is regulated in a similar manner involving the action 
of YcdT. A future challenge will be the identification of the detailed mechanisms that 
allow YcdT and YdeH to act specifically on their downstream targets.  
Beside ycdT, the genomic location of four other CsrA-regulated genes is noteworthy: 
yddV (GGDEF) and dos (GGDEF-EAL), as well as yliE (EAL) and yliF (GGDEF) are 
encoded as operons, respectively. It might be possible that these pairs of genes are also 
functionally related, although no experimental data support this hypothesis to this date. 
In several other bacteria, it has been shown that genes encoding diguanylate cyclases 
can be co-transcribed with genes encoding phosphodiesterases. It is likely that the 
products of these genes form complexes, facilitating the generation of local c-di-GMP 
pools that act on specific targets. In some examples, such operons also contain 
biosynthesis genes, which might be the potential targets for the couples of diguanylate 
cyclase/phosphodiesterase.         
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5.3 PAPER III 

Coordinated control of EAL domain proteins with functions in motility, 
invasion and biofilm formation mediated by the Salmonella Typhimurium 
post-transcriptional regulator CsrA 

Our discovery from the previous study (Paper II) led us to suggest that the role of CsrA 
in the regulation of GGDEF/EAL proteins might be a conserved feature and that the 
interconnection between Csr and c-di-GMP signalling also exists in other bacteria that 
contain CsrA homologs, such as Salmonella. S. Typhimurium is closely related to E. 
coli and contains a CsrA homolog that is identical to the E. coli one. However, S. 
Typhimurium does not contain homologs of ycdT, ydeH, or most of the other CsrA 
regulated GGDEF/EAL genes in E. coli. We therefore hypothesized that if the link 
between CsrA and c-di-GMP signalling is conserved and is present in S. Typhimurium, 
then CsrA should control GGDEF and/or EAL domain proteins in Salmonella, which 
are different from the ones regulated in E. coli. To identify such potentially CsrA 
regulated GGDEF and EAL proteins in Salmonella, we systematically analysed the 
effect of a csrA mutation on the expression of all 20 GGDEF, GGDEF-EAL and EAL 
domain proteins present in S. Typhimurium by qRT-RT-PCR.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 The effect of a csrA mutation on the expression of all genes encoding GGDEF, 
GGDEF-EAL or EAL domain proteins in S. Typhimurium. 
 
We were indeed able to identify a subset of these genes that were greatly affected by a 
csrA mutation (Fig. 11). We found that CsrA directly bound to the transcripts of the 
most strongly regulated genes STM1697, STM1344, yhjH (STM3611) and csrD 
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(STM3375). Notably, these CsrA-regulated proteins were found to be closely related 
and to contain unconventional EAL sequence signatures. Despite its degenerate EAL 
motif, YhjH has been shown to function as a phosphodiesterase and thereby to control 
motility and biofilm formation in an inverse manner [76]. In contrast, CsrD and 
STM1344 do not synthesize or degrade c-di-GMP [95, 213], and we predict that also 
STM1697 (EIT) lacks phosphodiesterase activity.  
We found that expression of yhjH was more than 10-fold downregulated by the csrA 
mutation, implicating that CsrA acts as a positive regulator of yhjH expression. We 
could show that CsrA mediates its effect on yhjH by two mechanisms: (i) by the direct 
interaction between CsrA and the yhjH transcript and (ii) by an indirect pathway 
involving the FlhDC/FliA flagella cascade. This multi-layer control of yhjH expression 
allows for a precise regulation of the levels and thereby the activity of the 
phosphodiesterase in response to multiple intra- and extracellular input signals.  
Expression of csrD, STM1344 and STM1697 was approximately 3-4-fold upregulated 
in the csrA mutant, thus, CsrA acts as a negative regulator on these genes. In contrast to 
conventional EAL domain proteins, STM1344 has been shown to downregulate 
motility [213, 214] and to upregulate sessility [213]. STM1697 does not show a distinct 
phenotype in motility or biofilm formation, but has an impact on invasion, as in a 
STM1697 deficient strain the ability to invade epithelial cells was increased to 125 %. 
The unorthodox GGDEF-EAL protein CsrD is predicted to function in Salmonella as in 
E. coli, by targeting the CsrB and CsrC sRNAs for degradation. The fact that CsrA 
controls the expression of CsrD by a direct mechanism implies that in addition to the 
previously described autoregulatory circuit [63], CsrA autoregulates its own activity by 
using another feedback loop involving CsrD. This tight regulation of CsrA activity 
ensures that the downstream targets controlled by CsrA are precisely coordinated in 
response to multiple input signals. This shows that despite its inability to directly 
synthesize or degrade c-di-GMP, CsrD is involved in c-di-GMP metabolism by 
controlling a global regulator of GGDEF and EAL domain containing proteins. Besides 
CsrD and STM1344, a few other unconventional EAL or GGDEF proteins have to this 
date been characterized [72, 97, 100]. A common property might be their involvement 
in the regulation or mediation of c-di-GMP dependent processes.  
In summary, CsrA regulates the expression of three EAL proteins, YhjH, STM1344 
and STM1697, as well as one GGDEF-EAL protein, CsrD, by direct, and in some 
cases, indirect mechanisms, and thereby influences motility, biofilm formation, 
invasion and autoregulation in S. Typhimurium (Fig. 12). Our data illustrate that CsrA 
upregulates genes that promote motility and downregulates genes that are needed for a 
sessile life style or that inhibit motility or invasion. Thus, CsrA accomplishes its central 
role in bacterial physiology by inversely regulating oppositional phenotypes at multiple 
levels.  
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The data from this study confirm the previously observed trend (Paper II) that CsrA 
exerts its global effects by (i) directly regulating biosynthetic and regulatory genes that 
impact on specific processes and (ii) by regulating a selected panel of genes encoding 
GGDEF and/or EAL domain proteins that act on the same downstream processes. We 
predict that such a multi-layer control might be conserved among many bacteria with 
csrA homologs.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 Schematic model illustrating the role of CsrA in the regulation of biofilm formation, 
motility and invasion in Salmonella Typhimurium. CsrA regulates directly and negatively the 
expression of the GGDEF-EAL protein CsrD and the EAL domain proteins STM1344 and 
STM1697, whereas the phosphodiesterase YhjH and the flagella master regulator FlhDC are 
positively regulated by CsrA. By regulating STM1344, CsrA is predicted to control the 
production of biofilm matrix components and motility. CsrA-mediated upregulation of YhjH 
and FlhDC leads to a positive control of motility, which depends in part on the levels of the 
second messenger c-di-GMP. By regulating STM1697 CsrA is suggested to control invasion by 
a post-translational mechanism. CsrA also regulates the expression of invasion genes. CsrA 
controls its own activity by regulating CsrD, which in turn destabilizes the CsrB and CsrC 
sRNAs, the antagonists of CsrA activity. CsrB and CsrC are positively controlled by the two-
component system BarA-SirA, which allows the integration of environmental signals into the 
regulatory network.  
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5.4 PAPER IV 

pH-dependent activation of the BarA-UvrY two-component system in 
Escherichia coli 

The global role of CsrA in metabolism and physiology requires a tight regulation of 
its activity in response to environmental conditions. CsrA activity is controlled by the 
sRNAs CsrB and CsrC, whose expression levels are regulated by the BarA-UvrY 
two-component system and the probable inner membrane protein CsrD [48]. 
Although the key players of the Csr system have been identified, the external 
conditions by which the system is regulated are poorly understood. Signal integration 
into the csr system presumably depends largely on the BarA sensor. But also other 
factors, including the membrane bound CsrD protein, might be involved in signal 
perception and integration into the Csr cascade. Despite its extended periplasmic 
loop, which might possess sensing functions, the environmental conditions and the 
physiological signal(s) to which BarA responds are still unknown.  
External pH can be shifted substantially by bacterial metabolism. For instance, 
growth on sugars, especially if oxygen becomes limiting, produces organic acids that 
are excreted and lead to a low pH, whereas growth on amino acids generates alkaline 
amines, producing the opposite effect. This fact led us to explore the effect of external 
pH on the activity of this TCS.  
The csrB-lacZ expression was monitored in E. coli grown in LB media, of which the 
pH was adjusted and buffered to pH 5, 6, 7, 8 and 9. Reporter expression was found 
to increase in cultures grown at pH 6, 7, 8, and 9 at the entry of stationary phase. In 
contrast, at pH 5 reporter gene expression did not occur, suggesting that the BarA-
UvrY system was not operative under this condition. As in the case of csrB-lacZ, also 
expression of csrC-lacZ was repressed in the culture grown at pH 5, whereas robust 
induction was observed in the culture grown at pH 7. These findings led us to 
speculate that pH regulation of csrB and csrC expression depended on BarA-UvrY 
and that the BarA-UvrY TCS was inactive at low pH values. Further experimentation 
excluded the possibilities that (i) a pH below 5.5 would disrupt the functionality of 
TCSs in general and (ii) that the acidic pH would alter the expression of barA or 
uvrY. Therefore, we proposed that low pH growth conditions affect BarA directly by 
not permitting activation of its kinase activity. Such an effect could be the result of 
the absence of a stimulating signal or the presence of an inhibitory signal. The 
chemical nature of such a signal remains, however, to be discovered.  
It is possible that BarA responds to an extracellular molecule that is produced or 
accumulates in stationary phase. The stability of such a molecule might be 
compromised and/or its synthesis should be blocked at a low external pH. However, an 
alternative explanation that cannot be excluded at this stage is that BarA senses directly 
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the pH difference across the inner cell membrane. More detailed studies directed 
toward the understanding of the nature of the stimulus for BarA need to be performed 
in the future.  
Many biological processes, such as enzyme reactions and interactions between 
proteins, are influenced by pH. Therefore, it is important for cells to sense and to 
adapt to changes in extracellular and intracellular pH. The response to extracellular pH 
is particularly critical for many pathogenic and symbiotic relationships in which a 
change in pH can mark a transition from a free-living mode to the host environment. 
Ingested bacteria, both pathogenic and commensal, must for example resist the 
strongly acidic stomach (~ pH 2) on their way to the intestine. Despite the 
accumulated knowledge about pH-dependent regulation and acid tolerance response 
systems in a wide variety of organisms, the mechanisms of pH sensing remain still to 
be defined.  
The ability to respond to pH might in several cases be combined with the sensing of 
another signal. For example, in the plant pathogen Agrobacterium tumefaciens the TCS 
sensor VirA, that mediates pH response and virulence, was demonstrated to couple pH 
sensing with the sensing of sugars by an interaction with the periplasmically localized 
sugar binding protein ChvE [215]. It was proposed that the ability to switch on only in 
the presence of two signals could greatly increase response precision [215]. 
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5.5 PAPER V 

The Escherichia coli CsrB and CsrC small RNAs are strongly induced 
during growth in nutrient poor medium 

As in Paper IV, the subject of the study in Paper IV was to better understand how the 
BarA-UvrY-Csr signalling cascade is controlled by the environment. Besides the earlier 
findings that BarA sensing is pH dependent [140] (Paper IV) and that expression of 
csrB and csrC is activated in monocultures at the entry into stationary phase [133, 142], 
another previous study suggested that BarA-UvrY is needed for efficient switching 

between glycolytic and gluconeogenic carbon sources [138]. This hypothesis was based 
on findings from competition experiments, in which mutants in uvrY or barA showed a 
clear growth advantage over wild type bacteria in media with gluconeogenic carbon 
sources. In contrast, media with glycolytic carbon sources led to a distinct growth 
advantage of the wild type. On the basis of these earlier findings we have investigated 
the effect of minimal media with different carbon sources on csrB and csrC expression. 
By using quantitative real-time RT PCR we found that CsrB and CsrC levels were, in 
general, considerably higher in minimal media compared to LB (Fig. 13A). The 
identity of the carbon source, whether glycolytic or gluconeogenic, seemed to be less 
important, although we noted that induction of csrB and csrC was somewhat less 
pronounced in minimal medium (MM) with glucose compared to MM supplemented 
with pyruvate, succinate or acetate. In contrast to the CsrB and CsrC sRNAs, the levels 
of CsrA protein were not considerably changed by the medium, suggesting that high 
levels of CsrB and CsrC in minimal medium lead to a more efficient sequestration of 
CsrA. The expression of csrB depended, especially in LB and in MM with glucose, on 
functional uvrY and barA alleles. Moreover, in MM with glucose csrB expression 
required the kinase activity of BarA. We therefore considered it likely that the observed 
effect of the growth medium on csrB and csrC expression is at least in part mediated by 
the BarA-UvrY TCS.  
Interestingly, upon addition of nutrient rich tryptone to a culture grown in minimal 
medium with glucose we found that CsrB levels rapidly decreased (Fig. 13B). 
Likewise, the addition of casamino acids or a mixture of pure amino acids led to a clear 
reduction in CsrB levels (Fig. 13B). Based on this we proposed that expression of the 
Csr RNAs is regulated in response to the availability of amino acids in the growth 
medium. The availability of amino acids is known to control various metabolic and 
signalling pathways. One of the best described examples is the stringent response, 
involving ppGpp that accumulates in response to amino acid starvation and other stress 
conditions in many bacteria (recent reviews by [102-104]). Beside ppGpp, several other 
signalling molecules or metabolic intermediates, including inorganic polyphosphate or 
thiamine triphosphate, accumulate in response to changes in amino acid availability 
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[108-110]. Although mutations in the genes relA and spoT, both of which are important 
for ppGpp production, did not affect csrB-lacZ expression in LB in our previous study 
[139] (Paper I), we consider it likely that the observed effect of amino acids on csrB/C 
expression is mediated by a small signalling molecules or metabolic product that 
accumulates in the absence or presence of amino acids.  
To this date we cannot say what detailed role the sensor BarA plays in this process, but 
we suggest that in poor medium the kinase activity of BarA is favoured leading to an 
increased transcription of the sRNA genes and that in complex medium BarA acts as a 
phosphatase leading to decreased transcription of csrB and csrC. We consider it likely 
that BarA is controlled by an endogenously produced signal, such as a metabolite (as 
discussed above), which reflects the metabolic status of the cells and is produced in a 
medium-dependent manner. Another possibility is that BarA senses the energy status of 
the bacteria through the membrane, as in the case of ArcB [216]. 
In its free form CsrA promotes motility and inhibits biofilm formation-associated 
phenotypes [127, 128, 130]. Based on this we predict that growth in poor or depleted 
medium, in which CsrB and CsrC levels are high and the level of free CsrA is reduced, 
favours a sessile life style. Such a model agrees well with the recent observation that 
expression of the stationary sigma factor RpoS, a positive regulator of biofilm 
formation, was increased in minimal medium and that a rpoS mutation led to increased 
expression of flagella genes in minimal medium [217].  
 
 

 
 
Figure 13 csrB expression is induced during growth in nutrient poor medium. A. qRT-RT 
PCR measurements revealed that csrB expression is drastically elevated during growth in 
minimal medium supplemented with glucose (glu), pyruvate (pyr), succinate (succ) or acetate 
(ac). B. Addition of tryptone, casamino acids or amino acids to a culture grown in minimal 
medium with glucose leads to a reduction in CsrB RNA levels. 
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6 CONCLUSIONS 
 
6.1 GLOBAL REGULATOR PROTEINS MODIFY C-DI-GMP METABOLISM  

The discovery that the BarA-UvrY-Csr cascade controls the metabolism of the second 
messenger c-di-GMP provides a novel explanation for how the regulatory system exerts 
its global effects on bacterial physiology. By tightly controlling the expression and 
thereby the activity of a panel of c-di-GMP metabolizing proteins, CsrA adjusts the 
levels of the second messenger and thereby controls the transition between motility and 
sessility and possibly a range of other phenotypes. As the half-lives of the mRNAs 
encoding GGDEF/EAL domain proteins, such as ycdT and ydeH, are very short 
(unpublished observations), the post-transcriptional control by CsrA leads to a rapid 
change in the levels of the proteins that synthesize c-di-GMP or break it down. Such a 
tight control of the expression of diguanylate cyclases and phosphodiesterases might, in 
combination with other regulatory mechanisms, allow the generation of temporal c-di-
GMP pools that act specifically on distinct downstream targets. In general, CsrA was 
found to upregulate genes encoding proteins that promote motility, whereas genes 
required for a sessile life style were downregulated. Thus, CsrA controls genes with 
oppositional functions in a reciprocal manner. Among the CsrA-regulated genes 
controlling motility and sessility, are not only genes encoding diguanylate cyclases and 
phosphodiesterase, but also genes encoding the master regulators of flagella synthesis 
(FlhDC) and the synthesis apparatus of biofilm matrix components (PgaA) [127, 130]. 
Thus, CsrA combines c-di-GMP dependent and c-di-GMP independent pathways to 
control motility and biofilm formation within complex feedforward arrangements. Such 
dual pathways increase the precision and fine-tuning of the induction of the 
downstream targets and can be useful to filter out spurious pulses of signals, ensuring 
highly specific responses to persistent signals [53].  
Beside CsrA, a number of other global regulator proteins, including the sigma factors 
RpoS and FliA, the cAMP-CRP complex as well as the quorum sensing regulator 
HapR, have been found to control phenotypes in biofilm formation and motility by 
controlling the expression of a panel of genes encoding GGDEF and EAL domain 
proteins  [118, 218-221]. As in the case of CsrA, each of these regulators was also 
demonstrated to directly regulate the expression of biosynthetic genes or master 
regulators. Thus, the combined control of genes encoding GGDEF/EAL proteins with 
biosynthetic and regulatory genes may be a common principle among such global 
regulators in the control of physiological processes. Notably, the global regulators do 
not act independently from each other (Fig. 14). For example, csrA is positively 
regulated by the RpoS sigma factor in E. coli [217]. On the other hand, cAMP-CRP 
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downregulates transcription of rpoS and upregulates expression of flhDC [222, 223]. 
This suggests that these global regulators act in concert to modify the metabolism of c-
di-GMP.  
Besides the mentioned global regulators, a number of other global regulatory proteins, 
including OmpR, CpxR, H-NS or DnaK have been shown to regulate the expression of 
biofilm- and motility-associated genes [224, 225]. It is tempting to speculate that at 
least some of these regulators influence c-di-GMP metabolism. Systematic approaches 
applying for example microarray analysis and qRT-RT-PCR, will allow the 
identification of c-di-GMP metabolizing proteins affected by these regulators. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 Interplay between different global networks controlling bacterial life styles. In E. 
coli the global regulators RpoS, CsrA, FlhDC and FliA control the switch between motility and 
biofilm formation. By directly controlling biofilm and flagella synthesis genes and, in 
combination, by controlling c-di-GMP metabolism the global regulators control physiological 
processes within complex feedforward arrangements. The cAMP-CRP complex has been 
shown to control biofilm-associated genes and c-di-GMP levels in V. cholerae. It is likely that 
cAMP-CRP plays a similar role in E. coli (dashed lines). The different neworks are 
interconnected at multiple levels and respond to specific intra- and extracellular signals. 
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6.2 THE LINK BETWEEN CSR AND C-DI-GMP SIGNALLING IS 
CONSERVED 

Our studies have demonstrated that the interconnection between CsrA and c-di-GMP 
signalling is present in E. coli as well as in S. Typhimurium, although many details, 
including the nature of the GGDEF and EAL domain proteins, differ between the two 
closely related organisms (Papers II, III). More than 200 species from the family of 
proteobacteria, in which GGDEF, EAL and HD-GYP domain proteins are highly 
abundant, contain at least one CsrA homolog (Fig. 6). It is likely that in most of these 
bacteria regulation of the activity of the c-di-GMP metabolizing enzymes is in part also 
mediated by CsrA. In fact, ectopic expression of the P. aeruginosa phosphodiesterase 
PA2567 as well as RpfG, a HD-GYP-domain-containing phosphodiesterase of 
Xanthomonas campestris, can partly restore swarming motility in a P. aeruginosa strain 
mutated in the csrA homolog rsmA [74]. Moreover, in P. aeruginosa production of the 
biofilm polysaccharide PEL, which is controlled by the GacS/A-Rsm cascade, was 
shown to depend on binding of c-di-GMP to the PelD protein, a c-di-GMP receptor 
protein [89]. In Vibrio, the Csr cascade indirectly controls the levels of HapR, which in 
turn controls at least 18 proteins with GGDEF, EAL or HD-GYP domains in V. 
cholerae [118, 220]. Serratia spp., which belongs as E. coli and Salmonella to the 
Enterobacteriaceae, possesses an ortholog of CsrD, called PigX (63 % identity with E. 
coli CsrD in the EAL domain, compared to 90 % identity between E. coli and S. 
Typhimurium CsrD). Notably, in contrast to the orthologous proteins in Salmonella and 
E. coli, PigX seems to function, at least partially, as a c-di-GMP phosphodiesterase 
[226]. In summary, these data strongly suggest that the link between Csr and the c-di-
GMP signalling is conserved across phylogeny, but that organizational and/or 
functional differences exist between different species. Several other studies have 
already provided evidence that the c-di-GMP system is a highly adaptable signalling 
system, in which variations between species, and even between isolates within the same 
species, are readily created [220, 227]. A future challenge will be the detailed 
characterization of the interconnectivity between the Csr and the c-di-GMP pathways in 
other bacteria than E. coli and Salmonella. 
 
 
6.3 THE CSR SYSTEM LINKS METABOLISM WITH PHYSIOLOGY 

Beside its global functions in the control of physiological phenotypes CsrA is an 
important regulator of carbon metabolism in E. coli (and presumably in Salmonella), as 
it represses glycogen biosynthesis and gluconeogenesis, and on the other hand 
promotes glycolysis and acetate metabolism [47, 143]. Thus, CsrA couples carbon and 
energy metabolism with the regulation of bacterial life styles. High levels of free CsrA 
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enhance glycolysis and, hence, the supply of energy that is needed for flagella-mediated 
motility. In contrast, when CsrA activity is low, gluconeogenesis and the production of 
polysaccharides, some of which build up the matrix of biofilms, are favoured. 
Noteworthy, glycogen, whose synthesis is strongly inhibited by CsrA in E. coli, has in 
V. cholerae recently been demonstrated to contribute to environmental persistence and 
transmission [228]. It is likely, that also in E. coli and Salmonella, glycogen plays a 
similar physiological role.  
Besides CsrA a number of other global regulators link sensing of the nutrient 
availability and/or the metabolic status of the cells with the regulation of physiological 
responses. Among those are the above mentioned cAMP-CRP complex that controls 
biofilm formation in response to sugar availability in various bacteria [229-233] as well 
as the stationary phase sigma factor RpoS that regulates biofilm and motility 
phenotypes in response to general stress [181, 234-236].  
 
 
6.4 FEEDBACK LOOPS FACILITATE A TIGHT REGULATION OF THE 

CSR SYSTEM 

The central functions of CsrA require a complex regulation of its activity. An important 
part in this regulation plays CsrA itself as it regulates its own activity through at least 
two separate feedback loops (Fig. 15). On the one hand, CsrA is required for the 
expression of csrB and csrC by an unknown mechanism, which seems to require the 
activity of the response regulator UvrY [142]. On the other hand CsrA destabilizes the 
mRNA of CsrD, which in turn destabilizes CsrB and CsrC (Papers II, III). Thus, CsrA 
positively controls the levels of its antagonists CsrB and CsrC by two distinct 
pathways, involving transcriptional and post-transcriptional mechanisms, leading to a 
negative feedback control of its activity. As CsrD is a GGDEF-EAL domain protein 
with degenerate sequence motifs, the CsrD-mediated autoregulation of CsrA illustrates 
that unconventional GGDEF/EAL domain proteins can have regulatory roles in the c-
di-GMP network. 
Negative autoregulation is a common motif that occurs in signal transdution networks 
and is employed by many regulator proteins. Mathematical models in combination with 
experimental approaches proposed that negative autoregulation fulfils two major 
functions: (i) speeding up the response time of genetic circuits and (ii) reducing the 
cell-cell variations in protein levels that are caused by an inherent source of noise in 
gene expression [53]. However, if the negative feedback regulation contains a delay, 
noise can also be amplified and can lead to an oscillation of the system. In C. 
crescentus, it was for example shown that a delayed feedback loop can account for 
oscillations in the activity of the master regulator CtrA during cell cycle progression 
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[237]. As in the case of CsrA, also CtrA activity is regulated by multiple feedback 
loops that, in combination, control the activity of the master regulator.  
 

 
Figure 15 Autoregulation through two 
negative feedback loops. On the one 
hand, CsrA is necessary for the 
transcription of its antagonists CsrB 
and CsrC. On the other hand, CsrA 
controls negatively and directly csrD 
expression, which in turn destabilizes 
the CsrB and CsrC sRNAs. The 
mechanism by which CsrA influences 
csrB and csrC transcription is to this 
date unknown. 
 

 
 
6.5 THE ROLE OF THE CSR SYSTEM IN BACTERIAL ADAPTATION 

From the outside, CsrA is controlled by the BarA-UvrY two-component system, which 
controls the expression of the CsrA antagonists CsrB and CsrC. In addition, also the 
membrane bound CsrD protein might integrate signals from the environment into the 
regulatory cascade. As CsrA is a global regulator of carbon metabolism, the finding 
that the Csr system is controlled by the nutrient availability of the growth medium is 
not surprising. In nutrient poor medium, which is depleted of amino acids, the 
expression of csrB and csrC was strongly increased (Paper V), implying a decreased 
activity of CsrA. It is likely that the sensing of nutrients in the environment helps the 
bacteria to switch between an environmental state and growth in the host (Fig. 16). In 
the environment, in which the levels of nutrients are in general low, high expression of 
csrB and csrC leads to low activity of CsrA and therefore to the promotion of biofilm 
formation and glycogen synthesis, which help to survive and to persist in the 
environment. On the other hand, within the host, e.g. in the intestine, in which nutrients 
are easier to access, csrB/C transcription might be decreased leading to a higher activity 
of CsrA and therefore the upregulation of genes important for motility and virulence. 
Inactivation of BarA sensing at low pH (Paper IV), and thus downregulation of csrB 
and csrC expression might be useful for E. coli and other enteric bacteria to resist the 
strongly acidic stomach on their way to the intestine. Besides through BarA and CsrD, 
it is likely that signals are integrated at multiple other levels within the signalling 
cascade. The complexity of the integration of signal input is increased by the fact that 
CsrA controls its downstream targets by using multiple pathways (see above). Fine-
tuning of the CsrA-mediated output responses could for example occur at the level of 
activity of the proteins, whose expression is controlled by CsrA. For example, YcdT 
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contains periplasmic domains that might perceive input signals. In addition, the activity 
of the PGA synthesis apparatus is suggested to be post-translationally controlled by c-
di-GMP (Romeo and Goller, unpublished). Furthermore, protein-protein interactions 
between CsrA-regulated diguanylate cyclases, phosphodiesterases and other effector 
proteins might lead to precise output responses [101]. Although this thesis identified 
physiological conditions under which the Csr system is regulated, the chemical 
structures of the input signals that trigger BarA, CsrD or other components within the 
Csr cascade remain to be identified. 
 
  

 
 
Figure 16 Working model illustrating the role of the BarA-UvrY-Csr system in bacterial 
adaptation.   
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7 FUTURE PERSPECTIVES 
 
7.1 REMAINING OPEN QUESTIONS  

Despite the progress in the understanding of the BarA-UvrY-Csr system, made in this 
thesis, a number of open questions still remain to be addressed. These include: What 
other mRNA targets are under the direct control of CsrA? What is the chemical 
structure of the signals that control the regulatory network? How can the redundancy of 
the Csr sRNAs be explained? What are the molecular mechanisms that facilitate CsrA 
autoregulation through transcription of csrB and csrC? Are other so far unidentified 
factors involved in the regulatory cascade? What are the detailed functions/mechanisms 
of the GGDEF/EAL domain proteins that are controlled by CsrA? How do different 
regulatory mechanisms interplay to coordinate specific output responses? How can a 
signalling cascade such as the BarA-UvrY-Csr pathway contribute to the function of a 
cell as a whole, and to the behaviour of a whole bacterial population?  
 
 
7.2 IMPLICATIONS OF BACTERIAL SIGNALLING IN OTHER 

DISCIPLINES 

Another future challenge will be the adoption of our current knowledge about bacterial 
signal transduction to other disciplines, including medicine, health care, biotechnology 
and industry.  
As hospital acquired multi-drug resistant bacteria emerge and spread to assume 
threatening proportions [240], a detailed knowledge about signalling systems is 
required for the development of novel antimicrobial drugs. Over the past years, 
different components of signal transduction systems have been discussed as potential 
drug targets. For example, the inhibition of two-component systems has attracted 
considerable attention, as they are highly abundant in bacteria and play an important 
role in the adaptation to bacterial stress, and often in pathogenesis [241-243]. Targeting 
the histidine kinases of two-component systems and the subsequent regulation of gene 
expression might allow the development of antibiotics with a new mode of action. 
Also, the central roles of sRNA regulators in cellular physiology make them to 
attractive tools to combat bacterial spread. As interference with the functions of some 
of the sRNAs is detrimental to growth and several sRNAs contribute to virulence, these 
regulators and their interacting proteins have been considered as potential targets for 
antibacterial therapies [244]. In addition, the c-di-GMP signalling network has recently 
been recognized as a target to control infectious diseases and biofilms that cause serious 
problems in medicine and industry [245].  
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The understanding of the principles of bacterial signalling systems is also required for 
the attempt to engineer novel signal transduction systems that fulfil desired functions. 
By dissecting and subsequently rationally “rewiring” signalling pathways it might be 
possible in the future to construct synthetic signalling pathways in vivo. As an example, 
reprogramming a two-component histidine kinase to activate the response regulator 
with a chemotaxis output domain could be useful to force bacteria to swim towards a 
particular chemical stimulus [246]. The bacteria could then be further engineered to 
execute a specific task once they arrive at the region of interest. The capability to 
engineer such synthetic bacterial networks would not only dramatically improve our 
ability to control bacterial spread, but would also allow the maximum exploitation of 
the beneficial behaviours of bacteria in biotechnological settings. For example, the 
inherent biosynthetic abilities of certain bacteria could be utilized for the large-scale 
production of biofuels (e.g. ethanol, butanol or hydrogen) or biopolymers (e.g. 
cellulose, xanthan, bioplastics) [247]. Eventually, it might also be possible to harness 
the ability of bacteria to use oil, radioactive materials, or other contaminants as nutrient 
sources, thus adopting them as a cheap and ecological force to clean up polluted or 
contaminated environments [247]. 
The study of bacterial signalling network has during the recent years also emerged as a 
model for systems biology [247]. As bacteria are comparatively “simple” and tractable 
they provide an excellent basis to expand our understanding of how signalling network 
can control cellular behaviour in higher organisms. Eventually, this could lead to a 
better understanding and to an effective treatment of human diseases, which are caused 
by the failure of complex signalling networks, including different kinds of cancer or 
various autoimmune diseases. 
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8 EXECUTIVE SUMMARY 
 
Introduction 

 The ability to process information depends on complex signalling networks, 
which control genes required to cope with certain environmental conditions. 

 Bacterial signalling networks consist of a number of modules, including 
two/one-component systems, ECF-systems, global regulator proteins and 
sRNAs as well as second messenger molecules. 

 The BarA-UvrY-Csr signalling system in E. coli and Salmonella was used as a 
model and consists of the global regulator CsrA, the sRNAs CsrB and CsrC, the 
BarA-UvrY (BarA-SirA) TCS and CsrD.  

 
Major findings 

 YhdA (CsrD), a protein with degenerate GGDEF/EAL domains, regulates 
expression of the CsrB and CsrC sRNAs. 

 CsrA controls directly and indirectly the expression of GGDEF/EAL domain 
proteins and, thereby, links Csr with c-di-GMP signalling. 

 The CsrA-regulated genes ycdT and ydeH in E. coli encode diguanylate 
cyclases with functions in motility. 

 CsrA controls in S. Typhimurium GGDEF/EAL domain proteins that are 
different from the CsrA-regulated ones in E. coli. 

 CsrA negatively autoregulates its activity through CsrD. 
 pH 5 prevents BarA-UvrY mediated activation of csrB and csrC transcription. 
 csrB and csrC expression is greatly induced in nutrient poor medium, and is 

repressed by the addition of amino acids or rich medium. 
 
Major conclusions 

 CsrA mediates its global effects by controlling c-di-GMP metabolism. 
 CsrA controls motility/virulence and biofilm phenotypes in an inverse manner.  
 CsrA couples carbon metabolism with the control of bacterial physiology. 
 The Csr system is controlled by the nutrient availability, allowing the adaptation 

to changing conditions, e.g. growth in the environment vs. survival in the host.  
 Global regulators combine c-di-GMP dependent and direct pathways within 

complex feedforward arrangements to regulate physiological processes. 
 The tight regulation of c-di-GMP metabolizing enzymes may allow specificity. 
 Regulation of c-di-GMP signalling occurs at multiple levels and is variable. 
 Unorthodox GGDEF-EAL domain protein, inactive in the synthesis or break 

down of c-di-GMP, can have regulatory functions in the c-di-GMP network. 
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