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ABSTRACT 
Adaptation to altered environmental conditions is one of the fundamental bacterial 
characteristics. The ubiquitous second messenger c-di-GMP plays a key role to adopt bacterial 
behaviour. Transition from motility to sessility and from acute infection to chronic infection is 
regulated by c-di-GMP signalling in many bacteria. C-di-GMP is synthesised by the 
diguanylate cyclase activity of GGDEF domains and hydrolysed by the phosphodiesterase 
activity of EAL or HD-GYP domains respectively.  
  In this thesis we investigated the role of individual GGDEF/EAL domain proteins 
encoded by the genome of Salmonella typhimurium UMR1 in regulation of key virulence 
phenotypes such as invasion into HT-29 epithelial cells, induction of a pro-inflammatory 
immune response and colonization of the gastrointestinal tract of streptomycin treated mice, a 
model of human gastroenteritis (Paper I). We identified distinct panels of GGDEF/EAL 
proteins associated with the regulation of each virulence phenotype. We characterized the 
networks of corresponding GGDEF/EAL domain proteins regulating invasion and induction of 
interleukin-8 secretion. Our results revealed that GGDEF/EAL domain proteins regulate 
invasion of S. typhimurium into HT-29 cells through biofilm dependent and independent 
pathways. The major biofilm regulator CsgD is involved in c-di-GMP dependent inhibition of 
invasion and pro-inflammatory response.  
 Interestingly, EAL domain proteins STM1344 and STM1697 behaved unconventional 
compared to phosphodiesterase EAL proteins with respect to regulation of motility, biofilm 
formation and the virulence phenotype invasion (Paper	  II	  and	  Paper	  III). By using genetic 
and biochemical approaches, we demonstrate that STM1697 and STM1344 inhibit motility and 
invasion by binding the master regulator of flagella regulon FlhD4C2. Upon binding to FlhD4C2, 
STM1697 suppresses the functionality of FlhD4C2 to affect expression of downstream genes. 
Bioinformatic analysis revealed that the EAL domain proteins STM1344, STM1697 and 
STM3611 belong	  to	  a	  sub-‐family	  of	  stand-‐alone	  EAL	  domain	  proteins	  from	  diverse	  species	  
of	  Enterobacteria,	  which	  putatively	  regulate	  motility	  and	  subsequently	  other	  phenotypes	  
such	  as	  biofilm	  formation	  and	  invasion.	   
	   Interestingly,	   the	   unconventional	   EAL	   domain	   proteins	   STM1344,	   STM1697,	  
STM3375	   and	   the	   phosphodiesterase	   STM3611	   are	   all	   regulated	   on	   the	  
posttranscriptional	  level	  by the carbon storage regulator CsrA, a global RNA binding protein 
(Paper IV).	  
 CsgD is a major regulator of biofilm formation and virulence. We characterized the 
regulatory networks of c-di-GMP metabolizing proteins regulating CsgD expression (Paper	  
V). GGDEF/EAL	  domain	  proteins	  affect	  rdar	  morphotype	  formation	  and	  CsgD	  expression	  
at	  multiple	  levels.	  The	  EAL	  phosphodiesterase	  STM4264	  targets	  a	  global	  pool	  of	  c-‐di-‐GMP	  
to	   inhibit	   rdar	   morphotype	   formation	   and	   CsgD	   expression	   whereas	   the	   GGDEF-‐EAL	  
phosphodiesterase	   STM1703	   is	   hypothesized	   to	   act	   locally	   to	   inhibit	   rdar	   morphotype	  
formation	  and	  CsgD	  expression	  in	  S.	  typhimurium.	   
 In conclusion, in this thesis, the c-di-GMP signalling networks of biofilm formation, 
virulence phenotypes and motility of S. typhimurium were significantly extended. 
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1 PREFACE 
Life is the most precious asset on earth. The value of this asset is not recognised and 

acknowledged by only higher organisms, but unicellular microorganisms including bacteria also 

constantly struggle for their existence. To adapt to environmental conditions and effectively 

utilize for survival and proliferation, bacteria have acquired a variety of strategic behavioural 

and physiological modes. The bacterial capability to develop biofilms is an excellent example 

of such kind of strategies. Bacteria can colonize many environmental niches upon sensing 

alterations in the surrounding environment. Bacterial species can cope with a variety of harsh 

conditions such as extreme temperatures, pH, osmolarity, oxidative stress and dryness. Also, 

some bacteria form biofilms within hosts, which cause chronic infections. Even some bacterial 

species can reside and colonize inside host cells resisting the immune system.  

On the other hand, bacteria can grow exponentially and damage host tissue by using 

effective virulence tools and secretion of a variety of virulence factors and toxins in host tissue. 

Therefore, there is a need to understand in detail the basic mechanisms how bacteria sense 

integrate and respond signals to adopt a particular environment in order to deal with bacterial 

infections especially persistent and recurrent infections.  

This thesis deals with one important adaptation mechanism, the c-di-GMP signalling 

system that is used by many bacteria to regulate the transition between a sessile and motile life 

style and between acute and chronic infections.  
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2 INTRODUCTION  
 
Both prokaryotic and eukaryotic cells have the capability to sense information from the 

environment and the internal status, integrate it and elicit a suitable response via signal 

transduction. A variety of signal transduction systems exist in prokaryotes. These systems 

include 1. Intracellular signalling systems via second messenger nucleotides such as c-di-GMP, 

cAMP, ppGpp, c-di-AMP and cGMP [1-6], 2. Quorum sensing systems with extracellular 

signalling molecules such as acyl homoserine lactones (AHLs) [7].  

This thesis characterizes the regulatory network of the second messenger c-di-GMP and 

its impact on physiology and social behaviour such as motility, biofilm formation and virulence 

phenotypes in the human pathogen Salmonella enterica serovar Typhimurium UMR1 (S. 

typhimurium ATCC14028 Nalr). 

 
2.1  Salmonella typhimurium as a model organism  

Salmonella was first isolated in 1885 by Salmon and Smith from swine plague. The genus name 

was given in honour to Dr. Daniel Elmer Salmon, and the first organism of the group isolated 

was named Salmonella choleraesuis. A few years later, Loeffler isolated the "mouse typhoid 

bacillus" which was later given the name S. typhimurium [8]. 

The genus Salmonella belongs to the family Enterobacteriaceae (Enterobacteria) and 

consists of seven subspecies. Six of seven subspecies (group I, II. IIIa, IIIb, IV and VI) belong 

to the species Salmonella enterica, while subspecies group V belong to the species Salmonella 

bongori. Salmonella subterranean has recently been characterized as a third species of 

Salmonella [9]. 

On the basis of the composition of cell surface antigens, more than 2500 serovars of 

Salmonella enterica have been reported to date [10]. Salmonellae can be divided into two main 

categories on the basis of the type of disease caused in humans, the typhoidal Salmonellae (TS) 

and the non-typhoidal Salmonellae (NTS). The typhoidal Salmonellae can cause typhoid/enteric 

fever in humans, which is a systemic infection. Typhoidal Salmonellae include S. typhi and S. 

paratyphi A and B. Systemic typhoid infection caused by TS is restricted to humans [11, 12]. 

Typhoid is a global health problem, with more than 27 million cases worldwide each year 

resulting in an estimated 217,000 deaths [13]. Non-typhoidal Salmonellae (NTS) cause self-

limiting acute gastroenteritis. The NTS serovars S. typhimurium and S. enteritidis are mostly 

isolated from patients. NTS cause an estimated 93.8 million cases of infection worldwide and 

155,000 deaths each year [14, 15]. Acute diarrhoeal disease usually occurs after the ingestion of 
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non-typhoidal Salmonella with contaminated food usually water, poultry and dairy products. In 

recent years, however, contaminated vegetables and fruits such a tomatoes, melons and spinach 

act as major source of outbreaks [16, 17]. Infection can become systemic and fatal in 

immunocompromised individuals such as HIV infected, elderly, young and pregnant women 

[18]. In contrast to TS, NTS can colonize and infect a wide range of hosts besides humans, 

domestic animals and poultry [19]. S. typhimurium can cause typhoid like enteric fever in 

Salmonella susceptible mice, a disease model for typhoid fever in humans [20-22]. 

 S. typhimurium not only possesses the capability to colonize and persists inside hosts,  but 

also survives in diverse environmental niches [22]. This diversity of modes of behaviour and 

persistence in both biotic and abiotic environments makes S. typhimurium an excellent model 

organism to study both biofilm formation and host pathogen interactions. 

2.2  Biofilm formation 

Biofilm formation is a group behaviour of self-sufficient unicellular microorganisms that 

facilitates survival in adverse environments. Biofilm formation is probably the most ancient 

multicellular life form on earth as evidenced in billion-year-old fossils [23]. In broad terms, 

biofilms are “the bacterial populations enclosed in a self produced matrix adherent to each other 

and/or to surfaces or interfaces” [24]. The self-produced matrix can constitute up to 90% of the 

biomass of a mature biofilm [25]. The composition of the extracellular matrix varies depending 

on the bacterial species and environmental conditions. In general, the biofilm matrix is 

composed of exopolysaccharides, carbohydrate binding proteins, adhesive appendages, flagella 

and extracellular DNA [26-29], but can also integrate external components. The structural 

components of the biofilm matrix give rise to a robust structure with high tensile strength and 

aid protection of enclosed bacterial populations from adverse conditions in the environment 

such as desiccation, predation, radiation and in the host from oxidative stress, immune defence 

mechanisms and antibiotic resistance under medical treatment [23, 25]. Due to these features 

biofilm formation is considered as the most successful mode of life [25]. Biofilms play not only 

a role in persistence and survival of microbes, but can also contribute to virulence in several 

kinds of infections. According to a report of the National Institute of Health about 80% of 

human bacterial infections are caused by biofilm forming bacteria. Biofilm formation has been 

implicated in persistent tissue infections such as chronic wound infections, recurrent urinary 

tract infections, periodontitis and dental carries [30]. Native valve endocarditis is a severe 

cardiac disease caused by the biofilm formation of the bacteria or fungi circulating in the blood 

stream [31]. Similarly, chronic otitis media, an infection of the middle ear [32] and chronic 

infection of lungs in cystic fibrosis patients are associated with biofilm formation of the 
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bacteria. Infection on artificial devices such as catheters and orthopaedic devices is also a severe 

biofilm related health problem [33, 34].  

 

2.2.1 Developmental cycle of biofilms 

Biofilm formation is a highly organized developmental process and each distinct step is 

regulated by a variety of intracellular and environmental determinants. These steps include 

scanning of the surface to locate a suitable niche, reversible and irreversible adherence to the 

surface, formation of microcolonies, secretion of extracellular matrix components leading to the 

formation of mature biofilms and dispersal of bacteria from biofilms.  

The first step leading to biofilm formation starts from a single planktonic bacterium with 

the reversible attachment to a biotic or abiotic surface. First contact is stochastic and usually 

driven by Brownian motion, gravitational and hydrodynamic forces [35]. Environmental 

conditions and the ability of bacteria to make contact with the surface determine whether to 

reside or detach from the surface [35]. Motile bacteria have the advantage to overcome 

repulsive hydrodynamic forces utilizing flagella. Thereby, they can use near surface swimming 

or other surface associated motility to scan surface properties [36-38]. Subsequent reversible 

attachment to the surface is mediated through extracellular adhesive appendages and adhesins. 

The exact sequence of events from the approach to a surface, reversible and irreversible 

attachment is not elucidated in detail. Zhao et al have recently studied the initial steps of biofilm 

formation at the single cell level in Pseudomonas aeruginosa [39, 40]. Their experiments 

revealed that the bacterial cell leaves a trail of extracellular polysaccharide Psl as it moves along 

during surface scanning using type IV pili in a reversible attachment. PsI is required for 

irreversible attachment of bacteria. Subsequently, cells have higher affinity to PsI trails and 

deposit additional PsI. When sufficient PsI is deposited in a particular area, bacteria 

preferentially adhere to start microcolony formation. Eventually metabolic changes along with 

cell division lead to the formation of microcolonies and elevated secretion of diverse 

extracellular matrix components. Type 1 fimbriae and curli fimbriae in Escherichia coli and S. 

typhimurium [35, 41, 42], CupA pili in P. aeruginosa [43-45], Enterococcal biofilm pili and 

enterococcal adhesins such as SagA in Enterococcus faecalis [46] are examples of bacterial 

proteinaceous adhesive fimbriae or adhesins involved in mediation of  attachment to surfaces 

that lay down the grounds of the 3-D architecture of biofilms. The exopolysaccharides cellulose 

and colanic acid are major extracellular matrix components in S. typhimurium and E. coli [27, 

28, 47]. Similarly, in P. aeruginosa the extracellular polysaccharides PsI, Pel and alginate, large 

secreted adhesin CdrA, and extracellular DNA are additional major biofilm matrix components 
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[26, 48, 49]. Intercellular communication also plays a role in development of mature biofilms 

[50]. The microenvironments within a developing biofilm and mature biofilm give rise to 

subpopulations of bacteria with different gene expression in response to, for example, the local 

nutrition status and oxygen availability [51]. Together, bacterial cells along with extracellular 

matrix components constitute a 3-D mushroom like architecture of mature biofilms.  

Bacteria from mature biofilms can disperse passively through shearing forces or detach 

actively from biofilms as a result of biofilm maturation accompanied by changes in the 

environment such as nutrition availability and oxygen fluctuation [52, 53]. Developmental cycle 

of a typical biofilm is illustrated in figure 1.  

 

      Figure 1 Schematic illustration of the developmental cycle of a typical biofilm formation. 

 
 
 
2.2.2 Biofilm formation in S. typhimurium 

The model organism S. typhimurium exhibits a cyclic lifestyle in which host colonization is 

alternated with periods of survival outside the host [54]. S. typhimurium can form biofilms on 

both abiotic and biotic surfaces inside and outside of hosts.  

Most likely, biofilm formation plays a significant role in the establishment and persistence of 

mucosal infections in appropriate hosts and contributes to intestinal carriage in domestic 

animals [55].  S. typhimurium, S. typhi and S. enteritidis can form fully developed biofilms on 

gallstone surfaces within 14 days in vitro in a bile-dependent, surface-specific way [56, 57]. 

The composition of the biofilm matrix components of S. typhimurium can vary depending 

on environmental condition, the surface and the developmental stage of biofilm formation. The 

biofilm matrix components associated with mature biofilms of S. typhimurium on an epithelial 

cell surface in flow cell culture include curli fimbriae, long polar fimbriae (Lpf), bovine 
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colonization factor (Bcf), colanic acid and cellulose [58, 59]. On the other hand, flagella and the 

O-Antigen capsule appear to be the main structural components of biofilms formed on 

hydrophobic gallstone surfaces [56, 57, 60, 61]. 

 

2.2.3  Rdar (red, dry and rough) morphotype as biofilm model 

The red, dry and rough (rdar) morphotype is an extensively studied model biofilm of S. 

typhimurium and E. coli. Rdar refers to the appearance of the colony morphology of a strain 

expressing the exopolysaccharide cellulose and amyloid curli fimbriae, when grown at ambient 

temperatures (below 30°C) on a low salt agar medium containing the dye Congo red (CR). 

Under these growth conditions, cellulose-producing colonies appear pink (pdar morphotype), 

whereas curli fimbriae expressing colonies appear brown (bdar morphotype) upon binding 

Congo red. Congo red binding results in a full rdar morphotype, when both components are 

expressed. The saw morphotype expresses neither curli nor cellulose [47, 62, 63]. 

Besides cellulose and curli fimbriae, the rdar biofilm of S. typhimurium is composed of 

several other extracellular matrix components such as the large surface protein BapA [64], the 

O-antigenic capsule (O-Ag-capsule), capsular polysaccharide and lipopolysaccharide  [65, 66].  

The rdar morphotype of S. typhimurium plays a significant role in environmental 

adaptation and adherence to plant tissue as well as long-term survival under desiccation [67, 

68]. Probably, a major reason for its persistent character is the production of an abundant 

extracellular matrix consisting of proteinaceous compounds and exopolysaccharides that 

protects enclosed bacteria from adverse environmental conditions. Rdar morphotype 

components including the major activator of the rdar biofilm development CsgD also play a role 

during the bacterial host interactions. For example, Salmonella interaction with fungi is 

mediated through cellulose [69]. Similarly, rdar morphotype of S. typhimurium is required to 

colonize plant tissue as well as tumor tissue [70, 71].  

Stereomicroscopic visualization of the rdar colony of S. typhimurium at 60 times 

magnification revealed three distinct zones of a rdar colony as shown in figure 2. The rdar 

colony is surrounded by a thin white and smooth zone (zone 1). This zone can be divided into 

two distinct subzones, the outer most transparent subzone 1A and inner white subzone 1B. 

The absence of a visible color in zone 1 on CR agar plates suggests that secretion of cellulose 

and curli fibers does not occur in this region of the rdar colony. A thin reddish zone without a 

three dimensional structure, zone 2 lies beneath the zone1 is zone 2. The reddish colour of the 

zone 2 suggests that bacteria in this region started the secretion of extracellular matrix 

components. The zone 3 is the widest region and exhibits a 3-D architecture with a web-like 
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structure. Most probably, cellulose fibers and curli fimbriae are major constituents of this 

region. Zone 3 can be subdivided into two distinct subzones 3A and 3B. Subzones 3A and 3B 

have similar, although not identical 3-D architecture, and are separated from each other 

through a septum. 

 

 

 

 

 

 

 

 

 

 

 

                Figure 2 Stereo microscopic image of a typical rdar colony morphotype of S. typhimurium. 

 

 

Recently, Serra et al. have investigated the rdar colony morphology at the single cell 

level in E. coli K-12 [72]. Although the overall colony morphology appearance of E. coli K-

12 is different from S. typhimurium due to the absence of cellulose expression in E. coli K-12, 

similar distinct growth zones were observed. Electron microscopic analysis of the zone 1 at a 

single cell level revealed the presence of short and dividing cells in post-logarithmic phase 

entangled with flagella. Non-dividing and elongated cells were found in zones 2 and 3. The 

extracellular matrix components curli fibers were found in zones 2 and 3 [72].  

The occurrence of distinct zones with cells in different developmental stages with a 

characteristic three-dimensional architecture makes the rdar colony an excellent model of 

biofilm development. Similar biofilm colony architectures have also been observed in other 

bacteria such as P. aeruginosa and Bacillus subtillis [73, 74]. 

 
2.2.4 CsgD, the major rdar morphotype regulator  

The transcriptional regulator CsgD is a major control unit of rdar morphotype formation in S. 

typhimurium and E. coli. It is a response regulator containing an N-terminal Fix J type receiver 

domain with a conserved aspartate (D59) and a C-terminal LuxR-like helix-turn-helix (HTH) 

DNA-binding motif [47]. CsgD activates the expression of biofilm associated extracellular 
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matrix components. In particular, it directly activates the transcription of the csgBA operon 

encoding the structural subunits of curli fimbriae and adrA encoding the diguanylate cyclase 

AdrA, which positively regulates the activation of the cellulose synthase [75-78]. In the 

genomic context, csgD is an integral part of the curli biosynthesis operon consisting of the 

divergently transcribed csgBAC and csgDEFG operons [79, 80].  

 

 

 
Figure 3 CsgD regulatory pathways leading to rdar morphotype formation in S. typhimurium. 

 

 

Regulation of csgD expression is complex and influenced by a wide variety of 

environmental and cellular signals at the transcriptional and posttranscriptional level. Several 

global transcriptional regulators affect transcription of csgD. The outer membrane protein 

regulator  (OmpR) was one of the first trans-acting regulators shown to be required for 

activation of the Salmonella csgD promoter. Other global regulators shown to regulate csgD 
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transcription in S. typhimurium are MlrA, RpoS, H-NS, IHF and Crl. [75, 81-84]. Even more 

regulators have been identified in E. coli [85-87]. The nucleoid-associated protein H-NS has a 

negative role in csgD transcription. The csgD mRNA contains a 147 bps long 5′-UTR [82]. The 

RNA chaperon Hfq and Hfq dependent sRNAs have been shown to activate csgD expression at 

the transcriptional and posttranscriptional level [83]. Recent studies in E. coli demonstrate that 

the 5′-UTR of the csgD mRNA is a target of several small non-coding RNAs, which post 

transcriptionally downregulate the expression of csgD. The small RNAs OmrA, OmrB, McaS 

and RprA can directly bind to certain region in the 5′-UTR of csgD mRNA to suppress the 

translation of csgD [88-90]. Regulatory pathways leading to the csgD expression and expression 

of downstream genes mediating the rdar morphotype formation are summarized in figure 3. 
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2.3 Motility 

Most bacteria including S. typhimurium have the ability to adopt a motile life style through 

several ways of locomotion depending upon environmental conditions and bacterial species. For 

example Neisseria gonorrhoeae, P. aeruginosa and other bacteria can move on surfaces by the 

extension and retraction of type IV pili in a process called twitching motility [91]. Myxococcus 

spp. can move on a surface along tracks mediated by transient adhesion complexes  (gliding 

motility) [92]. Mycoplasma mobile seems to ‘walk’ on surfaces using protein appendages that 

protrude from the cell surface [93].  

A very common mode of motility most of bacteria exhibit is the motility mediated by 

propelling of flagella. Two forms of motility are mediated by flagella, the swimming in liquid 

or semi solid medium and the swarming on the surface of solid medium. The bacterial flagellum 

is a long, thin filament that protrudes from the cell body. The arrangement and number of 

flagella varies among bacterial species, although the structure of the flagellum is similar among 

bacteria [94]. 

 

2.3.1 Motility in S. typhimurium 

S. typhimurium has the capability to swim in liquid or semisolid medium as well as to swarm on 

the surface of solid medium mediated by propelling of flagella. S. typhimurium in its planktonic 

form harbours up to 20 peritrichous flagella uniformly distributed on the surface of the cell [95].  

 

2.3.2 Structure of the flagellum in S. typhimurium 

 The flagellum is a complex filamentous structure as shown in figure 4. It consists of three 

major parts, a basal body, a propeller (filament) and a joint (hook) that connects the two parts 

[96]. The basal body consists of a rotor and a stator located in the cytoplasm and the inner 

membrane connected to the outer membrane through a drive shaft. The helical filament is up to 

15 µm long and composed of up to 30,000 subunits of the two proteins FliC and FljB in 

variable composition [97]. The universal joint known as the hook connects the basal body and 

the filament. It is a 55 ηm long flexible structure consisting of 120 monomeric subunits of the 

protein FlgE [98]. It transmits the torque generated by the motor to the filament in order to 

propel the flagellar filament [99].  
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Figure 4 Structure and assembly of the flagellum of S. typhimurium. Adopted and modified from 

reference [96]. 

 

Propelling of flagella in order to swim or swarm is a highly organized process. 

Conformational changes in the stator upon ion binding lead the motor to rotate. The motor can 

be rotated either clockwise (CW) or counter clockwise (CCW) in order to control the direction 

of flagellar rotation. The torque generated upon rotation of the motor is transmitted to the 

filament through the hook. As a result the filament is propelled in the clockwise or counter 

clockwise direction. Counter clockwise flagella rotation leads to smooth swimming, while 
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clockwise rotation leads to tumbling and change in direction of movement [94]. Methyl-

accepting chemotaxis proteins (MCPs) located in the inner membrane sense environmental 

stimuli and transmit signals to the motor through a two-component phosphorelay system. 

Upon sensing stimuli, the phosphorylated form of chemotaxis protein CheY interacts with 

FliM, the component of motor switch complex to bias the rotation of motor at the CW state 

[100, 101]. The phosphorylation state of CheY is regulated by a kinase (CheA) and 

phosphatase (CheZ, CheC, or CheX) [102]. The repellent signals enhance the likelihood that 

the motor rotates in clockwise direction. As a consequence bacteria move away from the signal 

[103, 104].  

2.3.3 Regulation of flagella biogenesis 

The biogenesis of flagella requires involvement of more than sixty genes collectively termed as 

flagellar regulon [105]. Transcription of the flagellar regulon genes of S. typhimurium is 

hierarchically regulated in response to environmental stimuli and flagella assembly [106]. On 

the basis of this hierarchical regulation, flagellar regulon genes can be divided into three classes 

[107] as shown in figure 5. The flagellar class I operon flhDC is at the top of this hierarchy and 

encodes the master regulator of flagella biogenesis [108].   

 The product of the class 1 flagella genes, the transcriptional regulator FlhD4C2 functions 

as a transcriptional activator to express genes harbouring class 2 flagellar promoters [109]. 

FlhD4C2 directs the transcription of more than 30 genes, which primarily code for the structural 

components of the basal body and the hook. The class 2 gene products also include regulators of 

flagella functionality and the sigma factor δ28 (FliA) that directs the transcription of class 3 

flagella regulon genes. Products of the class 3 operons are required late in the flagella assembly 

process and include hook-associated proteins (HAPs), stator components, flagellin subunits, the 

chemosensory system and additional components controlling the direction and speed of flagellar 

rotation. Expression of class 3 genes is positively regulated by the class 2 flagella sigma factor, 

the FliA and negatively by the class 2 flagella regulator FlgM. FlgM inhibits FliA functionality 

until hook-basal body completion, at which time FlgM is secreted out from the cells through 

the hook-basal body structure. Released FliA turns on transcription of class 3 operons to 

achieve filament formation and motor assembly [110, 111]. 
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  Figure 5 Hierarchical regulation of flagella biogenesis. Adopted from reference [94].  

 
2.3.4 Regulation of FlhD4C2, the master regulator of flagella biogenesis 

 
The flhDC operon is expressed from a class 1 promoter that is tightly regulated under the 

control of a number of global regulators. The transcription of the flhDC operon is complex and 

influenced by a number of factors such as DNA supercoiling, growth phase, temperature and 

surface-liquid transition. Six transcriptional start sites have been identified in the promoter 

region of flhDC [112]. The global regulator cAMP-CRP (cAMP- cAMP receptor protein) 

activates the RNA polymerase loaded with the house keeping sigma factor 70 directed 

transcription of flhDC by binding to the promoter DNA [113]. The two-component system 

QseBC has also been shown to positively regulate the transcription of flhDC in E. coli K-12 

[114]. The transcriptional regulator OmpR suppresses the transcription of flhDC in E. coli K-12 

[115], however in Yersinia pseudotuberclosis it behaves in a opposite way and activates the 

transcription of flhDC [116]. The phosphorelay system RcsAB [117] and nucleoid-associated 

protein H-NS [113] suppress the transcription of flhDC directly by binding to the promoter 



 

 15 

DNA whereas integration host factor IHF indirectly suppresses the transcription of flhDC as 

shown in enteropathogenic E. coli [118]. The flhDC promoter is also negatively regulated by its 

own product, the FlhD4C2 in the absence of a functional class 2 flagella sigma factor FliA, 

whereas FliA positively regulates the transcription of flhDC thus a positive feed back loop is 

built up [114].     

 Posttranscriptional regulation of flhDC expression is also complex. The flhDC mRNA is 

the target of several regulatory small RNAs and the RNA binding protein CsrA [119]. The 

sRNA McaS (multicellular adhesive sRNA) enhances the expression of flhDC by directly 

binding to two regions in the 5′-UTR of flhDC mRNA [120]. In contrast, the four sRNAs ArcZ, 

OmrA, OmrB and OxyS suppress the expression of flhDC by directly base pairing upstream and 

partially overlapping the Shine Dalgarno sequence of flhDC mRNA as shown in E. coli [121]. 

Most likely, these sRNAs suppress translation by interfering with ribosome binding. The RNA 

binding protein CsrA stabilises flhDC mRNA by protecting it from RNaseE cleavage [119]. 

 The FlhD and FlhC proteins form a hetero-multimeric complex (FlhD4C2), which is also 

regulated at the posttranslational level. The protease ClpXP degrades the FlhD4C2 complex 

[122]. The molecular chaperone DnaK is required for the assembly of a fully functional 

FlhD4C2 complex [123]. The flagellar protein FliT and the EAL domain protein YdiV 

(STM1344 in S. typhimurium) bind to the FlhD4C2 complex and inhibit its function on the 

posttranslational level to affect downstream gene expression [122, 124-126].   
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2.4 Host pathogen interactions during Salmonella infection 

The infection dose of Salmonella to establish disease is approximately 50,000 bacteria with an 

incubation time of 6 to 72 hours. After ingestion, Salmonella maintains the pH homeostasis 

within the acidic environment of the stomach by activation of the acid tolerance response 

(ATR) [22]. Subsequently, leads to an acute inflammatory diarrhoeal disease in the small bowel 

and colon as the consequence of a multistep pathogenesis process. These steps include efficient 

colonization of the colon, penetration of the mucosal epithelial barrier, secretion of virulence 

factors into host cells and a subsequent mucosal immune response leading to colitis. 

Flagella mediated movements along with chemotaxis are major facilitators for bacteria to 

approach the mucous layer of the small intestine [127, 128]. S. typhimurium possesses several 

fimbriae such as type 1 fimbriae, curli fimbriae and non fimbrial adhesins such as large surface 

protein SiiE to mediate attachment to the epithelial cells and extracellular matrix components of 

the mucosal lining [129-134]. The molecular mechanisms of adherence of bacteria to the 

epithelial cell surface need to be elucidated in detail. 

 In order to cause disease, S. typhimurium breaches mucosal barrier through three major 

pathways (i) the classical pathway, in which the bacterium invades mucosal epithelial cells and 

induces inflammation 4–8 hours post infection [135-137], (ii) an alternative pathway in which 

bacterium is directly captured by dendritic cells, which then serve as the initial reservoir for 

pathogen growth in the lamina propria [137-139] and (iii) penetration of the mucosal epithelium 

by Salmonella through M cells overlaying Peyer’s patches (PP). The M cells help in transport of 

bacteria across the epithelial barrier via transcytosis [140]. 

 In the classical pathway, after attachment to epithelial cells, S. typhimurium establishes 

irreversible contact to epithelial cell through a molecular syringe called Type three secretion 

system (T3SS) [141, 142]. Subsequently, effector molecules are secreted into the cytosol of host 

cells through the T3SS to rearrange the cytoskeleton of cells and to facilitate entry of bacteria 

into cell [143, 144]. Genes encoding structural components of the T3SS-1 and several effector 

proteins such as AvrA, SipA, SipB, SipC, SipD, SlrP, SptP and SspH1 are located on the 

Salmonella pathogenicity island 1 (SPI-1). Other effector proteins encoded by genes located 

outside the SPI-1 locus are SopA, SopB, SopD, SopE and SopE2 [136, 145, 146]. The effector 

proteins lead to modified physiology and cytoskeleton rearrangements of the host cell in 

multiple ways. For example, SipA and SipC induce host cell actin rearrangements by directly 

nucleating and bundling actin filaments, whereas SopE and SopE2 activate Rho GTPases 

Cdc42 and Rac1 to induce actin rearrangements [147-150]. These modifications lead to the 

formation of membrane ruffles that engulf adherent bacteria in large vesicles called Salmonella 
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containing vacuoles (SCVs) in the host cell cytoplasm. Salmonella not only survives, but also 

replicates in these vacuoles [151, 152].  

Induction of a pro-inflammatory response in the intestinal epithelium initiates recruitment 

and transmigration of phagocytes from the submucosal space into the intestinal lumen. This 

process is associated with the production of several pro-inflammatory cytokines such as tumor 

necrosis factor alpha (TNF-α) and interleukin-8 (IL-8) into the gut lumen along with water, 

which contributes to the symptoms of disease that appears as watery diarrhoea [152-154].  

T3SS-2 effector proteins from the second type three secretion system (T3SS-2) are 

required for survival of Salmonella in macrophages and to escape host immune response and 

also aid in SCV biogenesis [138, 155, 156].  

 

2.4.1 Immunogens in S. typhimurium 

 Flagellin, the monomeric subunit of polymeric flagella is a pathogen associated molecular 

pattern (PAMP) of S. typhimurium and other bacteria that plays an important role in triggering 

of an innate immune response [157, 158]. The flagellin antigen (H-antigen) is a highly variable 

molecule. This variability of the H antigen is used to classify S. enterica into different serovars. 

Flagellin monomers are secreted from the axial channel of the flagella filament until its distal 

end where monomers are polymerized in a helical way to elongate the flagella filament [159, 

160]. However, the innate immune response is solely triggered by secreted flagellin monomers 

[161]. The flagellin binds to toll like receptor 5 (TLR5) located, for example, on the basolateral 

surface of intestinal epithelial cells [161]. After recognition of the antigen, TLR5 triggers a 

signalling cascade, which leads to the activation of transcription factor NF-KB and 

subsequently to an immune response such as secretion of the cytokine IL-8. The curli fimbriae 

subunit CsgA is also a PAMP, binding to TLR2 in order to trigger an immune response [162]. 
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2.5 Cyclic diguanosine monophosphate (c-di-GMP) signalling 

The bacterial second messenger c-di-GMP was originally discovered by Moshe Benzimen and 

colleagues as an allosteric activator of the cellulose synthase in the α-proteobacterium 

Gluconacetobacter xylinus, previously known as Acetobacter xylinum [163]. Later on it was 

established as a universal bacterial second messenger [164-166]. C-di-GMP is exclusively 

found in bacteria, but not in archea [167]. C-di-GMP levels in the cell are regulated by the 

inverse action of GGDEF and EAL/HD-GYP domain proteins. These c-di-GMP metabolizing 

proteins were named after conserved amino acid motifs. GGDEF/EAL/HD-GYP domain 

proteins occur almost ubiquitously among bacterial species. Also the genome of some plants 

and lower Eukaryotes such as sea anemone, hydra and Dictyostelium encode GGDEF/EAL 

domain proteins [168, 169]. It has recently been shown that the social amoeba Dictyostelium 

synthesizes c-di-GMP [170]. 

 

2.5.1 C-di-GMP metabolism 

C-di-GMP is synthesized from two GTP molecules by the diguanylate cyclase (DGC) activity 

of the GGDEF domain and degraded by the phosphodiesterase activity (PDE) of the EAL or 

HD-GYP domain. To produce a c-di-GMP molecule, GGDEF domain proteins function as 

homodimers where each monomer contributes one bound GTP molecule to form a 

phosphodiester bond. Two divalent metal ions Mg+2 or Mn+2 are required for phosphodiester 

bond formation between two GTP molecules to form the pppGpG, an intermediate product that 

is converted into c-di-GMP with the release of two inorganic phosphorus molecules [163, 171, 

172]. The first two-glycine residues of GGDEF motif are involved in GTP binding whereas 

fourth residue glutamate is involved in metal ion coordination. The third amino acid 

aspartate/glutamate is required for catalysis and metal ion coordination [172, 173]. The first 

crystal structure of the GGDEF domain protein PleD revealed that c-di-GMP can bind to a 

RxxD motif of the GGDEF domain [174]. The RxxD motif is located five amino acids 

upstream of the GGDEF motif. Upon c-di-GMP binding to the RxxD motif, DGC activity of the 

GGFEF domain is inhibited. The RxxD motif is conserved in approximately half of the GGDEF 

domain proteins and also named  “I site” (inhibitory site) due to its allosteric inhibitory function 

[173, 174]. 

C-di-GMP can be hydrolysed into pGpG or two GMP molecules by the 

phosphodiesterase activity of either the EAL or HD-GYP domain, respectively [163, 175-177]. 

The EAL domain proteins breakdown the phosphoester bond by hydrolysis and a linear di-GMP 

molecule (pGpG) is formed. Two metal ions either Mn2+ or Mg2+ coordinate this hydrolysis. 
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Site directed mutagenesis studies and analysis of the crystal structure of the EAL 

phosphodiesterase RocR from P. aeruginosa revealed that seven amino acids were directly or 

indirectly involved in the positioning of the Mg2+ ion required for catalysis [178]. The first 

glutamate residue of the EGVE motif of the EAL domain serves as a general base catalyst, 

which accepts the proton from a water molecule. The created hydroxid ion subsequently 

performs the nucleophilic attack, which leads to the breakage of the phosphoester bond [178]. 

In addition, the conserved DFG(T/A)GYSS motif of the loop 6 of the EAL domain which 

connects elements of secondary structure, a β-sheet and an α-helix was suggested to be 

essential for catalytic activity [179, 180]. Although the majority of EAL domain proteins 

characterized so far exist as dimers [178, 181, 182], EAL domains can retain some 

phosphodiesterase activity as monomers [183].  

GGDEF/EAL/HD-GYP domain proteins abundantly occur in bacterial species. The 

number of GGDEF/EAL domain proteins encoded in single genomes varies from none to 

several dozens [167]. For example, the genome of the Vibrio vulnificus encodes 66 GGDEF 

and 33 EAL domain proteins. The abundance of c-di-GMP metabolizing proteins in a single 

bacterial genome indicates a complex regulation of c-di-GMP signalling by spatial and 

temporal activity patterns of GGDEF and EAL domain proteins [1, 184]. 

 

2.5.2 C-di-GMP receptors 

As compared to c-di-GMP metabolizing proteins, less is known about c-di-GMP binding 

proteins. As c-di-GMP binding proteins have been identified so far are PilZ domains, the RxxD 

motif of enzymatically non-functional GGDEF domain proteins, enzymatically inactive EAL 

domain proteins, FleQ of P. aeruginosa, a member of the NtrC/DctD family of transcriptional 

regulators, CsgD like proteins such as VspT of V. cholerae and CRP/FNR-type transcriptional 

activators [185-189]. 

BcsA, the cellulose synthase in G. xylinus, E. coli, S. typhimurium and other bacteria, 

YcgR in E. coli and S. typhimurium, DgrA in Caulobacter crescentus and PlzCD in V. cholerae 

are examples of c-di-GMP binding PilZ domain proteins [190-193]. Upon c-di-GMP binding 

the PilZ domain protein YcgR inhibits the flagella associated motility and the PilZ domain 

protein BcsA is activated for cellulose biosynthesis [163, 194].  

Catalytically inactive EAL domain proteins such as FimX of P. aeruginosa, LapD of P. 

fluorescens and YkuI of B. subtilis have been shown to bind c-di-GMP [195-197].   

In addition to protein receptors, c-di-GMP can also bind to riboswitches such as GEMM 

domain riboswitches to posttranscriptionally regulate target genes [198]. 
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Figure 6 Schematic representation of c-di-GMP turnover by GGDE/EAL domain proteins and c-di-GMP receptors. 
Enzymatically active GGDEF, EAL, and HD-GYP domains are shown on a white background. Enzymatically 
inactive domains involved in substrate binding are shown in light gray, and domains that are no longer 
associated with c-di-GMP are shown in dark gray (Adopted from [199] ). 
 
 
2.5.3 Physiological functions associated with c-di-GMP signalling 

In general, c-di-GMP modulates the physiology of bacteria. The most pronounced roles of c-di-

GMP signalling are to mediate transition from motility to sessility and from acute infection to 

chronic infection [23, 184]. However, c-di-GMP regulates also other physiological functions in 

several bacteria. For example, survival and transmission of the obligate intracellular pathogen 

Borrelia burgdorferi in insect and mammalian hosts [200], heterocyst formation in 

Cyanobacteria [201], multicellular development and antibiotic production in Streptomycetes 

[201], long-term nutritional stress survival and lipid metabolism and transport in Mycobacteria 

these structures is that most likely no large conformational
changes in the GTP-binding half-sites of the GGDEF domains
take place during catalysis (14), and therefore, the reason that
GGDEF domains display DGC activity is that they come together
and form a catalytically competent homodimer. This suggests that
regulatory interactions that keep the GGDEF domains physically
separated from each other would prevent their DGC activity.

Two mechanisms appear to affect formation of the catalytically
competent GGDEF homodimer. One involves conformational re-
arrangements in response to changes in the sensory domains
linked to the GGDEF domains. While biochemical evidence for
activation of DGCs by various primary signals is growing, no
structural information is currently available on how GGDEF do-
mains are activated by environmental signals. However, DGC ac-
tivation by secondary mechanisms derived from primary signals,
e.g., protein phosphorylation, has been revealed using biochemical
and structural biology approaches. Complex domain and protein
subunit rearrangements that bring the GGDEF domains in close

proximity have been observed by comparing X-ray structures of the
(pseudo)phosphorylated and nonphosphorylated states of PleD and
Pseudomonas aeruginosa WspR (PA3702; REC-GGDEF domain ar-
chitecture) (86, 92). Phosphorylation is a common (Table 3) and
powerful mechanism for GGDEF domain activation. For example,
the sole DGC (REC-GGDEF) of the pathogenic spirochete Borrelia
burgdorferi, Rrp1 (BB_0419), is completely inactive in vitro until its
REC domain is phosphorylated (42).

The second mechanism affecting activation/inactivation of
DGCs involves feedback inhibition. The PleD protein crystallized
in the presence of c-di-GMP revealed a product-inhibited confor-
mation where a base-intercalated dimer of c-di-GMP molecules
(Fig. 1C and D) is bound to the inhibitory (I) site (36, 113). A
four-residue motif constituting the I site, RxxD (where “x” is any
residue), is positioned five amino acids upstream of the GG(D/
E)EF motif. Despite primary sequence proximity between the I
and A sites, they are located antipodal to each other (36, 86)
(Fig. 5A). Additional residues coordinating binding of the c-di-

FIG 2 Basic biochemistry of c-di-GMP synthesis, degradation, and c-di-GMP receptors. The diagrams show the protein domains involved in c-di-GMP
metabolism and signaling. Enzymatically active GGDEF, EAL, and HD-GYP domains are shown on a white background. Enzymatically inactive domains
involved in substrate binding are shown in light gray, and domains that are no longer associated with c-di-GMP are shown in dark gray. (Adapted from reference
456.)
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[202, 203] have been reported to be controlled by c-di-GMP signalling as recently reviewed  

[169]. 

 

2.5.4 C-di-GMP mediated regulation of biofilms 

 
Promotion of biofilm formation is probably one of the most ancient roles of c-di-GMP 

signalling [164, 168, 204, 205]. C-di-GMP has been shown to regulate several kinds of biofilms 

including pellicle formation at the air liquid interface, rdar morphotype formation on agar 

plates, adhesion to abiotic surfaces and biofilm formation in continuous flow systems. 

Moreover, the expression of diverse kinds of extracellular matrix components including 

exopolysaccharides, adhesive pili, non-fimbrial adhesins as well as extracellular DNA is 

associated with c-di-GMP signalling [26, 47, 206].  

Synthesis of exopolysaccharides such as cellulose in E. coli, S. typhimurium and G. 

xylinus is regulated by c-di-GMP. C-di-GMP directly activates cellulose biosynthesis in these 

bacteria by binding to the PilZ domain of BcsA, the cellulose synthase [163, 190]. Other 

exopolysaccharides such as PAG (poly-β-1,6-N-acetylglucosamine) in Yersinia pestis, E. coli, 

and Pectinobacterium atrosepticum [207-210] and alginate, Pel and Psl in P. aeruginosa are 

also positively regulated by c-di-GMP signalling [189, 211, 212].  

Besides exopolysaccharides, other major constituents of bacterial biofilms are 

proteinaceous fimbriae, which can also be regulated by c-di-GMP. For example, c-di-GMP 

regulates the expression of type 3 fimbriae in Klebsiella pneumoniae at the transcriptional level 

by binding to MrkH, a transcriptional regulator of the type 3 fimbrial operon [213, 214]. 

Similarly, c-di-GMP activates the expression of curli fimbriae in S. typhimurium and E. coli and 

Cup fimbriae in P. aeruginosa [77, 178, 215]. In addition, c-di-GMP regulates type IV pili in P. 

aeruginosa and Xanthomonas axonopodis [216, 217]. C-di-GMP also positively regulates 

various non-fimbrial adhesins such as LapA at the posttranslational level in Pseudomonas 

putida and Pseudomonas fluorescens [196, 218] and a non-fimbrial β-helical adhesion at the 

transcriptional level in P. aeruginosa [219]. 

 

2.5.5  C-di-GMP mediated regulation of motility 

 
Mediation of transition from motility to sessility is probably the most universal switch regulated 

by c-di-GMP. To tightly control transition, besides the promotion of biofilm formation, c-di-

GMP also inhibits motility. C-di-GMP binds to the PilZ domain protein YcgR in S. 
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typhimurium and E. coli. Upon c-di-GMP binding, YcgR interacts with FliG and FliM, the 

subunits of the flagella switch complex to induce CCW rotational bias and slow down the 

flagellar motor rotation. As a consequence, smooth swimming for a longer time with fewer 

frequencies of tumbling intervals is achieved [220-222]. According to another proposed model, 

c-di-GMP bound YcgR directly interacts with MotA, the stator component of the flagella and 

thereby reduces the rotation speed of the motor [223]. In summary, c-di-GMP interacts with the 

motor function of flagella through YcgR to inhibit the swimming of bacteria.   

In addition to posttranslational regulation of motility, c-di-GMP also regulates motility 

at the transcriptional level. For example, in V. cholerae, the transcriptional factor VpsT requires 

c-di-GMP for its activity to suppress flagellar gene expression [224].  

 

2.5.6 C-di-GMP mediated regulation of virulence 

In general terms c-di-GMP signalling mediates the transition from an acute infection to a 

chronic and persistent infection. C-di-GMP has been shown to regulate several virulence 

mediating processes of bacteria such as adherence and invasion of host cells, killing of host 

cells, secretion of virulence factors and resistance to the host immune system [225-228]. Lower 

levels of c-di-GMP are usually associated with an enhanced acute virulence phenotype. For 

example, low levels of c-di-GMP promote the expression and secretion of cholera toxin, an 

acute virulence phenotype in V. cholerae [229]. Similarly, higher levels of c-di-GMP inhibit 

acute infection of Y. pestis through expression of extracellular biofilm matrix components [230]. 

C-di-GMP signalling promotes the persistence of P. aeruginosa infection to the lungs in cystic 

fibrosis patients by stimulating the production of extracellular matrix components [231, 232]. 

Infection and virulence of B. burgdorferi in mice is dependent on c-di-GMP [200, 233].  

However, genetic screens of c-di-GMP metabolizing proteins for virulence phenotypes 

in P. aeruginosa, X. campastris, V. cholerae and S. typhimurium revealed a complex picture 

where c-di-GMP producing and degrading proteins affect the certain virulence phenotypes in 

the same direction [228, 234-236].  

  

2.5.7 Regulation of c-di-GMP signalling  

Intracellular levels of c-di-GMP can be modulated in response to environmental stimuli. Most 

of GGDEF/EAL domain proteins are located at the C-terminus of membrane associated and 

sensory domains such as a PAS/PAC domain, MASE domain and GAF domain. Proteins 

containing such sensory domains monitor cytoplasmic or periplasmic levels of their 

respective ligands and respond by altering the synthesis or hydrolysis of c-di-GMP. Several 
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diguanylate cyclases and phosphodiesterases that sense various environmental stimuli such as 

oxygen, nitric oxide, the redox state and light have been characterized [182, 237-241]. 

Similarly, stand-alone sensory domains encoded by neighbouring genes may also interact with 

diguanylate cyclases and phosphodiesterases [242, 243]. The detailed molecular mechanism by 

which the sensory domain transmits the environmental signals to catalytic domain needs to be 

elucidated in more detail in most of cases.  

 

2.5.8 Regulation of c-di-GMP by CsrA 

The carbon storage regulator CsrA, a RNA binding protein, is a major regulator of the transition 

from motility to sessility in E. coli. CsrA is a 61 amino acid protein and functions as a 

homodimer with two RNA binding surfaces located on the opposite sides of the protein [244]. 

CsrA regulates the expression of target genes at the posttranscriptional level by binding the 

mRNA [245-247]. CsrA plays an important role in the regulation of c-di-GMP metabolism by 

regulating mRNA transcripts of c-di-GMP metabolizing proteins and structural proteins 

involved in c-di-GMP dependent processes [248, 249]. In E. coli, CsrA suppresses the 

expression of two diguanylate cyclases YcdT and YdeH [248]. Both CsrA regulated 

diguanylate cyclases inhibit motility. YdeH is also required for PAG mediated biofilm 

formation [246, 250]. 

 

2.5.9 C-di-GMP signalling in S. typhimurium 

The S. typhimurium genome encodes twenty-one GGDEF/EAL domain proteins. Of these five 

proteins contain a GGDEF domain, nine contain an EAL domain and seven contain both a 

GGDEF and an EAL domain. S. typhimurium  does not encode any HD-GYP domain protein 

[251]. GGDEF domains of S. typhimurium can be divided into two major classes on the basis of 

conserved signature residues required for diguanylate cyclase activity. In eight of twelve 

domains all residues required for diguanylate cyclase activity are conserved. These class 1 

GGDEF domain proteins are STM0385, STM1283, STM1703, STM1987, STM2123, 

STM2672, STM4551 and STM3388. All of these proteins are active diguanylate cyclases as 

demonstrated through biochemical or genetic analysis [77, 164, 252-255]. In four GGDEF 

domain proteins STM2410, STM2503, STM3375 and STM3615, not all the residues required 

for catalytic activity, including the residues of the GGDEF motif, are conserved. These proteins 

belong to class 2 GGDEF domain and have no diguanylate cyclase activity. 
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Figure 7 Classification of GGDEF/EAL domain proteins of S. typhimurium (A) GGDEF domain proteins  (B) EAL 
domain proteins of S. typhimurium (Adopted from paper I). 

 

There are three classes of EAL domains [180]. In the EAL domain proteins STM0343, 

STM0468, STM1703, STM1827, STM2503, STM3388, STM3615 and STM4264, residues 

required for c-di-GMP dependent phosphodiesterase activity are conserved. These proteins are 

classified as class 1 EAL domain proteins. STM1703 has been demonstrated through 

biochemical and genetic analysis and STM4264 and STM1827 with genetic analysis to be 

active phosphodiesterases [4, 204, 253]. The phosphodiesterase activity of other class 1 EAL 

domain proteins still needs to be demonstrated. Three EAL domain proteins STM2215, 

STM3611 and STM2410 lack the conserved loop 6 and are classified as class 2 EAL domain 
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proteins. STM3611 and STM2215 have been demonstrated to be phosphodiesterases by 

biochemical analysis [4, 164, 256]. In four EAL domain proteins STM1344, STM1697, 

STM2123 and STM3375, not all residues required for catalytic activity are conserved. These 

proteins are classified as class 3 EAL domain proteins. Class 3 EAL domain proteins are 

predicted to be catalytically inactive as verified experimentally for the STM1344, STM1697 

and STM3375 (CsrD in E. coli). STM1344 and STM1697 even do not bind c-di-GMP. 

Classification of GGDEF/EAL domain proteins in S. typhimurium on the basis of conserved 

signature residues is shown in Figure 7. 

Biological roles for the most GGDEF/EAL domain proteins in regulation of biofilm 

formation, motility and virulence phenotypes has been demonstrated by us and other research 

groups as summarized in tables 1-3. 
 
2.5.10 Unusual EAL domain proteins in S. typhimurium 

Class 3 EAL domain proteins do to not possess phosphodiesterase activity and some even do 

not bind their substrate (Paper II and Paper III). However, such kind of proteins have been 

shown to possess other regulatory roles in bacterial physiology. For example, the homologue of 

the class 3 EAL protein STM3375 in E. coli, CsrD has been shown to bind the global regulatory 

sRNAs CsrB and CsrC to facilitate their degradation by RNase E [257]. Similarly, the class 3 

EAL proteins STM1344 (YdiV) and STM1697 interact with the transcriptional regulator 

FlhD4C2 to inhibit the expression of class 2 flagella regulon genes as discussed in section 2.3.4.  

Mass spectrometric analysis of purified STM1344 revealed two major mass peaks of 

STM1344, one consistent with the molecular weight of STM1344 protein as determined by the 

amino acid composition and one with a 305 Da higher molecular weight. Glutathione, the three 

amino acid (Cys-Gly-Glu) long redox-active substance has this molecular weight, suggesting 

that STM1344 had become glutathionylated during overexpression. Specific in vitro 

glutathionylation of STM1344 was demonstrated as fluorescently labeled glutathione binds to 

STM1344. Specificity of the glutathionylation of STM1344 was demonstrated by enzymatic 

cleavage of STM1344 bound glutathione by glutaredoxin 1. Subsequent mass spectrometric and 

fluorometery based assays of purified cysteine mutants of STM1344 revealed that glutathione 

was covalently linked to the cysteine 59 of STM1344 as shown in figure 8. The X-ray 

crystallographic structure of STM1344 indicated that cysteine 59 residue is located opposite to 

the FlhD4C2 interacting interphase of STM1344 and therefore, glutathionylation does not have a 

role in the interaction of STM1344 with FlhD4C2 (Wigren E., Ahmad I. Coppo L., Nimtz M., 

Holmgren A., Lindqvist Y. and Römling U. unpublished data).  
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Figure 8 STM1344 is glutathionylated at cysteine 59. Fluorescence intensity of purified STM1344 and cysteine 
mutants treated with fluorescent labelled glutathione indicated by blue bars. Fluorescence labelled glutathione 
binding of cysteine 59 mutant of STM1344 is significantly reduced as compared to wild type protein, indicating 
that C59 residue is the target of glutathionylation. Treatment of fluorescent glutathionylated proteins with 
glutaredoxin1 significantly reduces the fluorescent intensity of wild type STM1344 and cysteine 71 and cysteine 
193 mutants of protein as shown by red bars. Wt= purified wild type STM1344, 59= STM1344 with cysteine 59 
replaced by alanine, 71= STM1344 with cysteine 71 replaced by alanine, 193= STM1344 with cysteine 193 
replaced by alanine, SSGE= Fluorescent labelled glutathione, GRX1= Glutaredoxin 1. 
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Table 1 GGDEF domain proteins in S. typhimurium 

Protein	   Domain	  organization	  
DGC	  

activity	  
Associated	  phenotypes	   Ref.	  

STM0385	  

(AdrA,	  

YaiC)	  

	  
Yes	   activates	  	  the	  cellulose	  

synthase	  BcsA.	  
[77,	  164]	  

STM1283	  

(YeaJ)	   	  

Yes	   inhibits	  IL-‐8	  stimulation,	  
promotes	  invasion	  of	  HT-‐29	  
epithelial	  cells,	  promotes	  
cellulose	  production,	  protects	  
Salmonella	  from	  host	  IgA	  
through	  the	  production	  of	  
extracellular	  matrix	  
components.	  

[236,	  252]	  

(Paper	  I)	  

	  

STM1987	  

(YedQ)	   	  

Yes	   promotes	  rdar	  morphotype	  
and	  csgD	  expression,	  promotes	  
cellulose	  production	  in	  	  ATM	  
medium,	  inhibits	  invasion	  of	  
HT-‐29	  epithelial	  cells.	  

[236,	  

255]	  

(Paper	  I)	  

(Paper	  V)	  

STM2672	  

(YfiN)	   	  
Yes	   promotes	  colonization	  of	  the	  

gastrointestinal	  tract	  of	  
streptomycin	  treated	  mice,	  
inhibits	  motility	  in	  E.	  coli,	  
promotes	  type	  3	  fimbriae	  
expression	  in	  K.	  pneumoniae.	  

[236,	  258,	  

259]	  

(Paper	  I)	  

STM4551	  

	  
	  

Yes	   promotes	  rdar	  morphotype	  
and	  csgD	  expression,	  	  
promotes	  colonization	  of	  the	  
gastrointestinal	  tract	  of	  	  
streptomycin	  treated	  mice,	  
inhibits	  invasion	  of	  HT-‐29	  
epithelial	  cells,	  restores	  a	  
defect	  in	  virulence	  due	  to	  
deletion	  of	  all	  twelve	  GGDEF	  
domain	  proteins	  in	  S enteritidis.	  

[236,	  254]	  

(Paper	  V)	  
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Table 2 EAL domain proteins in S. typhimurium 

Protein	   Domain	  organization	   PDE	  

Activity	  

Associated	  phenotypes	   Ref.	  

STM0343	  

	  
Predicted	   promotes	  invasion	  of	  	  HT-‐29	  

epithelial	  cells.	  
[236]	  

(Paper	  I)	  

STM0468	  

(YlaB)	   	  
Predicted	   promotes	  invasion	  of	  HT-‐29	  

epithelial	  cells	  and	  IL-‐8	  
stimulation.	  

[236]	  

(Paper	  I)	  

STM1344	  

(YdiV)	   	  
No	   inhibits	  motility	  by	  interacting	  

with	  FlhD4C2,	  enhances	  rdar	  
morphotype	  and	  csgD	  
expression,	  mediates	  protection	  
of	  S.	  typhimurium	  from	  host	  
caspase-‐1	  inflammatory	  
response,	  mediates	  fitness	  of	  S.	  
typhimurium	  during	  systemic	  
infection	  in	  mice.	  

[122,	  

125,	  251,	  

260,	  

261]	  

(Paper	  

III)	  

STM1697	  
	  

No	   inhibits	  invasion	  of	  HT-‐29	  
epithelial	  cells,	  inhibits	  motility,	  
enhances	  rdar	  morphotype	  and	  
csgD	  expression,	  mediates	  
fitness	  of	  S.	  typhimurium	  during	  
systemic	  infection	  in	  mice.	  

[236,	  

261]	  

(Paper	  

II)	  

STM1827	  
	  

Yes	   inhibits	  rdar	  morphotype	  and	  
csgD	  expression.	  

[4,	  164]	  

STM2215	  

(Rtn)	  
	  

Yes	   promotes	  invasion	  of	  HT-‐29	  
epithelial	  cells,	  promotes	  
colonization	  of	  	  liver	  and	  spleen	  
of	  	  infected	  mice,	  	  mediates	  
fitness	  of	  S.	  typhimurium	  during	  
systemic	  infection	  in	  mice.	  

[236,	  

256,	  

261]	  

(Paper	  I)	  

STM3611	  

(YhjH)	   	  
Yes	   inhibits	  rdar	  morphotype	  and	  

csgD	  	  expression,	  promotes	  
motility	  and	  invasion	  of	  HT-‐29	  
epithelial	  cells.	  	  

[4,	  164,	  

236]	  

(Paper	  I)	  

STM4264	  

(YjcC)	   	  
Yes	   promotes	  invasion	  of	  HT-‐29	  

epithelial	  cells	  and	  inhibits	  rdar	  
morphotype	  and	  csgD	  
expression.	  	  

[4,	  236]	  

(Paper	  I)	  

 

    
 

 

 

 



 

 29 

Table 3 GGDEF-EAL domain proteins in S. typhimurium 

Gene	  ID	   Domain	  organization	   Enzymatic	  

activity	  

Associated	  

phenotypes	  

Ref.	  

STM1703	  

(YciR)	  
	   DGC	  

PDE	  

inhibits	  rdar	  
morphotype	  
formation	  and	  csgD	  
expression,	  
promotes	  IL-‐8	  
stimulation.	  

[4,	  236]	  

(Paper	  V)	  

STM2123	  

(YegE)	   	  
DGC	   promotes	  rdar	  

morphotype	  
formation	  and	  	  csgD	  
expression	  ,	  promotes	  
invasion	  of	  HT-‐29	  
epithelial	  cells.	  

[77,	  236]	  

STM2410	  

(YfeA)	  
	   Predicted	  

PDE	  

reinstates swimming in 
a deletion mutant of all 
12 GGDEF domain 
proteins in S. 
enteritidis. 

[254]	  

STM2503	  

(YfgF)	  
	  
Predicted	  

PDE	  

enhances	  IL-‐8	  
stimulation,	  reinstates 
swimming in a deletion 
mutant of all 12 
GGDEF domain 
proteins in S. 
enteritidis.	  

[236,	  

254]	  

(Paper	  I)	  

STM3375	  

(CsrD)	  
	   No	  PDE	  

No	  DGC	  

promotes	  motility	  and	  
inhibits	  biofilm	  
formation	  in	  low	  salt	  
LB	  broth,	  binds	  sRNAs	  
CsrB	  and	  CsrC.	  In	  E.	  
coli.	  

[4,	  164]	  

STM3388	  
	  
DGC	  

PDE?	  

promotes	  rdar	  
morphotype	  and	  csgD	  
expression.	  

[236]	  

(Paper	  

V)	  

STM3615	  

(YhjK)	  
	  
Predicted	  

PDE	  

promotes	  colonization	  
of	  	  the	  gastrointestinal	  
tract	  of	  streptomycin	  
treated	  	  mice.	  

[236]	  

(Paper	  I)	  
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3 AIMS OF THE THESIS 
 

1. Identification and characterization of a role for individual GGDEF/EAL domain 
proteins encoded by the genome of S. typhimurium UMR1 (ATCC 14028 Nalr) in key 
virulence phenotypes such as invasion of HT-29 gastrointestinal epithelial cell line and 
induction of a pro-inflammatory immune response as monitored by the secretion level of 
IL-8. The role of c-di-GMP signalling in colonization of the gastrointestinal tract of 
streptomycin treated mice, a model for human gastroenteritis was also investigated 
(Paper I). 
 

2. Investigation of the molecular mechanisms by which the EAL like domain proteins 
STM1697 and STM1344 regulate biofilm formation, motility and virulence properties 
of S. typhimurium UMR1 (Paper II, Paper III). 

 
3. Characterizing the role of the RNA binding protein CsrA in regulation of GGDEF/EAL 

domain proteins in S. typhimurium UMR1 (Paper IV). 
 

4. In depth analysis of the c-di-GMP signalling network required for activation of rdar 
morphotype formation and CsgD expression in S. typhimurium UMR1. In particular, 
investigation of the apparent catalytic activities of GGDEF/EAL domain proteins and 
determination of corresponding GGDEF/EAL domain proteins in rdar morphotype and 
CsgD expression (Paper V). 
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4 METHODOLOGY 
 

4.1 Genetic engineering in S. typhimurium  

Deletion and epitope tagging of Salmonella typhimurium UMR1 genes was performed using the 

λ Red recombination system [262]. This technique is based on efficient recombination of linear 

DNA fragments into the bacterial chromosome by a recombinase. In chromosomal gene 

manipulation, the targeted chromosomal DNA is replaced by an antibiotic marker and 

sometimes additional DNA sequences, by homologous recombination. To delete a gene, a PCR 

product using the antibiotic marker flanked by FRT (Flippase recognition target) sequences as a 

template is generated by using primers with 40 bps extensions. In the standard approach, these 

extensions are homologous to the 40 bps of the open reading frame to be replaced by the 

antibiotic cassette. In case of tagging a gene with an epitope marker, the epitope-encoding 

sequence linked to an antibiotic resistant cassette is used as template and the stop codon of the 

target gene is replaced. The PCR product is electroporated into the parent strain that expresses 

the λ Red recombinase under the control of an arabinose-inducible promoter. Recombinant 

clones can then be selected by their antibiotic resistance. The temperature sensitive replicon 

facilitates removal of the plasmid recombinase by growing the recombinant strains at 42°C. The 

antibiotic resistant marker can be excised from the mutant strain by introduction of another 

temperature sensitive plasmid expressing the Flippase recombinase.  

Phage transduction was generally used to transfer mutations with selectable markers 

between strains [263]. Bacteriophage P22 HT105/1 int-201 was used as transducing agent in S. 

typhimurium to combine various mutations in one strain [263]. 

 

4.2 Phenotypic analysis of S. typhimurium 

4.2.1 Assessment of acute virulence phenotypes of S. typhimurium  

 Acute virulence phenotypes of S. typhimurium such as invasion and induction of a pro-

inflammatory immune response (IL-8) were assessed using the human adenocarcinoma 

epithelial cell line HT-29 as a model. S. typhimurium UMR1 and mutant strains were grown in 

high salt LB medium in standing culture to mimic conditions of the gastrointestinal tract. 

Approximately 107 bacterial cells were co-incubated for one hour with 90-100% confluent HT-

29 epithelial cells (approximately 5X105
 cells in a well) in the well of a 24 well plate. The 
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culture medium was collected for measurement of IL-8 production by ELISA (Enzyme linked 

immuno sorbent assay). Bacterial cells, which did not invade HT-29 cells were killed with 

gentamycin. After washing, HT-29 cells were disrupted with 1% triton solution to release 

intracellular (invaded) bacteria. The number of invaded bacteria was determined by CFU 

(Colony forming unit) counts.  

 

 
 

 

Figure 9. Schematic representation of the experimental set up designed to investigate acute 
virulence phenotypes of S. typhimurium UMR1 and mutant strains.  
 

 

Secretion of SipA, the TTSS-1 effector protein was analysed from the supernatant of a bacterial 

culture by western blot analysis as a β-lactamase fusion protein expressed from its native 

chromosomal locus [264]. 

 

4.2.2 Biofilm formation 

The major biofilm matrix components of S. typhimurium cellulose and curli fibres appear pink 

and brown respectively upon binding the dye Congo red. Bacteria that produce cellulose and 

curli fimbriae appear as red, dry and rough (rdar) colonies [47]. The colony morphology of 

bacteria grown on LB without salt plates supplemented with Congo red and Brilliant blue G is 

analysed usually after 24 and/or 48 hours of growth to assess the production of biofilm 
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components. Expression of the major biofilm regulator CsgD was analysed by western blot 

analysis from S. typhimurium strains grown on LB without salt plates usually after 24 and/or 48 

hours. 

 

4.2.3 Swimming and swarming motility 

Flagella mediated swimming motility can be analysed by monitoring the swimming diameter on 

LB swim agar plates containing low amount of agar (0.3%). Inoculation of bacteria in such a 

plate leads to movement of bacteria through the agar that can be detected as a ring that enlarges 

over time depending upon the swimming capability of the bacteria.  

 Flagella mediated swarming was analysed on LB agar plates containing 0.5% agar 

supplemented with 0.5% glucose. Inoculation of bacteria on such a plate leads to movement of 

bacteria on the surface of the agar. Swarming and swimming diameters were measured to assess 

the motility of bacteria. 

 

4.3  Molecular analysis 

4.3.1 Western blot analysis 

Western blot analysis is a frequently used technique to monitor expression of proteins. Proteins 

solubilized in a sodium dodecyl sulphate (SDS) and 2-mercapto ethanol containing buffer were 

resolved electrophoretically on a polyacrylamide gel and subsequently transferred onto a 

nitrocellulose or PVDF membrane. 

 Primary antibodies specific for the protein to be detected were used followed by 

incubation with secondary antibodies specific to the primary antibodies conjugated to 

horseradish peroxidase (HRP). Bound secondary antibodies were visualized by chemo 

luminescence after incubation with HRP chemo luminescent substrate. Western blot analysis 

was performed to estimate the expression of CsgD, 3XFLAG fused EAL domain proteins 

STM1344, STM3611, STM1697 and STM1703 and T3SS-1 effector protein SipA fused to β 

lactamase. 

 

4.3.2  Quantitative real time RT-PCR 

The technique Quantitative real time polymerase chain reaction, qPCR is used to amplify and 

simultaneously quantify a targeted DNA molecule. The amplified PCR product is quantified as 

it accumulates in the reaction in real time after each amplification cycle. Two fluorescence-

based approaches are usually applied for quantification. The first approach uses a fluorescent 
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dye that intercalates into double stranded DNA such as SYBR-Green. In the second approach, 

fluorescent DNA oligonucleotide probes are used. The reaction runs in a thermo cycler, and 

after each cycle, levels of fluorescence are measured. To quantify gene expression through 

mRNA levels, qPCR is often coupled with reverse transcription of the mRNA templates into 

cDNA (qRT-RT PCR). This allows relative quantification of gene expression to an internal 

standard, a constitutively expressed reference gene. In our experimental setup, the expression of 

recA was used as a reference. Using qRT-RT PCR, the expression of flagella regulon genes was 

analysed in paper II and the expression of GGDEF/EAL protein genes was analysed in paper 

IV. 

 

4.3.3 Analytical size exclusion chromatography (SEC) 

Size exclusion chromatography is a technique used to separate molecules in aqueous solution on 

the basis of their size, but not directly by their molecular weight, by passing through a column. 

Originally, SEC was invented by Grant Henry Lathe and Colin R Ruthven in 1955 [265]. SEC 

was applied by using a Superdex 200 (10/300) column (GE Healthcare) in combination with 

subsequent SDS-PAGE analysis to demonstrate the interactions between STM1697 and 

STM1344 with FlhD in paper II.  

 

4.3.4 High pressure liquid chromatography (HPLC) 

High pressure liquid chromatography is used to separate, identify and quantify compounds that 

can be dissolved in liquid. Compounds in aqueous solution are passed through a column by 

using pressure. Using a Supelcosil LC-18-T column, c-di-GMP produced by over expression of 

GGDEF domain proteins was quantified from cell extracts in paper I. In paper II, this technique 

was used to analyse c-di-GMP and its breakdown products to assess the phosphodiesterase 

activity of STM1697.  

 

4.3.5 Differential scanning fluorometery (DSF) 

The technique differential scanning fluorometery is used to identify low-molecular-weight 

ligands that bind to purified proteins through thermal stabilization of the protein structure. The 

binding of the ligand to a protein can therefore be detected as a shift in melting temperature 

(Tm). This shift in melting temperature is monitored by binding of a fluorescent dye to the 

protein in its folded form, which is released after the protein is unfolded upon increasing 

temperature [266]. The melting curve of STM1697-6XHis in the presence and absence of 
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ligand was monitored by using the fluorescent dye SYPRO Orange on an IQ5 BioRad iCycler 

iQ5 Multicolor Real-Time PCR detection system with thermal melt program from 20°C to 

95°C with 1°C/ 1 min dwell time. The assay was prepared to a final concentration of 12 µM 

protein, 100 µM ligand and 20x SYPRO Orange in 40 µl of 50 mM Tris- HCL (pH 8.0) in 

MicroAmp Optical 8-tube strips. 
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5 RESULTS AND DISCUSSIONS 
5.1 Paper I 

Complex networks of c-di-GMP signalling mediate transition between virulence 

phenotypes and biofilm formation in Salmonella typhimurium. 

High levels of c-di-GMP mediated by overexpression of the diguanylate cyclase AdrA inhibited 

acute virulence phenotypes of S. typhimurium UMR1 such as the capability to invade HT-29 

epithelial cells and induce IL-8 production in HT-29 cells [227]. The aim of this study was to 

identify the role of individual GGDEF/EAL domain proteins encoded by the S. typhimurium 

UMR1 genome in the regulation of virulence phenotypes, to investigate the effect of c-di-GMP 

on virulence phenotypes at physiologically relevant levels of c-di-GMP and to identify in vivo 

virulence phenotypes for c-di-GMP signalling. 

We demonstrated that among the twenty-one GGDEF/EAL proteins of S. typhimurium 

UMR1, ten proteins play a significant role in regulation of invasion of S. typhimurium into 

epithelial cells. In line with previous findings that high levels of c-di-GMP inhibit the invasion 

capability of S. typhimurium [227], mutants with deletion of diguanylate cyclases STM4551 and 

STM1987 were found to be more invasive as compared to wild type S. typhimurium UMR1. 

Similarly, mutants with deletion of EAL proteins STM3611, STM4264, STM2215, STM0343 

and STM0468 were found to be less invasive as compared to wild type S. typhimurium UMR1. 

The enzymatic activity of GGDEF/EAL domain proteins is required for regulation of invasion. 

The exception is the STM0468 mutant where overexpression of the stand-alone EAL domain 

protein STM3611 did not restore the reduced invasion capability. The involvement of multiple 

GGDEF/EAL domain proteins in the regulation of the same phenotype is not unusual. For 

example, rdar biofilm development in S. typhimurium is regulated at multiple steps in a 

hierarchal order by c-di-GMP metabolizing proteins acting upstream and downstream of the 

biofilm regulator CsgD [4, 77]. The involvement of multiple c-di-GMP metabolizing proteins in 

the regulation of invasion puts forward the hypothesis that c-di-GMP regulates the invasion 

process at multiple levels. In this work, we could show that the phosphodiesterases STM3611 

and STM4264 promote invasion by acting on different pathways. Deletion of the biofilm 

regulator CsgD and cellulose synthase BcsA did not recover the invasion defect in the 

STM3611 mutant background, whereas the defect in invasion of the STM4264 mutant was 

recovered to wild type levels upon the deletion of either csgD or bcsA. This observation 

revealed a novel role for the biofilm regulator CsgD and the cellulose synthase BcsA in the 

invasion process. A recent study has described inhibition of motility of S. typhimurium through 
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steric hindrance mediated by cellulose fibres [267]. Inhibition of invasion through steric 

hindrance of TT3S-1 apparatus functionality by cellulose fibres is a possible mechanism 

through which cellulose production inhibits invasion. Potentially STM3611 affects invasion 

through affecting motility, as STM3611 affects motility and motility is required for invasion 

(Paper II). 

 Invasion of host cell by S. typhimurium is a multistep process that requires bacterial cells 

to approach and adhere epithelial cells and subsequent injection of T3SS-1 effector proteins into 

the cytosol of host cells. We observed that only expression of GGDEF/EAL domain proteins, 

but not the c-di-GMP metabolizing activity is required for the secretion of the T3SS-1 effector 

protein SipA. The role of c-di-GMP modulation of the adhesion of the bacteria to epithelial cells 

still remains to be elucidated. In paper II, we describe that the adhesins type 1 fimbriae and the 

large surface adhesin SiiE affect invasion of S. typhimurium into HT-29 cells. Consistent with 

our findings, Zheng et al. has recently shown that the phosphodiesterase STM2215 promotes 

invasion of Caco-2 colonic epithelial cells by enhancing expression of the T3SS effector protein 

SopE2 in S. typhimurium [256]. High c-di-GMP levels negatively regulate T3SS also in other 

systems. For example, in Dickeya dadantii two phosphodiesterases are required to express 

T3SS system genes through the HrpL/RpoN cascade [268]. In P. aeruginosa, the diguanylate 

cyclase WspR is associated with suppression of T3SS proteins [269]. 

Previous findings indicate that high levels of c-di-GMP are associated with the inhibition 

of a pro-inflammatory immune response (IL-8 production) in HT-29 epithelial cells [227]. We 

identified that the GGDEF protein STM1283 inhibits the stimulation of IL-8 production in 

epithelial cells. STM1283 is an active diguanylate cyclase [252]. In contrast, two EAL proteins 

STM0468 and STM4264 and three GGDEF-EAL proteins STM1703, STM2503 and STM3375 

were found to enhance IL-8 production in HT-29 cells. The biofilm regulator CsgD was found 

to be a central player regulating c-di-GMP mediated inhibition of IL-8 induction as deletion of 

csgD restored induction of IL-8 production in all EAL and GGDEF-EAL mutants. CsgD has 

been shown to transcriptionally regulate components of the flagella regulon [270]. However, the 

precise mechanism of CsgD mediated regulation of IL-8 production needs to be elucidated. 

As c-di-GMP signalling affected virulence phenotypes in vitro, we were interested to 

analyse the role of c-di-GMP signalling in virulence of S. typhimurium in an infection model. 

Investigation of GGDEF/EAL mutants of S. typhimurium for in vivo colonization and survival 

in the gastrointestinal tract of streptomycin treated mice, a model of human gastroenteritis, 

revealed a significant effect of three GGDEF/EAL proteins. Deletion mutants of two GGDEF 

proteins STM2672 and STM4551 and one GGDEF-EAL domain protein STM3615 were 

attenuated in their colonization ability. Colonization of the intestine is a complex phenotype, 
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which requires, among others, adhesion and invasion of the bacterial pathogens and their escape 

from the host immune response. The precise role of c-di-GMP in regulation of in vivo 

colonization in the streptomycin treated mouse model will be the subject of future studies. 

Involvement of distinct panels of GGDEF/EAL domain proteins in regulation of specific 

virulence properties like invasion, IL-8 production and in vivo colonization suggests a group 

specific behaviour of c-di-GMP signalling. Such a group specific behaviour of c-di-GMP 

signalling was also observed in the regulation of motility, biofilm formation and virulence 

phenotypes in other bacteria like P. aeruginosa, V. cholerae and X. compestris [271, 272]. 

These observations support the concept of spatial and temporal compartmentalization of c-di-

GMP pools, which act on targets locally in bacteria. 

Interestingly, in contrast to the general perception that high levels of c-di-GMP inhibit 

invasion into epithelial cells, some GGDEF/EAL proteins behaved in the opposite way. The 

GGDEF domain protein STM1283 was identified as a promoter of invasion and the EAL 

domain protein STM1697 was identified as a suppressor of invasion. Elucidation of the 

unconventional role of STM1697 was the subject of a subsequent study leading to paper II.  

 

5.2 Paper II and Paper III 

Interplay between two retired EAL proteins to regulate motility, virulence and biofilm 

formation in Salmonella typhimurium 

Role for the EAL like protein STM1344 in regulation of motility and CsgD expression in 

Salmonella typhimurium 

In paper I, we investigated the role of individual GGDEF/EAL domain proteins in different 

virulence phenotypes and identified a role for the non-canonical EAL domain protein STM1697 

in the regulation of invasion of S. typhimurium. Opposite to other EAL protein mutants, the 

deletion mutant of STM1697 showed an enhanced invasion capability in contrast to the wild 

type. In paper II, we investigated the molecular mechanism of STM1697 affecting the virulence 

phenotype invasion. 

Interestingly, in a parallel study, we had already identified the EAL-like domain protein 

STM1344 that behaved unconventional compared to EAL domain proteins in regulation of 

motility, rdar biofilm formation and CsgD expression (Paper III). The EAL protein STM1344 

suppressed motility and enhanced rdar morphotype and CsgD expression in S. typhimurium. 

STM1344	   promoted	   the	   CsgD	   mediated	   biofilm	   formation	   through	   inhibition	   of	   the	  

expression	   of	   phosphodiesterases	   STM361	   and	   STM1703 (Paper III). Subsequent studies 

revealed that STM1344	   binds	   to	   FlhD,	   which	   is	   a	   component	   of	   FlhD4C2,	   the	   master	  
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transcriptional	  regulator	  of	  the	  flagella	  regulon	  [125,	  126].	  Binding	  of	  STM1344	  to	  FlhD4C2	  

prevents	   FlhD4C2	   to	   bind	   its	   cognate	   DNA	   sequence	   and	   targets	   it	   for	   degradation	   by	  

ClpXP	   [122].	   Thereby,	   STM1344	   regulates	   motility	   and	   phase	   variation	   of	   flagellar	  

expression	  in	  the	  bacterial	  population	  [122,	  251,	  260].	  In	  addition,	  STM1344	  has	  a	  role	  in	  

bacterial-‐host	   interactions	   as	   it	   contributes	   to	   virulence	   through	   downregulation	   of	   the	  

flagella	  subunit	  FliC,	  when	  S.	  typhimurium	  infects	  the	  murine	  host	  [251].	  

 Biochemical analysis of STM1697 and STM1344 revealed that both proteins have lost the 

capability to degrade and bind c-di-GMP (Paper II and Paper III). Cross complementation of the 

deletion mutant of these proteins determined that they could functionally replace each other. We 

further identified that STM1697 interacts with FlhD and supresses the DNA binding capability 

of the FlhD4C2 complex to prevent expression of downstream genes. The FlhD4C2 complex is a 

target for regulatory proteins that affect its functionality on the posttranslational level. The 

chaperon protein DnaK	   is	   required	   to	  assemble	  a	   fully	   functional	  FlhD4C2	   complex	   [122].	  

The	   FliT	   is	   another	   protein,	   which	   binds	   to	   the	   FlhD4C2	   complex	   to	   inhibit	   FlhD4C2	  

functionality,	  which	  subsequently	  affects	  the	  downstream	  gene	  expression	  [124]. 

Apparently, STM1344 and ST1697 regulate motility, biofilm formation and virulence by 

acting through a similar molecular mechanism, but each protein possesses a distinct 

physiological role, as the two proteins can be expressed under different growth conditions and 

affect different target phenotypes. Consistent with reports in the literature [261, 273, 274], we 

show that motility and chemotaxis are required for invasion of S. typhimurium. Therefore, we 

concluded that the effect of STM1697 on invasion is mainly mediated through inhibition of 

motility. In addition, STM1697 suppresses secretion of the T3SS-1 effector protein SipA. The 

effect of STM1344 and STM1697 on rdar morphotype development and CsgD expression is 

indirect and mediated through the EAL domain protein STM3611, an active phosphodiesterase 

of the flagella regulon. STM1697, STM1344 and STM3611 belong to a sub-family of stand-

alone EAL domain proteins from diverse species of Enterobacteria. Interestingly, homologues 

of STM1344 and STM1697 co-occur with FlhD4C2, therefore we predict that members of this 

EAL domain subfamily also regulate motility in other bacteria. However, occurrence of 

homologues of these proteins in non-motile Enterobacteria such as Klebsiella spp. and Shigella 

spp. indicate that motility is not the only target. 
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Figure 10 Schematic model illustrating the role of STM1344 and STM1697 in regulation of 
motility, biofilm formation and invasion mediated through the inhibition of the functionality of 
FlhD4C2. 
 

 

C-di-GMP hydrolysis is the catalytic function of EAL domain proteins. Enzymatically 

inactive EAL domain proteins can potentially still bind their substrate and be c-di-GMP 

receptors [169]. For example, the EAL protein FimX of P. aeruginosa involved in the 

regulation of type IV fimbriae based motility, exhibits high affinity for c-di-GMP [216, 275]. 

Similarly, c-di-GMP binds to the EAL domain of the enzymatically inactive GGDEF-EAL 

domain protein LapD in P. fluorescens [196]. YkuI in B. subtilis is another example of a c-di-

GMP binding and enzymatically inactive EAL domain protein [197]. However, STM1344 and 

STM1697 although contain a ligand binding pocket, but do not bind c-di-GMP (Paper II and 

Paper III).                
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  An emerging characteristic associated with GGDEF/EAL domain proteins is their 

involvement in protein-protein interactions as it is the case for STM1344 and STM1697. The 

enzymatically inactive BLUF-EAL protein YcgF has been reported to interact with the MerR-

like repressor YcgE to release it from its operator DNA. Consequently, the expression of ycgZ-

ymgABC, the target operon of YcgE is elevated [276]. Also, the GGDEF-EAL domain protein 

YciR, which is an active phosphodiesterase forms a complex with the transcriptional regulator 

MlrA and the GGDEF domain protein YdaM to regulate csgD expression in E. coli K-12 [253]. 

Similarly, in Xanthomonas campestris certain GGDEF domain proteins such as XC_0249 and 

XC_0420 form a complex with the HD-GYP domain phosphodiesterase RpfG and the PilZ 

protein XC_2249. The XC_2249 component of this complex interacts with ATPases PilU 

(XC_1359) and PiIT (XC_1358) in order to control type IV pili mediated motility in X. 

campestris. Enzymatic activity of these GGDEF/HD-GYP domains is not required for the 

formation of complex and the regulation of motility [277, 278].  

 
5.3 Paper IV 

Complex regulatory networks encompassing motility, CsrA and biofilm formation in S. 

typhimurium 

 

The RNA binding protein CsrA, a global RNA regulator affects a variety of bacterial processes 

including motility, biofilm formation and virulence [246-248, 279, 280]. Previous work has 

shown that CsrA regulates c-di-GMP metabolizing proteins in E. coli K-12 [248]. The aim of 

paper IV was to elucidate the impact of CsrA on regulation of c-di-GMP metabolizing proteins 

in S. typhimurium UMR1 and subsequently, to determine the regulated phenotypes. We 

systematically analysed the effect of CsrA on expression of 20 GGDEF/EAL domain proteins 

in S. typhimurium UMR1 by qRT-PCR.  

Indeed, we could identify a subset of GGDEF/EAL encoding genes that were affected by 

CsrA.  Subsequent electromobility gel shift assays demonstrated that CsrA could directly bind 

to the mRNAs of EAL domain proteins STM1344, STM1697 and STM3611 and the GGDEF-

EAL domain protein STM3375 (CsrD). Expression of STM3611 (YhjH) was more than 10-fold 

down regulated in the csrA mutant. CsrA positively regulated expression of STM3611 in 

contrast to the other identified target genes, which were negatively regulated. CsrA promotes 

expression of STM3611 by two mechanisms, directly by interacting with the 5`-UTR mRNA of 

STM3611 and indirectly through regulation via the flagella regulon cascade. Expression of 

STM1344, STM1697 and STM3375 was 3-4 fold upregulated in the csrA mutant. The 

mechanism of negative regulation of these genes by CsrA remains to be shown. CsrA 
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negatively regulates expression of genes usually by promoting the degradation or preventing the 

translation of targeted genes through binding the mRNA [247].  

In contrast to the negative effect of CsrA-mRNA interaction on translation of mRNAs, we 

observed a positive effect of CsrA-mRNA interaction on translation of mRNA encoding 

STM3611. A similar positive effect of CsrA binding to mRNA was observed in the case of 

flhDC regulation [281]. CsrA stabilises flhDC mRNA by protecting it from RNase E cleavage 

[119]. Therefore, there is a possibility that CsrA protects the mRNA of STM3611 from 

cleavage by RNase E. 

Interestingly, mRNAs targeted by CsrA in S. typhimurium code for genes involved in 

regulation of motility and mainly possess non-conserved EAL signature motifs. STM3611 is the 

only functional c-di-GMP metabolizing protein that promotes motility and suppresses CsgD 

expression and rdar biofilm formation [4]. STM3611 belongs to the class 3 flagella regulon 

components and degrades the c-di-GMP pool dedicated to bind the PilZ domain protein YcgR 

[190]. Upon c-di-GMP binding, YcgR suppresses motility by interacting with the flagella motor 

components to introduce a rotational bias and slow down rotation of flagella [194, 222, 282]. 

STM1344 and STM1697 do not possess phosphodiesterase activities and do not bind c-di-GMP 

[260] (Paper II and Paper III), but inhibit motility by directly interacting with FlhD4C2, the 

master regulator of flagella assembly [125, 126]. The GGDEF-EAL protein STM3375, as 

demonstrated in E. coli K-12, lacks c-di-GMP producing and degrading capabilities. STM3375 

presents the small RNAs CsrB and CsrC to RNase E for degradation [257]. In S. typhimurium, a 

STM3375 mutant exhibits a defect in swimming and swarming motility whereas it exhibits 

enhanced biofilm formation in LB without salt medium at ambient temperature [4]. But its 

precise role in the regulation of motility and biofilm formation in S. typhimurium still needs to 

be elucidated. In summary, CsrA in S. typhimurium inversely regulates the enzymatically active 

EAL domain protein STM3611 and the enzymatically inactive EAL domain proteins STM1344, 

STM1697 and STM3375 all affecting motility.  

CsrA has been reported to promote invasion of S. typhimurium into epithelial cells [283]. 

Expression of the genes involved in invasion regulation such as hilA, hilC, and hilD, as well as 

invF and sipC were altered in the csrA mutant, but the detailed mechanism of the CsrA 

mediated invasion process remained unclear [283]. Recently, several studies including ours 

have demonstrated that flagella mediated motility is required for invasion of S. typhimurium 

into epithelial cells [141, 274]. Furthermore, the transcriptional regulator FliZ, which belongs to 

the class 2 flagella regulon genes positively regulates the expression of hilA encoding a master 

regulator of T3SS-1 apparatus genes [284]. Therefore, we propose that CsrA regulates invasion 
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as well as invasion regulating genes at least partially also through regulation of the flagella 

biogenesis cascade in S. typhimurium. 

Summarising our data and data from literature suggests that CsrA promotes motility on 

several levels [119]. First of all, CsrA promotes the expression of FlhD4C2 by stabilising the 

flhDC transcript. Our analysis revealed additional positive control of motility regulation by 

CsrA through suppression of the degenerated EAL domain proteins STM1697 and STM1344, 

which target FlhD4C2 at posttranslational level to inhibit the expression of downstream flagella 

regulon genes. In addition, CsrA enhances the motility and suppresses the rdar biofilm 

formation of S. typhimurium through promoting the expression of the phosphodiesterase 

STM3611. 

 

5.4 Paper V 

Detailed analysis of c-di-GMP mediated regulation of CsgD expression in Salmonella 

typhimurium  

 

The transcriptional regulator CsgD is a major target of c-di-GMP signalling, which regulates 

rdar biofilm formation in S. typhimurium UMR1. Screening of GGDEF/EAL domain proteins 

for regulation of rdar morphotype and CsgD expression had identified two GGDEF-EAL 

domain proteins STM2123 and STM3388 as positive regulators and three EAL domain proteins 

STM4264, STM3611 and STM1827 and one GGDEF-EAL domain protein STM1703 as 

negative regulators of rdar morphotype formation and CsgD expression [4, 77]. C-di-GMP 

signalling has been proposed to regulate csgD expression at the transcriptional and 

posttranscriptional levels [77]. The aim of paper V was to determine the impact of the catalytic 

activities of GGDEF/EAL domain proteins on csgD regulation, to elucidate regulatory networks 

of GGDEF/EAL domain proteins regulating csgD expression and to assess the target processes 

of c-di-GMP mediated csgD expression at physiologically relevant levels of c-di-GMP. 

In depth analysis of GGDEF/EAL domain proteins for regulation of csgD expression 

identified the GGDEF proteins STM4551 and STM1987 and the GGDEF-EAL domain protein 

STM2123 and STM3388 to additively promote csgD expression. Similarly, three EAL domain 

proteins STM3611, STM4264 and STM1827 and one GGDEF-EAL domain protein STM1703 

suppressed csgD expression. Regulation of csgD expression occurs reciprocally through the 

diguanylate cyclase activities of GGDEF and the phosphodiesterase activities of EAL domain 

of proteins.  
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Figure 11 Schematic illustration of c-di-GMP signalling network regulating csgD expression in S. typhimurium. Up 
regulation of CsgD levels mediated by a diguanylate cyclase is shown with (+) whereas the downregulation of 
CsgD mediated by a phosphodiesterase is shown as (-) symbol. C-di-GMP produced by different diguanylate 
cyclases is differentiated with coloured circles. The c-di-GMP breakdown product pGpG produced by 
phosphodiesterases is shown with half circle. Colour of pGpG is in accordance with the source of c-di-GMP to 
represent corresponding diguanylate cyclases and phosphodiesterases. STM4264 degrades c-di-GMP produced by 
STM2123, STM3388. STM4551 and STM1987. STM3611 degrades c-di-GMP produced by STM4551 and 
STM1987. STM1703 degrades c-di-GMP from some unidentified source. 
 
 

Consistent with the bioinformatic analysis, phenotypic analysis of STM1703 and 

STM3388 along with catalytic mutants suggests that these proteins are bi-functional and 

possess both diguanylate cyclase and phosphodiesterase activities (Paper V and [77]). BphG1, a  

GGDEF-EAL domain protein of Rhodobacter sphaeroides, ScrC of V. cholerae and MSDGC1 

of Mycobacterium tuberculosis have been identified as bi-functional GGDEF-EAL domain 

proteins [181, 202, 285]. 

 In order to investigate the regulatory network of c-di-GMP producing and degrading 

proteins in more detail, we determined the corresponding diguanylate cyclases for individual 

phosphodiesterases. Combination of diguanylate cyclases and phosphodiesterases mutants 

revealed that STM3611 is the corresponding phosphodiesterase of diguanylate cyclases 

STM4551 and STM1987. On the other hand, STM4264 appeared to play a more global role in 

the regulation of c-di-GMP metabolism. This finding is consistent with previous observations 

that the c-di-GMP concentrations were significantly higher in the STM4264 mutant than the 

STM1703 mutant [4]. Genetic analysis revealed that STM4264 could degrade the c-di-GMP 
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produced by STM4551, STM1987, STM3388 and STM2123. In contrast, evaluation of the 

phosphodiesterase STM1703 for corresponding diguanylate cyclases could not identify the 

source of the c-di-GMP degraded by STM1703, although the remaining seven proven or 

predicted diguanylate cyclases were deleted in combination with the STM1703 mutation in two 

groups.     

On the basis of these results and the fact that c-di-GMP concentrations are hardly elevated 

in the STM1703 mutant compared to wild type [4], we speculate that the c-di-GMP produced 

by the GGDEF domain of STM1703 is a source of the c-di-GMP to be degraded by the EAL 

domain of STM1703. This scenario is consistent with a high affinity c-di-GMP receptor 

physically protected by STM1703. In the absence of STM1703, c-di-GMP from global pools 

may bind to this unidentified receptor in order to mediate csgD expression due to swapping over 

of c-di-GMP from sources not dedicated primarily to bind to this receptor.  

 Recently, Lindenberg et al have investigated the role of STM1703 (YciR) in csgD 

regulation in E. coli K-12 [253]. Based on their observations, Lindenberg et al postulated that 

the GGDEF domain protein YdaM is the corresponding diguanylate cyclase of STM1703. 

The phosphodiesterase activity of STM1703 is required to induce diguanylate cyclase activity 

of YdaM to produce the c-di-GMP required for csgD expression. Moreover, STM1703 and 

YdaM together form a complex with the transcriptional regulator MlrA to modulate csgD 

expression [253]. However, these experimental findings are not fully compatible with 

STM1703 mediated regulation of csgD expression in S. typhimurium due to several reasons 1) 

the genome of S. typhimurium UMR1 (ATCC14028 Nalr) does not contain a homologue of 

the diguanylate cyclase YdaM.  2) CsgD expression is approximately 10 fold enhanced at 

ambient temperature and temperature regulation of CsgD is abolished in the STM1703 mutant 

in S. typhimurium [4]. In contrast, there is an approximately 2-fold increase in csgD 

transcription in E. coli K-12 where temperature deregulation of csgD expression was not 

observed in a yciR (STM1703 homologue) mutant [204]. 3) A corresponding diguanylate 

cyclase to STM1703 mimicking the functionality of YdaM was not found in S. typhimurium 

(Paper V). We observed an approximately 1.5-fold increase in transcription of csgD in the 

STM1703 mutant (Paper V) whereas the increase in CsgD expression is 10-fold [4]. MlrA, an 

interacting partner of STM1703 is a transcriptional regulator required for csgD expression 

also in S. typhimurium [84]. Therefore, one possible scenario is that STM1703 prevents MlrA 

from binding to its cognate DNA and thus suppresses the csgD transcription. However, our 

data support an additional posttranscriptional control mechanism of STM1703 on csgD 

expression in S. typhimurium.  
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Interestingly, the homologue of STM1703 in Burkholderia cenocepacia, RpfR acts as a 

receptor of the diffusible signal factor (DSF) family quorum sensing molecule cis-2-

dodecenoic acid (BDSF). Upon binding to the N-terminal PAS domain of RpfR, BDSF 

induces phosphodiesterase activity of the C-terminal EAL domain in order to regulate motility 

and biofilm formation of Burkholderia cenocepacia [286]. However, it is unknown whether 

BDSF signalling occurs in S. typhimurium. 

In the STM4264 mutant, no significant alteration of transcription of csgD was observed. 

Also, enhanced c-di-GMP levels in the STM1703 and STM4264 mutants do not affect the 

translation of csgD suggesting that posttranscriptional events such as csgD mRNA stability 

might be a potential target of c-di-GMP signalling. 

 The additive effect of four diguanylate cyclases on the regulation of csgD expression as 

well as additive reduction of csgD expression upon deletion of each diguanylate cyclase in the 

background of the STM4264 mutant suggests a global impact of c-di-GMP on STM4264 

mediated csgD expression. Also, it can be concluded that STM4264 is a major 

phosphodiesterase in S. typhimurium that targets c-di-GMP produced by STM1987, STM4551, 

STM2123, STM3388 and other diguanylate cyclases. Similarly, VpsT, a member of the LuxR-

CsgD family in V. cholerae is regulated by global pools of c-di-GMP contributed by at least 

five diguanylate cyclases [272].  

The complex regulation of CsgD expression by c-di-GMP signalling on multiple levels 

suggests the involvement of more than one c-di-GMP effector in the modulation of csgD 

expression. The CsgD homologue VpsT in V. cholearae is not only regulated by c-di-GMP on 

the transcriptional level, but can also bind c-di-GMP to efficiently transcribe target genes [287, 

288]. In contrast, CsgD in Enterobacteria lacks the c-di-GMP binding motif and most likely 

does not bind c-di-GMP [78]. Identification of the c-di-GMP receptors and elucidation of 

molecular mechanisms leading to c-di-GMP mediated regulation of csgD expression are 

interesting subjects for follow up studies.  
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6 CONCLUDING REMARKS AND FUTURE PERSPECTIVES  
   

  Although the second messenger c-di-GMP was already discovered 26 years ago, the 

importance of its discovery was recognised much later. There was not significant contribution 

made to the c-di-GMP research in the first decade after its discovery. C-di-GMP has now been 

recognised as the universal bacterial second messenger and found to regulate a variety of 

bacterial phenotypes besides motility/sessility transition phenotypes such as environmental 

persistence and in vivo virulence.  

  In this work, we have characterized the networks of c-di-GMP metabolizing proteins in S. 

typhimurium required for the regulation of key virulence phenotypes (Paper I) as well as rdar 

biofilm morphotype and CsgD expression (Paper V). We also elucidated molecular mechanisms 

by which proteins ‘retired’ from c-di-GMP signalling, STM1344 and STM1697, regulate 

motility, virulence phenotype invasion and biofilm formation (Paper II and Paper III). In 

addition we characterized the posttranscriptional regulation of GGDEF/EAL domain proteins 

by the global RNA binding protein CsrA (Paper IV). 

  The biochemistry of c-di-GMP metabolism is relatively well known today. In S. 

typhimurium, the enzymatic activities of many of the GGDEF/EAL domain proteins have been 

characterized. However, the enzymatic activities of some of the GGDEF/EAL domain proteins 

such as STM0468, STM0343, STM3615, STM2410 and STM2503 remain to be demonstrated 

either by a genetic approach or biochemically. By genetic analysis we have shown that the 

GGDEF-EAL domain proteins STM1703 and STM3388 exhibit bi-functional activities in S. 

typhimurium. A detailed structural analysis including the determination of the crystal structure 

of such bi-functional proteins would be very informative to understand how c-di-GMP levels 

are modulated to regulate a target locally.  

  At this stage of research, every GGDEF/EAL domain protein of S. typhimurium has been 

found to be associated with the regulation of at least one phenotype. However, the molecular 

mechanisms of regulation of csgD expression, invasion and IL-8 induction by c-di-GMP still 

remain to be elucidated. Characterization of these regulatory mechanisms is an interesting 

subject for follows up studies.  

           CsgD has been identified as a central player not only in the activation of c-di-GMP 

mediated biofilm formation, but also in the inhibition of virulence phenotypes. The downstream 

targets of the transcriptional regulator CsgD involved in biofilm formation such as the promoter 

of adrA encoding the diguanylate cyclase involved in activation of cellulose biosynthesis are 

already well characterized, however, the CsgD targets involved in the expression of virulence 
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phenotypes such as the invasion of epithelial cells and pro-inflammatory immune response 

induction still remain to be elucidated.  

           The numbers of c-di-GMP receptors is not compatible with the occurrence of c-di-GMP 

metabolizing proteins in most of bacteria including S. typhimurium and c-di-GMP regulated 

phenotypes. Although no bioinformatic approach is available to predict c-di-GMP binding 

proteins, the recent development of experimental approaches to discover c-di-GMP binding 

proteins will significantly speed up receptor discovery. C-di-GMP mediated regulation of csgD 

expression is a complex process involving several c-di-GMP metabolizing proteins. 

Identification of the c-di-GMP receptors regulating the csgD expression is required to 

understand the molecular mechanisms of c-di-GMP signalling mediating rdar biofilm formation 

in S. typhimurium. The newly developed molecular methods will aid the identification of c-di-

GMP receptors mediated csgD expression. 

  Similarly, there is very little known how an environmental or intrinsic signal is transduced 

to effectively modulate c-di-GMP levels in order to regulate a particular phenotype. In general, 

very few entire c-di-GMP regulatory circuits regulating a targeted phenotype starting from 

sensing the environmental stimuli, activation of diguanylate cyclase(s) and corresponding 

phosphodiesterase(s) and the c-di-GMP effectors are characterized.  

   Characterization of the molecular mechanisms how the EAL like proteins STM1697 and 

STM1344, which are not involved in c-di-GMP signalling, affect invasion and motility, 

identified the master regulator of flagella biosynthesis, FlhD4C2, as a common target of 

functionality interference through protein-protein interactions. Subsequently, a subfamily of 

stand-alone EAL domain proteins putatively affecting the flagella regulon and other phenotypes 

in Enterobacteria was identified awaiting future functional analysis. These findings highlight 

the importance of post-translational mechanisms such as protein-protein interactions in the 

regulation of bacterial physiology. Protein-protein interactions also explain, at least partially, 

the spatial specificity of c-di-GMP signalling.  

           In summary, this thesis contributed to the characterization of c-di-GMP signalling 

networks in S. typhimurium and opened for further studies characterizing these networks more 

in depths.   
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