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1. Introduction 

1.1 Flagellar motility 

The essential morphological prerequisite for active bacterial motility is the flagellum. 
Besides that, only flotation with the help of self-produced gas vesicles in some 
cyanobacteria and gliding of filamentous rod-shaped bacteria are known mechanisms of 
flagella-independent active motion (Madigan & Martinko, 2006). The flagellum is a tail-
like protrusion that can be found in many bacterial species. Besides its main function – 
locomotion – it is also involved in passing the mucosa barrier (Erdem et al., 2007), 
regulation of auto-aggregation (Ulett et al., 2006), aggregation on solid surfaces, which 
precedes biofilm formation (O'Toole & Kolter, 1998), and in the export of virulence factors 
and other proteins (Samudrala et al., 2009). Some bacteria own even more than one 
flagellum. According to number and arrangement of flagella, different schemes are 
distinguished (Hahne et al. 2004). Monotrichous bacteria, like Vibrio cholerae have only a 
single flagellum at one cell pole. The amphitrichous flagella arrangement scheme is 
characterized by single flagella on each of both cell poles, as observable for most 
Campylobacter spp. Lophotrichous flagellated bacteria, e.g. Pseudomonas aeruginosa, have 
multiple flagella on one cell pole and peritrichous bacteria, like Salmonella spp. have 
multiple flagella randomly distributed over the whole cellular surface. 

The flagellum acts in principle like a marine screw propeller. Its rotational direction is by 
definition described by an external observer looking down the flagellar filament toward the 
bacterial cell (Adler, 1975). The flagellar mechanics is the only known real-rotating joint in 
the biological world. Its rotation frequency is around 100 Hz (Lauga et al., 2006). The 
direction of the flagellar motor and in consequence of the flagellar filament determines 
whether there is a thrust or drag impulse acting on the bacterium. The rotational direction 
can be reversed in a very short time, thus thrust and drag impulse momentum can switch 
suddenly. In general, the flagellum pushes the bacterium by providing a pressure gradient, 
which is relatively high near the filament and acts as a centrifugal force (Gebremichael et al., 
2006). According to the physical law of the conservation of the angular momentum, the 
bacterial body rotates slowly in the counter direction at a rotation frequency of about 10 Hz 
(Lauga et al., 2006). A counter-clockwise rotation of the flagella causes a bacterial cell to 
move straight forwards, whereas a clockwise rotation causes the bacterium to tumble. The 
bacterial movement is controlled by conformational transitions in the flagellar filament 
between left- and right-handed supercoils (Kitao et al. 2006). These transitions are realized 
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by a high flexible structure of the flagellar filament, due to “sliding”-interactions and 
“switch”-interactions”, which stabilize inter- and intrasubunit interactions (Kitao et al. 
2006). In case of a counter-clockwise flagellar rotation, several filaments of a left-handed 
helical structure form a bundle and act as propeller. If the flagellar motor rotates clockwise a 
transition into a right-handed helix of the filament structure is induced and the bundle is 
feazed (Larsen et al. 1974). The flagella of peritrichous bacteria are synchronized some way 
that they all rotate in the same orientation. They unite to form a rear-facing bundle that 
pushes the bacterium forward (Adler, 1975). In amphitrichous bacteria, the flagella of both 
poles rotate in opposite directions. Thus, the flagellum of the rear-end rotates comparable to 
monotrichous bacteria in order to provoke a thrust impulse, whereas the flagellum of the 
bow-end is bent backwards and turns around the front end of the bacterium. Thereby, the 
thrust impulse is increased. If the direction of the flagellar rotation is reversed, the filaments 
are fold over. The rear-end of the bacterium becomes the bow-end and the bow-end 
becomes the rear-end. In consequence, the bacterium swims in the opposite direction. In 
case of Gram-negative bacteria like Salmonella sp., the process of active bacterial movement 
is divided into continuously alternating phases of slow, non-directed movement called 
“tumbles” and phases of fast, straight-lined movement called “runs” (Adler, 1975). During a 
“tumble”, the bacterium stops and turns in a more or less randomly chosen direction. It is a 
passive phase of re-orientation due to a rotational motion, where the non-spherical shape of 
the bacterial cell affects the way that it is rotated by the shear flow of the surrounding 
medium. Then the bacterium starts a fast, rectilinear “run”, driven by the rotation of the 
flagella until it stops again and the next motion cycle begins. When the rotational direction 
of the flagella of peritrichous-flagellated bacteria is to be inverted, the individual flagellum 
is directed radially from the bacterial cell body in a way that it is sticking out. The dragging 
effects on the bacterial body outweigh each other to the mean positions in which the 
bacterium tumbles in a random motion in one place. The reversal of the flagellar rotation 
and the associated change in the direction of motion plays an important role in (chemo)-
tactic movements (Adler, 1975).  

1.2 Chemotaxis 

Chemotaxis is the process in which bacteria direct their locomotion dependent on the 
concentration of certain substances in their environment. Compounds affecting chemotaxis are 
called chemotaxins or chemoeffectors. Chemotaxis in the direction of a higher concentration of 
the chemoeffector is defined as positive and these kind of compounds are called 
chemoattractors. On the contrary, chemotaxis away from the higher concentration is defined 
as negative and these chemotaxins are called chemorepellents. Energy sources usually attract 
motile bacteria whereas bacteriotoxic agents act as repellents (Fig. 1). The finding, that bacteria 
move actively towards or away from certain substances, was already made at the end of the 
19th century by Engelmann (Engelmann, 1881) and Pfeffer (Pfeffer, 1884 & 1888). Thus, with 
the help of chemotaxis bacteria direct their movement to find favourable niches with high 
chemoattracor and low chemorepellent concentrations. This decision-making is based on 
temporal sensing. As indicated above the overall motion of a bacterium is composed of 
alternating phases of straight swimming and thumbling. In the presence of a chemical gradient 
the straight swimming phases last longer, and if the bacterium is moving nat along this 
gradient, it starts sooner to tumble and tries to reorientate depending on the chemotaxins 
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concentration (Adler, 1975). The essential prerequisites for chemotaxis are, as already 
mentioned, a flagella mediated motility, a variety of individual chemoreceptors and a highly 
conserved chemosensory signal-transduction system. 

2. Flagellar motility and chemotaxis 

2.1 Experimental approaches 

Before the mechanisms of flagellar motility and chemotaxis will be discussed, the most 
common tools or experimental approaches to study and record bacterial motility and taxis 
will be presented: microscopy and chemotaxis assay. 

2.1.1 Microscopy 

Conventional light microscopy is not sufficient to visualize flagellar filaments because of 
their thinness and the swiftness. One very early approach to visualize flagella of living 
bacterial cells is dark field microscopy (Macnab, 1976). Since light is scattered by dirt 
particles reducing the contrast, it has to be considered that the medium and the specimen 
slides must be remarkably clean. A great advance in this field is video-enhanced differential 
interference-contrast microscopy (Block et al., 1991). Video microscopy combined with 
computer based image processing made it possible to detect very small objects like 
particular microtubules of ≈ 25 nm in diameter. Computerized image analysis offers the 
option to estimate values like mean cell run speed and average tumbling frequency and 
their variation in the presence or absence of attractants or repellents (Staropoli & Alon, 
2000). Phase-contrast video microscopy combined with the analysis of superimposed image 
series is a very useful tool, especially for the study of the taxis to and the motion near solid 
surfaces (Lauga et al., 2006). A further helpful method, although not specifically associated 
with flagellar motility and chemotaxis, is fluorescence microscopy, which can be used to 
visualize protein-protein-interactions in the chemoreceptor signaltransduction pathway and 
the fagellar motor, in combination with green fluorescence fusion proteins (Pierce et al., 
1999; Khan et al., 2000). 

2.1.2 Chemotaxis assays 

Another easy to handle experimental set of tools is composed from different kinds of 
chemotaxis assays (Miller et al. 2009). One semiquantitative variant is based on changes of 
the opalescence of a semi-solid agar due to the concentration of bacterial cells (Hugdahl et 
al., 1988). In a first step, a phosphate buffered saline-agar solution is mixed with a bacterial 
suspension of a specifiy optical density and poured into a petri dish. After solidification, 
paper discs with the chemotaxins are placed onto the agar surface following incubation of 
three to four hours. A more opaque zone can be seen in the surrounding of chemoattractants 
(see Fig. 1A), whereas chemorepellents are girdled by a more transparent halo (see Fig. 1 B). 
Other versions of the agar based chemotaxis assay deal with pure – bacteria free - agar 
plates. After solidification of the agar small recessions are cut into the agar and are filled 
with either a bacterial suspension or the test solution (Köhidai, 1995). A variation of this 
assay uses parallel channels (PP-technique) cut from each of both recesses connected by a 
third perpendicular channel between these two to facilitate diffusion of bacterial suspension 
and test solution (Köhidai, 1995). 
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Fig. 1. Examples for chemotaxis: A: Attraction towards towards L-asparagine; B: Repulsion 
from deoxycholic acid; C: Control (PBS) 

A second method is a capillary assay. In this assay, heparinized glass capillaries bridge 
between a bacterial suspension and a test solution (Koppelhus et al., 1994; Leick & Helle, 
1983). Two-phase assays in spectrophotometer plastic cuvettes are suitable to monitor the 
chemotaxis-mediated migration between the two fluid phases (Koppelhus et al., 1994). 
The T-maze assay allows the quantification of the chemoresponse of two substances in 
direct comparison, using a T-shaped experimental arrangement of three containers (Van 
Houten et al., 1982). 

The use of a so-called Boyden chamber is a third variant to study chemotaxis. Chambers 
divided by filters are a third variant of chemotaxis assays. The suspension of motile cells is 
placed into the upper vessel of the so-called Boyden chamber (Boyden, 1962). The test solution 
with the chemoeffector is filled into the lower vessel. A filter membrane separates both parts 
of the Boyden chamber. The pore diameter must be chosen according to the size of the 
organism allowing its transmigration. To simulate in vivo conditions, the filter membranes 
can be optionally covered with extracellular matrix proteins like collagen, elastin or fibrin. 
Modifications of this technique connect the vessels either horizontally (Zigmond, 1988) or as 
concentric rings (Zicha et al., 1991). Multiwell chambers make the parallel testing of 
different substances in one occasion feasible.  

2.2 Molecular structure of the flagella motor and chemoreceptors  

2.2.1 Molecular structure and synthesis of the flagellar apparatus  

Non-flagellar Type III secretory systems and the flagellar apparatus share a common basic 
architecture. Thus, it seems apparently that both go back to a common evolutionary origin 
(Toft & Fares, 2008). 

Basically, the flagellum is comprised of three parts: a helical filament, the hook and the basal 
body (see Fig. 2). The filament of bacterial flagella is built up of multiple subunits of the 
flagellin protein FliC (Samatey et al., 2004), which form so called protofilaments. Eleven 
circular arranged protofilaments stacked into a left- or right-handed helix, according to the 
direction of rotation (see above) comprise the filament (O’Brian & Bennet, 1972). It has a 
length of about 10 µm and a diameter of about 20 nm. If a flagellum is virtually flattened, it 
shows a constant interspace between adjacent turns, corresponding to the wavelength of a 

www.intechopen.com



 
Motility and Energy Taxis of Salmonella spp. 

 

33 

“sine wave” (Madigan & Martinko, 2006). This wavelength is specific for any bacterial 
species and is determined by the structure of the flagellin protein and the rotational 
direction of the filament (Madigan & Martinko, 2006). 

The hook tethers the filament to the basal body. Electron microscopic studies demonstrated 
that the hook of S. typhimurium has length of 55  6 nm (Hirano et al., 1994). The interdigitated 
hook-subunits make up a bended tube with a 2 to 3 nm wide central channel, which continues 
in the rod as well as in the filament (Shaik et al., 2005). The hook connects the filament to the 
motor portion of the flagellar apparatus. The hooks flexibility permits the transmission of 
torque from the motor to the helical propeller when both are not in a coaxial orientation to 
each other (Berg & Anderson, 1973). A so-called gap compression/extension mechanism and 
mutual sliding of the hook-subunits allows continuous structural change of the hook during 
flagellar rotation at low energy cost (Furuta et al., 2006). The hook facilitates the 
synchronization of several filaments bundled together at one cell pole (Macnab, 1977; Berg & 
Anderson, 1973). The two hook-associated proteins (HAP 1 and 3) form a small hook-filament 
junction, which acts as an adaptor for transition between the hook that is flexible in bending 
but rigid against twisting and the much more stiff filament (Samatey et al., 2004).  

 
Fig. 2. The flagellum of Gram-negative bacteria, like Salmonella sp., is a complex structure 
consisting of the propeller like acting filament, the flexiple hook and the flagellar ATP-
driven motor, which is comprised of four ring-structures and the static motor complexes. An 
integrated flagellar type III secretion system exports actively the proteins for flagellar 
assembly but also some virulence associated factors. (Copyright: Wikimedia Commons, 
public domain aviable from http://upload.wikimedia.org/wikipedia/commons/1/15/ 
Flagellum _base_diagram_en.svg) 

www.intechopen.com



 
Salmonella – A Diversified Superbug 

 

34

The third part of the flagella – the basal body is comprised of a rod sticking in four ring-like 
structures: the L-ring (associated with lipopolysaccharides) and the P-ring (associated with 
peptidoglycanes) forming an outer cylinder embedded in the plasma membrane, the MS-
ring, building up a motor mounting plate; and the versatile C-ring (Macnab, 1999). Gram-
positive bacteria lacking an outer membrane lack consequentely the outer ring structures. 

Overall more than 40 genes are involved in flagellar synthesis and subsequent motility in S. 

typhimurium (Shaik et al. 2005). The MS- and the C-ring, the export apparatus as well as the 
motor and switch are the first synthesized compounds of the flagella (Katayama et al., 1996; 
Macnab, 2003). The following assembly steps utilize the type III export apparatus, while the 
export substrates are supplied via an delivery apparatus located in a patch of membrane 
near the center of the MS-ring to the channel (Suzuki et al., 1998; Macnab, 2003). It follows 
the formation of the rod and the other two rings. The proteins of which the rod is comprised 
are FlgB, FlgC, FlgF and FlgG (Homma et al., 1990). The bifunctional FlgJ protein, which has 
a muraminidase activity to open the peptidoglycan layer for penetration of the sprouting 
rod, is also able to bind other rod constituents (Hirano et al., 2001), and thus may act as a 
rod capping protein promoting the assembly of the rod out of its four components (Nambu 
et al.; 1999, Macnab, 2003). The assembly of the basal body is finished by the synthesis of the 
periplasmic P-ring made out of FlgI (Homma et al., 1987) and the outer membrane L-ring 
consisting of FlgH-subunits (Jones et al., 1990). In the following step, the rod cap is 
dislodged, while the hook-cap, consisting of about 5 FlgD-subunits, is mounted (Macnab, 
2003) and the hook is attached on the basal body. It consists, comparable to the flagellar 
filament, of about 120 copies of a single kind of protein, FlgE – the so-called hook protein 
(Samatey et al., 2004). Parallel, the L-ring is assembled (Kubori et al., 1992; Ohnishi et al., 
1987). After this, two junction protein zones, made either of FlgK or FlgL, are attached, and a 
so-called filament-cap out of FliD-proteins is mounted on the hook (Homma et al., 1985; 
Ikeda et al., 1987 & 1989). Cap proteins assist the organization of the flagellin proteins to 
form a new filament (Ikeda et al., 1985). Between hook and cap, a junction zone is 
synthesized before the protofilaments are assembled (Macnab, 2003). The flagellin molecules 
pass the channel inside the hook and the filament and add on successively at the lower end. 
The flagellar assembly starts beneath the cap and grows from its tip to its base. A mature 
flagellum is composed of approximately 20 000 copies of flagellin protein. A broken flagella 
can be repaired with newly synthesized flagellin units from the cytoplasm passing through 
the filament channel (Homma & Iino, 1985). The proteins, which built up the flagellum, are 
translocated to the distal part of the growing flagellum through the central channel by a 
flagellar type III homologous protein secretion system (Ibuki et al., 2011). This secretion 
system is comprised of two classes of proteins: soluble and membrane associated ones. The 
essential soluble compounds of this ATP-consuming process are the soluble FliI-ATPase, its 
regulator FliH and the FliJ-protein, that promotes the hexamerization of FliI-ATPases (Ibuki 
et al., 2011). The remaining soluble components are specific chaperones: FlgN for the hook-
filament junction proteins, FliT for the filament cap protein, and FliS for flagellin (Macnab, 
2003). The six membrane associated components FlhA, FlhB, FliO, FliP, FliQ, and FliR form a 
complex within the MS-ring (Macnab, 2003). 

A rotary motor is in principle built up of two functional components: the rotor and the 
stator. The flagellar motor consists of the static Mot-complexes, which were affixed in the 
inner cytoplasmatic membrane and the rotating C-ring. The Mot-complexes are 
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transmembrane structures made from two proteins MotA and MotB (Macnab, 2003). The 
cytoplasmic C-ring contains the motor/switch proteins – the Fli-proteins. The FliG-proteins 
generate the torsional moment, while working against the Mot-complexes. The switch-
proteins, in Salmonella sp.: FliG, FliM and FliN can reverse the flagellar rotational direction 
in response to intracellular signals (Francis et al., 1994; Yamaguchi et al. 1986). The FliM-
protein is the final effector of a sensory transduction chain (Bren et al., 1998; Sockett et al., 
1992). Thus, the stator is formed by the Mot-proteins, which mantle the C- and the MS-rings. 
C- and MS-rings, as well as the rod, collectively form the rotor. 

Driven by a transmembrane proton gradient, the flagellar motor is able to perform the 
clockwise and a counterclockwise rotation of the filament, which is reversed stochastically 
in the absence of any stimulus. The protons are pumped from outside across the 
cytoplasmic membrane through the Mot-complexes. Calculations showed that about 1000 
protons must be translocated to perform a single rotation of the flagellar filament. In the 
proposed proton pump model, the protons flowing through the stator channels exert 
electrostatic forces on helically arranged charge clusters on the rotor rings. Most probably, 
the protons bind temporary to a specific aspartate residue of MotB, causing a change of 
the stators conformation that drives the rotor through an elementary rotational step 
(Kojima & Blair, 2001; Macnab, 2003). In the next step, the aspartate residue gets 
deprotonated and the stator returns to its original conformation. These resulting series of 
interactions between positive and negative charges generate a torsional moment as 
protons flow through the Mot-complexes. 

2.3 Chemoreceptor structure and signal transduction 

Presence and concentration of chemotaxins are detected by a family of chemoreceptors 
sharing a common two-component system architecture (Miller et al. 2009). Such two-
component systems are generally comprised of a membrane associated histidine autokinase 
(CheA) and a cytoplasmic response regulator (CheY; Lux et al. 2004). Methyl-accepting 
chemotaxis proteins (MCPs), embedded in the cytoplasmic membrane, sense the 
environmental signals via their N-terminal periplasmic sensory domain to their C-terminal 
cytoplasmic signaling domain. The MCP-monomers have a molecular mass of about 60 kDa 
and form constitutively very stable homodimers, which are arranged in groups of three (Lux 
et al. 2004). CheW linker proteins tether the CheA histidine kinase to the MCPs (Miller et al. 
2009). This inhibits autophosphorylation of CheA, which in turn reduces the 
phosphorylation of CheY response regulator at a conserved histidine residue. 
Hypophosphorylated CheY can diffuse freely in the cytoplasm and can interact with FliM, 
the switch protein of the flagellar motor (Mot), which is the final effector of sensory 
transduction chain (Bren et al., 1998; Sockett et al., 1992). Thus, it triggers counterclockwise 
rotation of the flagella, which leads to bacterial “running”. If a bacterium moves along a 
gradient of a chemoattractant, the intracellular concentration of phosphorylated CheY 
decreases. Consequently, the frequency of flagella switching decreases, and the number of 
site directed “runs” along the gradient increases. Thus, addition of an attractant triggers a 
counterclockwise rotation of the filament (Bren & Eisenbach, 2000).  

In the opposite case, decreasing ligand occupancy of the MCPs leads to increased 
autophoshorylation of CheA and in consequence to an amplified phosphorylation of CheY 
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and CheB. Phosphorylated CheY binds as well to the motor switch but triggers a clockwise 
flagellar rotation resulting in bacterial “tumbling”. 

CheB is a receptor-demethylating enzyme, which is also activated by phosphorylation. The 
phosphatase CheZ is responsible for the dephosphorylation of phosphate-activated CheY 
(Bourret & Stock, 2002). 

The result of this chemosensing in three-dimensional spatial gradients of different 
chemoattractors and chemorepellents is a stereoscopic “zigzag” path of motion (Berg & 
Brown, 1972), until the bacterium reaches a niche with an equilibrium between the varying 
chemoeffectors (Miller et al., 2009).  

2.4 Sensory adaptation 

Sensory adaption means reestablishment of the prestimulus state in the perpetual presence of 
the stimulus. Adaptation to chemotactical stimuli is mostly due to modulation of the 
methylation of certain sites of the MCP receptors. The central players in the process of sensory 
adaption are the methyltransferase CheR, the methylesterase CheB, and the cytoplasmic 
domains of the MCP-receptors that have adjacent to the CheA and CheW binding sites, sites 
for methylation and demethylation of glutamyl side chains (Macnab, 2003). 

CheR catalyzes in a S-adenosylmethionine consuming reaction the methylation of the 
specific glutamate residues on the cytoplasmic domains of the MCPs (Bren & Eisenbach, 
2000). This reaction enhances the CheA autophosphorylation favouring clockwise flagallar 
rotation and is triggered by attracting stimuli (Borkovich et al., 1992; Ninfa et al., 1991). The 
cytoplasmatic domains of the MCPs have a specific domain, which is methylated by CheR, 
and a distinct CheR-binding site consisting of a pentapepetide that is only present in high-
abundance receptors. It was shown that CheR bound to the binding sites onto the high-
abundance receptors methylates the designated sites of the low-abundance receptors (Le 
Moual et al., 1997; Li et al., 1997). 

Its antagonist is the methylesterase CheB, which demethylates the MCPs during adaptation 
to repelling stimuli. Additionally CheB has an amidase activity catalyzing the conversion of 
glutamamine residues into glutamate on the MCPs (Djordjevic et al., 1998). The liberation of 
glutamate residues inhibits the autophosphorylation of CheA favouring a counterclockwise 
rotation of the flagellum. In addition CheB itself is regulated by CheA-mediated 
phosphorylation (Hess et al., 1988; Lupas & Stock, 1989). Phosphorylation inhibits the 
methylesterase activity, while the unphosphorylated enzyme has less methylesterase 
activity. The binding sites on CheA for CheY and CheB are identical. Thus CheB competes 
with CheY (Li et al., 1995).  

Furthermore a high methylation rate decreases the receptors affinity to chemoattractants 
(Bornhorst et al., 2000; Li et al., 2000). It was also suggested that a deferred activation of 
CheZ, which is responsible for an enhanced CheY dephosphorylation, is involved in the 
process of sensory adaptation (Blat et al., 1998). 

These regulatory effects occur only after the initial chemotactic response and the steady state 
of all these parallel-acting adaptational processes determines the extent of reaction to a 
certain chemoeffector (Alon et al., 1999).  
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2.5 Specific Salmonella chemoreceptors 

Altogether, it is difficult to identify chemoreceptors specific for a certain taxin, because the 
different MCPs can compensate each other in many cases, Thus, knockout mutants of 
chemoreceptor genes show often no defects in their phenotype (Vegge et al., 2009; Tareen et 
al. 2010). Up to now, four chemoreceptor specificities are identified for Salmonella spp.  

The Tar chemoreceptor is specific for aspartate and initiates attractant signalling (Foster et 
al. 1985; Milburn et al., 1991). The same receptor molecule interacts also with the periplasmic 
maltose-binding protein, and senses in this way chemoattraction towards maltose 
(Mowbray & Koshland 1987; Gardina et al., 1992). It was also demonstrated that this 
receptor mediates attractant responses to phenol and repellent responses to glycerol and 
nickel or cobalt ions in Escherichia coli as well as thermoresponses (Lee & Imae, 1990). 

The ligand serine mediates positive taxis via the Tsr receptor, whereas Tsr sensing due to 
leucine and glycerol results in a repulsion of the bacteria. (Lee & Imae, 1990; Jeffrey & 
Koshland, 1993; Oosawa & Imae, 1984; Springer et al., 1977). Tsr functions also as 
thermoreceptor. Temperature increase leads to smooth swimming of bacterial cells, whereas 
temperature decrease induces tumbling (Lee et al., 1988). 

S. typhimurium demonstrates attraction towards citrate and metal-citrate complexes, but 
repulsion from phenol. This behavior gives the name to the third chemoreceptor in this 
schedule – Tcp, that stands for taxis to citrate and away from phenol (Yamamoto & Imae, 1993). 

The trg gene encodes a fourth chemoreceptor of the MCP family specific for 
ribose/galactose (Blat & Eisenberg, 1995, Kasinkas et al. 2007). 

2.6 Virulence factors secreted via the flagellar type III secretion system 

As mentioned above, the flagellar apparatus is a homologue of a type III secretion system 
that is able to secrete specific peptides and proteins in an ATP dependent mechanism into 
the environment (Collazo & Galán, 1996; Eichelberg et al., 1994). Among these secreted 
proteins are mostly structural components of the flagella, for example flagellin monomers, 
and the hook protein, but also several virulence factors. It functions as a molecular syringe – 
the so-called injectisome – that is used by bacteria to inject effector proteins directly into the 
interior of host cells (Mota et al., 2005a+b; Arnold et al. 2009). Thus, these proteins play an 
important role for host cell invasion and the pathogenesis of salmonellosis. It was shown, 
that the N-terminal 30 residues of these effector proteins form a taxonomically universal, 
type III specific secretion signal (Arnold et al. 2009; Samurdrala et al. 2009). About 65 type III 
secretion system substrates are known for S. typhimurium (Samurdrala et al. 2009). Five well 
described proteins involved in host cell invasion, typically the M-cells of the ileal Peyers’ 
Patches, are InvE, Sipa, Sipb, SipC, and SipD. InvE plays a pivotal role for triggering cellular 
mechanisms, which lead to bacterial entry. It is required for translocation of other effector 
proteins into the cytosol of host cells and forms complexes with SipA, SipB, and SipC. 
(Kubori & Galán, 2002). Comparable to InvE the effector protein SipD, which has been 
shown to be important for liver and ileum colonization, is suggested to modulate the 
secretion of SipA, SipB, and SipC (Gong et al., 2010). Cell invasion occurs via a ruffle-
mediated mechanism, which is initiated by the activation of specific signal transduction 
cascades and rearrangement of the actin cytoskeleton. The actin rearrangements are realized 
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by SipA interworking with SopE, a guanine-nucleotide exchange factor for Rho GTPases, 
and SptP, a protein tyrosine phosphatase, (Brumell et al., 1999) as well as SipC that binds 
and bundles F-actin (Myeni & Zhou, 2010). 

SipB interacts after entering the cytosol of macrophages with cell signalling pathways to 
induce apoptosis (Hersh et al. 1999). It associates with caspase-1 and promotes the 
proteolytic activation of this protease. 

Two further proteins entering macrophages are SrfN and PagK2, which were shown to be 
essential for full virulence and are suggested to interact with host cellular components 
(Yoon et al. 2011). These two effector proteins are translocated independently of the 
injectisome. Thus, the flagellar type III secretion system is the only protein export 
mechanism in Salmonella sp. 

2.7 Role of chemotaxis and flagellar motility for the pathoegenesis of salmonelosis 

The ability for directed movement and taxis towards and away from chemoeffectors plays a 
crucial role for the pathogenesis of salmonellosis. Amongst others, Salmonella bacteria are able 
to persist inside the inner leaf tissue of plants (Kroupitski et al., 2009; Goldberg et al., 2011). It 
was shown that flagellar motility and chemotaxis towards nutrients produced by 
photosynthetically active cells are crucial for entry into iceberg lettuce leaves via open stomata 
and invasion into the plant tissue (Kroupitski et al., 2009). Enteropathogens have the ability to 
adapt to the phyllosphere environment. They obviously interact with epiphytic bacteria 
(Beuchat, 2002; Brandl, 2006; Heaton & Jones 2008) and become part of phylloplane biofilms, 
where they gain protection from environmental stressors (Fett, 2000). Plants that might 
become contaminated by the use of germ-containing water for irrigation or Salmonella-
containing liquid manure for fertilization might function as source of infection (Beuchat, & 
Ryu, 1997; Brandl, 2006; Horby et al., 2003). Internal persistence after entering the plant tissue 
explains the failure of lavation and sanitizers to eradicate Salmonella in leafy greens. 

Furthermore, flagellar movement and chemotaxis are also pivotal for the intestinal 
colonization of the different Salmonella hosts, especially for the competition for nutrients 
with other bacteria of human microbiome (Stecher et al., 2008). Even the induction of colitis 
depends on a functioning flagellar movement and chemotaxis (Stecher et al., 2004). 

3. Conclusion 

The flagellar apparatus is an evolutionary ancient multifunctional tool involved in motility, 
bacterial cell aggregation, biofilm formation, protein export, and a virulence factor injection 
via the injectisome. It is also the prototype of a sensing system, coupling energy taxis and 
motility. The research on chemotaxis and flagellar motility is almost as old as bacteriology 
itself, starting at the end of the 19th century. The research on Salmonella sp. plays here a 
special role, as most of the knowledge about thermo- and chemotaxis, MCP-receptor signal 
transduction, MCP-receptor sensory adaptation, structure, synthesis, and function of the 
flagellar apparatus as well as effector protein secretion via a flagellar type III homologue 
secretion system was made using Salmonella sp. and E. coli as model organism. 

Thus, the flagellar apparatus regulated by energy taxis may be the most important structure 
for intestinal colonization and pathogenesis of salmonellosis. 
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