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1. Introduction 8 

1. Introduction 

1.1 Listeria monocytogenes 
Listeria monocytogenes is a Gram-positive, rod-shaped, facultative anaerobic bacterium 

with a size ranging from 0.4 by 1 to 1.5 µm. It is not able to form spores and its genome 

sequence is characterized by a low guanine-cytosine content (Collins et al., 1991). L. 

monocytogenes belongs to the Listeria phylum of the Firmicutes division and thus is 

closely related to the genera Bacillus, Enterococcus, Staphylococcus, Streptococcus and 

Clostridium (Collins et al., 1991). Additionally, L. monocytogens is catalase-positive, 

oxidase-negative and motile at temperatures between 20 °C to 30 °C via peritrichous 

flagella which are absent in most strains at 37 °C (Seeliger and Jones, 1986; Galsworthy 

et al., 1990; Gründling et al., 2004). Regarding the pathogenic potential L. 

monocytogenes is commonly known as the causative agent of listeriosis. Besides L. 

monocytogenes, the genus Listeria includes seven other species. Among these, L. 

monocytogenes is the only confirmed human pathogen and L. ivanovii has been reported 

as a pathogen of animals such as ruminants and sheep. The other species L. innocua, L. 

welshimeri, L. seeligeri, L. grayi and the more recently isolated L. marthii and L. 

rocourtiae (Leclercq et al., 2010; Graves et al., 2010) are non-pathogenic. 
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Figure 1: (A) Scanning electron micrograph of L. monocytogenes EGDe adhering to Caco-2 cells 
imaged with a Hitachi S-5200 cryo-SEM at a magnification of 5,000. (B & C) Transmission electron 
micrographs of L. monocytogenes EGDe located intracellularly within a Caco-2 cell imaged with 
Zeiss EM 10 TEM at a magnitude of 8,000. 

 

L. monocytogenes was first isolated in 1924 by E.G.D. Murray, R.A. Webb and M.B.R. 

Swann during an epidemic that affected guinea pigs and rabbits and was initially termed 

Bacterium monocytogenes (Murray et al., 1926). At the time, this bacterium was 

suspected to be the causative agent of monocytosis, a disease with increased 

proliferation of blood monocytes. However, the pathogen causing monocytosis was later 

identified to be the Epstein-Barr virus (Gellin and Broome, 1989). After several changes 

of the designation the bacterium finally was renamed in 1940 to Listeria monocytogenes 

in honor of the British surgeon Joseph Baron Lister (Pirie, 1940). 

 

1.2 Listeriosis 
L. monocytogenes is capable to grow in a variety of environments and is frequently 

isolated from soil, sewage, groundwater, plant surfaces, or silage (Thévenot et al., 2006; 

Freitag et al., 2009). These discoveries have led to the hypothesis that the primary 

ecological role of L. monocytogenes is saprophytic decomposition (Vázquez-Boland et 
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al., 2001). However, the adaptation to such varying environments implicitly requires the 

capability to tolerate a range of challenging conditions. Indeed, L. monocytogenes 

masters environmental stresses, which are normally limiting bacterial growth (Lundén 

et al., 2008; Freitag et al., 2009). The adaptation to niches with high salt concentration 

or large fluctuations in pH or temperature allows L. monocytogenes to establish and 

persist in micro-colonies under conditions which are used in food processing plants or 

for food conservation (Thévenot et al., 2006; Keto-Timonen et al., 2007; Lundén et al., 

2008). Thus, listerial presence in such areas bears a potential hazard to human health, 

since infections with L. monocytogenes mainly occur via the oral route upon 

consumption of contaminated foods. 

The first scientifically proven listeriosis outbreak transmitted by contaminated food 

occurred in 1981 (Schlech et al., 1983). More recently, contaminated cheese sold in 

discounter supermarkets was found to be responsible for a listeriosis outbreak in 

Germany and Austria in 2010/2011 and causing the death of six patients. In October 

2011, a widespread outbreak linked to contaminated cantaloupe melons caused a total of 

30 deaths and 146 confirmed cases in 28 states across the USA. Due to these high 

numbers it was considered the deadliest outbreak of a food-borne disease in the USA in 

more than 25 years.   

The primary site of infection of L. monocytogenes is the gastrointestinal tract. From this 

habitat it crosses the epithelial barrier and spreads systemically to the liver and spleen 

(Vázquez-Boland et al., 2001). However, in healthy individuals innate and adaptive 

immune responses in these organs result in the clearance of L. monocytogenes and 

resistance to subsequent infections (Zenewicz and Shen, 2007). In this case, listerial 

infections only cause mild, flu-like symptoms or remain completely asymptomatic. By 

contrast, if the immune system is impaired, e.g. in elderly persons, neonates and 

immuno-compromised people, listerial infections manifest with severe symptoms and a 

high mortality rate of 25-30 % (Vázquez-Boland et al., 2001) In these patients, L. 

monocytogenes is not cleared by the immune system in the liver and spleen and 

disseminates to other organs including the brain where the organism causes meningitis 

or meningoencephalitis (Vázquez-Boland et al., 2001). Since L. monocytogenes is able 

to cross the feto-placental barrier, infections of the unborn are frequent in pregnant 

women and often result in stillbirth or severe disabilities of the child. In total, 10-20 % 

of all clinical cases of listeriosis are pregnancy-associated (Allerberger and Wagner, 
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2010). Thus, pregnant women are advised not to consume raw milk products to avoid 

these severe effects of listeriosis (Rocourt and Cossart, 1997). 

Although based on the number of cases per year listeriosis is a rare infection, the 

proportion of deadly cases amongst bacterial infections is significant due to the high 

mortality rate in at-risk persons. This makes listeriosis the second most deadly food-

borne infection after salmonellosis (Allerberger and Wagner, 2010). Moreover, in recent 

years an increased incidence has been reported in several European countries 

(Allerberger and Wagner, 2010). In 2009, 26 EU-member states including Switzerland, 

Iceland, Liechtenstein and Norway reported 1,717 confirmed human cases of listeriosis, 

which represents an increase of 18 % compared to 2008. The overall incidence in EU 

was 0.4 cases per 100,000 persons (European Food Safety Authority, 2011). These data 

strongly indicate that a better understanding of the mechanisms of pathogenicity of L. 

monocytogenes may be of great value to improve the protection against further 

outbreaks.  

 

1.3 Intracellular lifecycle 
A major characteristic of L. monocytogenes is the ability to perform an intracellular 

lifecycle, which allows replication in and crossing of epithelial barriers without 

exposure to immune responses (Tilney and Portnoy, 1989; Pamer, 2004). In general, the 

intracellular lifecycle can be divided into five stages. Internalization by host cells 

constitutes the first stage. This is achieved either by uptake into professional phagocytes 

or is actively mediated by listerial surface proteins of the internalin family if the 

infected cell is a non-phagocytic cell. During the second stage, L. monocytogenes lyses 

the primary vacuole and escapes into the host cell cytosol. In stage three, L. 

monocytogenes replicates in the cytosol and during the fourth stage, bacteria start to 

recruit actin monomers. This recruitment functions as motor to propel bacteria through 

the cytosol eventually leading to cell-to-cell spread. Finally, in stage five bacteria are 

released from the double-membrane secondary vacuole and again replicate 

intracellularly to start a new infection cycle (Tilney and Portnoy, 1989). In total, the 

intracellular lifecycle is driven by a number of diverse virulence factors, which will be 

introduced in detail below. A schematic overview of the intracellular lifecycle is given 

by Figure 2.  
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Figure 2: Representative transmission electron micrographs concerning different stages of the 
intracellular lifecycle of L. monocytogenes. (I) Invasion; (II) lysis of the phagosomal vacuole and 
escape to cytosol; (III) intracellular replication and actin recruitment; (IV) intracellular, actin-
based motility and intercellular spread; (V) escape from secondary vacuole. 

 

1.3.1 Internalins 

Internalins represent an important group of virulence factors contributing to the 

infection process. The members of the internalin family are characterized by a common 

modular architecture with an N-terminal signal sequence (LPXTG motif, GW-repeats, 

or WxL domains) and a C-terminal domain containing several leucine-rich repeats 

(LRR) (Glaser et al., 2001; Bierne et al., 2007; Bonazzi et al., 2009). The LPXTG, GW 

and WxL domains are involved in the mediation of further processing during a 

secondary pathway and possible anchoring to the cell wall. To date, 25 members of the 

internalin family have been identified in L. monocytogenes, though the exact role of 

some of them remains unclear. At the same time, internalin A (InlA) and internalin B 

(InlB) are most intensively investigated and have been shown to be crucial for 

internalization by non-phagocytic cells such as endothelial or epithelial cells. These 

proteins recognize distinct receptors on the surface of host cells in order to facilitate 

invasion. 
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InlA interacts with E-cadherin, whereas InlB interacts with the hepatocyte growth factor 

receptor, also termed c-Met (Gaillard et al., 1991; Dramsi et al., 1995; Dramsi et 

al.,1997; Shen et al., 2000; Bierne et al., 2007). The InlA-E-cadherin interaction 

induces local cytoskeleton rearrangements required for the bacterial uptake (Bierne et 

al., 2007). Binding of InlB induces clathrin-mediated endocytosis and also actin 

rearrangements allowing the bacteria to take advantage of the endocytic machinery 

(Bierne et al., 2007) 

Compared to all other internalins, InlC exhibits an uncommon structure lacking the N-

terminal signal sequence and does not contribute to the internalization process. Instead, 

InlC is secreted and interacts with the eukaryotic cellular actin-binding protein Tuba to 

cause membrane protrusions, which facilitate cell-to-cell spread and dissemination 

(Rajabian et al., 2009). Further internalins with an experimentally proven role in 

virulence are InlJ, InlH and InlK. InlH decreases the levels of the pro-inflammatory 

cytokine interleukin 6 (IL-6) during murine listeriosis and contributes to evasion of host 

defense (Personnic et al., 2010). InlJ and InlK are cell-wall anchored sortase-processed 

proteins, found to be only expressed in vivo. InlJ behaves as an adhesin and features a 

unique LRR-domain with a cysteine-containing consensus sequence forming an 

intramolecular stabilizing ladder structure (Sabet et al., 2008; Bublitz et al., 2008). InlK 

has been identified to interact with the major vault protein (MVP), which allows 

bacteria to avoid ubiquitination and recognition by the autophagy machinery of the host 

cell (Dortet et al., 2011).  

 

1.3.2 Listeriolysin O and the phospholipases 

Listeriolysin O (LLO) belongs to the family of cholesterol-dependent cytolysins and is 

considered one of the major virulence factors of L. monocytogenes (Geoffroy et al., 

1987; Geoffroy et al., 1989). Within minutes after internalization LLO oligomerizes and 

forms a ß-barrel structure perforating the membrane of the primary vacoule. LLO 

activity has been show to have a pH-optimum of 5.5, which is approximately the pH of 

a phagolysosome (Beauregard et al., 1997; Schuerch et al., 2005; Schnupf and Portnoy, 

2007). The perforation of the vacuolar membrane causes uncoupling of pH- and Ca2+-

gradients and thus inhibits vacuolar maturation by delayed fusion with lysosomes 

(Shaughnessy et al., 2006; Henry et al., 2006). Insufficient activity of LLO may result 

in the formation of spacious Listeria containing phagosomes (SLAP) with uncoupled 



1. Introduction 14 

pH-gradient and inhibited maturation and harbor multiple viable, replicating bacteria 

(Birmingham et al., 2008). Recently, other additional functions of LLO were 

discovered. It has been shown that LLO is also involved in deSUMOylation of proteins 

modulating their activity in infected cells and leading transient fragmentation of 

mitochondria (Ribet et al., 2010; Stavru et al., 2011). A very recent study revealed that 

LLO is able to stimulate uptake of L. monocytogenes by hepatocytes by formation of 

membrane extensions in a process independent of internalin proteins (Vadia et al., 

2011).  

The two phospholipases C PlcA and PlcB differ in their substrate spectra. PlcA (PI-

PLC) is specific for phosphatidylinositolphosphate (Camilli et al., 1991; Leimeister-

Wächter et al., 1991; Mengaud et al., 1991), whereas PlcB (PC-PLC) hydrolizes all of 

the major mammalian cellular phospholipids (Vázquez-Boland et al., 1992; Marquis et 

al., 1995). Moreover, PlcB is synthesized as an inactive precursor and has to be 

processed by a secreted zinc metalloprotease (Mpl) (Domann et al., 1991; Raveneau et 

al., 1992; Poyart et al., 1993; Marquis et al., 1995). 

The two phospholipases PlcB and PlcA in concert with LLO are crucial for lysis of the 

primary and secondary vacuole by L. monocytogenes (Gedde et al., 2000). This allows 

the bacterium to gain access to the host cell cytosol and to complete cell-to-cell spread. 

There is some experimental data suggesting that in some human cell types LLO activity 

is not required for vacuolar escape, while it is absolutely essential for murine cells 

(Portnoy et al., 1988; Marquis et al., 1995; Gründling et al., 2003; Alberti-Segui et al., 

2007). Additionally, in cells in which all three membrane-active factors are required, the 

two phospholipases seem to work on the inner membrane of the secondary vacuole, 

while LLO, assisted by the PLCs, is crucial for the outer membrane in both vacuole 

types (Smith et al., 1995a; Alberti-Segui et al., 2007).  

 

1.3.3 Cytosolic virulence factors 

Once L. monocytogenes has escaped from the vacuole and has gained access to the 

cytosol, it starts replicating fueled by host derived nutrients (Freitag et al., 2009). Hpt, a 

hexose-phosphate transporter, has been identified as an important factor contributing to 

efficient replication (Goetz et al., 2001; Chico-Calero et al., 2002). Apart from hexoses, 

C3-compounds including glycerol are a predominant intracellular carbon source (Eylert 
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et al., 2008; Joseph et al., 2008; Eisenreich et al., 2010; Bruno and Freitag, 2011). 

Furthermore, intracellular L. monocytogenes acquires amino acids and other organic and 

inorganic compounds from the host cell and expresses a large number of metabolic 

pathways to overcome nutrient limitations within the cytosol (Eylert et al., 2008; 

Schauer et al., 2010).  

Movement of bacteria through the cytosol to adjacent cells is an important prerequisite 

for systemic dissemination. Like several other pathogens, L. monocytogenes is able to 

use the actin machinery of the host cell to promote movement through the cytosol 

(Tilney and Portnoy, 1989; Goldberg and Theriot, 1995). Initiator of this motion is the 

surface protein ActA, mimicking the activity of a eukaryotic family of actin nucleating 

factors, the Wiskott–Aldrich syndrome protein (WASp) family (Kocks et al., 1992; 

Boujemaa-Paterski et al., 2001). Proteins of this family bind and activate the Arp2/3 

complexes of the host cell, which in turn binds actin monomers and recruits Ena/VASP 

family proteins accelerating and determining the direction of actin polymerisation 

(Laurent et al., 1999; Auerbuch et al., 2003). In general, ActA alone is sufficient for 

initiation of actin tail formation. However, crucial for the directional movement is the 

polar distribution of ActA (Smith et al., 1995b; Rafelski and Theriot, 2005; Lacayo et 

al., 2012). In fact, actin tail formation at one bacterial pole is associated with a higher 

density of ActA protein (Kocks et al., 1993; Rafelski and Theriot 2005). As a side 

effect, an actin monomer cloud surrounds and disguises the bacterial cell thereby 

blocking recognition by the autophagy machinery (Yoshikawa et al., 2009).  

 

1.4 Regulation of the virulence network 
The arsenal of virulence factors of L. monocytogenes needs to be well coordinated and 

tightly controlled. Interestingly, most of the key virulence genes (plcA, hlyA, mpl, actA, 

plcB) are located in a distinct 10 kb-gene cluster, termed Listeria pathogenicity island 1 

(LIPI-1), which includes the prfA gene encoding for the pleiotropic, Crp/Fnr family 

transcription factor PrfA (Lampidis et al., 1994; Glaser et al., 2001; Vázquez-Boland et 

al., 2001). PrfA tightly regulates the expression of the above-mentioned virulence 

determinants by binding to the PrfA box, a specific 14 bp palindromic sequence, located 

in the respective target promoters (Scortti et al., 2007; de las Heras et al., 2011). 

Promoter regions harboring a perfect consensus PrfA box sequence are activated earlier 

and more efficiently than others with a less conserved PrfA box (Sheehan et al., 1995; 
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Böckmann et al., 2000; Vega et al., 2004). The promoters of plcA and hlyA possess such 

a perfect sequence and can be activated even at low PrfA concentrations. By contrast, 

PrfA boxes located in the promoters of mpl and actA exhibit one mismatch compared to 

the perfect PrfA box are activated less efficiently and require higher PrfA 

concentrations. A third variant in the inlA promoter displays two mismatches compared 

to the perfect PrfA box and requires even higher levels of the regulator (Sheehan et al., 

1995; Böckmann et al., 2000; Vega et al., 2004). This indicates a hierarchic onset of 

virulence gene expression regulated by a constant increase of PrfA levels during 

infection reflecting the fact that some gene products are required earlier for processing 

than others. 

 

 

Figure 3: Schematic organization of key virulence genes of L. monocytogenes located in the Listeria 
pathogenicity island 1 (A) and inlAB operon (B). PrfA binding boxes are indicated by violet 
triangles. Experimentally confirmed transcripts are displayed by solid lines. Figure adapted from 
Scortti et al., 2007. 
 

The activity of PrfA itself is also tightly regulated. Basal expression of prfA is ensured 

by two promoters. Of these two promoters one is dependent on the sigma factor σA and 

one is dependent on the stress-induced σB (Nadon et al., 2002; Schwab et al., 2005). 

Higher prfA expression is activated in an autoregulatory way via a bicistronic transcript 

expressed from the tightly PrfA-controlled promoter preceeding plcA (Chakraborty et 

al., 1992). During translation, the trans-activing S-adenosylmethionine (SAM) binding 

riboswitch SreA binds to the 5’ untranslated region (UTR) of prfA mRNA thereby 

decreasing the expression (Loh et al., 2009). Also, at low temperatures a hairpin 
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secondary structure is formed by the 5’-UTR masking the Shine-Dalgarno sequence, 

which melts at the physiological body temperature of the host (i.e. 37 °C) to enable 

ribosomal PrfA translation (Johansson et al., 2002). 

Additionally, PrfA activity is further fine-tuned by environmental factors. Similar to 

other members of Crp/Fnr family, dimeric PrfA protein, which can exist as weakly 

(OFF) or strongly (ON) activated state, may be allosterically activated by binding of an 

unknown cofactor (Vega et al., 2004; Scortti et al., 2007). Sugars transported by 

phosphoenolpyruvate phosphotransferase systems (PTS), such as glucose, fructose, 

mannose or cellobiose strongly inhibit PrfA activity (reviewed in de las Heras et al., 

2011). 

When active PrfA is present, virulence gene expression is induced. However, there is 

also evidence that expression of several virulence genes including hlyA, mpl, and inlC 

may also occur from additional PrfA-independent promoters (Domann et al., 1993; Luo 

et al., 2004). In particular, the genes inlA and inlB are encoded by an operon, which is 

located at a chromosomal locus distant from the LIPI-1. This inlAB operon is preceded 

by three promoters, one of which is σB-dependent (Lingnau et al., 1995; Kim et al., 

2005). Furthermore, among the internalin-family genes several are described as PrfA- 

and/or σB-dependent (McGann et al., 2008; Toledo-Arana et al., 2009; Dortet et al., 

2011). σB is known to be a stress-related sigma factor with an important role in 

virulence as shown in several studies (Ferreira et al., 2001; Kazmierczak et al., 2005; 

Schwab et al., 2005; Ollinger et al., 2008; Ollinger et al., 2009). These findings support 

the existence of an adaptive transcriptional regulatory network between PrfA and σB 

(McGann et al., 2008). However, recent data suggest that σB may play a major role in 

regulating transcription during the gastrointestinal stages of listerial infection, while 

PrfA appears to be more important during the systemic and intracellular stages of 

infection (Garner et al., 2006; Kazmierczak et al., 2006; McGann et al., 2008). 

Beside these confirmed two key transcriptional regulators, further proteins have been 

shown to be involved in virulence gene regulation. These additional regulatory 

mechanisms include AgrC/A, VirR/S, DegU, LisR/K and ZurR (Cotter et al., 1999; 

Mandin et al., 2005; Williams et al., 2005; Gueriri et al., 2008; Riedel et al., 2009; 

Dowd et al., 2012), indicating that the complete regulatory network of virulence 

determinants is not fully understood. 
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1.5 Communication and autoregulation in bacteria 
Many bacteria coordinate fundamental processes such as sporulation, genetic 

competence, biofilm formation, bioluminescence and even virulence in a population 

density-dependent manner (George and Muir, 2007). This phenomenon is generally 

termed as quorum sensing (QS). QS was first described in the marine organism Vibrio 

fisheri and has been shown to regulate bioluminescence (Engebrecht and Silverman, 

1984; Dunlap, 1999; Waters and Bassler, 2005; Waidmann et al., 2011). In QS 

mechanisms, individual cells release signaling molecules, so called autoinducers (AI), 

into their local environment, while at the same time responding to increasing 

concentration of these AI molecules in an autocrine manner. Thus, bacteria are able to 

react on cell density, mass-transfer properties and spatial distribution of cells. As AI 

concentrations rise above a certain threshold, i.e. the quorum concentration, coordinated 

changes in gene expression are triggered in the entire bacterial population (Antunes et 

al., 2010). Of the different classes of AI molecules N-acyl homoserine lactones (AHLs) 

are used by Gram-negative bacteria, small peptides by Gram-positive bacteria and S-

adenosylmethionine-derived furanones also termed AI-2, are used by both groups 

(Antunes et al., 2010; Hagen et al., 2010). By definition, QS reflects a system that 

allows coordinately and cooperatively optimize gene expression in order to generate 

benefits for the whole population (Hense et al., 2007). 

However, a number of systems involving small signaling molecules that have been 

describes as QS system, are in conflict with the QS hypothesis. Under natural conditions 

in most habitats bacteria are heterogeneously distributed. Since in most cases these 

signaling molecules also work on single bacterial cells and may thus represent rather 

autoinduction than QS mechanisms. In addition, QS mechanisms may be evolutionarily 

unstable owing to conflicts of interest among competing cells since non-cooperating 

cheaters also benefit (Redfield, 2002; Hense et al., 2007). Thus, further concepts have 

been designed to explain theses fundamental conflicts. While the concept of QS 

assumes that regulatory mechanisms based on cell density evolved because groups of 

bacteria benefit from social behavior, the hypothesis of diffusion sensing (DS) assumes 

that production of AIs somehow increases individual fitness. Thus, DS mechanisms 

sense environmental changes to prevent waste of resources, for example by abrogating 

secretion of exoproteins under inappropriate conditions (Redfield, 2002; Hense et al., 

2007). A further sensing system was defined as efficiency sensing (ES) and unifies 

individual and group fitness benefits (Hense et al., 2007). In ES the single cell produces 
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a low-molecular-mass signal as substitution for higher proteins to save energy by 

measuring cell density (as in QS) and mass-transfer (as in DS), but as a side effect 

allows the individual cell to respond to other bacteria when they are present determined 

by the spatial distribution. Since in most habitats bacteria are part of microcolony 

clusters emerging from one individual cell, cooperation among the related members 

may be evolutionarily stable (Hense et al., 2007). In general, all theories agree that 

production of autoinducing molecules is comparatively less energy consuming than the 

finally induced global changes in gene expression (Keller and Surette, 2006). 

QS, DS or ES systems have been identified in a variety of marine and terrestrial bacteria 

and received great attention due to their reported role in virulence of several pathogens 

(Antunes et al., 2010). Indeed, autoinducing systems have been shown to have an 

impact on pathogenicity of e.g. Pseudomonas aeruginosa, Escherichia coli, 

Staphylococcus aureus, and L. monocytogenes (George and Muir, 2007; Antunes et al., 

2010; Riedel et al., 2009).  

 

1.6 Agr peptide sensing in Staphylococcus aureus 
The opportunistic pathogen S. aureus is part of the normal skin flora of approximately 

30 % of the adult population and in most cases is harmless until given the opportunity to 

invade damaged skin or mucous membranes. In some cases, toxins producing S. aureus 

causes fatal infections mainly due to increased antibiotic resistance (George and Muir, 

2007). Virulence of S. aureus is co-regulated by a peptide sensing system consisting of 

four components encoded by the accessory gene regulator (agr) locus. The genes of the 

agr system are organized as an operon and expressed from the PII promoter, which 

drives a basal level of transcription of the operon (Novick and Geisinger, 2008). 

Of the four genes of the agr operon, agrA and agrC encode for a two-component system 

consisting of a transmembrane receptor histidine kinase (AgrC) and a response regulator 

(AgrA; Novick and Geisinger, 2008). The smallest of the genes (agrD) encodes for the 

pro-peptide of the autoinducer, which is processed and exported by the transmembrane 

protein AgrB encoded by agrB. For this purpose, AgrB is assisted by the type I signal 

peptidase SpsB (Ji et al., 1995; Zhang et al., 2004; Kavanaugh et al., 2007). Depending 

on the strain, the active autoinducing peptide (AIP) of S. aureus is a 7-9 amino acid 
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peptide of which the 4-5 C-terminal amino acid residues form a thiolactone ring with 

the thiol group of a central cysteine. 

After reaching a threshold concentration, the AIP binds to the receptor histidine kinase 

AgrC, which is then activated and phosphorylates the response regulator AgrA (Lina et 

al., 1998; Lyon et al., 2002; Geisinger et al., 2008). Phosporylated AgrA in turn has a 

high affinity for the two promoters PII and PIII upstream of the agr operon and strongly 

activates their transcriptional activity. Transcription from PII thus leads to a positive 

autoregulatory circuit and PIII drives expression of the regulatory RNAIII, which is the 

final effector molecule (Novick et al., 1993; Novick et al., 1995; Koenig et al., 2004). 

RNAIII is a highly abundant and stable regulatory RNA of 514 nucleotides with a 

complex secondary structure. Moreover, it features the messenger RNA for the δ-toxin 

Hld (Janzon and Arvidson, 1990; Novick et al., 1995; Benito et al., 2000). The main 

function of RNAIII is to mediate upregulation of virulence-associated genes and 

downregulation of surface or stationary phase genes. Some of the target genes, e.g. hla 

(α-hemolysin), spa (protein A) or rot (repressor of toxins), are regulated by direct RNA-

antisense mechanisms. Others are affected indirectly by agr-regulated pleiotropic 

regulators (e.g. Rot). In total, the expression of more than hundred genes is regulated by 

the agr system in S. aureus (Morfeldt et al., 1995; Benito et al., 2000; Geisinger et al., 

2006). 

In general, agr-dependent regulation in S. aureus occurs in a population-density 

dependent manner. However, under the right conditions even single, isolated cells can 

be observed in which the agr system and regulation is activated (Wright and Holland, 

2003; Carnes et al., 2010). Since in these cases regulation occurs independent of cell 

density, these results argue against the generally accepted notion that the agr system is a 

QS mechanism. Thus, in the presented thesis the function of agr systems will be termed 

peptide sensing. 

 

1.7 Agr peptide sensing in Listeria monocytogenes 
The agr system represents a prototype peptide sensing system found in various Gram-

positive bacteria. The list of species with agr or agr-like systems includes Lactobacillus 

plantarum (Sturme et al., 2007), Clostridium perfringens (Ohtani et al., 2009), 

Enterococcus faecalis (Qin et al., 2001), C. botulinum and C. sporogenes (Cooksley et 
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al., 2010; Steiner et al., 2012). Additionally, the genomes of all Listeria strains 

sequenced to date including L. monocytogenes EGDe harbor a homologous gene locus 

consisting of four genes organized very similarly to the agr operon of S. aureus (Glaser 

et al., 2001; Autret et al., 2003; Buchrieser, 2007; Garmyn et al., 2009). 

The sequence of the listerial response regulator protein AgrA shares a similarity of 42 % 

with the staphylococcal AgrA. The homology between the further components is 

moderate and ranges from 28 % to 32 % on the amino acid level (Autret et al., 2003). 

Sequence homology between the listerial and staphylococcal AgrD peptides is low yet 

both display a highly conserved central cysteine residue required for thiolactone ring 

formation (Garmyn et al., 2009; Sedlag, 2011). Beside the central cysteine residue,  

sequences of the putative AIPs of L. monocytogenes, L. innocua, and L. welshimeri are 

identical but differ in three amino acids from the one found in L. grayi, which might be 

a reflection of the evolution of the genus (Schmid et al., 2005; Buchrieser, 2007; 

Garmyn et al., 2009). 

 

Figure 4: Schematic representation of the putative autoregulatory circuit of the agr system of L. 
monocytogenes EGDe. The scheme was adapted from what is known about the staphylococcal agr 
system. The transmembrane protein AgrB is required for processing and export of pro-AIP 
encoded by agrD. Extracellular AIP binds to the receptor histidine kinase AgrC activating its 
autophosphorylation and transfer of the phosphate residue to response regulator AgrA. AgrA 
activates the PII promoter and presumably also further binds to the promoter regions of other 
genes acting as global regulator.  
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A clean agrD deletion mutant revealed no altered growth kinetics in complex media 

compared to the wild type strain EGDe (Riedel et al., 2009). However, microarray 

analysis revealed that 126 and 670 genes of all functional categories are differentially 

regulated in the ∆agrD mutant in exponential and stationary phase, respectively (Riedel 

et al., 2009). This indicates that the agr regulation plays a significant role in listerial 

physiology. The ∆agrD strain exhibited a significantly impaired ability in biofilm 

formation under nutrient limiting conditions at room temperature, which could be 

restored after addition of wild type supernatant or mixing with wild type strain at a ratio 

of 90:10 (Waidmann, 2008; Riedel et al., 2009). 

Additionally, in-frame deletion of agrA displayed a decreased adherence to glass, 

polystyrene and stainless-steel (Rieu et al., 2007; Garmyn et al., 2009). Interestingly, 

further investigation revealed that the initial stages of adhesion within 24 hours were 

impaired in agrA and agrD deletion mutants under static and dynamic conditions but 

later stages of biofilm formation were not affected (Rieu et al., 2007; Rieu et al., 2008). 

These results show that agr regulation plays an important role for the establishment of 

listerial biofilms. This is in contrast to the role of the agr system of S. aureus. Here agr-

negative strains display enhanced initial attachment and biofilm formation (Vuong et 

al., 2000; Yarwood et al., 2004; Renier et al., 2011). 

Microarray data revealed an altered expression profile of some virulence-associated 

genes in the ∆agrD mutant (Riedel et al., 2009). At the same time, it has been reported 

that inactivation of agrA did not affect invasive capability and intracellular replication 

of L. monocytogenes (Autret et al., 2003; Williams et al., 2005). Despite this, an altered 

protein secretion profile of LLO and attenuated in vivo virulence has been observed for 

a ∆agrA mutant (Autret et al., 2003). Moreover, deletion of agrD negatively influences 

the invasion of enterocyte-like Caco-2 cells by L. monocytogenes likely due to a 

decreased InlA level in the cell wall (Waidmann, 2008; Riedel et al., 2009). 

Analysis of the transcriptional activity of several virulence gene promoters (hlyA, actA, 

plcA, prfA and inlA) revealed a downregulation in the ∆agrD mutant (Riedel et al., 

2009) indicating an impaired virulence. In vivo virulence of a lux-tagged ∆agrD mutant 

was significantly attenuated and recovery of colony forming units (cfu) from infected 

organs of mice was lower (Riedel et al., 2009).  
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Collectively, these results clearly indicate a role of agr peptide sensing in L. 

monocytogenes virulence and biofilm formation. At least the effects on biofilm 

formation are mediated by a soluble factor present in spent culture supernatants possibly 

the agrD-derived AIP. 

 

1.8 Aim of the work 
The aims of the presented doctoral thesis were to investigate the agr system of L. 

monocytogenes with respect to a potential autoregulation and its role in virulence. To 

evaluate whether the agr system of L. monocytogenes is controlled by an autoregulatory 

circuit, which may be activated by the binding of the AIP, we compared the activity of 

the PII promoter of the wild type strain and a ΔagrD mutant using a PII-fusion with a lux 

reporter system. Furthermore, the sequence upstream of the agr operon was analyzed 

for a potential regulatory RNAIII by RT-PCR. The role of the agr system for listerial 

virulence was investigated by testing the ΔagrD mutant for its capacity to invade 

various cell lines compared to the wild type strain. Additionally, hemolytic or lipolytic 

activity and the intracellular localization were analyzed by fluorescence microscopy.  
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2. Material and Methods 

2.1 Bacterial strains and plasmids 
All strains used in this study are listed in Tab. 1. To generate glycerol stocks, overnight 

cultures were grown in LB (for E. coli) or BHI (for L. monocytogenes). An aliquot was 

then directly added to glycerol to a total concentration of 30 % (v/v) glycerol. Prepared 

stocks were kept frozen at -70 °C.   

 

Table 1: Bacterial strains used in this study 

 
STRAIN 

 

 
SPECIAL FEATURES 

 

 
SOURCE/REFERENCE 

E. coli   

DH10B cloning host Invitogen™ 

TOP10 cloning host Invitogen™ 

L. monocytogenes   

EGDe 

 

Wild type strain of serotype 1/2a, 
genome sequenced 

(http://genolist.pasteur.fr/ListiList/) 

Glaser et al., 2001 

EGDeΔagrD 

 

In frame deletion of the codons for 
amino acids 7-53 of AgrD 

Riedel et al., 2009 

EGDeΔagrD::pIMK2agrD 

 

Kanr, contains pIMK2agrD integrated 
at tRNAArg locus of the EGDe 
chromosome; agrD gene under control 
of the highly expressed listerial 
promoter (Phelp) 

Riedel et al., 2009 

EGDe::pPL2lux 

 

Cmr, contains promoterless pPL2lux 
integrated at tRNAArg locus on the 
EGDe chromosome 

this study 

EGDeΔagrD::pPL2lux 

 

Cmr, contains promoterless pPL2lux 
integrated at tRNAArg locus on the 
EGDe chromosome 

this study 

EGDe::pPL2luxPhelp Cmr, contains pPL2luxPhelp integrated 
at tRNAArg locus on the chromosome 

Riedel et al., 2007 

EGDeΔagrD::pPL2luxPhelp Cmr, contains pPL2luxPhelp integrated 
at tRNAArg locus on the chromosome 

Riedel et al., 2009 
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Table 1 (continued): Bacterial strains used in this study 

 
STRAIN 

 

 
SPECIAL FEATURES 

 

 
SOURCE 

 

L. monocytogenes   

EGDe::pPL2luxPII Cmr, contains pPL2luxPII integrated at 
tRNAArg locus on the chromosome 

this study 

EGDeΔagrD::pPL2luxPII Cmr, contains pPL2luxPII integrated at 
tRNAArg locus on the chromosome 

this study 

EGDe::pPL2luxPhlyA Cmr, contains pPL2luxPhlyA integrated 
at tRNAArg locus on the chromosome 

Bron et al., 2006 

EGDe∆agrD::pPL2luxPhlyA Cmr, contains pPL2luxPhlyA integrated 
at tRNAArg locus on the chromosome 

Riedel et al., 2009 

 

Several plasmids were used in this study and are listed in Tab. 2. Most plasmids are 

derivatives of pPL2, a vector utilizing the site-specific integrase of the PSA phage for 

direct integration of the vector into the tRNAArg locus of the L. monocytogenes EGDe 

chromosome (Lauer et al., 2002; Monk et al., 2008). Derivative pIMK vectors were 

originally created to decrease size and change the resistance against chloramphenicol 

(Cmr) to kanamycin (Kanr). All derivates reflect simple and effective tools for 

complementation of chromosomal gene deletions or for expression of proteins in L. 

monocytogenes (Monk et al., 2008). All plasmids are generally highly stable without 

antibiotic selection and function in a broad range of L. monocytogenes strains (Lauer et 

al., 2002; Monk et al., 2008). Cloning of a promoterless derivative of the P. 

luminescens luxABCDE operon into pPL2 created a highly reproducible and stable 

reporter system for testing promoter activity under various conditions (Bron et al., 

2006). 
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Table 2: Plasmids used in this study 

 
PLASMID 

 

 
SPECIAL FEATURES 

 

 
SOURCE 

 

pIMK2 

 

 

Kanr, pPL2 based PSA-listeriophage 
induced site-specific integrative vector 
for constitutive heterologous gene 
overexpression driven by Phelp 

Monk et al., 2008 

pIMK2agrD Kanr, pPL2 based PSA-listeriophage 
induced site-specific integrative vector 
for constitutive agrD overexpression 
driven by Phelp 

Riedel et al., 2009 

pPL2lux 

 

Cmr, PSA-listeriophage induced site-
specific integrative vector for 
bioluminescent promoter testing. 

Bron et al., 2006 

pPL2luxPhelp 

 

Cmr, PSA-listeriophage induced site-
specific integrative vector constitutive 
overexpression of luxABCDE 

Riedel et al., 2007 

pPL2luxPhlyA 

 

Cmr, PSA-listeriophage induced site-
specific integrative vector for PhlyA 
driven expression of luxABCDE 

Riedel et al., 2009 

pPL2luxPII 

 

Cmr, PSA-listeriophage induced site-
specific integrative vector for PII driven 
expression of luxABCDE 

this study 

 
 

2.1.1 E. coli 

E. coli strains were routinely grown in Luria-Bertani-Broth (LB; 10 g/l tryptone, 5 g/l 

yeast extract, 10 g/l sodium chloride). Prior to experiments, E. coli was taken from 

glycerol stocks and streaked on LB agar plates (16 g/l agarose to regular LB formula, 

autoclaved). For preparation of overnight cultures, a single colony from a fresh agar 

plate was inoculated into 10 ml of LB and cultivated at 37 °C aerobically on a rotary 

shaker. If appropriate, bacteria were cultivated in the presence of chloramphenicol (15-

30 µg/ml) or kanamycin (50 µg/ml). 

 

2.1.2 L. monocytogenes 

L. monocytogenes strains used in this study were cultivated in Brain Heart Infusion 

(BHI; Oxoid Ltd, Basingstoke, UK) unless stated otherwise. For pre-cultures, 10 ml 

BHI were inoculated by a single colony from a fresh agar plate and incubated 
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aerobically at 37 °C on a rotary shaker. When required, chloramphenicol (7.5-15 µg/ml) 

or kanamycin (25 µg/ml) were added as selective antibiotics. For preparation of 

electrocompetent L. monocytogenes, BHI was supplemented with 500 mM sucrose 

(Fluka AG, Buchs, Switzerland). Virulence associated experiments were primarily 

performed with bacteria grown in LB, LB buffered with 100 mM 3-(N-

morpholino)propanesulfonic acid (MOPS; Carl Roth GmbH, Karlsruhe, Germany) or 

LB supplemented with 25 mM cellobiose (Fluka AG, Buchs, Switzerland). For growth 

experiments under stress conditions, BHI was supplemented with 0.3 % (w/v) porcine 

bile (Sigma-Aldrich GmbH, Steinheim, Germany) or acidified to pH 4.5 using 1M HCl. 

Bacterial growth was quantified by measuring optical density at 600 nm (OD600) either 

in appropriately diluted 1 ml aliquots in a spectrophotometer (Implen GmbH, Munich, 

Germany) when growth occurred in batch culture or by direct serial online 

measurements in Tecan Infinite® M200 multi-label microtiter plate reader (Tecan 

Austria GmbH, Grödig, Austria) when bacteria were cultivated in microtiter plates.  

 

2.1.3 Electron microscopy of L. monocytogenes 

Samples for electron microscopy of L. monocytogenes EGDe growing intracellularly 

within Caco-2 cells were prepared according to a standard protocol described previously 

(Waidmann, 2008). Before analysis of ultrathin sections by transmission electron 

microscopy in an EM10 microscope (Carl Zeiss AG, Oberkochen, Germany), samples 

were contrasted with lead citrate or uranyl acetate for one minute. Analyses were 

performed at an acceleration voltage of 80 kV. Micrographs were aquired by exposition 

of negatives, which were developed and digitalized (1200 ppi) by using an Epson 

scanner. Contrast and brightness were adjusted using Adobe® Photoshop® CSII 

(version 9.0.2). 

 

2.2 Eukaryotic cell lines 
To test the invasion of different L. monocytogenes strains enterocyte-like Caco-2 cells 

or pharyngeal carcinoma cell line HEp-2 were used. Hemolytic activity was assayed 

using erythrocytes derived from sheep blood or human donors. In addition, intracellular 

actin recruitment capacity was determined in macrophages derived from primary human 

monocytes. The relevant characteristics of all cells used are listed Tab. 3.  
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 Table 3: Eukaryotic cell lines used in this study 

 
CELL LINE 

 

 
SPECIAL FEATURES 

 

 
SOURCE 

 

Caco-2 Human colon adenocarcinoma cell line American Type Culture 
Collection (ATCC) 

HEp-2 Human laryngeal carcinoma cell line ATCC 

Ovine erythrocytes Defibrinated sheep blood, ready-to-use Oxoid Ltd., Basingstoke, 
UK 

Human erythrocytes Erythrocytes isolated from buffy coats 
of healthy donors 

Institute for Transfusion 
Medicine, Ulm University, 
Ulm, Germany 

Human primary macrophages 

 

Derived by M-CSF stimulation of 
monocytes isolated from buffy coats of 
healthy donors 

Institute for Transfusion 
Medicine, Ulm University, 
Ulm, Germany 

 

 

2.2.1 Thawing of eukaryotic cell lines 

Caco-2 and Hep-2 cell lines were obtained from ATCC as frozen stocks and kept for 

long-term storage in liquid nitrogen (-196 °C). For cultivation, cells were slowly thawed 

on ice and transferred into a falcon tube containing 20 ml pre-warmed culture medium 

(see below). To remove toxic dimethyl sulfoxide (DMSO; Sigma-Aldrich GmbH, 

Steinheim, Germany) present in the cryo-stocks, cells were subsequently centrifuged at 

room temperature for two minutes at 300 × g. After removal of the supernatant, cells 

were resuspended in 6 ml of fresh pre-warmed culture medium and transferred into 

tissue culture treated flasks (25 cm2, Falcon®, Becton Dickinson Labware Europe, Le 

Pont de Claix, France). Incubation of the cells occurred at 37 °C and under 5 % CO2 

atmosphere. 

 

2.2.2 Freezing of eukaryotic cell lines 

For preparation of cryo-stocks, Caco-2 or HEp-2 cells were detached by removal of cell 

culture medium, addition of 3 ml trypsin/EDTA solution (PAA Laboratories, Pasching, 

Austria) and incubation for 15 minutes in a cell culture incubator (37 °C, 5 % CO2 

atmosphere). Detached cells were centrifuged for two minutes at 300 × g and 

resuspended at approximately 2 × 106 cells/ml in pre-chilled DMEM medium (PAA 
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Laboratories, Pasching, Austria) supplemented with 50 % (v/v) fetal calf serum (FCS; 

Biochrom AG, Berlin, Germany), 10 % (v/v) DMSO, 1 % (v/v) non-essential amino 

acids (NEAA; PAA Laboratories, Pasching, Austria), and transferred into special cryo-

tubes kept on ice. To ensure slow decrease of temperature, cells were incubated in a 

polystyrene box for 24 hours at -80 °C before final storage in liquid nitrogen (-196 °C). 

 

2.2.3 Cultivation of Caco-2 cells 

Enterocyte-like Caco-2 cells were routinely cultured in DMEM medium supplemented 

with 10 % (v/v) heat inactivated (10 min, 56 °C) FCS, 1 % (v/v) NEAA and 1 % (v/v) 

penicillin-streptomycin stock solution (PAA Laboratories, Pasching, Austria). Cells 

were incubated at 37 °C with 5 % CO2 atmosphere in cell culture incubators (Binder 

GmbH, Tuttlingen, Germany) and medium was changed every two to three days. For 

subculturing, Caco-2 cells were split once a week at a ratio of 1:10. After removal of the 

medium, cells were washed once with pre-warmed sterile phosphate buffered saline 

(PBS; 0.2 g/l potassium chloride, 0.2 g/l potassium dihydrogen phosphate, 8.0 g/l 

sodium chloride, 2.16 g/l disodium hydrogen phosphate heptahydrate, pH 7.4) to 

remove traces of FCS. Detachment of the cells was performed by incubation in 1 ml 

trypsin/EDTA solution for 15 minutes at 37 °C under a 5 % CO2 atmosphere in a cell 

culture incubator. Trypsin digestion was stopped by addition of 10 ml DMEM 

containing 10 % FCS and the suspension was afterwards centrifuged for two minutes at 

2,000 × g. The resulting pellet was resuspended in fresh DMEM.  For determination of 

cell density, cells were stained with trypan blue solution (1:5 dilution, Fluka AG, Buchs, 

Switzerland) and counted in a Neubauer counting chamber. For experiments, cells were 

seeded at a density of 2 × 105 cells per ml. For invasion assays, 1 ml of this suspension 

was seeded in each well of a 24-well plate (Sarstedt AG, Nümbrecht, Germany). Cells 

were cultivated to confluent monolayers for approximately four days. 

 

2.2.4 Cultivation of HEp-2 cells 

Similar to Caco-2 cells, laryngeal HEp-2 cells were cultivated in DMEM supplemented 

with 10 % (v/v) heat inactivated FCS, 1 % (v/v) NEAA and 1 % (v/v) penicillin-

streptomycin solution at 37 °C and 5 % CO2 atmosphere. Cells were subcultured as 

described for Caco-2 cells (see 2.2.3). Prior to invasion assays, HEp-2 cells were seeded 
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at a density of 2 × 105 per well in 24-well plates and incubated for approximately four 

days to obtain confluent monolayers. 

 

2.2.5 Generation of human erythrocytes 

For isolation of human erythrocytes, buffy coats of healthy donors were obtained from 

the Institute for Transfusion Medicine (University of Ulm, Germany) and separated into 

plasma, PBMCs (peripheral blood mononuclear cell) and erythrocytes via Ficoll 

(Sigma-Aldrich GmbH, Steinheim, Germany) gradient centrifugation. Erythrocytes 

were collected from the lower phase and washed once in sterile PBS. Washed 

erythrocytes were resuspended in sterile PBS and stored in the refrigerator at 4 °C. 

  

2.2.6 Generation of human macrophages 

After Ficoll gradient centrifugation of buffy coats, PBMCs were collected from the 

interphase and washed several times with PBS. To isolate monocytes, the monocyte 

isolation kit II (Miltenyi Biotech GmbH, Bergisch Gladbach, Germany) was used. The 

obtained monocytes were incubated for seven days in RPMI supplemented with 1 % 

NEAAs, 10 % FCS and 10 mM HEPES at 37 °C and 5 % CO2 atmosphere. To induce 

differentiation into macrophages, the medium was supplemented with 50 ng/ml 

macrophage colony-stimulating factor (M-CSF; Sigma-Aldrich GmbH, Steinheim, 

Germany). During this period, cells were washed every three days and fresh medium 

comntaining M-CSF was added. Following differentiation, macrophages were seeded 

into an eight-well chamber slide (ibidi GmbH, Martinsried, Germany) at a final density 

of 1 × 105 cells per well and incubated for 24 hours prior to invasion assays to allow 

tight adherence of the cells to the glass slide. 

 

2.3 Working with nucleic acids 

2.3.1 Preparation of chromosomal DNA 

For preparation of chromosomal DNA of L. monocytogenes, 5 ml of overnight culture 

was sedimented by centrifugation (10 min, 5,000 × g, RT). The bacterial pellet was 

washed twice with 1 ml TE buffer (5 mM EDTA, 10 mM Tris/HCl, pH 7.6) and then 

resuspended in 1 ml TE buffer supplemented with a small amount, i.e. a tip of a spatula, 
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of lysozyme (from chicken egg white, lyophilized; Sigma-Aldrich GmbH, Steinheim, 

Germany). Following an incubation of three hours at 37 °C, 3 ml of lysis buffer (400 

mM sodium chloride, 2 mM EDTA, 10 mM Tris/HCl, pH 8.2), 220 µl 10 % (v/v) 

sodium dodecyl sulfate (SDS) and 150 µl proteinase K (20 mg/ml; Roche Diagnostics 

GmbH, Mannheim, Germany) were added and the mix was incubated overnight at 37 

°C. After addition of 2 ml saturated sodium chloride (NaCl) solution (approx. 6 M) and 

gentle mixing protein precipitated as a thin white film, which was pelleted by 

centrifugation (15 min, 5,000 × g, RT). Chromosomal DNA was then precipitated from 

the supernatant by addition of 2.5 volumes of absolute ethanol. Insoluble DNA was 

fished with a curved Pasteur pipette tip and washed in 70 % (v/v) ethanol. The DNA 

was then air-dried and resuspended in 100 – 200 µl TE buffer by incubation overnight at 

4 °C. 

    

2.3.2 Preparation of plasmid DNA 

Plasmid DNA from E. coli DH10B or TOP10 strains was generally prepared by two 

different methods. For small volumes of plasmid DNA, isolation the E.Z.N.A Plasmid 

Mini Kit I (Omega Bio-tek Inc., Norcross, USA) was used according to the protocol 

recommended by the manufacturer and plasmid DNA was usually eluted in 50 µl dH2O. 

Larger amounts of plasmid DNA from E. coli were prepared from 50 ml cultures in LB 

medium after overnight growth. The entire culture was transferred to Falcon® 

centrifuge tube and bacteria were sedimented by centrifugation (8 min, 5,000 × g, 4 °C). 

The pellet was resuspended in 5 ml of solution A (50 mM glucose, 25 mM Tris, 10 mM 

EDTA) supplemented with a small amount of lysozyme and incubated for 10 minutes at 

room temperature. Then, 10 ml of solution B (4.4 ml H2O, 0.1 ml 10 N NaOH, 0.5 ml 

10 % (w/v) SDS) were added to induce bacterial lysis. After gentle mixing the reaction 

was incubated for 10 minutes on ice. 7.5 ml of solution C (3 M potassium actate, 1.8 M 

glacial acetic acid) were added, the reaction gently mixed and incubated for further 10 

minutes on ice. The whole reaction was centrifuged (10 min, 5,000 × g, 4 °C) and 

supernatant was crudely filtered through gauze tissue into a fresh Falcon tube. 

Afterwards, 12 ml isopropanol was added to the filtered lysate and the solution was 

centrifuged (10 min, 5,000 × g, 4 °C). The supernatant was discarded and the remaining 

pellet was dried for several minutes by incubation at 37 °C. The dry pellet was 

resuspended in 1 ml dH2O and 2 ml 5 M lithium chloride in 50 mM Tris/HCl (pH 7.5) 
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was added. After gently mixing, reaction was incubated for 15 minutes on ice followed 

by a further centrifugation (15 min, 5,000 × g, 4 °C). To precipitate plasmid DNA, 10 

ml of absolute ethanol (-20 °C) was added and reaction was incubated overnight at -20 

°C. The next day, precipitated DNA was pelleted by centrifugation (15 min, 5,000 × g, 

4 °C) and resuspended in 400 µl 10 mM Tris [pH 7.6]. To eliminate residual RNA, 5 µl 

of RNAse A stock solution (10 mg/ml) was added and incubated for 30 minutes at 37 

°C. Following this step, phenol/chloroform/isoamylalcohol extraction and ethanol 

precipitation were performed to increase purity of recovered plasmid DNA (see 2.3.4 

and 2.3.5). 

 

2.3.3 Preparation of total RNA 

Overnight pre-cultures of L. monocytogenes EGDe, EGDe∆ agrD and 

EGDe∆agrD::pIMK2agrD were grown in 10 ml of BHI and used for inoculation of 100 

ml LB medium in an Erlenmeyer culture flask. Optical density at a wavelength of 600 

nm (OD600) was determined in a spectral photometer and all cultures were adjusted to an 

OD600 of 0.01. Cultures were incubated on a rotary shaker (120 rpm) at 37 °C for 5 

hours into mid-exponential growth phase. At this stage, 10 ml of the culture was 

transferred into a falcon tube containing 40 ml killing buffer (60 % (v/v) methanol, 

66.67 mM HEPES, pH 6.5, -40 °C) in order to immediately quench RNA synthesis and 

degradation. Then, bacteria were pelleted by centrifugation (20 min, 4 °C, 5,000 × g). 

The supernatant was discarded and pellets were kept at -70 °C until further use. For 

RNA extraction, frozen pellets were resuspended in 200 µl ice-cold water and 

transferred into cryo-tubes (Sarstedt AG, Nümbrecht, Germany) filled with 0.25 ml of 

glass beads (diameter 0.1 mm; Carl Roth GmbH & Co. KG, Karlsruhe, Germany). For 

extraction and direct denaturation of proteins, 200 µl acidic phenol, 100 µl chloroform, 

40 µl sodium acetate (3 M, pH 5.4) and 40 µl 10 % (w/v) SDS were added. Bacteria 

were disrupted by three cycles of 30 seconds each in a Hybaid RiboLyser (Hybaid, 

Teddington, UK) set to the highest level. Between cycles, cryo-tubes were cooled on ice 

for two minutes. After homogenization, samples were centrifuged for 15 minutes at 4 

°C and 14,000 rpm and free nucleic acids were precipitated from the upper aqueous 

phase by adding 2.5 volumes of absolute ethanol. Samples were then further processed 

according to the manual of the RNeasy® Mini Kit (Qiagen GmbH, Hilden, Germany). 

For final elution of RNA from the columns of the RNeasy® Mini Kit, 50 µl RNase-free 
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water was used and 1 U Ribolock™ RNase Inhibitor (Fermentas GmbH, St. Leon-Rot, 

Germany) was added to increase stability. RNA samples were kept at -70 °C until 

further processing. Total RNA concentrations were determined photometrically using a 

Tecan Infinite® M200 multi-label microtiter plate reader and confirmed by agarose gel 

electrophoresis (see 2.3.7). Photometric determination of RNA concentration is based 

on the Lambert-Beer-law A = ε × c × d (with A = absorbance at 260 nm; ε = extinction 

coefficient, i.e. 40 mg × cm × l-1 for RNA; c = RNA concentration in µg/ml; d = 

distance, i.e. path length). To remove contaminating DNA, 10 µg of RNA were mixed 

with 10 U of DNaseI in the respective buffer (10 µl DNaseI RNase-free, 5 µl DNaseI 

buffer, 1 U Ribolock™ RNase Inhibitor). The final volume was adjusted to 50 µl with 

RNase-free water (Fermentas GmbH, St. Leon-Rot, Germany) and the mix was 

incubated for six hours at room temperature. Additional 10 U of DNaseI, 7 µl reaction 

buffer, and RNase-free water to a final volume of 70 µl were added and the mix was 

incubated overnight at room temperature. DNAseI was heat-inactivated at 65 °C for 10 

minutes in the presence of EDTA (1 mol per 1 mol Mg2+). Absence of residual DNA 

was confirmed by a control-PCR amplifying a small 294-bp fragment in the intergenic 

region of inlAB (primer pair: inlAB-IG_fwd/inlAB-IG_rev listed in 7.4; for PCR 

protocol see 2.3.6). Prior to cDNA synthesis, DNA-free RNA was purified using the 

RNeasy® Mini Kit according to the manufacturer’s instructions. 

 

2.3.4 Phenol/chloroform/isoamylalcohol extraction (PCIA) 

PCIA is an efficient method to remove protein contaminations from DNA or RNA 

preparations. Processed solutions of DNA, plasmid DNA or RNA were mixed with one 

volume of phenol/chloroform/isoamylalcohol (25:24:1 (v/v/v)) and carefully inverted 

for approximately two minutes to precipitate protein. Of note, phenol used for protein 

extraction of RNA solution needs to be of acidic pH (4.5-5.0), while pH of phenol 

applied for DNA preparations was of slightly basic pH (7.5-8.0). Reaction tubes 

containing the mixture were subsequently centrifuged for 5 minutes at room 

temperature and 14,000 × g. During this step, nucleic acids remained in the upper 

aqueous phase, while denaturated proteins were trapped in the interphase. To increase 

purity of the nucleic acids, this step was repeated twice by transferring the aqueous 

phase into adequate volume of fresh phenol/chloroform/isoamylalcohol (25:24:1 

(v/v/v)). After removal of protein, remaining traces of phenol were washed out by two 
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washing steps with chloroform/isoamylalcohol (24:1 (v/v)). Similar to the previous 

steps, aqueous phase was transferred into the adequate volume of 

chloroform/isoamylalcohol (24:1 (v/v)), carefully mixed and centrifuged. Finally, the 

protein- and phenol-free pure nucleic acid containing upper aqueous phase was mixed 

with 2.5 volumes of absolute ethanol (-20 °C). Although phenol denaturates protein 

efficiently, RNase activity may not be totally abolished. Thus, while working with RNA 

all reagents and materials had to be carefully decontaminated. Surfaces and instruments 

were cleaned with RNase-ExitusPlus™ (Applichem GmbH, Darmstadt, Germany) prior 

to handling of RNA samples. 

    

2.3.5 Ethanol precipitation 

The convenient method to concentrate nucleic acids is ethanol precipitation. The nucleic 

acid solutions were mixed with 2.5 volumes of ice-cold absolute ethanol (-20 °C) and 

incubated at -20 °C or lower for several hours. The precipitated DNA then was pelleted 

by centrifugation (14,000 × g, 10 min), carefully washed once with 70 % (v/v) ethanol 

(-20 °C) and once with 1 volume of absolute ethanol. Finally, the pellet was air-dried by 

incubation at 37 °C and solved in an appropriate volume of dH2O. 

 

2.3.6 Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is a common technique to efficiently amplify DNA 

fragments thereby increasing the copy numbers by several orders of magnitude. The 

reaction is based on thermal cycling and is driven by the activity of thermostable DNA 

polymerases, which synthesize the complementary strand of a single-stranded DNA 

molecule in 5’- 3’ direction starting at small double-stranded fragments. For cloning 

purposes, DNA polymerases with proof-reading activity were used to minimize 

mutations in the amplicon due to incorporation of false nucleotides. In this study two 

DNA-polymerases were used for standard and cloning applications. Typical reaction 

mixes for these enzymes are listed in Tab. 4. 
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Tab. 4: Standard PCR-reactions 

 
REAGENT 

 
GENAXXON 

BIOSCIENCE TAQ-
POLYMERASE 

(STANDARD APPLICATION) 
 

 
PHUSION® HIGH-
FIDELITY DNA 
POLYMERASE 

(CLONING APPLICATIONS) 
 

template DNA (10-100 ng) 0.5 µl 0.5 µl 

reaction buffer (5X or 10X) 2.5 µl (10x) 5 µl (5x, for high GC-content) 

dNTPs (2 mM each nucelobase) 2.5 µl 2.5 µl 

fwd_primer (10 pM final conc.) 0.5 µl 1.25 µl 

rev_primer (10 pM final conc.) 0.5 µl 1.25 µl 

Dimethyl sulfoxid (DMSO) 1.5 µl 0.75 µl 

enzyme 0.5 µl 0.25 µl 

ddH2O 16.5 µl 13.5 µl 

total 25 µl 25 µl 

Manufacturer:  Genaxxon BioScience GmbH, 
Ulm, Germany 

Finnzymes Oy, Espoo, Finland 

 

PCR programs generally are performed in three main steps repeated in cycles. During 

the first step, double-stranded DNA is melted into single-stranded template molecules 

by a denaturation step. Then, incubation at a lower temperature allows for the primers to 

anneal to their target sequences which then represent the initiation site for elongation. 

The times and temperatures of the three steps depend on the template, primers and 

polymerase used. As a rough measure denaturation is usually performed at 92-95 °C, 

annealing occurs at temperatures between 50-65 °C depending on the primer sequences 

and most DNA polymerases have a temperature optimum of 68-72 °C and the 

elongation time depends on the template length and speed of the polymerase. 

Prior to the first PCR cycle, frequently a prolonged denaturation step of approximately 

two minutes is used to completely denature high molecular templates such as 

chromosomal DNA. The PCR reaction is completed by a final elongation step for an 

extended time, which allows for the completion of any unfinished PCR product. All 
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oligonucleotides used for priming in this study are listed in 7.4. All PCRs were 

performed in a FlexCycler (Analytik Jena AG, Jena, Germany). 

 

2.3.7 Agarose gel electrophoresis 

A very common method to visualize DNA fragments is their separation according to 

size by agarose gel electrophoresis. In agarose gels shorter DNA fragments tend to 

move faster through the meshwork of the agarose matrix than longer counterparts. The 

resolution of the agarose gels is influenced by the agarose concentration. In this study, 

most gels contained 0.8 % (w/v) agarose dissolved in electrophoresis buffer TAE 

(40 mM Tris-HCl, 1 mM EDTA, 10 mM acetic acid, pH 8.0), which allows a good 

separation of large 1-10 kbp DNA fragments. For smaller fragments, 2 % (w/v) agarose 

gels were used. For preparation of gels, agarose was added to TAE buffer and boiled in 

a microwave until the powder was completely dissolved. Melted agarose was cooled 

down to about 50 °C, poured into a gel stand apparatus (Peqlab Biotechnologie GmbH, 

Erlangen, Germany) and a gel comb was fitted. After polymerization of the gels, 400 ml 

of TAE buffer were added and the comb was removed. Samples were mixed with 

loading dye (0.25 % (w/v) bromphenol blue in 40 % (v/v) glycerol) at a ratio of 5:1. 

Separation was performed at a voltage of approximately 100 V. Following separation, 

DNA bands were visualized by incubation in ethidium bromide solution (1 µg/ml in 

dH2O; Carl Roth GmbH & Co. KG, Karlsruhe, Germany) for several minutes. Ethidium 

bromide is a DNA intercalating dye that fluoresces with an emission maximum of 595 

nm when exited with UV light (302 nm). After staining, the gels were washed in dH2O 

to remove excess ethidium bromide. Fluorescent DNA bands in the gels were imaged 

using a photodocumentation system (Decon Science GmbH, Hohengandern, Germany). 

To determine the sizes of DNA fragments, GeneRuler™ 1kb DNA ladder (Fermentas 

GmbH, St. Leon-Rot, Germany) was run in a separate slot of all gels. 

  

2.3.8 DNA treatment with restriction endonucleases 

Restriction endonucleases are enzymes isolated from bacteria, which cut double-

stranded DNA molecules at specific recognition sequences. This enzymatic reaction is 

an invaluable tool to manipulate and modify DNA for cloning and analytical purposes. 

In this study, restriction digests of DNA were performed following the 
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recommendations of the manufacturer of the respective enzyme (Fermentas GmbH, St. 

Leon-Rot, Germany). Typically, restriction digests were performed within a total 

volume of 20 µl containing at least 1 µg of PCR product or plasmid DNA, 1 µl of 

restriction enzyme (10 U/µl) and 2 µl of the respective buffer. Digests were incubated 

for two hours at the temperature optimum of the respective enzyme (usually 37 °C) in a 

Thermomixer comfort (Eppendorf AG, Hamburg, Germany). To stop the reaction, the 

enzyme was heat-inactivated at 65 °C for 20 minutes. To further process the digested 

product, DNA was purified with NucleoSpin® Extract II Kit (Macherey-Nagel GmbH 

& Co. KG, Düren, Germany). Digested DNA fragments were analyzed by agarose gel 

electrophoresis to control for successful restriction (see 2.3.7).  

  

2.3.9 Ligation 

Phosphate residues were removed from 5’-ends of digested vector backbones by adding 

1 U/µl shrimp alkaline phosphatase (Fermentas GmbH, St. Leon-Rot, Germany; SAP) 

30 minutes prior to heat-inactivation of the restriction enzymes to prevent 

recircularization. Moreover, 5’-hydroxyl groups of PCR products were phosphorylated 

using T4 polynucleotide kinase (10 U/µl) in a total volume of 20 µl using the 

recommended reaction buffer and incubation for 20 minutes at 37 °C. Reaction was 

stopped by heat-inactivation of the enzyme at 75 °C for 10 minutes. PCR products were 

then purified using NucleoSpin® Extract II Kit (Macherey-Nagel GmbH & Co. KG, 

Düren, Germany). Ligation of compatible DNA ends is catalyzed by DNA ligases. In 

this study, T4 DNA ligase (isolated from T4 bacteriophage) was used throughout. 

Vector and insert DNA were mixed at a ratio of 1:3 in a total volume of 20 µl 

containing 1 µl T4 DNA ligase (5 U/µl) and 2 µl reaction buffer (Fermentas GmbH, St. 

Leon-Rot, Germany). Ligation was carried out overnight at room temperature and T4 

DNA ligase was heat inactivated at 65 °C for 20 minutes. 

 

2.3.10 Preparation of electrocompetent E. coli 

Recombinant plasmids were transformed by electroporation into E. coli DH10B as host 

strain. For preparation of electrocompetent E. coli DH10B a pre-culture of 5 ml 2xTY 

medium (16 g/l tryptone, 10 g/l yeast extract, 5 g/l sodium chloride) was cultivated 

overnight at 37 °C on a rotary shaker. The pre-culture then was completely transferred 



2. Material and Methods 38 

into 250 ml 2xTY medium in a baffled Erlenmeyer flask. The culture was incubated at 

37 °C on a rotary shaker (120 rpm) to an OD600 of 0.3-0.5. The culture was chilled on 

ice for 15-30 minutes and from this point on bacteria were constantly kept on ice. 

Bacteria were pelleted by centrifugation (15 min, 5,000 × g, 4 °C), washed twice with 

ice-cold sterile H2O and twice with ice-cold 10 % (v/v) glycerol with centrifugations 

(15 min, 5,000 × g, 4 °C) between the washing steps. Finally, the bacterial pellet was 

resuspended in approximately 700 µl of 10 % (v/v) glycerol and aliquots of 50 µl were 

frozen in liquid nitrogen and stored at -80 °C until further use. 

  

2.3.11 Electroporation of E. coli 

Frozen aliquots of electrocompetent E. coli DH10B were slowly thawed on ice and 

added to 5 µl plasmid DNA in pre-chilled 1 mm gap cuvettes (Peqlab Biotechnologie 

GmbH, Munich, Germany). Electroporation was performed by a single pulse at 25 mF, 

200 Ω, and 1.8 kV in a Gene Pulser Xcell system (Bio -Rad Laboratories GmbH, 

Munich, Germany). Immediately after pulsing, bacteria were transferred into pre-

warmed (37 °C) fresh BHI supplemented with 500 mM sucrose and incubated for at 

least 1.5 hours at 37 °C on a rotary shaker before plating on LB agar plates 

supplemented with the appropriate antibiotic. After incubation overnight at 37 °C, 

positive clones were selected and tested by colony PCR. Template DNA for colony 

PCR was prepared by picking bacteria with pipette tips and transfer into a PCR tube. 

Bacteria then were heated in a microwave oven for 3 minutes at 900 W and resuspended 

in 50 µl dH2O. Again, bacteria were lysed by boiling for 10 minutes at 95 °C. Bacterial 

debris was pelleted by centrifugation (1 min, 14,000 × g, RT) and 1 µl of the obtained 

supernatant was used as template for PCR. Clones with positive results in the colony 

PCR were subcultured twice on LB agar plates containing the respective antibiotic 

before plasmid was isolated and analyzed by DNA sequencing (MWG-Biotech GmbH, 

Ebersberg, Germany). Furthermore, glycerol stocks were only prepared of confirmed 

positive clones. 

 

2.3.12 Preparation of electrocompetent L. monocytogenes 

To prepare electrocompetent L. monocytogenes, a protocol developed for highly 

efficient transformation of pPL2 based vectors (Monk et al., 2008) was used. Overnight 
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pre-cultures of L. monocytogenes strains were diluted 1:100 in 500 ml of autoclaved 

BHI supplemented with 500 mM sucrose in an Erlenmeyer flask without baffles. 

Bacteria were cultivated to an OD600 of 0.2 to 0.25 on a rotary shaker (120 rpm) at 37 

°C. Then, ampicillin from a freshly prepared solution was added to a final concentration 

of 10 µg/ml and cultivation was continued for further two hours. Cells were then chilled 

on ice for 10 minutes and pelleted by centrifugation (5,000 × g, 4 °C, 10 min). Bacterial 

pellets were resuspended in 500 ml of ice-cold sucrose-glycerol washing buffer 

(SGWB; 10 % (v/v) glycerol, 500 mM sucrose, pH adjusted to 7.0 with 100 mM 

NaOH). SGWB was prepared one day prior the experiments and filter sterilized using 

membrane filters of 0.2 µm pore size (Sartorius AG, Göttingen, Germany). During the 

following two centrifugation steps, bacteria were pelleted by centrifugation (5,000 × g, 

4 °C, 10 min), but the volume of SGWB was gradually reduced to 175 ml after the first 

and then to 50 ml after the second washing. At this stage 50 µl of freshly constituted 

filter sterilized lysozyme solution (stock: 10 mg/ml; Sigma-Aldrich GmbH, Steinheim, 

Germany) were added to the bacteria in 50 ml SGWB, followed by an incubation for 20 

minutes at 37 °C in a water bath with occasional gentle mixing. Bacteria were then 

centrifuged at 3,000 × g (4 °C, 10 min) resuspended in 20 ml SGWB and centrifuged 

one more time (3,000 × g, 4 °C, 10 min). Due to the viscous characteristics of SGWB 

and the reduced speed, the bacterial pellets formed in these step is not very solid. If 

necessary, an additional 5 minutes of centrifugation were used to minimize loss of 

competent bacteria. After the final centrifugation step, bacteria were resuspended in 2.5 

ml SGWB and 50 µl aliquots were snap-frozen in liquid nitrogen and stored at -80 °C. 

 

2.3.13 Electroporation of L. monocytogenes 

Electrocompetent L. monocytogenes (50 µl) were mixed with 1 µg plamid DNA in a 

pre-chilled 1 mm gap cuvette and incubated for 5 minutes on ice. Electroporation was 

p erfo rmed by a single pu lse at 1  k V/mm,  4 0 0  Ω an d  2 5  µF in  a Gene Pu lser Xcell 

system. Time constants of 7-8 msec were usually observed. Pulsed bacteria were 

transferred into 1 ml of pre-warmed BHI supplemented with 500 mM sucrose 

immediately after the pulse and incubated statically at 37 °C for at least 1.5 hours. Then, 

100 µl was streaked on BHI agar containing the selective antibiotic. The remaining 900 

µl were slowly centrifuged and the pellet resuspended in a volume of 100 µl and also 

plated. After 2-3 days, antibiotic-resistant clones were picked and transferred to a new 
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BHI agar plate supplemented with selective antibiotic. A piece of the colony also 

additionally used to prepare a template for colony PCR to test for positive integration at 

the tRNAArg site using primer pair PL95/PL102 (Lauer et al., 2002, for primer 

sequences see list in 7.4). 

  

2.3.14 Reverse transcription polymerase chain reaction (RT-PCR) 

RT-PCR is a method to test for the presence of a specific RNA molecule by PCR 

amplification following reverse transcription of RNA to cDNA. cDNA synthesis was 

carried out according the instructions of the RevertAid™ H Minus First Strand cDNA 

Synthesis Kit (Fermentas GmbH, St. Leon-Rot, Germany). 1 µg of DNA-free total RNA 

(see 2.3.3) was mixed with 0.2 µg random hexamer primers and filled with RNase-free 

water up to a volume of 12 µl. To denature stable secondary structures of the RNA, the 

reaction was heated to 65 °C for 5 minutes in a FlexCycler. Then, the tube was chilled 

on ice and shortly spun down in a Galaxy MiniStar microcentrifuge (VWR International 

GmbH, Darmstadt, Germany). Subsequently, reaction buffer (5x), RNase inhibitor, 1 

mM dNTP mix and RevertAidTM H Minus reverse transcriptase were added in the 

indicated order according the manufacturer’s instructions. The reaction was gently 

mixed, spun down and the tube was placed in thermal cycler. For annealing of random 

hexamer primers, reaction was first incubated at 25 °C for 5 minutes. cDNA synthesis 

then occurred during incubation at 42 °C for 60 minutes. The reaction was stopped by 

heat-inactivation of the enzyme at 70 °C for 5 minutes. The cDNA was directly used as 

template for a target-specific PCR (program see 2.3.6). To exclude presence of 

contaminating DNA, RNA samples not subjected to cDNA synthesis were used as 

template. Chromosomal DNA was used as template for the positive control reaction. 

Resulting amplicons were analyzed by agarose gel electrophoresis (see 2.3.7). 

 

2.4 In silico analysis of DNA sequences 
Sequences of the agr genes and the intergenic sequence between the agr operon and the 

genes located upstream of agrB of S. aureus MW2 and L. monocytogenes EGDe were 

downloaded from databases published after genome sequencing (http://cmr.jcvi.org/tigr-

scripts/CMR/shared/Genomes.cgi; http://genolist.pasteur.fr/ListiList/; Glaser et al., 

2001; Baba et al., 2002). For promoter prediction the online software BPROM 
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(http://www.softberry.com) was used. All putative promoters with a score above 3 were 

considered for this study. To determine terminator structures we used the online 

prediction tool ARNold (http://molbiol-tools.ca), which detects rho-independent 

terminators using two complementary programs, Erpin and RNAmotif (Lesnik et al., 

2001; Naville et al., 2011). 

 

2.5 Specific reporter and enzyme activity assays  

2.5.1 Luminescence reporter assays 

Luminescence reporter assays were performed using L. monocytogenes strains 

harboring derivatives of pPL2lux (Lauer et al., 2002; Bron et al., 2006; Riedel et al., 

2007). This vector contains a P. luminescens luxABCDE operon optimized for use in 

Gram-positive organisms (Qazi et al., 2001) and the various derivatives were generated 

by creating exact transcriptional fusions of this reporter to different listerial promoters. 

The advantages and biochemistry of this system has been extensively reviewed 

elsewhere (Waidmann et al., 2011). In brief, the transcriptional activity can be directly 

measured in growing cultures by quantification of luminescence in a Tecan Infinite® 

M200 multi-label microtiter plate reader (Tecan Austria GmbH, Grödig, Austria). 

Samples of 200 µl were taken from batch cultures grown in Erlenmeyer flasks as 

described above and measured in white polystyrene microtiter plates. Alternatively, 

cultures were grown directly in the microtiter plate reader where indicated. Prior to 

every measurement, plates and samples were mixed by orbital shaking in the plate 

reader for one second and amplitude of 1 mm. Luminescence was quantified over one 

second per well. 

 2.5.1.1 Luminescence measurements during growth in batch culture 

Pre-cultures of different L. monocytogenes strains were used for inoculation of 100 ml 

of BHI to an OD600 of 0.01 in baffled Erlenmeyer flask, which were then incubated 

aerobically on a rotary shaker (120 rpm) at 37 °C or 30 °C. At the indicated intervals, 

samples were taken for quantification of OD600 and luminescence. For luminescence 

measurements five 200 µl aliquots of each culture were placed into individual wells of a 

white polystyrene 96-well plate with transparent bottom (Brand GmbH & Co. KG, 

Wertheim, Germany). 
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2.5.1.2 Luminescence measurements during growth in microtiter plate 

Pre-cultures of different L. monocytogenes strains were used for inoculation of 10 ml of 

BHI to an OD600 of precisely 0.01. Using these cultures, eight aliquots of 200 µl each 

per strain were used to inoculate individual wells of a white polystyrene 96-well plate 

with transparent bottom. Plates were incubated in Tecan Infinite® M200 multi-label 

microtiter plate reader at 37 °C or 30 °C. OD600 and luminescence were automatically 

measured every 30 minutes with orbital shaking for one minute prior to each 

measurement. Of note, strains with strong luminescence were incubated one or two 

rows of the microtitre plate apart from each other to avoid bleeding over of the 

luminescence signal though the transparent bottoms of the plate. 

 

2.5.3 Invasion assay 

To test invasion of different L. monocytogenes strains, Caco-2 or HEp-2 cells were 

grown in 24-well plates to confluent monolyers as described above. One day prior to 

experiments, fresh medium without antibiotic supplementation was added. Overnight 

cultures of L. monocytogenes EGDe, EGDe∆agrD or EGDe∆agrD::pIMK2agrD were 

diluted 1:20 in fresh BHI or different LB media (e.g. MOPS-buffered, pH 7.4 or 

supplemented with 25 mM cellobiose) and grown aerobically at 30 °C or 37 °C to mid-

log phase when OD600 was approximately 0.6-0.8. Then, bacteria were harvested by 

centrifugation (10 min, 5,000 × g, RT). The bacterial pellet was resuspended in DMEM 

to obtain 109 bacteria per ml (OD600 = 1 equals 109 bacteria/ml). To eliminate any 

residual antibiotics, eukaryotic cells were washed once with to 37 °C pre-warmed PBS. 

For infection, 900 µl of DMEM plus 100 µl of the bacterial suspension were added. 

This represents a total bacterial load of 108 bacteria per well, which equals a multiplicity 

of infection (MOI) of 100 bacteria per eukaryotic cell. Bacteria were allowed to attach 

and invade during one hour of incubation at 37 °C under 5 % CO2 atmosphere in cell 

culture incubator. Then, monolayers were washed three times with pre-warmed PBS to 

eliminate unbound bacteria. To further kill extracellular bacteria, cells were overlaid 

with 1 ml DMEM supplemented with 10 µg/ml gentamicin (Gibco® Invitrogen GmbH, 

Darmstadt, Germany) for one hour. After this incubation cells were again washed once 

with PBS and finally lysed with 1 ml ice-cold distilled water. Colony forming units 

(cfu)/ml in the lysates were determined by plating 10 µl aliquots of serial 10-fold 

dilutions in PBS onto BHI agar in triplicate and manual counting of colonies after 
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overnight growth at 37 °C. Invasion of Listeria strains was then calculated as log10 

(cfu/well). In some cases invasion was normalized with one of the strains or conditions 

set to 100 %. 

 

2.5.4 Hemolysis assays  

2.5.4.1 Agar-based determination of ß-hemolytic activity 

ß-hemolytic activity is indicated by lysis of red blood cells. One method to determine ß-

hemolytic activity is to visualize hemolysis as clear zones of lysis around bacterial 

colonies on agar plates containing erythrocytes. In this study, a classical hemolysis 

assay was performed by preparing LB or LB supplemented with 25 mM cellobiose 

containing 16 g/l agarose. Following autoclaving, solutions were stirred and cooled 

down to 40 °C before addition of 5 % (v/v) defibrinated sheep blood (Oxoid Ltd., 

Basingstoke, UK) or 5 % (v/v) isolated human erythrocytes (see 2.2.5). In case of media 

supplemented with sheep blood erythrocytes, 1 U/100 ml sphingomyelinase (Sigma-

Aldrich GmbH, Steinheim, Germany) was also added. Agars were poured in aliquots of 

approximately 20 ml into petri dishes and allowed to solidify. For inoculation, pre-

cultures of different strains of L. monocytogenes were plated by puncturing with a 

pipette tips previously dipped into a pre-culture. After incubation for 72 hours at 37 °C, 

plates were imaged against a bright background with a digital camera. The sizes of ß-

hemolytic zones were quantified with ImageJ software (Wayne Rasband, National 

Institutes of Health, Maryland, USA). 

2.5.4.2 Batch culture based determination of hemolytic activity  

To determine hemolytic activity during growth in batch culture, 100 ml LB was 

supplemented with 5 % (v/v) defibrinated sheep blood and inoculated with pre-cultures 

of different strains of L. monocytogenes to an OD600 of 0.1. The cultures were incubated 

aerobically at 37 °C on a rotary shaker (120 rpm) and every hour, bacterial growth was 

monitored by determination of cfu/ml via spot-plating of serial 10-fold dilutions. 

Hemolytic activity was monitored by quantifying absorption of released hemoglobin at 

a wavelength of 541 nm. For this purpose, 1.5 ml aliquots were sampled from cultures 

every hour and centrifuged for one minute at 100 × g to sediment erythrocytes. To 

further precipitate bacteria, supernatants were further centrifuged for 10 minutes at 
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5,000 × g. The supernatant was transferred into 1 ml cuvettes for subsequent absorption 

measurement. 

 

2.5.5 Lecithinase assay 

Lecithinase activity can be detected by lipid degradation causing opaque zones 

surrounding colonies on agar supplemented with egg yolk emulsion (Füzi and Pillis, 

1962; Raveneau et al., 1992). Agar of different LB media was prepared as described in 

2.5.4 but instead of supplementation with erythrocytes, 5 % (v/v) egg yolk emulsion 

(Oxoid Ltd., Basingstoke, UK) was added to the media. After solidification of the 

media, pipette tips dipped into overnight pre-cultures of different strains of L. 

monocytogenes were used to puncture the agar surface. Inoculated plates were incubated 

at 37 °C for 72 hours, imaged against a bright background using a digital camera and 

sizes of opaque zones were quantified using ImageJ software. 

 

2.5.6 Determination of actin tail formation 

Macrophages were infected at an MOI of 10 and bacteria were centrifuged onto 

macrophages at 300 × g to enhance bacterial contact with cells. Phagocytosis of bacteria 

by macrophages was allowed for 20 minutes at 37 °C in a 5 % CO2 atmosphere. 

Following this incubation, supernatant was discarded and replaced by fresh RPMI 

supplemented with 10 ng/ml gentamicin to efficiently kill extracellular bacteria during 

another 20 minutes of incubation. Infected macrophages were then fixed for 10 minutes 

in 4 % (w/v) paraformaldehyde (PFA) in PBS. To permeabilize the cytoplasma 

membrane, macrophages were washed after fixation with PBS containing 1 % (w/v) 

bovine serum albumine (BSA), 0.5 % (v/v) normal human serum (NHS; Sigma-Aldrich 

GmbH, Steinheim, Germany) and 0.5 % (w/v) saponine (Sigma-Aldrich GmbH, 

Steinheim, Germany). Cells were then incubated for one hour at room temperature in 

PBS supplemented with rabbit anti-Listeria antibody (dilution 1:500; antibodies-online 

GmbH, Aachen, Germany; #ABIN112781) and Alexa Fluor® 488-labeled phalloidin 

(dilution 1:500; Invitrogen GmbH, Darmstadt, Germany; #A12379). To remove excess 

antibody, cells were again washed twice with pre-warmed PBS. Following this washing 

step, cells were incubated in PBS containing Alexa Fluor® 555-labeled anti-rabbit 

antibody (dilution 1:2,000; Invitrogen GmbH, Darmstadt, Germany; #A21427) for one 
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hour at room temperature. After two further washing steps with pre-warmed PBS, cells 

were co-incubated with DAPI (dilution 1:10,000 in PBS; Sigma-Aldrich GmbH, 

Steinheim, Germany) for 5 minutes. After two washings in PBS, cells were overlaid 

with immobilizing Moviol and analyzed by fluorescence microscopy using a Zeiss 

Observer Z1 (Carl Zeiss AG, Oberkochen, Germany) microscope at a magnification of 

63. Images were captured using Axiovision® software (Carl Zeiss AG, Oberkochen, 

Germany). 
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3. Results 

3.1 Autoregulation of the agr operon 

3.1.1 Sequence analysis of the lmo0047-agrB intergenic region 

In S. aureus, the agr operon is autoregulated and expression is activated by the binding 

of AgrA to the preceding PII promoter region (Novick et al., 1995; Koenig et al., 2004). 

In divergent orientation lies PIII promoting the expression of the regulatory RNAIII, the 

main effector molecule of the staphylococcal agr system (Novick et al., 1993; Novick 

and Geisinger, 2008). In the genome of L. monocytogenes EGDe, a homologous gene 

locus was identified with the same number and order of genes. In order to get a first 

insight into the potential autoregulation of listerial agr and the presence of a homologue 

of a regulatory RNAIII, the intergenic region between lmo0047 and agrB was examined 

for potential promoter sequences. The analysis of the agr locus in S. aureus MW2 and 

L. monocytogenes EGDe revealed that genes belonging to the agr operon are organized 

in the same order and orientation. However, regions upstream of the respective agr 

operons differ. Unlike in S. aureus, in L. monocytogenes the gene upstream of agrB 

(lmo0047), is transcribed in the same direction as agrB and shows no homology to a δ-

hemolysin (See Fig. 5AB). Analysis of a 380 bp region covering parts of lmo0047 and 

agrB and the intergenic region revealed one potential promoter directly preceding the 

agr operon, which probably is the functional equivalent of the staphylococcal PII 

promoter and drives expression of the agr operon (Fig. 5C). Additionally, four putative 

promoters were identified on the opposite strand that could potentially drive expression 

of a RNAIII. However, sequence analysis also revealed a perfect inverted repeat 

structure downstream of lmo0047 which consists of two stretches of 8 nucleotides. The 

two parts of the inverted repeat are separated by 14 nucleotides and the second repeat is 

followed by 7 thymidine residues. Altogether this strongly indicates that this inverted 

repeat structure represents a rho-independent terminator for transcription of lmo0047.  
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Figure 5:  (A) Genetic organization of the agr locus in S. aureus MW2 (adapted from Baba et al., 
2002). The bold arrows indicate the orientation and sizes of the different genes. The light orange 
bar indicates the area covered by the RNAIII transcript including the coding sequence of the hld 
gene. Location of the promoters PII and PIII is indicated by black arrows. (B) Genetic organization 
of the agr locus in L. monocytogenes EGDe according to the sequence published by Glaser et al., 
(2001). Colored arrows indicate the agr genes. The grey arrow indicates the location of the 
neighboring lmo0047 gene. The black arrows indicate putative promoters. (C) Sequence of the 
intergenic region between lmo0047 and agrB in L. monocytogenes EGDe. The arrows indicate the 
regions covered by lmo0047 or agrB transcripts. Stop codon of lmo0047 and start codon of agrB are 
highlighted in dark red. Predicted -10 and -35 boxes are underlined and correspondent to their 
connection highlighted in the same color. The predicted rho-independent termination sequence for 
lmo0047 is underlined in black including respective stem (green) and loop (violet) structures.  

 

3.1.2 Activity of the PII promoter 

Luciferase reporter systems frequently have been applied to test the activity of 

promoters (Waidmann et al., 2011). The recently published promoter probe vector 

pPL2lux was used in this study (Bron et al., 2006). To probe the PII promoter, the entire 

intergenic sequence between lmo0047 and agrB was cloned as an exact transcriptional 

fusion in front of the luxABCDE operon (Fig. 6).  
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Figure 6: (A) Organization of the listerial agr operon with the amplified PII
 region indicated by a 

violet bar. (B) Schematic presentation of the amplified 288-bp fragment comprising the entire 
intergenic lmo0047-agrB region. Predicted -10, -35 boxes and the Shine-Dalgarno sequence are 
indicated by boxes. The product features a SalI restriction site and a blunt end at the TTG start 
codon of agrB. (C) Map of the resulting vector pPL2luxPII. The genes of the luxABCDE operon 
(Qazi et al., 2001; Bron et al., 2006) are indicated by pink arrows. Further features of the vector are 
indicated by grey arrows and bars. Cloning of the amplified PII region (violet bar) into the SalI and 
SwaI restriction sites allowed construction of exact translational fusion to luxABCDE. (D) Agarose 
gel electrophoresis of the amplified 288 bp-PII fragment. (E) Agarose gel electrophoresis of 
linearized pPL2luxPII. 

 

The 288-bp fragment comprising the entire lmo0047-agrB intergenic region was 

amplified using primers PII_fwd_SalI and PII_rev. The PCR product featured a SalI 

restriction site and a blunt end including the TTG start codon of agrB. The amplicon 

(insert) was digested with SalI and ligated into pPL2lux (Bron et al., 2006) previously 

linearized and digested with restriction endonucleases SalI and SwaI creating an exact 

transcriptional fusion of the putative PII promoter with the luxABCDE operon. The 

resulting vector was transformed into E. coli DH10B host and plasmid inserts of 

positive clones were confirmed by restriction analysis and DNA sequencing by using T3 

and luxA_rev primers (primer sequences see Addendum 7.4). Verified constructs were 

then transformed into L. monocytogenes EGDe and EGDe∆ agrD. Chromosomal 

integration at tRNAArg site was confirmed by colony PCR (see 3.2.13). The resulting 

strains L. monocytogenes EGDe::pPL2luxPII and EGDe∆agrD::pPL2luxPII were used in 

further experiments. 
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First, growth experiments were performed with strains L. monocytogenes EGDe, 

EGDe::pPL2luxPII, EGDe∆agrD::pPL2luxPII and EGDe::pPL2luxPhelp in batch culture. 

Both growth and luminescence during growth in BHI medium at 30 °C and 37 °C was 

measured. Since strains harboring promoter-less pPL2lux did not emit any light, 

untransformed EGDe was used for this experiments to exclude growth defects caused 

by the plasmid integration. As a positive control L. monocytogenes EGDe::pPL2luxPhelp 

with constitutive luciferase activity was used in all experiments (Riedel et al., 2007; 

Riedel et al., 2009). 
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Figure 7: Luminescence reporter activity (A and C) and growth (B and D) of L. monocytogenes 
EGDe, EGDe::pPL2luxPhelp, EGDe::pPL2luxPII, EGDe∆agrD::pPL2luxPII in BHI at 37 °C (A & B) 
and 30 °C (C & D). Values shown are OD600 (dotted lines, B and D) and the ratio of relative light 
units and OD600 (rlu/OD600; solid lines; A and C). Results of one representative of three independent 
experiments are shown.  
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No significant differences in growth rate and final OD600 were observed between the 

strains (Fig. 7B and D) and all strains showed identical growth as L. monocytogenes 

EGDe. As expected L. monocytogenes EGDe::pPL2luxPhelp exhibited strong constitutive 

luminescence throughout the experiment with a slight decrease towards stationary 

growth phase. PII-driven luciferase reporter activity above background was only 

measurable once bacteria entered mid-exponential growth phase. This effect was more 

pronounced in bacteria grown at 30 °C. Moreover, luminescence intensities were higher 

in all strains at this temperature except for the ∆agrD mutant for which no luminescence 

above background levels were observed at any point during the experiments. To 

confirm these results, luminescence measurements were performed using bacteria 

grown in 96-well plates (Fig. 8) 

 

 

Figure 8: Luminescence of L. monocytogenes EGDe EGDe::pPL2luxPhelp, EGDe::pPL2luxPII, 
EGDe∆agrD::pPL2luxPII during growth at 37 °C (A) or 30 °C (B) in BHI and 96-well microtiter 
plate. Values are mean relative light units (rlu) of 6 wells per strain of a 96-well microtiter plate ± 
standard deviation are of one representative of three independent experiments.  
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As already observed in batch cultures, PII-driven luciferase activity was induced 

approximately in mid-exponential growth phase. Also, luminescence was approximately 

10-fold higher in bacteria grown at 30 °C compared to 37 °C. No luminescence was 

measured for the ∆agrD mutant at any conditions. 

Most virulence promoters are more activated in LB or MOPS-buffered LB at pH 7.4 

than in BHI (Behari and Youngman, 1998; Bron et al., 2006). By contrast, cellobiose 

supplementation generally decreases listerial virulence (Park and Kroll, 1993; 

Milenbachs et al., 1997; Behari and Youngman, 1998). To test if PII is also activated 

during growth in these media, further growth experiments were performed with 

EGDe::pPL2luxPII in batch cultures.  

 

Figure 9: Luminescence (A) and growth (B) as measured by OD600 of L. monocytogenes 
EGDe::pPL2luxPII in LB, LB + 100 mM MOPS [7.4] and LB + 25 mM cellobiose at 37 °C in batch 
culture. Results presented here are mean relative light units (rlu) of quadruple measurements ± 
standard deviation and OD600 of duplicate measurements. Both are of one representative of three 
experiments. 
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PII-driven luminescence was only slightly higher when bacteria were grown in normal 

LB compared to the MOPS-buffered medium. Interestingly, supplementation with 

cellobiose decreased the PII-driven light emission indicating that the presence of easily 

fermentable sugars represses activation of the agr system. 

All together, these results suggest that the intergenic region between lmo0047 and agrB 

contains a functional promoter which was subsequently termed PII in analogy to the PII 

promoter of S. aureus. Moreover, the data suggests that PII transcriptional activity 

requires a functional agrD-encoded AIP, PII-dependent transcription is strongly induced 

in exponential growth phase and repressed by cellobiose. 

 

3.1.3 Detection of a putative RNAIII via RT-PCR 

In silico analysis revealed four putative promoters upstream of agrB that potentially 

could drive expression of a RNAIII (Fig. 5). In order to probe for a potential RNAIII 

transcript, RT-PCR was performed targeting the intergenic region between lmo0047 and 

agrB. Primers for RT-PCR were designed to amplify a 160-bp fragment covering 

potential transcripts promoted by the first two promoters. The length of the amplicon 

was designed to avoid problems with amplification of the predicted terminator structure 

downstream of lmo0047. RT-PCR was performed on total RNA samples of L. 

monocytogenes EGDe, EGDe∆ agrD and EGDe∆ agrD::pIMK2agrD grown on LB 

medium to late exponential growth phase since it was assumed that expression of the 

agr system and thus of a potential RNAIII would be maximal at high cell densities (Fig. 

10).  
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Figure 10: Schematic representation of the lmo0047-agrB intergenic region with localization of the 
primers (A) used for RT-PCR (B) targeting potential RNAIII transcripts in cDNA from total RNA 
samples of  L. monocytogenes EGDe (WT), EGDe∆ agrD (∆), EGDe∆agrD::pIMK2agrD (Comp) 
grown in LB browth to mid-exponential growth phase. (C) RT-PCR targeting an internal fragment 
of the housekeeping gene secA as positive control for completed cDNA synthesis. (D) RT-PCR 
targeting secA using RNA samples without reverse transcription to control for contaminating 
chromosomal DNA. To estimate the size of PCR products, 1 kbp DNA ladder (Fermentas GmbH, 
Germany) was applied (lane M). Chromosomal DNA and water served as positive (+) or negative (-) 
controls for the PCR reactions. 

 

No signal could be detected by RT-PCR for RNAIII transcripts expressed from the first 

two promoters in the lmo0047-agrB intergenic region. Due to the negative results in 

RT-PCR no further attempts were made to detect a RNAIII by Northern blot analysis or 

other methods at this genomic position.  

 

3.2 Role of the agr system for listerial virulence 
Previous experiments showed that EGDe∆ agrD is attenuated for virulence in vivo in 

mice and promoter activities of the major virulence factors is reduced during growth 

under inducing conditions (Riedel et al., 2009). Thus, we attempted to characterize and 

to compare the activity of the major virulence factors by specific assays in L. 

monocytogenes EGDe and the isogenic ∆agrD mutant.  
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 3.2.1 agr regulation and stress resistance   

To check if the agrD deletion mutant displays altered resistance to conditions of the 

gastrointestinal tract, growth experiments were performed in BHI medium 

supplemented with 0.3 % (w/v) porcine bile or acidic pH (pH 4.5; Fig. 11). 

 

 

Figure 11: Growth of EGDe (WT). EGDe∆ agrD (∆), EGDe∆agrD::pIMK2agrD (Comp) at 37 °C in 
BHI, BHI supplemented with 0.3 % (w/v) porcine bile (bile) and BHI acidified to pH 4.5 ([4.5]). 
Growth was monitored in 200 µl volumes in a 96-well microtiter plate with automatic OD600 
measurements.  Values are mean of 6 wells per strain and condition ± standard deviation and one 
representative of three independent experiments is shown.  

 

Compared to normal BHI medium, growth of all strains was significantly inhibited at 

pH 4.5. Moreover, growth rate was reduced in the presence of porcine bile. 

Interestingly, all strains showed a biphasic growth in the presence of porcine bile and 

final OD600 values were higher compared to normal BHI medium. No difference 

between the strains were observed under all conditions tested clearly indicating that all 

strains possess similar capability to tolerate stress conditions and the lack of functional 

AIP has no influence on resistance towards bile and acidic pH. 
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3.2.2 InlA- and InlB-dependent invasion of host cells 

Invasion into host cells represents the first step during the intracellular lifecycle of L. 

monocytogenes and is mediated by members of the internalin family of proteins. The 

two main internalins of L. monocytogenes are InlA and InlB, which mediate invasion of 

a broad spectrum of non-phagocytic host cells (Bierne et al., 2007). In previous studies 

InlA-mediated entry of the agrD deletion mutant into enterocyte-like Caco-2 cells was 

shown to be impaired (Waidmann, 2008; Riedel et al., 2009). Furthermore, SDS-PAGE 

and Western blot analysis revealed an altered protein pattern and lower abundance of 

InlA in the cell wall of the ∆ agrD mutant compared to the wild type (Riedel et al., 

2009). 

To confirm the defective InlA-mediated invasion and extend on the previous findings, 

experiments were carried out using L. monocytogenes EGDe, EGDe∆ agrD and 

EGDe∆agrD::pIMK2agrD grown at different temperatures since luciferase reporter 

experiments indicated a temperature-dependent PII activity (Fig. 7 and 8). 
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Figure 12: InlA-dependent Invasion of L. monocytogenes EGDe (WT, black bars), EGDe∆agrD (∆, 
orange bars), and EGDe∆agrD::pIMK2agrD (Comp, grey bars) grown in BHI at 37 °C or 30 °C 
into Caco-2 cells. Invasion is expressed as the logarithm of absolute numbers of bacteria 
(log10[cfu/well]); A) or as percent relative to the wild type strain which was set to 100 % (B). Values 
are mean ± standard deviation of four wells per condition and results are from one representative 
of at least three independent experiments. 

 

As described previously, InlA-dependent invasion of Caco-2 cells by EGDe∆ agrD was 

significantly impaired compared to the wild type strain (Fig. 12A). Moreover, this 

impaired invasion was evident for bacteria grown both at 30 °C and 37 °C (Fig. 12A). 

While an impaired invasion of the ∆ agrD mutant was in general observed for both 

tested conditions, the growth temperature influences the extent of the defect and the 

total number of invaded bacteria. Thus, when the wild type strain was grown at 30 °C 

absolute numbers of invaded bacteria were approximately 3-fold higher, than when the 

strain was grown at 37 °C (Fig. 12A). Also, the decrease in the invasive ability caused 

by the agrD deletion was more dramatic. Invasion was decreased to about 25 % when 

bacteria were grown at 30 °C compared to 40 % for bacteria cultured at 37 °C (Fig. 

12B).  
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Since the genes encoding InlA and InlB are organized in an operon (Glaser et al., 2001; 

Lingnau et al., 1995) invasion of human laryngeal epithelial HEp-2 cells by L. 

monocytogenes EGDe, EGDe∆agrD and EGDe∆agrD::pIMK2agrD was tested. 

 

Figure 13: InlB-dependent Invasion of L. monocytogenes EGDe (WT, black bars), EGDe∆agrD (∆, 
orange bars), EGDe∆agrD::pIMK2agrD (Comp, grey bars) grown in BHI at 37 °C or 30 °C into 
HEp-2 cells. Invasion is expressed as the logarithm of absolute number of bacteria (log10[cfu/well]; 
A) or as percent relative to the wild type strain which was set to 100 % (B). Values are mean ± 
standard deviation of four wells per condition and results are from one representative of at least 
three independent experiments. 

 

Surprisingly, InlB-dependent invasion as measured by absolute numbers of bacteria was 

higher when bacteria were grown at 37 °C (Fig. 13A). Moreover, invasiveness of the 

∆agrD mutant was only reduced to approx. 50 % compared to the wild type. When 

bacteria were grown at 30 °C, invasion of L. monocytogenes EGDe was also 

approximately 2.5-fold lower and no decrease in invasion as observed for the ∆ agrD 

mutant.  
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All together, the invasion into non-phagocytic cells seems to be a process, partially 

regulated by the agr system. However, the impact of agrD deletion on the invasive 

phenotype depends on the cell line and temperature used for bacterial cultivation. InlA-

dependent invasion was higher for bacteria grown at 30 °C and was reduced for the 

∆agrD mutant irrespective of the temperature used for cultivation. By contrast, InlB-

mediated invasion was highest when bacteria were cultured in BHI medium at 37 °C 

and no difference between mutant and wild type was observed for bacteria grown at 30 

°C. Altogether, this indicates a temperature-dependent regulatory mechanism for InlB 

and uncoupled regulation of InlA and InlB at 30 °C. 

  

3.2.3 Hemolytic activity 

Fusions of the hlyA promoter to a lux reporter in EGDe∆agrD revealed an impaired PhlyA 

activity (Riedel et al., 2009). This finding suggests that this strain might have lower 

hemolytic activity than the wild type.  

To characterize the hemolytic activity of the agrD deletion mutant, all strains were 

spotted on sheep blood agar plates prepared from LB or LB supplemented with 25 mM 

cellobiose as basal media.  
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Figure 14: (A) Hemolytic activity of L. monocytogenes EGDe (WT, black boxes); EGDe∆ agrD (∆; 
orange boxes) and EGDe∆ agrD::pIMK2agrD (Comp; grey boxes) on LB and LB + 25 mM 
cellobiose based agar supplemented with 5 % (v/v) defibrinated sheep blood and 0.01 U/ml 
sphingomyelinase. (B) Images of LB agar plates presented in (A) were used to quantify the sizes of 
ß-hemolytic zones using ImageJ software. Values are the mean of the three spots and are 
normalized to the mean of the hemolytic zones of the wild type, which was set to 100 %. Data from 
one representative of three independent experiments are shown. 

 

Analysis of the spot plates revealed that strains tested displayed similar ß-hemolytic 

activity with no significant differences detectable using this assay. Cellobiose promoted 

growth and inhibited hemolytic activity of all strains in a similar way. Thus, using this 

sheep erythrocytes-based hemolysis assay, no significant differences in hemolytic 

activity between EGDe and EGDeΔagrD could be detected. One possible explanation 

for this result is that the effect of agrD deletion on hemolytic activity may be restricted 

to the temporal onset of hlyA expression and was compensated at later stages due to 

accumulation of LLO. This is supported by experiments using luminescent promoter 

test assays in which Phly activity was decreased significantly in the ΔagrD mutant only 

in a narrow window during late exponential growth (Riedel et al., 2009).  To confirm 

the reduced transcriptional activity of PhlyA in L. monocytogenes EGDe∆agrD, we 

monitored luminescence of a strain carrying the PhlyA promoter probe vector 

pPL2luxPhlyA during growth in LB (Fig. 15).  
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Figure 15: PhlyA-driven luminescence (rlu; A) and growth (OD600; B) of EGDe::pPL2luxPhlyA (black) 
and EGDe∆agrD::pPL2luxPhlyA (orange) in LB broth. Bacteria were grown in a 96-well plate at 37 
°C and OD600 and luminescence was automatically measured at the indicated time-points. Values 
are mean ± standard deviation of ten wells per strains and condition. Results derive from one 
representative of three independent experiments.  

 

While growth of both strains was comparable (Fig. 15B), PhlyA-driven luminescence of 

EGDe∆agrD was indeed significantly (p < 0.001) reduced during exponential and early 

stationary phase. Upon entering later stationary phase after 6 hours the difference 

between the strains disappeared and luminescence slowly decreased (Fig. 15A). These 

findings may indicate that the role of agr for hlyA regulation may be restricted to the 

early phases of PhlyA promoter activity. Thus, the standard agar based assay may be not 

sensitive enough to detect a defect of the ∆agrD mutant in hemolytic activity. In order 

to establish an assay that allows for the detection of more subtle differences in 

hemolytic activity, L. monocytogenes EGDe, EGDe∆ agrD and 

EGDe∆agrD::pIMK2agrD were cultivated in LB supplemented with sheep blood cells. 

To quantify hemolysis, hemoglobin released by lysed erythrocytes was measured in cell 

free supernatants by absorption at 541 nm.  
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Figure 16: Absorption of released hemoglobin at 541 nm during growth of L. monocytogenes EGDe 
(WT; black bars), EGDe∆ agrD (∆; orange bars) and EGDe∆agrD::pIMK2agrD (Comp; grey bars) 
at 37 °C in LB broth supplemented with 5 % defibrinated sheep blood and 20 mM cysteine. 
Background of medium without bacteria was subtracted. Values are mean ± standard deviation of 
duplicate measurements from one representative of three independent experiments. 

 

During growth of L. monocytogenes EGDe, EGDe∆ agrD and 

EGDe∆agrD::pIMK2agrD in LB containing sheep erythrocytes, lysis of erythrocytes 

started sometime in exponential growth phase and the amount of released hemoglobin 

constantly increased (Fig. 16). More importantly, the agrD deletion mutant exhibited a 

lower capability to induce lysis of erythrocytes at all time-points suggesting indeed a 

reduced hlyA expression resulting in a decreased LLO activity. Growth of all strains was 

determined for each time-point by the spot plating method and cfu/ml were comparable 

for all strains throughout experiment (data not shown). 

Susceptibility of erythrocytes to LLO depends on the animal species. In order to 

confirm the results of the hemolysis of sheep blood erythrocytes and to establish a more 

simple yet more sensitive assay for hemolysis, an agar-based method using human 

blood derived erythrocytes was developed.  
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Figure 17: (A) ß-hemolytic activity of EGDe (WT, black boxes); EGDe∆ agrD (∆; orange boxes) and 
EGDe∆agrD::pIMK2agrD (Comp; grey boxes) grown at 37 °C on agar plates supplemented with 5 
% (v/v) isolated human erythrocytes using LB or LB supplemented with 25 mM cellobiose as basal 
medium. Plate sections presented in this figure represent one of three independent experiments 
using erythrocytes from different blood donors. (B) Quantitative analysis of hemolytic zones on LB 
agar plates shown in (A). Values were normalized to zones obtained for the wild type, which was set 
to 100 %.   

 

Using this assay, the ß-hemolytic activity of EGDe∆agrD was reduced to approximately 

50 % of wild type. No hemolytic activity was observed in any of the strains tested when 

the medium was supplemented with cellobiose.  

Lower hemolytic activity has recently been shown to result in formation of so-called 

SLAPs in infected cells, i.e. vacuoles in which multiple bacteria are trapped and actively 

replicate (Birmingham et al., 2008). In a first attempt to investigate the phenotypic 

consequences of lower hemolytic activity of L. monocytogenes EGDe∆agrD, electron 

microscopy of infected Caco-2 cells was done to elucidate the intracellular distribution 

of this strain compared to the wild type. 
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Figure 18: (A) Electron micrograph of SLAP in RAW 264.7 macrophages after 4 hours of infection 
with L. monocytogenes (image taken from Birmingham et al., 2008). (B) Electron micrograph of a 
putative SLAP in Caco-2 cells 3 hours after infection containing four cells of L. monocytogenes 
EGDe∆agrD (image taken from Waidmann, 2008). (C) Quantitative analysis of the intracellular 
distribution of L. monocytogenes EGDe and EGDe∆agrD according to the different compartments 
in which bacterial cells were detected. 60 electron micrographs for each strain (15 per section 
depth) to the bacterial number and categorizing. 

 

Interestingly, the distribution of bacteria in different compartments of infected Caco-2 

cells was different for the ∆ agrD mutant compared to the wild type (Fig. 18C). 

Quantitative analysis of the electron micrographs revealed that a total of 156 L. 

monocytogenes EGDe wild type bacteria were found intracellularly while only 118 

intracellular bacteria of the ΔagrD mutant were observed. Furthermore, 79 cells of the wild 

type strain were found in secondary vacuoles (either performing cell-to-cell spread or after 

uptake by secondary host cell) compared to 71 bacteria for EGDe ΔagrD. Interestingly, a 

markedly lower number of EGDe ΔagrD (38) were found in the cytoplasmatic compartment 

compared to the wild type (73) suggesting a defect in vacuolar escape of this strain. We also 

found an increased number of mutant bacteria in compartments resembling SLAPs (Fig. 



3. Results 65 

18A and B). Only marginal amounts of bacteria of both EGDe and EGDe ΔagrD were 

found in phagolysosomal compartments. 

 

3.2.4 Lecithinase activity 

Another gene whose promoter showed reduced transcriptional activity in the ∆ agrD 

mutant in previous studies is the LIPI-1 located gene plcB encoding for the broad 

spectrum phospholipase C PlcB. To test whether the reduced transcriptional activity of 

the promoter translates into a reduced PlcB activity, L. monocytogenes EGDe, 

EGDe∆agrD and EGDe∆ agrD::pIMK2agrD were incubated on egg yolk emulsified 

agar plates using LB, or LB supplemented with 25 mM cellobiose as basal medium. 

 

Figure 19: (A) Lecithinase activity of L. monocytogenes EGDe (WT, black boxes); EGDe∆ agrD (∆; 
orange boxes) and EGDe∆ agrD::pIMK2agrD (Comp; grey boxes) on agar plates supplemented 
with 5 % (v/v) egg yolk emulsion using LB or LB supplemented with 25 mM cellobiose as basal 
medium. (B) Quantitatve analysis of opaque zones of lecithinase activity on LB agar plates 
supplemented with 5 % (v/v) egg yolk emulsion. Values were normalized as presented to zones 
obtained for the wild type. Plate sections presented and analyzed in this figure are from one of 
three independent experiments. 
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All L. monocytogenes strains produced a clearly visible opaque zone surrounding the 

bacterial colonies on LB agar indicating lipolytic activity of PlcB. This zone was 

reduced for L. monocytgenes EGDe∆agrD strain to approximately 45 % of the wild type 

while in the complemented strain EGDe∆ agrD::pIMK2agrD the opaque zone was 

approximately 1.7-fold bigger than that of EGDe. As expected, the presence of 

cellobiose in agarose inhibits the lipolytic PlcB activity of all three strains tested.  

 

3.2.5 Actin recruitment 

As for the other virulence factors investigated in this study, promoter-lux-fusion 

experiments revealed an impaired PactA activity in L. monocytogenes EGDe∆agrD 

during growth under virulence inducing conditions (Riedel et al., 2009). To corroborate 

these findings on a phenotypic level, ActA-dependent recruitment of host cell actin by 

intracellular bacteria was analyzed by using fluorescence microscopy.  

In general, both strains possessed the ability to recruit actin to the cell pole thereby 

forming actin tails resulting in intracellular movement (Fig. 20A-D). However, more 

detailed visual examination of the fluorescence microscopy images revealed that L. 

monocytogenes EGDe∆agrD seemed to less frequently form fully developed actin tails 

compared to the wild type strain EGDe (Fig. 20A-D). To evaluate this effect in a more 

quantitative manner, 8 randomly chosen fluorescence microscopy images were analyzed 

and the numbers of bacteria associated with actin as an indication for the cytosolic 

localization were counted in two distinct categories: a) bacteria that were only 

surrounded with actin and b) bacteria that had fully developed actin comet tails. This 

revealed that the vast majority of L. monocytogenes EGDe∆agrD were only surrounded 

by actin (98 %) and only 2 % had developed an actin tail (2 %). For the wild type strain 

EGDe, the number of bacteria surrounded by actin was lower (82 %). Instead, 18 % had 

a fully developed actin comet tail (Fig. 20E). This finding indicates that the amount of 

ActA protein produced by the ∆agrD mutant is decreased. 
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Figure 20: Intracellular localization of L. monocytogenes EGDe (A & B; black boxes) and 
EGDe∆agrD (C & D; orange boxes) in human monocyte-derived macrophages infected at MOI = 10 
for 40 minutes. Bacteria were labeled with an anti-Listeria antibody (red), host cell nuclei with 
DAPI (blue) and F-actin with phalloidin (green). (E) Percentages of L. monocytogenes EGDe (WT; 
black bar) and EGDe∆agrD (∆; orange bar) bacteria either surrounded by actin (indicated by white 
arrows in B or D) or showing a fully developed actin comet tail (indicated by light orange arrows in 
B and D). Values were obtained by counting bacteria in 8 randomly chosen micrographs of one 
representative experiment and are expressed as percentage of all actin-associated bacteria, which 
was set to 100 %.  
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4. Discussion 

4.1 Autoregulation of the agr operon 
Two-component systems (TCSs) of bacteria frequently mark the interface to the 

environment and allow bacteria to adapt to changes in conditions by coordinated gene 

expression. In the L. monocytogenes EGDe genome, several open reading frames have 

been identified, which encode for components of hypothetic and confirmed TCSs 

(Glaser et al., 2001) responding to environmental stimuli such as stress, antibiotics and 

nutrient availability (Cotter et al., 1999; Flanary et al., 1999; Larsen et al., 2006; 

Gottschalk et al., 2008). However, TCSs are not necessarily activated by extrinsic 

stimuli but can also respond to self-produced autoinducing molecules. 

A well-characterized autoinduction system found in Gram-positive bacteria is the agr 

peptide sensing system of S. aureus, which upon activation enhances the expression of 

the four genes of the agr operon itself and the expression of a regulatory RNAIII, which 

is the main effector molecule of agr-dependent gene regulation (Novick and Geisinger, 

2008; Thoendel et al., 2011). In S. aureus, the PII promoter upstream of agrB mediates 

the transcription of a RNAII containing the message for all four agr genes and is 

activated by binding of AgrA in an autoregulatory circuit (Koenig et al., 2004; 

Reynolds and Wigneshweraraj, 2011; Reyes et al., 2011). In the genome of L. 

monocytogenes EGDe, a homologous locus was identified harboring four genes in same 

order and organization (Glaser et al., 2001; Autret et al., 2003). Deletion of the listerial 

AIP encoding gene agrD resulted in a dramatic decrease in transcription of all agr genes 

(Riedel et al., 2009) suggesting a similar autoregulatory circuit.  

In silico analysis of the genomic region upstream of the listerial agrB, i.e. the first gene 

of the operon, revealed the presence of -10 and -35 boxes, a predicted transcription start 

site and a Shine-Dalgarno sequence with good probabilities. Thus, these sequences 

might constitute a potential PII promoter for expression of the agr operon. To test the 

activity of this promoter, the promoter probe vector pPL2lux (Bron et al., 2006) was 

used. During growth on all media tested, PII-driven luminescence of 

EGDe∆agrD::pPL2luxPII remained below background levels, clearly demonstrating the 

requirement of a functional AIP for PII activation and providing further evidence that 

the agr system of L. monocytogenes is indeed autoregulated. This is in line with 
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previous observations from qRT-PCR experiments in ∆agrA and ∆agrD mutants, which 

showed absence of agr transcripts (Rieu et al., 2007). 

In L. monocytogenes EGDe::pPL2luxPII, i.e. the wild type background, activation of the 

PII promoter during growth in BHI was detectable approximately after 5-6 hours, i.e. 

late exponential growth phase. As observed in previous studies, constitutive expression 

of the lux operon via Phelp yielded luminescence emission proportional to bacterial 

growth (Riedel et al., 2007). During experiments, we found that temperature may 

influence PII activity. Cultivation at 30 °C generally led to higher luminescence than at 

37 °C both in batch culture and in microtiter plates, indicating that the expression of the 

agr system is influenced by temperature.  

The agr system was shown to be involved in virulence of L. monocytogenes (Riedel et 

al., 2009). Virulence gene expression can be modulated in vitro by growth in different 

LB media. While growth in LB buffered with MOPS to pH 7.4 induces virulence gene 

expression, growth in LB supplemented with cellobiose represses expression of the 

respective genes (Park and Kroll, 1993; Milenbachs et al., 1997; Behari and Youngman, 

1998; Bron et al., 2006). In order to investigate, if the agr system itself is subject to a 

regulation similar to the virulence genes, luminescence of L. monocytogenes 

EGDe::pPL2luxPII was compared under these conditions. As expected, supplementation 

with cellobiose slightly promoted bacterial growth. By contrast, PII-driven luminescence 

was significantly reduced to about 25 % of the control (normal LB). Buffering the 

medium to pH 7.4 with MOPS had no or only marginal effects on growth or 

luminescence.  

In two other studies, PII was fused to gfp in L. monocytogenes EGDe to report for agr 

activity (Rieu et al., 2008; Garmyn et al., 2011). In one of these studies, an increased 

PII-mediated fluorescence was observed during growth in tryptic soy broth (TSB) but 

only 35 % of the entire population of cells were positive for GFP in stationary phase 

(Garmyn et al., 2011). In the same study, nutrient rich conditions, for example growth 

in BHI or TSB supplemented with additional glucose, decreased the percentage of agr 

active (GFP-positive) cells. By contrast, low nutrient concentrations, for example half-

strength TSB, increased the number of fluorescing bacteria compared to normal TSB 

(Garmyn et al., 2011). This seems to be in agreement with our results since TSB is a 

plant-derived medium contains high amounts of cellobiose (Park and Kroll 1993; 
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Milenbachs et al., 1997), which according to our results is a strong inhibitor of PII 

activity. 

Garmyn and colleagues (2009) also observed a higher number of GFP-positive cells 

during growth in TSB at 37 °C compared to 25 °C. While this is apparent conflicting 

with our results, it has to be mentioned that Garmyn et al. (2009) only determined the 

number of agr activated cells as evidenced by a GFP-positive status. The GFP protein 

has a long half-life and requires posttranslational maturation. This does not allow for 

monitoring of promoter activity in real-time fashion (Waidmann et al., 2011). By 

contrast, the dramatically shorter turnover rate of bacterial luciferases allows for the 

repeated online measurement not only of the onset of gene expression but also of 

decreased expression at a high temporal resolution (Waidmann et al., 2011). Since the 

use of GFP and detection by fluorescence microscopy only allows the discrimination of 

on and off states of expression, this does not allow for conclusions regarding the level of 

agr expression and as consequence no direct comparison with our results is possible. To 

measure transcriptional activity of PII quantitatively during growth, the lux reporter 

system employed in this study represents the better method. 

Collectively the results indicate that besides a potential autoregulation, expression of the 

agr system might be subject to temperature- and nutrient-dependent regulatory 

mechanisms. Moreover, while induction of the agr system under conditions that 

promote virulence gene expression does not occur, preferred carbon sources such as 

cellobiose seem to repress expression of the agr system. 

Comparison of the genetic organization upstream of the agr loci of S. aureus and L. 

monocytogenes revealed fundamental differences. In S. aureus, the AgrA-dependent PIII 

promoter drives the expression of an RNAIII transcript in the divergent direction of the 

agr operon. This RNAIII, besides its main regulatory function, includes the mRNA for a 

δ-hemolysin encoded by the hld gene (Koenig et al., 2004; Novick and Geisinger, 2008; 

Thoendel et al., 2011). In L. monocytogenes no divergent hld homologue is present and 

instead lmo0047, the gene directly upstream of agrB, is transcribed in the same 

direction as the agr operon. Nevertheless, in silico analysis in the intergenic region 

between lmo0047 and agrB revealed four putative PIII promoters. 

To test for potential RNA transcripts expressed from these promoters, RT-PCR was 

performed targeting a 160 bp-fragment of the lmo0047/agrB intergenic region, which 
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could be mediated by the first two promoters. Transcripts from the other two promoters 

were not determined due to expected interferences with the lmo0047 terminator 

structure. No signal could be detected questioning the existence of a regulatory RNAIII 

at this position. This finding is in line with observations of several further studies. 

Genome-wide in silico analysis for non-coding transcripts yielded twelve predicted non-

coding RNAs but no indication for a RNAIII (Mandin et al., 2007). In a further 

approach, whole genome expression analysis under different environmental and genetic 

premises led to the discovery of a total of 50 small non-coding RNA transcripts, but 

none of these were located in the lmo0047/agrB intergenic region (Toledo-Arana et al., 

2009). These findings suggest that the regulatory RNAIII may represent a specific 

innovation among staphylococci (Wuster and Babu, 2008; Garmyn et al., 2009). In 

consequence, AgrA is the most promising candidate to control agr-mediated gene 

regulation in L. monocytogenes. Both the staphylococcal and listerial AgrA belong to a 

family of transcriptional regulators sharing a LytTR domain, binding to a consensus 

DNA motif consisting of two direct repeats of 9-bp separated by a 12-bp spacer 

(Nikolskaya and Galperin, 2002; Sidote et al., 2008). Genome-wide in silico search 

revealed several potential AgrA binding sites in the genome of L. monocytogenes and 

some of these motifs were located in the promoter regions of genes found to be 

expressed differentially in the ∆agrD mutant as shown by microarray analysis (Riedel et 

al., 2009; Sedlag, 2011). Three representative promoter regions were shown to bind to 

purified AgrA-6xHis including PprfA, the promoter controlling expression of the major 

virulence regulator of L. monocytogenes, indicating a direct link between the agr system 

and virulence gene expression (Sedlag, 2011). With respect to autoregulation, purified 

AgrA-6xHis also was shown to bind to a 120-bp fragment of PII containing the LytTR 

binding motif (Sedlag, 2011).  

 

4.2 Role of the agr system for listerial virulence 
L. monocytogenes is a ubiquitous saprophytic soil bacterium thriving on decomposition 

of organic matter. However, upon ingestion by a human individual it is able to invade 

host cells causing severe illness and, under the right circumstances, even death 

(Vázquez-Boland et al., 2001; Gray et al., 2006). Thus, at some stage after ingestion by 

a human host, L. monocytogenes has to switch from the saprophytic to the parasitic 

lifestyle. Many extrinsic factors such as nutrient limitation, low pH or bile salts, 
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temperature and medium shift have been shown to induce virulence mediators including 

σB and PrfA in L. monocytogenes (Gahan and Hill, 2005; Gray et al., 2006; de las Heras 

et al., 2011). 

In both S. aureus and L. monocytogenes the agr peptide sensing system was shown to 

have an impact on virulence. Deletion mutants of L. monocytogenes lacking agrD or 

agrA exhibited an attenuated virulence (Autret et al., 2003; Riedel et al., 2009). In 

addition, luminescence reporter assays revealed an impaired activation of virulence 

gene expression in a ∆ agrD mutant (Riedel et al., 2009). Moreover, several virulence 

associated gene transcripts including inlA, inlB and prfA were significantly reduced in L. 

monocytogenes EGDe∆agrD as shown by microarray analysis (Riedel et al., 2009). 

Finally, the ∆ agrD mutant displayed an attenuated virulence in a mouse model (Riedel 

et al., 2009). In the present study, the activity of several virulence factors was assayed 

on the protein level using specific assays. 

After ingestion, L. monocytogenes has to cope with the conditions of the gastrointestinal 

tract. Resistance to bile and acidic pH is considered to contribute significantly to 

virulence of L. monocytogenes during oral infections (Gahan and Hill, 2005). To 

investigate a potential contribution of reduced resistance of the ∆ agrD mutant to these 

conditions and consequently to attenuated virulence, growth experiments were 

performed in LB acidified to pH 4.5 and supplemented with 0.3 % (w/v) porcine bile. 

Growth kinetics under both conditions did not show any difference between the agrD 

deletion mutant and the wild type strain. However, in both media reduced growth rate 

was observed compared to normal LB medium, and this effect was more pronounced in 

acidified medium. Interestingly bile supplementation caused a biphasic growth 

phenotype. It has been shown, that in L. monocytogenes the bile salt hydrolase Bsh 

detoxifies bile by deconjugating the glycine/taurine side chain from the cholesterol core 

(Begley et al., 2005). Thus, the Bsh activity might provide L. monocytogenes with 

additional carbon sources during the in vitro growth in the presence of bile. Recent data 

revealed that L. monocytogenes is able to grow in porcine gall bladder extract with 

doubling times comparable to values obtained during growth in BHI (Dowd et al., 

2011). The results of the presented PhD thesis suggest no effect of agrD deletion in 

resistance against low pH or bile under the tested conditions arguing against a 

contribution of impaired stress resistance to the attenuated in vivo virulence of L. 

monocytogenes EGDe∆agrD. 
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To evade the hostile conditions of the gastrointestinal phase and as a first step to 

establish systemic infection, L. monocytogenes invades intestinal epithelial cells via the 

expression of the internalin-family protein InlA. Its expression is controlled by four 

promoters, one of which was shown to be PrfA- and another one σB-dependent (Lingnau 

et al., 1995; Kazmierczak et al., 2003; Kim et al., 2005). A previous study has revealed 

that the agrD deletion mutant displayed a 4-fold decreased invasion of intestinal 

epithelial cells in vitro compared to the wild type (Riedel et al., 2009). In addition, 

amount of InlA present in the EGDe∆ agrD cell wall was decreased under conditions of 

invasion of intestinal epithelial cells in vitro (Riedel et al., 2009). To corroborate these 

findings, InlA- and InlB-mediated invasion into enterocyte-like Caco-2 cells and 

pharyngeal epithelial cell line HEp-2, respectively, was analyzed using bacteria grown 

at different temperatures. As shown previously, EGDe∆ agrD showed reduced InlA-

dependent entry of Caco-2 cells. The temperature used to cultivate bacteria for invasion 

assays had a marked influence the observed defect. When EGDe∆ agrD was grown in 

BHI at 37 °C invasion was decreased to 50 % of the wild type level. When bacteria 

were grown at 30 °C the defect was more dramatic (25 % of the wild type). When 

looking at the total number of invading bacteria the wild type was 3-times more 

successful to establish invasion when grown at 30 °C. These results indicate that besides 

PrfA, expression of inlA is regulated both by the agr system and temperature. 

In order to test if the agr system plays also a role for regulation of inlB, InlB-dependent 

invasion into HEp-2 cells was examined. When bacteria were grown at 37 °C, 

EGDe∆agrD showed a two-fold decreased capability to invade HEp-2 cells. By 

contrast, when cultured at 30 °C the deletion did not result in decreased invasion. 

Moreover, when cultivated at 30 °C all strains exhibited only 40 % invasiveness 

compared to the wild type strain grown at 37 °C. This finding suggests that agr 

signaling is only required for full inlB expression at 37 °C. In contrast to InlA-

dependent invasion into Caco-2 cells, pre-incubation at 30 °C did not have a positive 

influence on the invasion process. 

Regulation of inlA has been shown to be uncoupled from the other virulence factors. 

Under laboratory conditions, expression of inlA is still evident in complex media 

(McGann et al., 2008). Although the inlA and inlB genes form an operon they are not 

co-transcribed under all conditions (Lingnau et al., 1995; Toledo-Arana et al., 2009). 

Expression of inlB seems to be dependent on PrfA and σB, but the contribution of both 
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factors is under discussion and may depend on the condition and strain (Lingnau et al., 

1995; Kim et al., 2005; McGann et al., 2008; Ollinger et al., 2009). There is evidence 

that inlB expression is indeed at least partially driven by a σB-dependent promoter 

(Kazmierczak et al., 2003). The bicistronic transcript driven by the PrfA-dependent 

promoter upstream of inlA was shown to be expressed at high levels only at 37 °C 

(Lingnau et al., 1995). Furthermore, although no significant difference in the 

transcription of inlA and inlB at 30 °C has also been reported previously, genome-wide 

transcriptional profiling revealed that, expression of inlB but not inlA was down-

regulated at 30 °C (McGann et al., 2007; Toledo-Arana et al., 2009). This finding may 

explain why in our experiments InlB-dependent invasion into HEp-2 cells was lower 

when bacteria were grown at 30 °C compared to 37 °C. The increased InlA-dependent 

invasion of bacteria grown at 30 °C may be a consequence of the fact that at this 

temperature bacteria are motile due to expression of flagellae resulting in a more 

frequent contact with the epithelial cells (Dons et al., 2004; Ivy et al., 2010). The 

reduced expression of inlB at 30 °C may overcome the positive effect of motility on 

invasion into HEp-2 cells. 

Directly after entry into a host cell, L. monocytogenes is trapped in a primary vacuole 

surrounded by a single-membrane, which usually would acidify and mature to a 

phagolysosomal compartment if not prevented to do so. To uncouple proton and 

calcium gradients, L. monocytogenes produces listeriolysin O (LLO), also termed 

hemolysin, which belongs to the family of cholesterol-dependent cytolysins (Geoffroy 

et al., 1987; Henry et al., 2006; Shaughnessy et al., 2006). The promoter sequence 

upstream of the LLO encoding gene hlyA contains a perfect palindromic PrfA binding 

site, which allows rapid PrfA-dependent transcriptional activation during the early 

phase of the intracellular lifecycle (Sheehan et al., 1995; Renzoni et al., 1999; Gray et 

al., 2006). By contrast, promoters of other PrfA-dependent virulence genes required 

later during the infectious cycle, e.g. actA or plcB, are preceded by PrfA binding motifs 

with imperfect palindromes (Sheehan et al., 1995). This reflects a distinct hierarchy of 

virulence gene expression (Sheehan et al., 1995; Gray et al., 2006). 

Expression of hlyA is exclusively dependent on activated PrfA and is induced in 

intracellular bacteria, under nutrient limitation, by heat shock, in stationary growth 

phase and at physiological host body temperature (Schnupf and Portnoy, 2007). Factors 

limiting hlyA expression are sugars that can be easily fermented (e.g. cellobiose) and 
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low pH (Datta and Kothary, 1993; Behari and Youngman, 1998; Milenbachs et al., 

1997). Autret and colleagues could show a moderate reduction of secreted LLO protein 

in an agrA transposon mutant providing a first indication for a link between the listerial 

agr system and LLO production (Autret et al., 2003). 

To test the hemolytic activity, agar-based assays using sheep blood erythrocytes in 

different media are frequently used. In these assays, the size of the hemolytic zone is 

thought to correlate with LLO titers (Skalka et al., 1982; Ripio et al., 1996; Monk et al., 

2008; Ruiz et al., 2009). Spotting of L. monocytogenes EGDe, EGDe∆ agrD and 

EGDe∆agrD::pIMK2agrD onto LB and LB + 25 mM cellobiose supplemented with 5 

% (v/v) defibrinated sheep blood suspension revealed no differences in the hemolytic 

activity. Previous promoter test experiments with PhlyA indicated that the reduced hlyA 

expression in L. monocytogenes EGDe∆agrD is transient (Riedel et al., 2009). 

Luciferase-based analysis of PhlyA activity in L. monocytogenes EGDe and EGDe∆agrD 

grown in LB medium confirmed this result and showed that indeed transcriptional 

activity of PhlyA is impaired in the ∆ agrD mutant during late exponential and early 

stationary growth phase only. Thus, although the agrD deletion mutant is impaired in 

full LLO production, the total amount of secreted protein after several days of culture 

on agar plates may accumulate and be similar to that of the wild type strain. 

In order to obtain a direct correlation between growth and hemolytic activity a more 

sensitive assay was developed in which all strains were incubated directly in LB broth 

supplemented with sheep blood erythrocytes. As indicator for LLO activity, absorption 

of released hemoglobin was determined. This experiment revealed that lysis of the 

erythrocytes by the wild type strain started approximately 4 hours after inoculation, 

which corresponds to late exponential growth phase, and then continuously increased. 

Consistent with these results, other authors reported an increase in LLO activity after 

approx. five hours of growth in LB medium (Schnupf and Portnoy, 2007). Interestingly, 

EGDe∆agrD caused lower hemoglobin release at time-points corresponding to late 

exponential and early stationary growth phase indicating that LLO activity of this strain 

was indeed lower. After 24 hours of incubation, hemoglobin titers were similar to those 

observed with EGDe and EGDe∆ agrD::pIMK2agrD level (data not shown), which 

suggests that at this stage all erythrocytes were lysed, reflecting the phenotype observed 

on agar plates.  
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To further corroborate these results, a second hemolysis assay using LB agar plates 

supplemented with 5 % (v/v) human derived erythrocytes was established. In this assay 

EGDe∆agrD displayed significantly reduced zones of ß-hemolysis compared to the wild 

type and the complemented strain. The main difference between human and sheep blood 

erythrocytes is the composition of the cell membrane. For example, the concentration of 

phosphatidylcholine is ten-fold higher in human erythrocyte membranes (Ceuppens et 

al., 2011). Phosphatidylcholin is the preferred substrate for the listerial PlcB, a 

phosphatidylcholin-specific phospholipase (PC-PLC; Goldfine et al., 1993). By 

contrast, sheep blood erythrocyte membranes contain predominantly sphingomyelin 

(Brogden et al., 1990). Experiments with Bacillus cereus entereotoxin HBL have 

revealed that addition of a PC-PLC and sphingomyelinase enhanced the lytic activity 

against human blood cells. By contrast, addition of PC-PLC alone did not enhance the 

HBL mediated lysis of sheep erythrocytes since the level of phosphatidylcholine in the 

membranes of these cells is very low (Beecher and Wong, 2000). In hemolysis assays 

using sheep blood supplementation, sphingomyelinase is frequently added to increase 

the susceptibility (Brogden et al., 1990; Monk et al., 2008). No additional 

sphingomyelinase or PC-PLC was supplemented to the hemolysis assays using human 

blood cells. Thus, the formation of smaller zones of hemolysis by EGDe∆agrD could 

theoretically also be the consequence of a reduced PlcB activity.  

Further support for an impaired LLO activity by L. monocytogenes EGDe∆agrD came 

from analysis of TEM images of infected Caco-2 cells. L. monocytogenes EGDe∆agrD 

was found to be trapped more often in spacious phagosomal compartments similar to 

the previously reported SLAPs (Birmingham et al., 2008). Formation of these SLAPs 

was shown to depend on the amount of functional LLO with low LLO activity favoring 

the persistence and multiplication of L. monocytogenes in SLAPs (Birmingham et al., 

2008). Thus, the higher number of EGDeΔagrD within SLAP-like compartments may 

be the consequence of an impaired LLO activity. Collectively, the results indicate a role 

for the agr system in the regulation of LLO with the deletion of agrD resulting in a 

decreased LLO activity. 

LLO and the two phospholipases PlcA and PlcB act synergistically in disrupting the 

vacuolar membrane (Dominguez Rodriguez et al., 1986; Smith et al., 1995a; Alberti-

Segui et al., 2007). To test PlcB levels, bacteria were incubated on LB-agar 

supplemented with 5% (v/v) egg yolk emulsion. The lecithinase activity of the agrD 



4. Discussion 77 

deletion mutant was significantly reduced compared to the other tested strains. For 

activation, PlcB must first be converted by the acidic pH-dependent activity of the zinc 

metalloprotease Mpl (Poyart et al., 1993; Marquis et al., 1995; Marquis and Hager, 

2000). Because lecithinase activity requires both factors, it cannot be concluded from 

these results if genetic regulation of mpl, plcB or both is impaired in the ∆agrD mutant. 

Also the activity of the PI-PLC PlcA and its potential role for this phenotype was not 

analyzed in the presented study. However, activity of PplcA was shown to be reduced in 

the agrD deletion mutant (Riedel et al., 2009) indicating that besides LLO and PlcB, 

levels of PlcA might also be lower in this strain. Nevertheless, reduced levels of any of 

these proteins alone or in combination might result in impaired vacuolar escape by 

EGDe∆agrD as evidenced in the TEM images.  

Once having escaped from the vacuole, L. monocytogenes is able to propel itself 

through the cell and to spread from one cell to another by ActA-mediated hijacking of 

the cellular actin machinery (Kocks et al., 1992; Kocks et al., 1993; Rafelski and 

Theriot, 2005). Sufficient amounts of ActA protein and correct localization at the 

bacterial pole are critical for actin filament formation. Like most listerial virulence 

genes, the actA gene is encoded on LIPI-1 (Glaser et al., 2001; Vázquez-Boland et al., 

2001). Northern blot analysis revealed that actA message can be detected on two 

transcripts: on a ~3 kb transcript containing actA and plcB and on a second ~5.4 kb 

transcript additionally including mpl, which is required for full virulence (Bohne et al., 

1994; Shetron-Rama et al., 2002). Like for the other genes of the PrfA-regulon, actA 

expression is highly induced intracellularly compared to broth conditions (Shetron-

Rama et al., 2002). In addition, high levels of active PrfA are required to induce actA 

transcript formation due to an imperfect PrfA box in the promoter region (Sheehan et 

al., 1995). 

Compared to the wild type strain, PactA activation was impaired in L. monocytogenes 

EGDe∆agrD in LB containing activated charcoal, a condition that induces virulence 

gene expression (Riedel et al., 2009). To test if the impaired actA expression is reflected 

by a functional phenotype, intracellular actin recruitment was monitored by 

fluorescence microscopy. This revealed that L. monocytogenes EGDe∆agrD is 

generally able to recruit actin and to form comet tails. Thus, agrD deletion seems not to 

cause a complete ActA deficiency. However, the agrD deletion mutant tended to form 
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less frequently a fully developed actin tail than the wild type pointing towards a reduced 

abundance of ActA in this strain.  

This phenotype may be a consequence of at least two effects. A defective fine-tuning of 

virulence gene expression caused by the absence of a proper agr regulation may result 

in impaired LLO- and phospholipase-mediated disruption of the primary vacuole. 

Second, impaired expression of actA in EGDe∆ agrD as indicated by PactA-lux-

experiments (Riedel et al.. 2009) may result in decreased levels of ActA protein at the 

bacterial pole. Under normal conditions, actin monomers do not spontaneously 

assemble due to the instability of actin dimers or trimers, but filaments elongate once a 

critical concentration is reached (Pollard and Borisy, 2003). Thus, the amount of ActA 

is critical to stabilize the actin assembly and maintain growth of the actin comet tails. 

Inefficient actin tail formation correlating with low PlcB and Mpl concentrations has 

been reported for several L. monocytogenes strains (Sokolovic et al., 1996).   

 

 
Figure 21: Overview of phenotypes altered in L. monocytogenes EGDe∆agrD. Deletion of agrD 
results in abolished PII activity, reduced biofilm formation under nutrient limiting conditions 
(Waidmann, 2008; Riedel et al., 2009) and attenuated virulence due to impaired InlA- and InlB-
dependent invasion, LLO-dependent hemolysis, PlcB-mediated lecithinase activity and ActA-driven 
actin tail formation.  
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Two-component systems like AgrC/AgrA generally are bacterial tools to sense changes 

in the environments (Kleerebezem et al., 1997). The lack or availability of the signal, in 

case of the agr system a functional AIP, strikingly influences the genetic response. 

During infection of the mammalian host, L. monocytogenes has to respond differentially 

to a number of environmental factors requiring sophisticated regulatory mechanisms. 

The role of the agr QS system for listerial virulence has been studies by different groups 

(Autret et al., 2003, Riedel et al., 2009). Data from these studies suggests that, deletion 

of agrD does not lead to complete shutdown but slightly reduced expression of most of 

the major virulence factors. Thus, the agr system seems to play a role in fine-tuning 

virulence gene expression. Nevertheless, these subtle changes affect all stages of the 

infectious cycle and accumulate to a significantly attenuated virulence in mice (Riedel 

et al., 2009). 

A differential regulation of the agr system during infection is suggested by several 

studies. Genome-wide tiling assays recorded that agrD is up-regulated in the intestine 

(Toledo-Arana et al., 2009; Loh et al., 2009). In a murine macrophage model, agrB and 

agrD were down-regulated intracellularly (7.02 and 3.18-fold, respectively) after 4 h of 

infection compared to bacteria grown BHI (Chatterjee et al., 2006).  

On the other hand, the agr locus is present with high sequence homology in all Listeria 

species, indicating a role in the saprophytic lifestyle (Buchrieser, 2007; Garmyn et al., 

2009; de las Heras et al., 2011). Supporting this notion, the listerial agr system has been 

shown to be important for establishment of biofilms of L. monocytogenes under several 

conditions (Rieu et al., 2007; Rieu et al., 2008; Waidmann, 2008; Riedel et al., 2009; 

Renier et al., 2011). Moreover, during growth on BHI medium, 121 and 670 genes are 

differentially regulated in exponential and stationary growth phase, respectively, in the 

∆agrD mutant (Riedel et al., 2009) suggesting that the agr system is represent a global 

regulatory system. 

Thus, deletion of agrD results in more or less pronounced deficits in physiological 

functions involved in both the saprophytic (biofilm) and virulent lifestyle. In summary, 

the results of this and other studies shows that in L. monocytogenes EGDe deletion of 

agrD results in completely abrogated PII activity, a decrease in the ability to form 

biofilms and an attenuated virulence due to reduced activity of the major virulence 

factors responsible for invasion, hemolysis, release from the vacuole and intracellular 
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motility (summarized in Fig. 21). It is thus hypothesized that the agr peptide sensing 

system is involved in mediating the switch from the saprophytic to the virulent lifestyle. 

Results of different studies indicate that activation of the agr system underlies certain 

intrinsic and extrinsic control factors, some of which favor (stationary growth phase, 30 

°C, low nutrition) and others attenuate (37 °C, cellobiose, high nutrition) PII activity 

(Garmyn et al., 2011). In vitro virulence gene expression can be induced by several 

conditions related to the general nutrition state (absence of fermentable sugars), medium 

changes (e.g. from complex to minimal medium), supplementation with activated 

charcoal, physiological temperature or general stress (Scortti et al., 2007; Schnupf and 

Portnoy, 2007; de las Heras et al., 2011). Interestingly, some of these virulence-

inducing conditions seem to counteract agr activity. In complex media supplemented 

with activated charcoal this may be explained by absorption of small molecules like the 

agrD encoded AIP and indeed it has been postulated that a diffusible autorepressor is 

removed by this substance (Ermolaeva et al., 2004). In addition, change from one 

medium to another also induces virulence (Sokolovic et al., 1993) but reduces PII 

activity. Both strategies artificially dilute AIP concentration. Also, PII shows higher 

transcriptional activity at 30 °C. By contrast, prfA transcription is repressed at 

temperatures below 37 °C, which is mediated by a thermoswitch in the 5’-untranslated 

region (UTR) of prfA blocking the RBS by formation of a hairpin structure (Johansson 

et al., 2002). 

A possible explanation for this discrepancy comes from a recently published study 

providing an experimental link between regulation of agrD and prfA via the activity of 

the transacting S-adenosyl methionine (SAM)-binding riboswitch SreA located in the 

5’-UTR of lmo2419 (Loh et al., 2009). SreA acts in cis on expression of genes encoding 

for an ABC-transporter complex. Under low-nutrient conditions SAM is absent thus 

allowing transcription of the genes (Loh et al., 2009). When nutrient levels are high, 

SAM binds to the SreA riboswitch causing the termination of transcription and 

formation of a trans-acting short transcript. Further experiments revealed that presence 

of the SreA riboswitch increases agrD but decreases prfA transcript levels (Loh et al., 

2009). In addition, high levels of PrfA are also able to induce the expression of sreA 

(Loh et al., 2009). Furthermore, SreA seems to represent a superior positive regulator 

for agrD eventually increasing the intracellular amount of AgrA (Loh et al., 2009). 

Thus, SreA represents a further instance that modulates agr and PrfA activities. 
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In a Master thesis conducted in our group it could be shown that purified AgrA-6xHis is 

able to bind to the prfA promoter region, clearly indicating a direct link between 

between agr and prfA regulation (Sedlag, 2011). Although the role of AgrA for prfA 

expression remains unclear, microarray data and promoter-lux-fusion experiments 

suggest that AgrA functions as an activator (Riedel et al., 2009).  

The diverse interactions between the agr system, PrfA and SreA are summarized as a 

schematic overview in Fig. 22.  

 

 
Figure 22: Schematic overview on the interactions between the agr systen, PrfA and SreA. Genes 
are displayed as thick arrows (agr system: orange-red; virulence genes: violet-pink; sreA and 
downstream genes: green; PrfA binding box: violet triangles). Parts of the figure are adapted from 
Xayarath and Freitag, 2009 and Scortti et al., 2007.  
 

From the data presented in this PhD thesis and results of other studies a novel regulatory 

network consisting of PrfA, agr and SreA is proposed (summarized in Fig. 23). In this 

regulatory network the agr system, SreA and PrfA act in concert to provide a finely 

tuned virulence gene expression dependent on the nutritional status and temperature.  
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Figure 23: The agr-PrfA-SreA regulatory network at 30 °C and 37 °C under conditions of high or 
low nutrition.  
 

Under high nutrient conditions, the short trans-acting transcript of SreA is formed, 

which positively influences the agr system. However, at 30 °C neither the SreA 

riboswitch nor AgrA are able to activate prfA expression due to the formation of the 

thermosensor in the 5’UTR or prfA. By contrast at 37 °C, AgrA is able to activate 

expression of prfA. On the other hand, the negative effect of the SreA riboswitch 

counteracts the activation of prfA transcription by AgrA. This effect is further enhanced 

by the positive effect of PrfA on the expression of the SreA riboswitch. Overall, this 

leads to low PrfA levels at 37 °C when nutrient levels are high e.g. in the intestine or the 

gall bladder.  

Under low nutrient conditions SreA adopts an antiterminator structure, allowing the 

downstream genes to be transcribed. Thus, the trans-acting function of the SreA 

riboswitch is blocked and, as a consequence, expression of prfA is no longer blocked. 
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By contrast, binding of AgrA to the prfA promoter region is able to activate expression 

of prfA. Again, at 30 °C expression of prfA is blocked by the thermosensor. However, at 

37 °C when easily fermentable carbon sources are absent, as it is the case for 

intracellular bacteria, absence of the SreA riboswitch and the thermosensor together 

with the activating capacity of AgrA result in maximal expression of prfA and all 

virulence genes. The lower expression of the agr system at 37 °C may be at least 

partially compensated by restricted diffusion of the AIP in intracellular compartments. 

In summary, in the proposed regulatory network, the lack of a functional agr system 

results in disturbed virulence gene expression. This could explain the phenotypic 

alterations of the ∆agrD mutant as a consequence of impaired activation of PrfA. To 

substantiate the proposed model, further studies on the activity of various virulence 

factors by Western blotting, qRT-PCR and additional functional assays are required. 
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5A. Summary 
L. monoytogenes is able to persist under various environmental conditions and as an 

intracellular pathogen. Peptide-based regulatory mechanisms of Gram-positive bacteria 

were shown to radar environmental cues as well as coordinate expression of virulence 

genes. Recently, a locus consisting of four genes (agrBDCA) was identified in the 

genome of L. monocytogenes EGDe showing homology to the agr system of S. aureus. 

Activation of the agr system of S. aureus occurs via an autoregulatory circuit by 

activation of an agrCA encoded two-component system by the agrD-encoded 

autoinducing peptide. In L. monocytogenes, the agr system was shown to be involved in 

biofilm and virulence regulation. In this doctoral thesis, promoter-lux-fusions revealed 

that activation of PII, the promoter preceding the agr operon, is strictly dependent on a 

functional agrD gene suggesting an autoregulatory circuit as proposed for S. aureus. 

Furthermore, extrinsic factors including temperature and nutrient availability were 

shown to have an impact on PII activity. RT-PCR experiments did not provide evidence 

for a regulatory RNAIII in L. monocytogenes further corroborating the results of recent 

studies. This in turn indicates that, unlike in S. aureus, AgrA is the major effector 

molecule in agr-dependent regulation in L. monocytogenes. 

Microarray analysis and promoter-lux reporter assays performed in a previous study 

suggest an impaired expression of virulence genes in L. monocytogenes EGDe∆agrD. In 

this study, assays specific for the activity of the major virulence factors of L. 

monocytogenes revealed an impaired InlA- and InlB-dependent invasion, hemolytic and 

lecithinase activities, an altered intracellular distribution and disturbed actin recruitment 

by this strain.  

Taken together, the results of this study indicate that the agr system is involved in 

mediating the transition from the saprophytic to the virulent lifestyle and may be 

required for fine-tuning of virulence gene expression. A new regulatory network for the 

integration of nutritional status and host temperature involving SreA, the agr system 

and PrfA is proposed. 
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5B. Zusammenfassung 
L. monocytogenes kann unter vielfältigen Umweltbedingungen und als intrazellulärer 

Pathogen persistieren. In Gram-positiven Bakterien werden Peptid-basierte 

Regulationssysteme häufig als Radarsysteme für Umweltbedingungen, als auch zur 

Koordination der Virulenzgenexpression angewendet. Kürzlich wurde ein solches 

System, das von vier Genen codiert wird (agrBDCA), auch im Genom von L.  

monocytogenes EGDe identifiziert. Dieses zeigt eine hohe Homologie zu dem agr 

System aus S. aureus. Die Aktivierung des agr-Systems in S. aureus erfolgt über eine 

Autoregulation durch die Antwort des von agrCA codierten Zwei-Komponenten-System 

auf die Bindung des von agrD codierten autoinduzierenden Peptids. Dieses agr-System 

ist in L. monocytogenes an der Regulierung von Biofilm, Virulenz und globaler 

Genexpression beteiligt.  

In der vorgestellten Doktorarbeit wurde über Promotor-lux-Experimente nachgewiesen, 

dass die Aktivierung des dem agr-Operon vorstehenden PII-Promotors strikt von der 

Präsenz eines funktionellen agrD-Gens abhängt. Dieses Ergebnis spricht für eine 

Autoregulation. Zusätzlich konnten Temperatur und das Nahrungsangebot als 

extrinsische Faktoren identifiziert werden, die die PII-Aktivität beeinflussen. Dagegen 

sprechen RT-PCR-Experimente nicht für die Existenz einer RNAIII bei L. 

monocytogenes. Dies deutet darauf hin, dass AgrA bei L. monocytogenes der 

hauptsächliche Effektor der agr-abhängigen Regulation in ist.  

Microarray- und Promoter-lux-Experimente zeigten, dass die Virulenzgenexpression in 

L. monocytogenes EGDe∆agrD möglicherweise vermindert ist. In dieser Arbeit wurden 

deshalb Experimente durchgeführt, die zur spezifischen Untersuchung der Aktivität der 

wichtigsten Virulenzfaktoren im Hintergrund der agrD-Deletion dienten. Diese 

offenbarten eine verminderte InlA- und InlB-abhängige Invasion, sowie niedrigere 

Hämolyse- und Lecithinaseaktivität. Des Weiteren zeigten sich eine veränderte 

intrazelluläre Lokalisation und eine gestörte Rekrutierung von Actin-Monomeren.  

Zusammenfassend lassen diese Ergebnisse auf eine Rolle des agr-Systems im Übergang 

vom saprophytischen zum virulenten Lebensstil schließen, die vermutlich in der 

Feinregulation der Virulenzgenexpression liegt. Die Erkenntnisse lassen sich in einem 

Modell zusammenfassen, das für ein regulatorisches Netzwerk aus SreA, PrfA und des 

agr-Systems unter Berücksichtigung von Nahrungsangebot und Temperatur spricht.   
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7. Addendum 

7.1 Chemicals 
All chemicals used in this study and respective manufacturers are listed in the following 

Tab. 5.  

Table 5: Chemicals 

 
CHEMICAL/REAGENT 

 

 
MANUFACTURER 

 

0.5 % (w/v) trypan blue in 0.9 % (w/v) saline Biochrom AG, Berlin, Germany 

10x Buffer Orange Fermentas GmbH, St. Leon-Rot, Germany 

10x DNAseI Reaction Buffer with MgCl2 Fermentas GmbH, St. Leon-Rot, Germany 

3-(N-morpholino)propanesulfonic acid (MOPS)  Carl Roth GmbH, Karlsruhe, Germany 

4',6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich GmbH, Steinheim, Germany 

Acetone, extra pure Merck KgaA, Darmstadt, Germany 

Adenosine triphosphate Sigma-Aldrich GmbH, Steinheim, Germany 

Agar Difco-Laboratories, Detroit, USA 

Agarose NEEO ultra-quality Carl Roth GmbH, Karlsruhe, Germany 

Alexa Fluor® 488-labeled phalloidin (#A12379) Invitrogen GmbH, Darmstadt, Germany 

Alexa Fluor® 555-labeled anti-rabbit antibody 
(#A21427) Invitrogen GmbH, Darmstadt, Germany 

Ampicillin sodium salt Carl Roth GmbH, Karlsruhe, Germany 

Anti-Listeria antibody, from rabbit (#ABIN112781) antibodies-online GmbH, Aachen, Germany 

Bovine serum albumine (BSA) PAA Laboratories, Pasching, Austria 

Brain Heart Infusion (BHI) Oxoid Ltd, Basingstoke, United Kingdom 

Bromphenol blue Merck KgaA, Darmstadt, Germany 

Buffer solution pH 7.00 Riedel-de Haën GmbH, Seelze, Germany 

Carbon dioxide MTI Industriegase, Neu-Ulm, Germany 

Chloramphenicol Merck KgaA, Darmstadt, Germany 

D(+)-cellobiose Fluka AG, Buchs, Switzerland 

 



7. Addendum 109 

Table 5: Chemicals (continued) 

 
CHEMICAL/REAGENT 

 

 
MANUFACTURER 

 

D(+)-glucose monohydrate Merck KgaA, Darmstadt, Germany 

Defibrinated sheep blood  Oxoid Ltd., Basingstoke, UK 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich GmbH, Steinheim, Germany 

Disodium hydrogen phosphate heptahydrate AppliChem GmbH, Darmstadt, Germany 

DNase I (10 U/µl, RNase-free) Fermentas GmbH, St. Leon-Rot, Germany 

dNTPs Fermentas GmbH, St. Leon-Rot, Germany 

Dulbecco’s Modified Eagle medium (DMEM) PAA Laboratories, Pasching, Austria 

EDTA-di-sodium salt dihydrate (EDTA) AppliChem GmbH, Darmstadt, Germany 

Egg yolk emulsion Oxoid Ltd., Basingstoke, UK 

Epon 812 Fluka AG, Buchs, Switzerland 

Ethanol VWR International GmbH, Darmstadt, Germany 

Ethidium bromide Carl Roth GmbH, Karlsruhe, Germany 

Fetal calf serum (FCS) Biochrom AG, Berlin, Germany 

Ficoll  Sigma-Aldrich GmbH, Steinheim, Germany 

Gauze bandage Hartmann AG, Heidenheim, Germany 

GeneRuler™ 1kb DNA ladder  Fermentas GmbH, St. Leon-Rot, Germany 

Gentamicin  Gibco® Invitrogen GmbH, Darmstadt, Germany 

Glacial acetic acid Riedel-de Haen GmbH, Seelze, Germany 

Glutaraldehyde Agar Scientific Ltd., Stanstead, UK 

Glycerol Carl Roth GmbH, Karlsruhe, Germany 

HEPES Pufferon®, > 99.5 %, p.a. Carl Roth GmbH, Karlsruhe, Germany 

Hydrochloric acid Riedel-de Haen GmbH, Seelze, Germany 

Isoamylalcohol Carl Roth GmbH, Karlsruhe, Germany 

Kanamycin Carl Roth GmbH, Karlsruhe, Germany 

Lead citrate Atlanta Chemie, Heidelberg, Germany 
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Table 5: Chemicals (continued) 

 
CHEMICAL/REAGENT 

 

 
MANUFACTURER 

 

Lithium chloride Fluka AG, Buchs, Switzerland 

Lysozyme Sigma-Aldrich GmbH, Steinheim, Germany 

Macrophage colony-stimulating factor (M-CSF)  Sigma-Aldrich GmbH, Steinheim, Germany 

Methanol VWR International GmbH, Darmstadt, Germany 

Nitrogen (liquid) VWR International GmBH, Darmstadt, Germany 

Non-essential amino acids (NEAA) PAA Laboratories, Pasching, Austria 

Normal human serum Sigma-Aldrich GmbH, Steinheim, Germany 

Osmium tetroxide Merck KgaA, Darmstadt, Germany 

Paraformaldehyde Fluka AG, Buchs, Switzerland 

Penicillin-streptomycin solution PAA Laboratories GmbH, Pasching, Austria 

Phusion® DNA-Polymerase, 2 U/µl Finnzymes Oy, Espoo, Finland 

Porcine bile  Sigma-Aldrich GmbH, Steinheim, Germany 

Potassium actate Merck KgaA, Darmstadt, Germany 

Potassium chloride Sigma-Aldrich GmbH, Steinheim, Germany 

Potassium dihydrogen phosphate Sigma-Aldrich GmbH, Steinheim, Germany 

Proteinase K Roche Diagnostics GmbH, Mannheim, Germany 

RevertAid™ H Minus First Strand cDNA Synthesis 
Kit Fermentas GmbH, St. Leon-Rot, Germany 

Ribolock™ RNase Inhibitor  Fermentas GmbH, St. Leon-Rot, Germany 

RNAse A  

RNase-ExitusPlus™  Applichem GmbH, Darmstadt, Germany 

Roswell Park Memorial Institute medium (RPMI) 
1640 PAA Laboratories, Pasching, Austria 

Roti®-Aqua-Phenol (pH 4.5 - 5) Carl Roth GmbH, Karlsruhe, Germany 

Roti®-Phenol (pH 7.5 - 8) Carl Roth GmbH, Karlsruhe, Germany 

SalI Fermentas GmbH, St. Leon-Rot, Germany 

Saponine Sigma-Aldrich GmbH, Steinheim, Germany 
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Table 5: Chemicals (continued) 

 
CHEMICAL/REAGENT 

 

 
MANUFACTURER 

 

Shrimp alkaline phosphatase (SAP) Fermentas GmbH, St. Leon-Rot, Germany 

Sodium chloride Merck KgaA, Darmstadt, Germany 

Sodium dodecyl sulphate (SDS) Carl Roth GmbH, Karlsruhe, Germany 

Sodium hydroxide Fluka AG, Buchs, Switzerland 

Sphingomyelinase Sigma-Aldrich GmbH, Steinheim, Germany 

Sucrose Fluka AG, Buchs, Switzerland 

SwaI Fermentas GmbH, St. Leon-Rot, Germany 

T4-DNA-Ligase Fermentas GmbH, St. Leon-Rot, Germany 

T4-polynucleotide kinase (T4-PNK) Fermentas GmbH, St. Leon-Rot, Germany 

Taq-DNA- polymerase, 5 U/µl Genaxxon Bioscience GmbH, Ulm, Germany 

Tris USB corporation, Cleveland, USA 

Trypsin/EDTA solution  PAA Laboratories, Pasching, Austria 

Tryptone BD Difco Laboratories, Detroit, USA 

Uranyl acetate Merck KgaA, Darmstadt, Germany 

Yeast extract BD Difco Laboratories, Detroit, USA 
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7.2 Equipment and Materials 
Table 6: Equipment and materials 

 
EQUIPMENT/MATERIAL 

 

 
MANUFACTURER 

 

Agarose gel stand apparatus Peqlab Biotechnologie GmbH, Erlangen, Germany 

Axiovision® software Carl Zeiss AG, Oberkochen, Germany 

Baffled Erlenmeyer flask Brand GmbH & Co. KG, Wertheim, Germany 

Cell culture incubator Binder GmbH, Tuttlingen, Germany 

Centrifuge  5810R, Rotor A-4-62  Eppendorf AG, Hamburg, Germany 

Centrifuge 5424, Rotor FA-45-24-11  Eppendorf AG, Hamburg, Germany 

E.Z.N.A Plasmid Mini Kit I  Omega Bio-tek Inc., Norcross, USA 

eight-well chamber slide  ibidi GmbH, Martinsried, Germany 

Electroporation cuvettes (1 mm gap) Peqlab Biotechnologie GmbH, Munich, Germany 

FlexCycler PCR machine Analytik Jena GmbH, Jena, Deutschland 

Galaxy MiniStar microcentrifuge  VWR International GmbH, Darmstadt, Germany 

Gene Pulser Xcell system Bio-Rad Laboratories GmbH, Munich, Germany 

Hybaid RiboLyser Homogenisator Hybaid, Teddington, UK 

ImageJ software Wayne Rasband, National Institutes of Health, 
Maryland, USA) 

Monocyte isolation kit II  Miltenyi Biotech GmbH, Bergisch Gladbach, 
Germany 

Negatives “MACO EM-Films EMS” Hans O. Mahn GmbH, Stopelfeld, Germany 

NucleoSpin® Extract II Kit Macherey-Nagel GmbH & Co. KG, Düren, 
Germany 

Petri dishes Brand GmbH & Co. KG, Wertheim, Germany 

Photodocumentation system, DeVision G Decon Science GmbH, Hohengandern, Germany 

Polystyrene 96-well microtiter plate, transparent  Sarstedt AG, Nümbrecht, Germany 

Polystyrene 96-well plate, white, transparent 
bottom  

Brand GmbH & Co. KG, Wertheim, Germany 

Power supply, peqPOWER 300 V Peqlab Biotechnologie GmbH, Erlangen, Germany 

Regular incubator Binder GmbH, Tuttlingen, Germany 
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Table 6: Equipment and materials (continued) 

 
EQUIPMENT/MATERIAL 

 

 
MANUFACTURER 

 

RevertAid™ H Minus First Strand cDNA 
Synthesis Kit 

Fermentas GmbH, St. Leon-Rot, Germany 

RNeasy® Mini Kit Qiagen GmbH, Hilden, Germany 

Rotary shaker B. Braun Biotech International GmbH, Melsungen, 
Germany 

Scanner Epson Pefection V700 Photo Seiko Epson Corp., Suwa, Nagano, Japan 

Spectral photometer  Implen GmbH, Munich, Germany 

Stereo microscope Zeiss Stemi SV 6  Carl Zeiss AG, Oberkochen, Germany 

Sterile filter “Filtopur S 0.2” Sarstedt AG, Nümbrecht, Germany 

Tecan Infinite® M200 multi-label microtiter plate 
reader 

Tecan Austria GmbH, Grödig, Austria 

Thermomixer  comfort Eppendorf AG, Hamburg, Germany 

Tissue Culture Plates 24-well  Sarstedt Gmbh & Co. KG, Nümbrecht, Germany 

Tissue Culture Plates 96-well, PS, flat bottom Sarstedt Inc., Newton NC, USA 

Tissue Culture Plates 96-well, PS, for suspension 
cells Sarstedt Inc., Newton NC, USA 

Tissue culture treated flasks (25 cm2) Becton Dickinson Labware Europe, Le Pont de 
Claix, France 

Transmission electron microscope EM10 Carl Zeiss AG, Oberkochen, Germany 

Vacuum filter system (200 ml) Sartorius AG, Göttingen, Germany 

Zeiss Observer Z1 Carl Zeiss AG, Oberkochen, Germany 
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7.3 DNA ladder 
For determination of DNA fragment lengths GeneRuler™ 1kb DNA Ladder (Fermentas 

GmbH, St- Leon-Rot, Germany) was applied, which is depicted in fig. B 

 

Fig. B. GeneRuler™ 1kb DNA Ladder, Fermentas GmbH, St- Leon-Rot, Germany 
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7.4 List of oligonucleotides 
All oligonucleotides used in this study are listed in the following Tab. 7. 

Table 7: Oligonucleotides used in this study 

 
OLIGO-

NUCLEOTIDE 
 

 
SEQUENCE 
(5’  3’) 

 

 
PURPOSE 

 

 
REFERENCE 

 

PL95 ACA TAA TCA GTC 
CAA AGT AGA TGC 

Fwd-primer for  confirmation 
of pPL2 or pIMK integration 

Lauer et al., 2002 

PL102 TAT CAG ACC TAA 
CCC AAA CCT TCC 

Rev-primer for confirmation 
of pPL2 or pIMK integration 

Lauer et al., 2002 

T3 AAT TAA CCC TCA 
CTA AAG GG 

Standard sequencing primer 
for pPL2 derived vectors 

MWG-Biotech 
GmbH, 
Ebersberg, 
Germany 

luxA_rev TAC CTC TGT TTG 
AGA AAA TTG GGG 
AGG 

 

Rev-primer for sequencing of 
fused promoter regions 
upstream of luxA in pPL2lux 

This study 

PII_fwd_SalI CTG ATG TCG ACC 
TTC AAA CAG AAC 
AAG ACG  

Fwd-primer for amplification 
of  PII, for cloning into 
pPL2lux, contains SalI site  

This study 

PII_rev CAA CTA ATT CAC 
CTC CAC TAA TAT 
TTT ACA ACG 

Rev-primer for amplification 
of  PII, for cloning into 
pPL2lux 

This study 

RNAIII_North_fwd TAA TAT GGG TTT 
TTA AGC C 

Fwd-primer for amplification 
of fragment within intergenic 
region of lmo0047 and agrB 

This study 

RNAIII_North_rev TTT TAC AAC GAA 
TTT ACC C 

Rev-primer for amplification 
of fragment within intergenic 
region of lmo0047 and agrB 

This study 

secA_fwd GCG GCT CTT TCG 
GAT GAT GC 

Fwd-Primer for amplification 
of secA fragment for RT-PCR 

This study 

secA_rev AAG CTA GCG GAC 
GTT GTA CC 

Rev-Primer for amplification 
of secA fragment for RT-PCR 

This study 
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8. Abbreviations 
All abbreviations used in this study and their origins are listed in Tab. 8. 

Table 8: Abbreviations and their meaning as word or phrase 

 
ABBREVIATION 

 

 
ORIGIN 

 

% per cent 

× g × gravity (9.81 m/s2) 

® ˈregistered trademarkˈ 

°C degree centigrade 

µ micro (10-6) 

A Ampere (electric current) 

A adenosine (oligonucleotides) 

A absorbance (Lambert-Beer law) 

abs.  absolute 

ActA actin assembly protein 

agr accessory gene regulator 

AHL N-acyl homoserine lactone 

AI autoinducer 

AIP autoinducing peptide 

Arp2/3 actin related proteins 2 and 3 

ATCC American Type Culture Collection 

ATP adenosine triphosphate 

BHI Brain Heart Infusion 

bp Basepairs 

BSA bovine serum albumin 

c Concentration 

C cytosine (oligonucleotides) 

C. Clostridium 



8. Abbreviations 117 

Table 8: Abbreviations and their meaning as word or phrase (continued) 

 
ABBREVIATION 

 

 
ORIGIN 

 

Ca2+ calcium ions 

cDNA complementary DNA 

cfu colony forming units 

cm Centimeter 

Cm chloramphenicol 

cm2 square centimeter 

c-Met hepatocyte growth factor receptor 

CO2 carbon dioxide 

d Distance 

Da Dalton 

DAPI 4',6-diamidino-2-phenylindole 

ddH2O bidistilled water 

dH2O demineralised water 

DMEM Dulbecco’s Modified Eagle’s Medium 

DMSO Dimethylsulfoxide 

DNA deoxyribonucleic acid 

dNTP desoxy-nucleosid-triphosphate 

DS diffusion sensing 

DSMZ Deutsche Sammlung von Microorganismen und 
Zellkulturen (German Collection of 
Microorganisms and Cell culture) 

E. Escherichia 

e.g. lat. ‘exempli gratia’ (for example) 

EDTA ethylendiaminetetraacetic acid 

Ena Drosophila enabled 

ES efficiency sensing 

et al. lat. ‘et alii’ (and others) 
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Table 8: Abbreviations and their meaning as word or phrase (continued) 

 
ABBREVIATION 

 

 
ORIGIN 

etc. et cetera 

F Farad 

FCS fetal calf serum 

Fig. Figure 

FMN flavin mononecleotide 

Fwd “forward” 

g Gram 

G guanine (oligonucleotides) 

GC guanine-cytosine 

GIT gastrointestinal tract 

h hour(s) 

H2O Water 

HCl hydrochloric acid 

HEPES 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic 
acid 

i.e. lat. “id est” (that is) 

IL Interleukin 

Inl Internalin 

J Joule 

k Kilo 

Kan Kanamycin 

kbp Kilobasepairs 

L Litre 

L. Listeria 

LB Luria-Bertani broth 

LIPI-1  Listeria pathogenicity island 1 
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Table 8: Abbreviations and their meaning as word or phrase (continued) 

 
ABBREVIATION 

 

 
ORIGIN 

LLO Listeriolysin O 

LRR leucin rich repeats 

lux luxABCDE operon 

m milli (10-3) 

M molar (mol/l)  

MCS multiple cloning site 

M-CSF macrophage colony-stimulating factor 

MgCl2 magnesium chloride 

min minute(s) 

MOI multiplicity of infection 

MOPS 3-(N-morpholino)propanesulfonic acid 

Mpl zinc metalloprotease 

MVP major vault protein 

n nano (10-9) 

NaCl sodium chloride 

NaOH sodium hydroxide 

NEAA non-essential amino acid 

OD600 optical density at 600 nm wavelength 

ORF open reading frame 

p pico (10-12) 

P promoter 

P. Photorhabdus 

PBS phosphate buffered saline 

PC phosphatidylcholine 

PCR polymerase chain reaction 

pH lat. ‘pondus hydrogenii’, (-log10 [H+]) 
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Table 8: Abbreviations and their meaning as word or phrase (continued) 

 
ABBREVIATION 

 

 
ORIGIN 

 

PI phosphatidylinositol 

PLC phospholipase C 

PrfA pleotropic regulation factor 

PTS phosphoenolpyruvate–sugar phosphotransferase 
system 

QS quorum sensing 

Rev “reverse” 

rlu relative light units 

RNA ribonucleic acid 

RPMI Roswell Park Memorial Institute medium 

RT room temperature 

S. Staphylococcus 

SAM s-adenosylmethionine 

SDS sodium dodecylsulfate 

SGWB sucrose-glycerol wash buffer 

SLAP spacious Listeria containing phagosomes 

SUMO small ubiquitin-like modifier 

T thymine (oligonucleotide) 

Tab. Table 

TAE Tris-acetate-EDTA 

Taq Thermus aquaticus 

TE Tris-EDTA 

TM trademark 

U units 

UK United Kingdom 

USA United States of America 
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Table 8: Abbreviations and their meaning as word or phrase (continued) 

 
ABBREVIATION 

 

 
ORIGIN 

 

UTR untranslated region 

UV ultraviolet 

V Volt  (electric potential) 

v/v volume per volume 

VASP vasodilator-stimulated phosphoprotein 

w/v weight per volume 

WASp Wiskott–Aldrich syndrome protein 

α Alpha 

ß Beta 

γ Gamma 

Δ Delta 

∆ deletion 

ε extinction coefficient 

σ sigma factor 

Ω Ohm (electrical resistence) 
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