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1 Introduction 
Bacteria represent a widespread group of microorganisms, whose members have 
conquered almost all conceivable habitats. Their success relies on the ability to rapidly 
adjust their metabolism in response to constantly varying environmental conditions and 
stressors. To do so, a precise regulation of gene expression is indispensable. One of the 
best examples demonstrating sophisticated regulation of gene expression under 
dramatically changing environmental conditions is the group of pathogenic bacteria. 
During infection, pathogens are confronted with severe alterations between outside and 
inside the host (temperature, pH, ion content, oxygen concentration as well as nutrition 
supply). Furthermore, they have to evade recognition by the host immune system and to 
compete with the host microbiota in order to survive and persist. Consequently, pathogenic 
bacteria are forced to judge numerous environmental parameters and to process this 
information to choose the gene expression program ideal for each stage of infection.	  

1.1 The genus Yersinia 
The genus Yersinia, a member of the phylum of γ-Proteobacteria in the family 
Enterobacteriaceae, was named after the French bacteriologist Alexandre Yersin (1863-
1943) (Bottone, 1997).	   In Hong Kong in June 1894, Yersin discovered a bacterial cause of 
the Chinese plague and named it Pasteurella pestis, after his mentor, Louis Pasteur. 
In 1970, Pasteurella pestis was renamed to Yersinia pestis in memory of its discoverer 
(Zietz & Dunkelberg, 2004; Hawgood, 2008; Butler, 2014). The members of the genus 
Yersinia are Gram-negative, non-sporeforming rods or coccobacilli that grow facultative 
aerobically. Although, yersiniae are psychrotolerant and able to grow in a temperature 
range between 4°C and 43°C, their growth optimum lies between 25-29°C (Bottone, 
1999). The genus consists of 18 species, three of which are pathogenic for animals and 
humans (McNally et al., 2016). Y. enterocolitica and Y. pseudotuberculosis are enteric 
pathogens that have emerged 200 million years ago. Y. pestis, the causative agent of 
pneumonic, bubonic and septicaemic plague, is a recently evolved (1,500-20,000 years 
ago) clonal variant of Y. pseudotuberculosis with approximately 98% homology at the 
DNA level (Achtman et al., 1999; Achtman et al., 2004; Plano & Schesser, 2013; Wren, 
2003). All three species are facultative intracellular pathogens with a zoonotic lifestyle, 
exhibit tropism for lymphoid tissue and are able to evade the host immune system (Bhunia, 
2008; Koornhof et al., 1999; Smego et al., 1999). Furthermore, pathogenicity of these 
Yersinia spp. strongly depends on the presence of the ~70 kb virulence plasmid (pYV in 
Y. enterocolitica, pIB1/pYV in Y. pseudotuberculosis and pCD1 in Y. pestis), which 
encodes several factors crucial for survival and persistence in the host (Brubaker, 1991; 
Cornelis et al., 1989; Gemski et al., 1980; Portnoyt & Falkowt, 1981). Despite the 
aforementioned similarities between the pathogenic yersiniae, their transmission and 
infection routes as well as disease severity vary significantly (Fig. 1.1).	  	  
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Figure 1.1. Life style and transmission ways of pathogenic yersiniae. 
Y. pestis possesses a complex lifestyle with diverse rodent reservoirs in nature. Transmission 
occurs via flea bites, causing bubonic plague. Pneumonic plague is transmitted from person to 
person through respiratory droplets.	   In contrast to Y. pestis, the enteric pathogens Y. enterocolitica 
and Y. pseudotuberculosis enter the host by ingestion of contaminated food or water and invade the 
lymphatic system through the M cells of the small intestine. This results in localized or, in rare 
cases, in systemic infection (Heroven & Dersch, 2014)1.  

Both enteric Yersinia species are food-borne pathogens that are transmitted via the fecal-
oral route through ingestion of contaminated food or water. Typically, they cause a self-
limiting invasive gastrointestinal disease in humans and animals called Yersiniosis 
(Koornhof et al., 1999). Nevertheless, Y. enterocolitica and Y. pseudotuberculosis differ 
significantly, both pheno- and genotypically (Wren, 2003). Y. enterocolitica represents a 
heterogeneous group of bacteria based on biochemical, antigenic and virulence properties. 
For instance, in terms of their pathogenicity level Y. enterocolitica strains can be 
distinguished in nonpathogenic (Biotype 1A), weakly pathogenic (Biotypes 2-5) and 
highly pathogenic (Biotype 1B) biotypes (McNally et al., 2004). Y. pseudotuberculosis 
strains, in contrast, are less variable in biochemical reactions and can be divided into 21 
serotypes according to their O-antigen structure (Bogdanovich et al., 2003; Kenyon et al., 
2017). Remarkably, while the serotypes O1-O5 are almost exclusively pathogenic, 
serotypes O6-O15 were never been found in human clinical samples (Fukushima, 2003). 
However, even the biotypes isolated from animals and the environment (O6-O15) contain 
certain pathogenicity factors. Consequently, all Y. pseudotuberculosis strains are 
considered potentially pathogenic for humans (Carniel, 2001). Due to the heterogeneity of 
yersiniae populations, the sources of contamination are also extremely variable and include 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Heroven and Dersch (2014) is licensed under the terms of the Creative Commons Attribution License (CC BY). 
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soil, water, plants and a variety of animals (Langford, 1972; Frandölich et al., 2003; Jalava 
et al., 2004; Jalava et al., 2006; Muhldorfer et al., 2010; Fogelson et al., 2015). 

Although enteropathogenic Yersinia species are distributed on all continents, Yersiniosis is 
most common in Europe, rather than in tropical or subtropical regions, with the highest 
incidence rate in Germany (Bottone, 1999; Rosner et al., 2010; Kamińska & Sadkowska-
Todys, 2016). While Yersiniosis is primarily associated with Y. enterocolitica infection 
and less frequently with Y. pseudotuberculosis, several outbreaks of Y. pseudotuberculosis 
infection cases have been, nevertheless, reported in Finland, Russia, Korea and Japan 
(Fukushima et al., 1985; Koo et al., 1996; Voskressenskaya et al., 2004; Jalava et al., 
2006). Yersiniosis is usually accompanied by several gut-associated symptoms ranging 
from mild diarrhea to mesenteric lymphadenitis with abdominal pain and fever. However, 
especially in immunocompromised individuals, Yersiniosis can invoke more severe post 
infection sequelae including Kawasaki disease, tubulointerstitial nephritis, urethritis, 
chronic prostatitis, inflammatory bowel disease and Grave’s disease, pleurisy, 
cholecystitis, reactive arthritis, erythema nodosum and septicemia (Tertti et al., 1989; 
Fukumoto et al., 1995; Ljungberg et al., 1995; Naiel & Raul, 1998; Hannu et al., 2003; 
Jalava et al., 2006; Hargreaves et al., 2013; Horinouchi et al., 2015; Tuompo et al., 2017).	  
Additionally, recent studies demonstrated that enterocolitis caused by 
Y. pseudotuberculosis can clinically mimic malignant lymphoma (Imataki et al., 2014). 
Occasionally, even patients lacking any immune disorders can acquire life-threatening 
Yersinia-associated sepsis via transfusion of Y. enterocolitica-contaminated blood (Tipple 
et al., 1990; Guinet et al., 2011). 

In contrast to the enteric lifestyle of Y. enterocolitica and Y. pseudotuberculosis, Y. pestis 
has a mammalian blood-borne lifestyle and primarily uses infected rodent fleas as vectors 
for transmission (Zhou & Yang, 2009). Additionally, Y. pestis can spread through 
inhalation of bacteria-containing aerosols. In rare cases, Y. pestis infection can occur via 
direct contact or injection of infected animals (Perry & Fetherston, 1997). The extreme 
differences in lifestyle and virulence between enteropathogenic yersiniae and Y. pestis are 
a result of the few evolution-driven key changes in the genome (e.g. inactivation of yadA 
and O antigen cluster, gain of pla and ymt and loss of ureD, PDE2, rcsA, and PDE3) as 
well as acquisition of two additional plasmids by Y. pestis (pPCP1 and pMT1) (Atkinson & 
Williams, 2016; Hinnebusch et al., 2016; Reuter et al., 2014; Zhou & Yang, 2009). 
Although plague is considered to be an ancient disease, the World Health Organization 
(WHO) classified Y. pestis as a re-emerging pathogen (Guiyoule et al., 2001). Indeed, 
plague cases are still reported in China, in the United States (in Arizona in 2007 and in 
Chicago in 2009) and in Africa, mostly in Congo (Butler, 2013). Recently, two large 
outbreaks of pneumonic plague in Madagascar and Asia were stated (Butler, 2013). 
An unusually widespread outbreak of pneumonic and bubonic plague was reported in 
Madagascar (August 2017 through October 2017) (“WHO | Plague – Madagascar,” 2017). 	  
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1.2 Infection process of enteropathogenic Yersinia species 
The infection process of Y. enterocolitica and Y. pseudotuberculosis can be classified into 
two main acute phases. Those are the initial infection and the ongoing infection. Both 
acute infection phases are defined by expression of a distinct set of virulence factors 
(Fig. 1.2). The appropriate expression of these factors promotes an efficient colonization of 
specific host niches as well as resistance against host defense mechanisms. 

 
Figure 1.2. Infection process of enteropathogenic yersiniae. 
Infection process of enteropathogenic yersiniae can be divided into two main phases: (i) Initial 
infection and (ii) Ongoing infection. (i) After ingestion, enteropathogenic Yersinia species pass 
through the gastrointestinal tract until they reach ileum. There, Yersinia are taken up by the M cells 
and enter the underlying lymphoid tissue (Peyer’s patches). (ii) Once yersiniae reach lymphoid 
tissues, they are confronted with resident macrophages. Pathogens overcome the host immune 
system using the virulence plasmid-encoded factors: YadA, the T3SS and the effector proteins 
(Yops). Consequently, the bacteria are able to disseminate to the mesenteric lymph nodes (MLN) 
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and to systemic organs, such as liver, spleen, and kidney (modified after Sansonetti, 20042 and 
Erhardt & Dersch, 20153). 

Although in most cases the enteropathogenic Yersinia elicit acute infection, recent studies 
demonstrated their ability to develop a persistent infection (Fahlgren et al., 2014, Avican et 
al., 2015). Moreover, the Yersinia persistent infection has been associated with several 
chronic inflammatory diseases, such as reactive arthritis, Crohn’s disease, inflammatory 
bowel disease, and pseudoappendicitis (Girschick et al., 2008; Ternhag et al., 2008). 

1.2.1 Initial infection phase 
The two main aims of the enteropathogenic yersiniae during the initial infection phase are 
‘colonization’ and ‘invasion’. The initial infection begins with ingestion of the pathogen 
via consumption of contaminated food and water. Thereafter, the bacteria pass through the 
gastrointestinal tract until they reach the ileum. This terminal part of the small intestine is 
characterized by the presence of the microfold cells (M cells). These cells are 
preferentially found in the epithelia, overlying the organized lymphoid follicles of the gut-
associated lymphoid tissue including the Peyer’s patches. M cells possess unique 
morphological features, such as reduced glycocalyx, irregular brush border and reduced 
microvilli. Moreover, they are specialized for the sampling of the macromolecules, 
antigens and microorganisms within the gut lumen and their direct transport into the 
underlying lymphoid tissue. These exclusive properties make the M cells an excellent 
gateway for bacteria into the host (Jang et al., 2004; Mabbott et al., 2013). To initiate an 
active internalization and transmigration through the intestinal epithelial barrier via the 
M cells, enteropathogenic Yersinia harbor the chromosomally encoded protein invasin 
(Grutzkau et al., 1990). The invA gene encoding invasin is strongly expressed in stationary 
phase at 25 °C, pH 8 but shows poor expression at 37 °C, pH 8 (Nagel et al., 2001). This 
highlights that invasin expression prior to oral uptake might be beneficial for efficient 
transcytosis through the epithelial barrier (Pepe & Miller, 1993). Interestingly, under acidic 
conditions (pH 5.5), invasin expression in Y. enterocolitica occurs even at 37 °C (Grassl et 
al., 2003; Revell & Miller, 2000; Uliczka et al., 2011). Invasin is a surface-exposed outer 
membrane protein closely related to intimins and establishes an interaction with β1-
integrins (Isberg, 1990; Hamburger et al., 1999; Tsai et al., 2010). Remarkably, β1-
integrins are specific for the luminal side of M cells, but not for that of other enterocytes. 
Binding of Yersinia Invasin to the β1-integrin triggers the actin polymerization at the 
contact site of the M cell, initiating uptake of the pathogen. Consequently, Yersinia is 
internalized by the so-called ‘zipper’ mechanism (Marra & Isberg, 1997; Sansonetti, 
2002). Further virulence factors required for successful establishment of the initial 
infection are chromosomally encoded flagella, O-antigen coupled lipopolysaccharides 
(LPS) as well as several other adhesins (Young et al., 2000; Skurnik, 2004; Uliczka et al., 
2011; Hoffman et al., 2017). 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 Adapted by permission from Springer Nature: Springer Nature, Nature Reviews Immunology, War and peace at 
mucosal surfaces, Philippe J. Sansonetti, Copyright © 2004 
3 Heroven and Dersch (2014) is licensed under the terms of the Creative Commons Attribution License (CC BY). 
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1.2.2 Ongoing infection phase 
After transmigration through the epithelial barrier, yersiniae invade the underlying 
lymphatic tissue, particularly Peyer’s patches, followed by dissemination into mesenteric 
lymph nodes (MLNs), liver, spleen, and, occasionally, kidney (Autenrieth et al., 1996; 
Barnes et al., 2006; Heroven & Dersch, 2006), referred to as ongoing infection phase. 
Replication of Yersinia in these tissues and organs occurs extracellularly via formation of 
monoclonal microcolonies within necrotic microabscesses (Simonet et al., 1990; Oellerich 
et al., 2007; Trülzsch et al., 2007). Remarkably, Yersinia was also shown to survive and 
proliferate inside macrophages. During the ongoing infection, yersiniae are confronted 
with the host immune system. Thus, the primary goal of the pathogen in this phase is to 
evade a host’s immune response. In order to survive and multiply in the lymphoid tissue as 
well as for dissemination into deeper organs, enteroinvasive Yersinia species require an 
additional set of virulence factors. The antiphagocytic defense system of Yersinia includes 
the virulence plasmid-encoded Yersinia adhesin A (YadA), the type III secretion system 
(T3SS), and the corresponding “anti-host” effector proteins (Yops) (Cornelis et al., 1998; 
Atkinson & Williams, 2016). Synthesis of these virulence factors prevents uptake and 
elimination of enteric Yersinia by professional phagocytes (Bliska et al., 2013). 
Furthermore, Yops were recently reported to impair the degranulation of neutrophils, 
which further increases Yersinia survival (Taheri et al., 2016). Transcription of the genes 
encoding for this integrated defense system is activated by the AraC-type regulator LcrF 
(VirF in Y. enterocolitica) in response to temperature and host cell contact (Bölin et al., 
1988; Pettersson et al., 1996). 

1.2.2.1 Plasmid-encoded virulence factors 
Yersinia adhesin YadA 

The Yersinia adhesin YadA represents a versatile virulence factor expressed in both enteric 
Yesinia species (Bölin & Wolf-Watz, 1982;  Ackermann et al., 2008). This trimeric 
autotransporter adhesin (TAA) belongs to the family of oligomeric coiled-coil adhesins 
(Oca) (Hoiczyk et al., 2000; Linke et al., 2006). YadA forms a fibrous, lollipop-like 
structure of approximately 23 nm in length and densely covers the entire bacterial surface 
(Hoiczyk et al., 2000). Mature YadA harbors two functional regions, an N-terminal 
extracellular (passenger) domain and a C-terminal β-barrel (translocation) domain 
anchored in the outer membrane (Fig. 1.3).  
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Figure 1.3. Structure of YadA from Y. enterocolitica. 
A Crystal structure of the collagen-binding head domain in side view (left), representing the left-
handed parallel β-roll, in top view (right), showing the trimeric organization. B Crystal structure of 
the transition zone from right- (upper region) to left-handed (lower region) supercoiling. C Solid-
state nuclear magnetic resonance structure of the translocation domain, demonstrating the 12-
stranded β-barrel linker within the pore of the barrel and the beginning of the stalk. D Model of the 
complete YadA structure with various elements and coiled-coil regions. Binding regions for 
different ligands are annotated (modified after Mikula et al., 20134 and Mühlenkamp et al., 20155). 

The passenger domain consists of three main parts: a pillar-like stalk made of right-handed 
coiled coils, a neck (connector), and a bulky head (Szczesny & Lupas, 2008). These 
regions are diverse and appear repetitively in various combinations. The translocation 
domain, in contrast, is more conserved. It performs type Vc secretion of the N-terminal 
domain through the outer membrane, defining this adhesin family as ‘autotransporter’ 
(Henderson et al., 2004; Leo et al., 2012). 

YadA synthesis begins immediately after Yersinia cross the intestinal mucosa. It possesses 
a variety of activities, which contribute to successful establishment of infection (Mikula et 
al., 2013). These include: binding to the extracellular matrix (ECM) molecules collagen, 
fibronectin, and laminin (Schulze-Koops et al., 1992; Flügel et al., 1994; Heise & Dersch, 
2006), adhesion to epithelial cells, neutrophils, and macrophages (Heesemann et al., 1987; 
Roggenkamp et al., 1996), invasion of epithelial cells and induction of pro-inflammatory 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 Mikula et al., 2013 is licensed under the terms of the Creative Commons Attribution License. 
5 Adapted by permission from Elsevier GmbH: Elsevier, International Journal of Medical Microbiology, Yersinia 
adhesin A (YadA) – Beauty & beast, Mühlenkamp et al., Copyright © 2015. 
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cytokines  (Eitel & Dersch, 2002; Eitel et al., 2004), serum resistance (Lambris et al., 
2008; Biedzka-Sarek et al., 2005), and autoagglutination (Hoiczyk et al., 2000). Notably, 
YadA is indispensible for virulence in Y. enterocolitica, but not in Y. pseudotuberculosis 
(Pepe et al., 1995; Roggenkamp et al., 1995; Han & Miller, 1997). For instance, in 
Y. enterocolitica the YadA-mediated adhesion is an imperative prerequisite for an efficient 
translocation of effector proteins. In particular, the length of the T3SS injectisome and 
YadA are functionally coupled (Mota et al., 2005). Interestingly, although the yadA gene is 
present in Y. pestis, it is inactivated via a frame shift mutation caused by a single 
nucleotide deletion (Rosqvist et al., 1988). Moreover, expression of Y. pseudotuberculosis 
YadA is detrimental for Y. pestis and reduces its virulence (Skurnik & Wolf-Watz, 1989; 
Eitel & Dersch, 2002). 

The Yersinia Ysc-Yop virulon 

One of the most efficient strategies subverting the host defense is the direct injection of 
anti-phagocytic effector proteins into the cytosol of the host cell via a sophisticated 
nanomachine called T3SS (Fig. 1.4). The T3SS forms a cylindrical structure spanning the 
bacterial envelope with a hollow needle-like element, which protrudes from the outer 
surface of the basal body (Izoré et al., 2011). It is generally believed that the effector pro-
teins are injected through the needle-like structure of the T3SS into the cytosol of the target 
cell after contact between the pathogen and the eukaryotic cell has been established 
(Cornelis & Van Gijsegem, 2000). This mechanism of ‘toxin’ delivery is highly conserved 
and has proven to be ubiquitous among a large number of Gram-negative mammalian and 
plant pathogens (e.g. pathogenic Escherichia coli, Yersinia, Salmonella, Shigella, 
Bordetella, Chlamydia, Pseudomonas, Xanthomonas, Ralstonia, and Erwinia species) 
(Cornelis & Van Gijsegem, 2000). All three pathogenic Yersinia species demand the 
plasmid-encoded Ysc (Yop secretion)-Yop machinery for virulence. In particular, the 
yersiniae T3SS-Yop apparatus is responsible for inactivation of phagocytosis (Cornelis & 
Wolf-Watz, 1997). Being injected in the host immune cell (mainly macrophages, dendritic 
cells, and neutrophils), the anti-phagocytic Yop effector proteins are able to destabilize the 
actin cytoskeleton, suppress cytokine production and induce apoptosis (Viboud & Bliska, 
2005; Plano & Schesser, 2013). 
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Figure 1.4. Model of the T3SS. 
Model of T3SS, representing a hybrid of solved structures of individual T3SSs components from 
different bacteria and schematic view of the Yersinia injectisome compounds. Furthermore, the 
model schematically demonstrates the export of	   the translocator (LcrH-YopD and LcrH-YopB), 
structural (YscE/YscG-YscF) and effector proteins (Syc-effector Yops) with their corresponding 
chaperons. The Yersinia spp. nomenclature is applied. * - unknown structure.	   Scaffold proteins: 
YscC, YscD, YscJ; export apparatus proteins: YscR, YscS, YscT, YscU, YscV; cytoplasmic 
components: YscQ (C ring) and YscN, YscL, YscK (ATPase complex); channel-like structures: 
YscI (rod) and YscF (needle); pore complex: LcrV (needle tip) and YopB, YopD (translocation 
pore) (modified after Dewoody et al., 20136 and Deng et al., 20177). 

The Yersinia T3SS is composed of more than 20 structural proteins that can be divided into 
four major groups according to their functions: (1) structural proteins, assembling the 
injectisome, (2) the cytotoxic Yop effector proteins, (3) the translocators, which form the 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6 Dewoody et al., 2013 is licensed under the terms of the Creative Commons Attribution License. 
7 Adapted by permission from Springer Nature: Springer Nature, Nature Reviews Immunology, Assembly, structure, 
function and regulation of type III secretion systems, Deng et al., Copyright © 2017.	  
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translocation pore in the host membrane, and (4) the chaperones that bind the effectors 
(class I chaperones, e.g. Syc chaperones), translocators (class II chaperones, e.g. LcrH), 
and structural proteins (class III chaperones, e.g. YscE/YscG for YscF needle protein) 
prior to their export to keep them in a secretion-competent state and to target them for 
secretion (Neyt & Cornelis, 1999; Stebbins & Galán, 2001; Akeda & Galán, 2005; 
Letzelter et al., 2006; Sun et al., 2008; Izoré et al., 2011). The injectisome is homologous 
to the bacterial flagellum and consists of basal body, needle and translocation pore 
complex that is formed in the eukaryotic cell membrane (Kudryashev et al., 2013). 

The early stages of T3SS formation are assisted by the general secretory (Sec) pathway 
(Costa et al., 2015). In Yersinia spp., this process starts with an outside-in assembly of the 
basal body, which spans the bacterial double membrane as well as peptidoglycan layer 
(Diepold et al., 2010). In contrast, the basal body of the flagellum as well as the T3SSs of 
Salmonella SPI-1, enteropathogenic E. coli (EPEC) and enterohemorrhagic E. coli (EHEC) 
assemble in an inside-out manner (Kimbrough & Miller, 2000; Gauthier et al., 2003; 
Erhardt et al., 2010; Wagner et al., 2010; Deng et al., 2017). The basal body represents a 
series of ring structures connected by the rod (Portaliou et al., 2016). First, the 
peptidoglycan-cleaving enzyme locally removes the peptidoglycan layer in the periplasm 
to enable the access of secretin (YscC) to the outer membrane (Burkinshaw et al., 2015; 
Deng et al., 2017). Oligomerization of YcsC results in the assembly of the outer membrane 
ring (OM ring) (Koster et al., 1997; Kowal et al., 2013). This process is guided by a small 
lipoprotein YcsW, also called pilotin (Burghout et al., 2004). Acting as a molecular 
‘stapler’, pilotin mediates the proper folding of the C-terminal S-domain, which is essential 
for the establishment of clamping interactions between two proceeding secretin protomers 
upon assembly (Worrall et al., 2016). Thereafter, the inner membrane ring (MS ring) of 
YscD is formed, bridging with the OM secretin ring (Spreter et al., 2009; Ross & Plano, 
2011). Next, YscD recruits YscJ, its oligomerization completing the MS ring assembly 
(Yip et al., 2005; Diepold et al., 2010). Together these structures create a so-called 
scaffold (YscCDJ) embedded within the peptidoglycan layer (Dewoody et al., 2013). Once 
the basic channel through the bacterial envelope is generated, the export apparatus is 
docked to YscJ onto the base of the MS ring (Diepold et al., 2010). Remarkably, the export 
apparatus comprising the integral membrane proteins YscRSTUV assembles within the 
inner membrane independently of the scaffold (Diepold et al., 2011). Later on, the ATPase 
complex, consisting of YscNKL, and the cytoplasmatic ring (C ring), composed of YscQ, 
associate with the inner membrane rings and interact with the export apparatus (Jackson & 
Plano, 2000; Blaylock et al., 2006). Upon completion of the basal body, proteins essential 
for needle formation can be exported via the T3SS itself (Dewoody et al., 2013). At this 
point, the so-called “early” T3SS substrates (YscIFPXO and YopR) are secreted (Payne & 
Straley, 1998; Day & Plano, 2000; Agrain et al., 2005; Blaylock et al., 2010). First, the 
needle protein YscF is translocated through the inner rod (YscI), followed by YscF 
polymerization and, subsequently, needle formation (Marlovits et al., 2004; Diepold et al., 
2012; Sal-Man et al., 2012). Notably, the autoprotease (YscU) and the needle-length ruler 
(YscP) are involved in the regulation of the needle length and the specificity switch from 
“early” to “middle” substrates (Journet et al., 2003; Mota et al., 2005; Erhardt et al., 2011). 
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Once the needle assembly is completed, secretion of the “middle” T3SS substrates starts. 
These are the translocators YopB, YopD, and LcrV. After secretion, LcrV polymerizes at 
the distal end of the needle and forms a pentameric needle-tip complex (Mueller et al., 
2005; Broz et al., 2007). This LcrV tip complex is suggested to serve as a platform for 
insertion of the YopBD translocon into the eukaryotic cell membrane (Goure et al., 2005; 
Mueller et al., 2008). Furthermore, LcrV is indespensible for YopB insertion and 
translocon formation in mammalian membranes (Harmon et al., 2013). Moreover, LcrV 
was described to determine the translocation pore size (Holmstrom et al., 2001). Finally, 
environmental signals such as physical contact with the host cell in vivo or, calcium 
chelation from the growth medium in vitro, trigger the last specificity switch from 
“middle” to “late” substrates (effector proteins) (Lee et al., 1998). In the absence of these 
stimuli, the gatekeeper protein complex (TyeA-YopN) prevents effector protein secretion 
(Lee et al., 2001; Buttner, 2012; Plano & Schesser, 2013). 

After assembly of the injectisome, six effectors are delivered into immune cells, mainly 
macrophages, dendritic cells, and neutrophils, where they interfere with multiple host 
signaling pathways (Fig. 1.5) (Cornelis, 2002). In general, this interference disturbs actin-
based membrane remodeling, prevents phagocytosis and can cause cell death (Bliska et al., 
2013). 

The protein tyrosine phosphatase (PTPase) YopH represents a 50 kDa protein, which 
contains an N-terminal substrate binding domain and a C-terminal PTPase domain (Black 
et al., 1998). YopH is one of the most important effectors for Yersinia virulence especially 
in terms of phagocytosis prevention. The PTPase activity of YopH leads to inhibition of 
the early calcium signaling and ROS synthesis. Furthermore, YopH represses the 
production of proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-α), 
interleukin (IL)-10, and IL-1β, as well as the chemokine MCP-1 (monocyte chemotactic 
protein 1) (Persson et al., 1997; Andersson et al., 1999; Persson et al., 1999; Sauvonnet et 
al., 2002; Adkins et al., 2007; Rolán et al., 2013). Moreover, when acting in concert with 
YopE, YopH was shown to repress integrin β1-mediated activation of the inflammasome 
in epithelial cells (Thinwa et al., 2014). Additionally, YopH disrupts the focal adhesion 
complex and thus prevents phagocytosis (Black et al., 2000; Aepfelbacher et al., 2007). 

YopE is a 23 kDa GTPase activating protein (GAP), which structurally and biochemically 
resembles eukaryotic Rho GTPases (Evdokimov et al., 2009; Aepfelbacher et al., 2011). 
The Rho GTPases represent key signaling molecules implicated in rearrangement of the 
actin cytoskeleton to enable phagocytosis (Groves et al., 2008). YopE facilitates the 
GTPase activity of Rho GTPases, resulting in the loss of cell motility and suppression of 
phagocytosis (Roppenser et al., 2009). Furthermore, YopE inhibits production of reactive 
oxygen species (ROS). Notably, both activities of YopE are essential for Yersinia splenic 
colonization in infected mice (Songsungthong et al., 2010). 
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Figure 1.5. Interference of Yersinia effector proteins with the host signaling pathways. 
Contact of Yersinia with the eukaryotic host cell promotes the T3SS assembly and, subsequently, 
the secretion of Yops. Once inside the host cell, the effector proteins manipulate several host 
signaling cascades controlling cytoskeleton dynamics (YopE, YopT, YopH, YopO/YpkA) to 
inhibit phagocytosis. Furthermore, YopP/J and YopM inhibit proinflammatory cytokine 
production. Additionally, YopP/J activates the inflammasome complex resulting in the cell death 
process termed pyroptosis (Pha & Navarro, 20168). 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 Pha & Navarro, 2016 is licensed under the terms of the Creative Commons Attribution-Noncommercial (CC BY-NC 
4.0) License. 
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YopT is a 35.5 kDa cysteine protease that also targets the Rho family of GTPases (Iriarte 
& Cornelis, 1998; Zumbihl et al., 1999). The catalytic action of YopT results in the 
mislocalization of the membrane-bound Rho GTPase and leads to the disruption of the 
actin cytoskeleton (Shao et al., 2003). Additionally, YopT affects the NFκB signaling 
pathway, thus abolishing NFκB-mediated proinflammatory responses (Dach et al., 2009; 
Köberle et al., 2012). Interestingly, not all pathogenic Yersinia spp. possess YopT. Some 
serotypes of Y. pseudotuberculosis harbor an internal deletion in the yopT gene (Bliska et 
al., 2006). Moreover, loss of yopT in Yersinia can be fully complemented by the activity of 
YopE effector, indicating that YopT is dispensable for Yersinia virulence (Viboud et al., 
2006). 

The Yersinia protein kinase A, YpkA (YopO in Y. enterocolitica), is an 80 kDa 
serine/threonine (Ser/Thr) kinase, which is involved in disruption of the actin cytoskeleton 
and prevention of phagocytosis (Håkansson et al., 1996). Interestingly, in addition to the 
Ser/Thr kinase domain, YpkA harbors a guanine nucleotide dissociation-like inhibitor 
(GDI) domain (Galyov et al., 1993; Prehna et al., 2006). Actions of both eukaryotic-like 
enzymatic domains influence the actin cytoskeleton by targeting the activation state of the 
Rho GTPases, RhoA and Rac1. Since the GDI domain of YpkA mimics the host GDI 
activity, it directly targets the Rho GTPases resulting in the inhibition of GTP loading. 
Moreover, the kinase domain binds to the alpha subunit of the heterotrimeric G protein 
complex, Galphaq, in order to abolish activation of downstream Rho proteins through the 
LARG RhoGEF (Prehna et al., 2006; Navarro et al., 2007). Studies on YpkA suggest that 
both enzymatic domains are essential for Yersinia virulence (Galyov et al., 1993; Prehna et 
al., 2006; Wiley et al., 2006; Navarro et al., 2007). 

The acetyltransferase YopJ (YopP in Y. enterocolitica) is a 34 kDa protein with 
deubiquitinating and putative cysteine protease activity. YopP/J suppresses the synthesis of 
proinflammatory molecules. This effector downregulates the proinflammatory response 
through interference with the mitogen-activating protein kinase (MAPK) and the NFκB 
signaling pathways (Mukherjee et al., 2006; Sweet et al., 2007). Furthermore, in 
cooperation with other Yop effectors, YopP/J was reported to inhibit the production of 
chemoattractants and, consequently, to prevent the early recruitment of neutrophils to the 
site of infection (Denecker et al., 2002; Zhou et al., 2004; Vagima et al., 2015). 
Remarkably, secretion of YopJ by Y. pseudotuberculosis located within the macrophage 
phagosomes activates apoptosis or necrosis of macrophages (Zhang et al., 2011; Zheng et 
al., 2012). 

YopM is a leucine-rich repeat (LRR)-containing protein that localizes to both the 
cytoplasm and the nucleus of the eukaryotic cell (Skrzypek et al., 1998; Benabdillah et al., 
2004). YopM counteracts caspase-1 activation through arresting the pyrin inflammasome 
formation, which is triggered by the RhoA-inactivating enzymatic function of YopE and 
YopT (Chung et al., 2014; Chung et al., 2016; Park et al., 2016). Interestingly, since 
YopM lacks catalytic activity and interacts with multiple targets, it is suggested to act as a 
scaffold. Particularly, the LRR region binds to serine/threonine protein kinase C-related 
kinases (PRKs) and the C-terminal domain interacts with the ribosomal S6 kinase (RSK) 
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(McCoy et al., 2010; McPhee et al., 2010). Furthermore, YopM was shown to activate the 
anti-inflammatory cytokine, IL-10 (McPhee et al., 2012). Thus, YopM-mediated 
recruitment and activation of host kinases for downregulation of pyrin as well as the IL-10 
induction promotes Yersinia virulence (Chung et al., 2016).  

Recently, two different models of effector delivery were suggested: a direct injection 
model and a binary AB toxin-like delivery model. According to the direct injection model 
unfolded translocators and effector proteins are exported through the T3SS needle, 
followed by translocation pore assembly and finally the effector delivery into the host cell. 
Current observations of the T3SS substrates trapped in the needle strongly support this 
model (Dohlich et al., 2014; Radics et al., 2013). In the alternative binary AB toxin-like 
model unfolded translocators and effectors are also delivered through the T3SS needle, 
however, prior to host cell contact. After secretion, they localize to the bacterial cell 
surface. Upon contact with the host cell, which might be sensed by the needle, 
translocators and effectors migrate to the host cell membrane. At this step, the 
translocation pore is assembled enabling the ‘injection-independent’ effector delivery 
(Akopyan et al., 2011; Edgren et al., 2012). Additionally, a simultaneous transport of 
effectors into the host cell by both models was also suggested (Akopyan et al., 2011; 
Kendall, 2017). Remarkably, Y. pseudotuberculosis and EPEC seem to apply the same 
T3SS-dependent mechanism for delivery of extracellular proteins into the host cell, as 
YopH and EspC share the translocation motif (Tejeda-Dominguez et al., 2017). 

1.3 Regulatory mechanisms controlling expression of the 
Yersinia YadA and the T3SS  
The expression of the virulence plasmid-encoded genes in Yersinia is induced in response 
to environmental signals sensed during the transition from the gut lumen to lymphoid 
tissues. The initial signal that activates yadA and T3SS/yop gene transcription as well as 
synthesis of the corresponding proteins is a thermal upshift to temperatures above 30°C 
(Cornelis et al., 1989). An additional environmental signal that triggers the expression of 
the Yop virulon and YadA is contact with eukaryotic cells (Pettersson et al., 1996). 
Remarkably, in vitro, depletion of calcium from the growth medium in combination with a 
temperature shift to 37°C mimics the effect of the host cell contact and leads to massive 
expression and secretion of Yop effectors (Brubaker, 2007). This phenomenon was first 
described in Y. pestis, which is unable to grow at 37°C in the absence of calcium, and is 
known as the Low Calcium Response (LCR) (Kupferberg & Higuchi, 1958;  Higuchi et 
al., 1959). However, there is still no mechanistic explanation for calcium-mediated 
regulation of Yop secretion and the growth arrest upon active T3S. Nevertheless, some 
T3SS-associated genes, mutations in which resulted in a calcium-blind Yersinia phenotype, 
were originally termed for the LCR (Perry et al., 1986; Yother & Goguen, 1985). 
Numerous factors were proposed to be involved in the temperature as well as the cell 
contact- and/or calcium-dependent control of the pYV-encoded virulence factors and will 
be described in the following. 
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1.3.1 Major virulence activator LcrF 
The upregulation of the T3SS-associated genes at human body temperature is a direct 
consequence of temperature-dependent expression of the transcriptional regulator LcrF 
(VirF in Y. enterocolitica) (Fig. 1.6) (Cornelis et al., 1987). LcrF was first discovered in 
Y. pestis as a factor essential for thermal induction of several virulence plasmid-encoded 
genes (Yother et al., 1986). The 30 kDa LcrF protein is an AraC-like transcriptional 
activator, its carboxy-terminal region enabling DNA binding and sharing homology with 
that of the transcriptional regulator AraC in E. coli (Schleif, 2010). The carboxy-terminal 
domain of all AraC family members including LcrF harbours two helix-turn-helix (HTH) 
domains (King et al., 2013). The recognition helix interacts with specific DNA residues 
within the major groove (Rhee et al., 1998). Recently, LcrF and its homolog ExsA from 
Pseudomonas aeruginosa were shown to bind the consensus sequence 
AaAAAnwnMygrCynnnmYTGyaAk (W: A or T; M: A or C; Y: C or T; R: A or G; K: G 
or T; uppercase letters represent more highly conserved residues). Moreover, the activators 
of T3SS-related genes from Photorhabdus luminescens, Aeromonas hydrophilus, and 
Vibrio parahaemolyticus recognize the same nucleotide sequence motif (Brutinel et al., 
2008; Diaz et al., 2011; King et al., 2013). The amino-terminal domain of AraC-like 
proteins is responsible for the dimer assembly. Furthermore, the N-terminal region of 
several AraC-like proteins binds cofactors, which affect the regulation of transcription 
(Schleif, 2010). Interestingly, in contrast to the E. coli AraC, no additional cofactors 
binding was shown for Yersinia LcrF (Schwiesow et al., 2015). LcrF is known to interact 
with its target DNA as a preformed dimer. However, a recent study demonstrated that LcrF 
defective for self-association can still bind DNA by sequential recruitment of two 
monomers to the promoter region (King et al., 2013). Furthermore, like the E. coli AraC, 
LcrF is thought to directly bind to RNA polymerase, facilitating the interaction between 
the polymerase and the promoter region. Thus, LcrF improves the transcription-initiation 
of virulence plasmid-encoded genes (Cornelis et al., 1989; Schleif, 2010). LcrF itself is 
also encoded on the Yersinia virulence plasmid and is transcribed in an operon with the 
pilotin YscW from the σ70-dependent yscW promoter (Böhme et al., 2012; Schwiesow et 
al., 2015). 

1.3.1.1 Regulation of lcrF transcription 
Transcription of lcrF is abolished below 30°C by the inhibitory effect of the nucleoid-
associated protein Yersinia modulator A (YmoA) (Böhme et al., 2012). The 
chromosomally-encoded YmoA protein forms a heterodimeric complex with the histone-
like protein H-NS and binds to the sequence directly downstream of the yscW promoter 
(Nieto et al., 2002; Madrid et al., 2007; Böhme et al., 2012). This interaction inhibits lcrF 
transcription, thus repressing the T3SS expression at moderate temperatures (Cornelis et 
al., 1991; Böhme et al., 2012). Remarkably, H-NS can also interact as a homodimer with 
the yscW-lcrF promoter region. However, the effect of the H-NS homodimer on lcrF 
transcription is unclear (Böhme et al., 2012). Thermal upshift to 37°C leads to a 
conformational change in the virulence plasmid DNA topology, followed by significant 
derepression of LcrF expression (Cornelis et al., 1989; Michiels et al., 1991; Rohde et al., 
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1994; Rohde et al., 1999). Consequently, it is possible that the DNA binding efficiency of 
the YmoA/H-NS heterodimer and H-NS homodimer is also temperature-dependent 
(Böhme et al., 2012). At mammalian body temperature (37°C) YmoA is rapidly degraded 
by ClpP and Lon proteases, which enables transcription of the yscW-lcrF operon (Jackson 
et al., 2004; Böhme et al., 2012). 

Several additional environmental signals affecting lcrF transcription have been reported. 
For instance, during the course of infection yersiniae are confronted with oxygen stress and 
significant changes in iron bioavailability. Iron in turn is a crucial component for Yersinia 
virulence. Interestingly, oxidative stress/limitation as well as iron availability affect the 
expression and activity of the iron-sulphur cluster coordinating the transcription regulator 
IscR, which was recently characterized as an essential factor for T3S in Yersinia (Yeo et 
al., 2006; Mettert & Kiley, 2014; Miller et al., 2014). IscR is able to recognize two 
separate DNA binding motifs to control transcription of its target genes. Consequently, this 
protein is active in both the holo-IscR and the apo-IscR forms. Interestingly, type I motifs 
are recognized solely by holo-IscR, while type II motifs are bound by both apo-IscR an 
holo-IscR (Schwartz et al., 2001; Nesbit et al., 2009; Fleischhacker et al., 2012). In 
Y. pseudotuberculosis IscR regulates lcrF transcription via binding to the type II motif 
within the yscW-lcrF promoter. Thus, IscR controls the Yersinia T3SS through direct 
activation of lcrF transcription (Miller et al., 2014). Although both apo-IscR and holo-IscR 
are able to promote the T3SS gene transcription, the Y. pseudotuberculosis IscR in the apo-
locked form causes a proton motive force defect that abolishes transcription and secretion 
of Yop effectors (Miller et al., 2014). 

Additionally, the response regulator RcsB from the Rcs phosphorelay system was reported 
to activate the lcrF transcription (Li et al., 2014). The Rcs system is found exclusively in 
the family of Enterobacteriaceae and enables bacteria to maintain their membrane 
integrity during environmental alterations such as osmotic shock, dehydration, 
overproduction of envelope proteins, and perturbations in extracellular polysaccharide 
production under extracytoplasmatic stress conditions (Majdalani & Gottesman, 2005; 
Huang et al., 2006). Once phosphorylated, RscB can directly bind to a conserved RcsB 
box located upstream of the -35 promoter element of the yscW-lcrF operon. RcsB binding 
increases the lcrF mRNA level, thus enhancing T3SS protein expression and effector 
secretion (Li et al., 2014). Environmental factors and regulators involved in the 
transcriptional control of LcrF expression are summarized in Fig. 1.6. 
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Figure 1.6. Regulators of lcrF transcription. 
YmoA, IscR and RcsB control LcrF expression on the transcriptional level in response to various 
environmental signals such as temperature, oxidative stress/limitation, iron availability, and 
extracytoplasmatic stress. YmoA acts at moderate temperature as a transcriptional repressor of 
LcrF. At host temperature YmoA is degraded by ClpP and Lon proteases, and IscR and RcsB 
activate lcrF transcription. The numbers indicate the position of the IscR-, RcsB-, and YmoA-
dependent regions with respect to the transcriptional start site of the yscW-lcrF operon. 

1.3.1.2 Thermoregulation of LcrF translation 
LcrF expression is also regulated on the post-transcriptional level through a ‘fourU’ RNA 
thermometer within the 5’ untranslated region (5’-UTR) of the lcrF mRNA (Fig. 1.7) (Hoe 
& Goguen, 1993; Böhme et al., 2012). The lcrF 5’-UTR harbors a secondary structure 
composed of two stemloops (hairpin I and II). The hairpin II possesses the AGGA 
sequence of the lcrF ribosomal binding site (RBS) that pairs with the ‘fourU’ motif 
(a stretch of four uridines) located 26 to 29 nt upstream of the lcrF translational start site. 
The ‘fourU’ element was first described in the aggregation suppression A heat shock gene 
(agsA) from Salmonella enterica serovar Typhimurium (Waldminghaus et al., 2007). 
At moderate temperatures (25°C), the ‘fourU’-RBS structure is stable and prevents access 
of the 30S ribosome to the Shine-Dalgarno (SD) sequence. Consequently, lcrF translation 
is abolished. Elevated temperatures destabilize intramolecular base pairing, which liberates 
the RBS and allows initiation of translation (Böhme et al., 2012). Notably, although the 
hairpin I is not essential for thermosensing, it is suggested to contribute to the appropriate 
folding and/or stability of the ‘closed’ thermo-labile RNA-element. Subsequently, this 
temperature-mediated post-transcriptional control mechanism guarantees an appropriate 
level of lcrF expression during infection and is indispensible for Y. pseudotuberculosis 
virulence in the BALB/C mouse infection model (Böhme et al., 2012). 

YmoA%

+241%+13%%'31%'45%

RcsB%

'86%'119%

IscR%

+1%

RBSyscW PyscW '10%
lcrF%yscW%

'35% RBSlcrF 

Oxida0ve%stress%
Oxygen%limita0on%
Iron%availability%

Extracytoplasma0c%
stress%

Temperature%
ClpP%&%Lon%



INTRODUCTION 

	   18	  

 
Figure 1.7. Temperature-dependent regulation of lcrF translation. 
At moderate temperatures (25°C) the lcrF 5’-UTR forms a stable secondary structure made of two 
hairpins. Hairpin II includes the ribosomal binding site (RBS) that interacts with the ‘fourU’ 
element. Thus, binding of the 30S ribosomal subunit is prevented and translation initiation is 
abolished. The RBS-‘fourU’ base-pairing melts in response to the temperature upshift to 37°C. 
Consequently, the RBS becomes accessible for the ribosome, allowing the lcrF translation 
(Steinmann & Dersch, 20139). 

1.3.1.3 Cell contact and low calcium response 

At 37°C expression of the virulence plasmid-encoded genes can be further enhanced by 
depletion of calcium from the growth medium. In Y. pestis LCR leads to a strong growth 
defect together with massive secretion of Yop effectors in Ca2+-deprived medium (Higuchi 
et al., 1959; Cornelis et al., 1998; Brubaker, 2007; Fowler, 2009). Since LcrF is an 
exlusive activator of yadA and ysc-yop gene transcription, it was assumed that LcrF 
expression might also depend on contact with the host cell/depletion of calcium. Indeed, 
both the mRNA and protein levels of LcrF increase significantly upon cell contact or in 
calcium-deprived media (Opitz, 2013). Intriguingly, recent data revealed that contact with 
eukaryotic cells results in induction of LcrF expression and, subsequently, activation of the 
virulence plasmid encoded genes in Y. pseudotuberculosis even at moderate temperatures 
(25°C) (Opitz, 2013). However, depletion of calcium without a temperature upshift in vitro 
was insufficient to stimulate LcrF expression (Pimenova, 2014). Together, this strongly 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
9 Steinmann & Dersch, 2013 is reproduced from Future Microbiol. (2013) 8(1), 85-105 with permission of Future 
Medicine Ltd. 



INTRODUCTION 

	   19	  

suggests that the sensing and/or molecular mechanisms triggering the LcrF expression 
during cell contact and under calcium depletion conditions are different. 

1.3.2 Yop-mediated negative feedback regulation 
In order to prevent the energy intensive overproduction of T3SS-associated factors under 
non-secretion conditions (absence of the host cell contact in vivo or high calcium 
concentrations in vitro) Yersinia employs a so-called negative feedback loop. It acts at the 
post-transcriptional level and includes at least four proteins: the translocon component 
YopD (see 1.2.2.1) with its cognate chaperone LcrH, LcrQ, and the YopH chaperone SycH 
(Cambronne & Schneewind, 2002; Cambronne et al., 2004; Kopaskie et al., 2013). 

So far, the bifunctional 33 kDa protein YopD is the only identified RNA-binding effector 
(Tawk et al., 2017). Moreover, secreted YopD establishes the translocation pore in the 
eukaryotic membrane, but on the other hand, when not secreted, YopD regulates T3SS 
genes by a direct binding to the short AU-rich sequences of bacterial mRNA (Cambronne 
& Schneewind, 2002; Chen & Anderson, 2011; Kopaskie et al., 2013). For both of these 
activities, YopD demands binding to its 19 kDa cognate chaperone LcrH (SycD in 
Y. enterocolitica), which is assumed to be essential for protein stability as well as for the 
secretion of YopD (Francis et al., 2000; Anderson et al., 2002). LcrH is the chaperone of 
both translocator proteins YopB and YopD and is classified as a class II chaperone from 
the T3SS. LcrH represents a homodimer with an all α-helical fold, which consists of three 
tandemly arrayed tetratricopeptide repeats (TPRs) (Büttner et al., 2008). TPRs are 
composed of 34 amino acid motifs that build a helix-turn-helix conformation and are 
stacked on top of each other to assemble elongated structures (Singh et al., 2013). LcrH is 
a weak dimer that harbors a very flexible and weakly folded C-terminus that is kept 
together by the dimeric interface at the N-terminus (Singh et al., 2013). This flexible 
structure is suggested to be crucial to effectively find the target peptide of the large cognate 
LcrH partners YopB and YopD. Thereafter, the chaperone folds and binds the translocator, 
assembling a more rigidly bound structure (Singh et al., 2013). This mechanism is termed 
‘fly-casting’ and was already described for other proteins also harboring the TPRs 
(Shoemaker et al., 2000; Cliff  et al., 2005; Perham et al., 2005; Lamboy et al., 2011). 

According to recent studies, binding of the YopD-LcrH complex to the 5’-UTR of its 
target transcript results in a decrease of mRNA stability (Francis et al., 2001; Chen & 
Anderson, 2011). Excitingly, YopD was found to repress LcrF expression at the post-
transcriptional level either directly, or through positive regulation of LcrF repressors such 
as YmoA (see 1.3.1.1), CsrA (see 1.3.3), and exoribonuclease PNPase (see 1.3.4) 
(Steinmann, 2013; Hoßmann, 2017). Additionally, YopD can interact with the 30S 
ribosomal subunit which prevents the 70S ribosome assembly (Kopaskie et al., 2013). 
Intriguingly, the full structure of YopD remains unsolved. Nevertheless, it was shown that 
YopD possesses a C-terminal amphipathic α-helix domain, which spans residues 278 to 
292 (Tengel et al., 2002; Olsson et al., 2004; Costa et al., 2010). Furthermore, a putative 
C-terminal coiled-coil located immediately upstream of the amphipathic α-helix domain 
was reported (Pallen et al., 1997; Bröms et al., 2003; Costa et al., 2012). Moreover, a 
second putative coiled-coil motif that lies near to the YopD N-terminus was predicted. 
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This putative N-terminal coiled-coil motif seems to be unique to the Yersinia genus, as no 
similar motif could be predicted for the YopD-like structures from other bacterial members 
of the Ysc-Yop T3SS phylogenetic clade. In Y. pseudotuberculosis this putative N-terminal 
YopD coiled-coil domain is indispensible for full virulence (Costa et al., 2012). Notably, 
the N-terminal hydrophobic domain as well as the C-terminal amphipathic domain are 
essential for binding to LcrH (Francis et al., 2000; Olsson et al., 2004; Costa et al., 2012). 

LcrQ is a 12 kDa LCR-associated protein, which is also involved in the negative feedback 
loop (Wulff-Strobel et al., 2002). Similar to the YopD-LcrH-mediated repression, LcrQ-
dependent feedback regulation of yop genes requires AU-rich sequences in the 5’-UTRs 
(Cambronne & Schneewind, 2002; Cambronne et al., 2004). Recently, LcrQ was 
demonstrated to share the same targets with LcrF. Thus, it is able to block the activating 
role of LcrF (Li et al., 2014). LcrQ-mediated repression is abolished either by its secretion 
or, due to LcrQ homologies to the N-terminus of YopH, through binding to the YopH 
chaperone SycH (Rimpiläinen et al., 1992; Pettersson et al., 1996; Wulff-Strobel et al., 
2002). 

1.3.3 The carbon storage regulator system (Csr system) 

The Csr/Rsm (Carbon storage regulator/Regulator of secondary metabolism) system 
represents a global post-transcriptional regulatory system, which is indispensible for 
adaptation of various proteobacterial human and plant pathogens to dramatically changing 
environmental conditions (Andrade et al., 2014; Kusmierek & Dersch, 2018). In general, 
the Csr/Rsm system includes the highly conserved, dimeric RNA-binding protein (RBP) 
CsrA/RsmA (18.6 kDa), and varying regulatory elements, which modulate the CsrA/RsmA 
activity (Gutierrez et al., 2005). In particular, the Csr system of Y. pseudotuberculosis 
consists of CsrA and two non-coding RNAs, CsrB and CsrC (Heroven et al., 2012). Each 
CsrA/RsmA monomer is composed of 5 antiparallel β-strands, and an α-helix at the C 
terminus (Fig. 1.8). 

By dimerization, two CsrA monomers assemble a β-sandwich of two intertwined 
antiparallel β-sheets followed by the C-terminal α-helix. According to a NMR titration 
experiments, β1 and β5 of each subunit build a highly positively charged surface that 
enables RNA binding (Gutierrez et al., 2005; Schubert et al., 2007). This dimeric nature 
allows CsrA/RsmA to simultaneously bind two sites on a target RNA molecule, which are 
separated by 10–63 nucleotides (Mercante et al., 2009; Lapouge et al., 2013). 
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Figure 1.8. Structure of the CsrA homolog RsmE in complex with RNA. 
RsmE dimer (green/grey), member of the CsrA/RsmA family from Pseudomonas fluorescens, 
interacts with 20-nucleotide sites (yellow/red) within the hcnA sequence (Schubert et al., 200710). 

Different biochemical and genetic approaches revealed that CsrA/RsmA most frequently 
interacts with GGA motifs in single-stranded loop regions of short hairpin structures in the 
5′-untranslated regions (5′-UTRs) of their target RNAs (Dubey et al., 2005; Schubert et 
al., 2007; Duss et al., 2014). Subsequently, this bridging mechanism allows CsrA/RsmA to 
interact with specific RNAs, and to regulate gene expression at the transcriptional and 
post-transcriptional level. Generally, CsrA/RsmA interaction hinders ribosome access to 
the Shine-Dalgarno (SD) sequence, preventing translation. Consequently, the target 
transcript is predisposed to enhanced degradation. This scenario mostly occurs when one 
of the CsrA/RsmA-bound GGA motifs overlaps with the RBS (Fig. 1.9) (Baker et al., 
2002; Dubey et al., 2003; Mercante et al., 2009). Alternatively, CsrA/RsmA binding can 
repress the expression of certain RNases or prevent their access to the target transcript. 
Furthermore, CsrA/RsmA can block the formation of inhibitory RNA structures. This, in 
turn, can improve transcript stability and activate translation by increasing ribosome 
accessibility (Fig. 1.9) (Patterson-Fortin et al., 2013; Yakhnin et al., 2013; Ren et 
al., 2014; Park et al., 2015). Excitingly, application of CLIP-seq (UV crosslinking-
immunoprecipitation-high-throughput sequencing) for a transcriptome-wide investigation 
of CsrA targets revealed that CsrA binding sites are located not only within the 5’-UTRs, 
but also in the coding region as well as in the 3’-UTRs of transcripts (Holmqvist et 
al., 2016). 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10 Reprinted by permission from Springer Nature: Springer Nature, Nature Structural & Molecular Biology, Molecular 
basis of messenger RNA recognition by the specific bacterial repressing clamp RsmA/CsrA, Schubert et al., Copyright © 
2007. 
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Figure 1.9. Mechanism of Csr system-mediated regulation of gene expression. 
CsrA binding to its target transcript can either repress or activate translation. The CsrA dimer 
predominantly interacts with conserved GGA-containing motifs located in the 5’-UTR of target 
mRNAs near the ribosomal binding site (RBS). When a CsrA-bound GGA motif covers the Shine-
Dalgarno (SD) sequence, translation is abolished. Alternatively, CsrA binding can increase 
ribosome accessibility to the SD sequence by preventing the formation of inhibitory RNA 
structures. Furthermore, CsrA can protect its target transcript from certain RNases, thus increasing 
transcript stability. The non-coding RNAs CsrB and CsrC possess numerous GGA-motifs in 
single-stranded regions of their hairpins. Subsequently, when present in adequate amounts, CsrB 
and CsrC can sequester CsrA from its target mRNA, thus antagonizing CsrA activity (Kusmierek 
& Dersch, 201811). 

Regulation of the Csr/Rsm system is extremely complex and multilayered. The activity of 
CsrA/RsmA of γ-proteobacteria is primarily controlled by two or more analogous, non-
coding, highly structured Csr/Rsm-type RNAs (Kulkarni et al., 2006). In 
Y. pseudotuberculosis these are the CsrB and CsrC RNAs, which harbor multiple GGA-
containing stem-loops (18 and 14, respectively) (Heroven et al., 2008; Vakulskas et 
al., 2015). Consequently, the regulatory Csr/Rsm-type RNAs can sequester CsrA/RsmA 
from its target transcript and antagonize its function (Romeo, 1998; Weilbacher et 
al., 2003). Moreover, CsrA enhances the stability of the CsrB and CsrC RNAs. 
Furthermore, the CsrB and CsrC RNAs are counter-controlled meaning that the 
overproduction of one Csr-RNA leads to downregulation of the other (Heroven et 
al., 2008; Heroven et al., 2012). Non-coding RNAs (ncRNAs) other than the typical 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11 Reprinted by permission from Elsevier Ltd.: Elsevier, Current Opinion in Microbiology, Regulation of host–pathogen 
interactions via the post-transcriptional Csr/Rsm system, Kusmierek & Dersch, Copyright © 2017. 
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Csr/Rsm RNAs, such as the E. coli ncRNA McaS/IsrA, can also serve as functional CsrA 
binding partners (Jorgensen et al., 2013; van Nues et al., 2016; Holmqvist et al., 2016). 
Moreover, not only ncRNAs but also highly abundant mRNA elements, such as the 5′-
UTR region of the fimAICDHF mRNA encoding type I fimbriae of S. Typhimurium, are 
able to compete with Csr/Rsm-type RNAs and antagonize CsrA function (Sterzenbach et 
al., 2013). CsrA can also simultaneously activate its own transcription (indirect effect) and 
inhibit its translation (direct effect) (Yakhnin et al., 2011). In flagellated bacterial clades of 
eubacteria other than γ-proteobacteria, CsrA activity is allosterically controlled via 
interaction with different proteins (Altegoer et al., 2016; Mukherjee et al., 2016). 
For instance, the flagellar assembly factor FliW from the enteric pathogen Campylobacter 
jejuni forms a CsrA-FliW heterodimer, antagonizing the CsrA-dependent repression of 
FlaA (flagellar filament protein) synthesis. Reciprocal binding of FliW to flagellins 
counteracts this process (Radomska et al., 2016). Additionally, flaA mRNA possesses two 
GGA motifs in adjacent hexaloops. Thus, flaA itself can titrate CsrA activity (Dugar et 
al., 2016). These two mechanisms provide C. jejuni with a sophisticated feedback 
regulation strategy for effective adjustment of the cytosolic flagellin copy number. 

Studies with several bacterial pathogens demonstrated that the Csr/Rsm system forms a 
large regulon and has an immense influence on the bacterial transcriptome (Potts et 
al., 2017). Implementation of RIP-seq and CLIP-seq for investigation of the CsrA 
interactome revealed that CsrA directly targets the transcripts of a large number of CsrA-
dependent genes (Esquerré et al., 2016; Holmqvist et al., 2016; Sahr et al., 2017; Sowa et 
al., 2017). The majority of CsrA/RsmA-dependent genes are involved in fundamental 
bacterial processes including metabolic functions, stress responses, and numerous 
physiological processes (Wei et al., 2001; Molofsky & Swanson, 2003; Dubey et al., 2003; 
Heroven et al., 2012; Bücker et al., 2014; Oliva et al., 2015; Morin et al., 2016; Godfrey et 
al., 2017). Consequently, a CsrA/RsmA-mediated control of genes crucial for the 
pathogens biological fitness contributes to bacterial virulence (Kusmierek & 
Dersch, 2018). A recent work on enteropathogenic yersiniae revealed that CsrA/RsmA 
affects the virulence plasmid-encoded T3SS (ysc/yop). This CsrA-dependent regulation of 
the Ysc/Yop T3SS is suggested to be crucial for the switch between the acute and chronic 
lifestyle of yersiniae (Avican et al., 2015). In Y. enterocolitica CsrA/RsmA improves 
secretion of Yop effectors. Intriguingly, the loss of CsrA in Y. pseudotuberculosis fully 
abolishes Yop effector secretion and makes the pathogen avirulent (Nuss et al., 2017). 

1.3.4 The RNA degradosome 
The bacterial RNA degradosome represents a highly structured multi-enzyme complex that 
is responsible for the processing and degradation of RNA substrates. This multi-protein 
assembly plays an important role in the RNA turnover in various bacterial species 
including pathogens (Bruce et al., 2017). The most extensive investigation of the 
degradosome was performed in E. coli and revealed detailed information about its structure 
and function. The E. coli degradosome includes the endoribonuclease RNase E, the 
phosphorylytic exoribonuclease polynucleotide phosphorylase (PNPase), the DEAD-box 
helicase RhlB, and the glycolytic enzyme enolase (Fig. 1.10) (Carpousis, 2007). Generally, 
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RNase E performs the initial cleavage of substrate transcripts, followed by RhlB-mediated 
RNA unfolding and, finally, degradation of the remaining single-stranded RNA fragments 
by PNPase (Hui et al., 2014). 

RNase E is the central enzyme of the RNA metabolism and RNA-based regulation 
(riboregulation) in E. coli (Carpousis, 2007). This endoribonuclease forms a large 
multidomain homotetramer, wherein each protomer consists of 1061 amino acids and 
possesses both catalytic and scaffolding regions. The N-terminal domain of each RNase E 
monomer is highly conserved and provides the degradosome with a hydrolytic 
endoribonuclease activity. RNase E targets and cleaves single-stranded RNAs and is 
activated via the 5’-monophosphate group of the substrate transcript (Callaghan et 
al., 2005; Koslover et al., 2008). The C-terminal part of the enzyme is more variable 
compared to the N-terminal part and serves as a scaffold for degradosome assembly. 
Interestingly, the scaffolding domain of RNase E is predicted to be natively disordered. 
The small linear recognition motifs interact with the canonical degradosome enzymes, 
RNA, as well as the cytoplasmic membrane. The latter results in the localization of the 
degradosome assembly to the cytoplasmic periphery (Callaghan et al., 2004; Khemici et 
al., 2008; Aït-Bara & Carpousis, 2015; Strahl et al., 2015; Moffitt et al., 2016). 
Remarkably, the C-terminal domain of RNase E interacts with the global small RNA 
chaperone Hfq, which is an essential player in the post-transcriptional regulation of gene 
expression (Morita et al., 2005; Aiba, 2007). This Hfq-degradosome interaction may 
contribute to the cooperation of Hfq with the RNA-binding activity of the RNase E C-
terminal domain, thus facilitating the mRNA target recognition and handover to the 
catalytic centres of degradosome (Bruce et al., 2017). 

PNPase is an 80 kDa homo-trimeric 3’ to 5’ exoribonuclease that only poorly degrades 
structured RNA molecules (Guarneros & Portier, 1990; Symmons et al., 2000). This 
enzyme catalyzes the RNA degradation into nucleotide diphosphates through 
phosphorylation of the phosphodiester backbone with an inorganic phosphate (Carpousis, 
2007; Worrall & Luisi, 2007). However, when the nucleotide di-phosphate concentration is 
higher than those of inorganic phosphate, PNPase can also act as a polymerase (Deutscher 
& Li, 2001). Each PNPase protomer consists of four domains: two N-terminal catalytic PH 
domains and two conserved RNA-binding domains, KH and S1 (Rosenzweig & 
Chopra, 2013). Remarkably, both RNA-binding domains are not necessary for the 
degradosome assembly (Symmons et al., 2000; Stickney et al., 2005). The PH domains 
build a small catalytic channel of ~14 Å, into which only the single-stranded and unfolded 
substrate RNAs can enter (Symmons et al., 2000; Shi et al., 2008). Thus, physical 
association with RhlB, which is independent of the degradosome-assembling region of 
RNase E, is necessary for this activity of PNPase (Liou et al., 2002; Tseng et al., 2015). 
In addition to its role in RNA cleavage, PNPase can stabilize regulatory non-coding 
sRNAs, protecting them from RNase E-mediated premature degradation (De Lay & 
Gottesman, 2011).  
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Figure 1.10. Schematic composition of the E. coli RNA degradosome. 
A RNase E with its N- and C-terminal domains and the relative positions of  RNA-, protein- and 
membrane binding domains (red). The letters (A-D) indicate the regions that have structural 
propensity according to the bioinformatics and biophysical analyses. B Tetrameric organization of 
RNase E (one monomer in blue and the others in gray). The other canonical degradosome 
components are demonstrated in their relative positions on the C-terminal domain of RNase E: 
PNPase (green), RhlB (orange), and enolase (pink). Additionally, the RhlB-binding site is flanked 
by two arginine rich RNA binding domains RBD and AR2, shown in lilac on the linear view and 
marked with + due to their high density of positively charged residues (Bruce et al., 201712). 

The DEAD box helicase RhlB is indispensible in the RNA degradation process. RhlB 
possesses ATPase and RNA-unwinding activities that are boosted through the interaction 
with RNase E (Khemici et al., 2005; Chandran et al., 2007). The ATPase domain harbors a 
Mg-ATP-binding Walker II motif, containing the D-E-A-D amino sequence, and is 
structurally conserved among the DEAD-box protein family. RhlB consists of an N- and 
C-terminal RecA-like domain and a dynamic, positively charged C-terminal tail, which 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
12 Bruce et al., 2017 is licensed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0/). 
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contributes to RNA binding (Chandran et al., 2007; Worrall et al., 2008). Interestingly, 
interaction with RNase E occurs solely within the C-terminal RecA-like domain (Chandran 
et al., 2007). The RhlB-binding site in the degradosome complex is located in the RNase E 
region corresponding to the residues 698-762 (Górna et al., 2012). Remarkably, the 
natively unstructured C-terminal domain of RNase E gains some structural order upon 
interaction with RhlB (Bruce et al., 2017).  

Enolase is a 48 kDa enzyme of the glycolytic metabolism that is present in all three 
domains of life (archaea, eubacteria and eukaryotes). This enzyme is responsible for the 
interconversion of phosphoenolpyruvate and 2-phospho-D-glycerate, which proceeds by 
the reversible elimination of water (Chandran & Luisi, 2006). The exact role of enolase in 
the degradosome remains unclear. Nevertheless, a recent study revealed a positive effect of 
enolase on the RNA-binding affinity of the AR2 domain of RNase E (Bruce et al., 2017). 
This fact supports the hypothesis that enolase in the degradosome may link cellular 
metabolic state with gene regulation at the post-transcriptional level (Chandran & 
Luisi, 2006). 

Intriguingly, in Yersinia RNase E and PNPase regulate the Ysc-Yop T3SS at the post-
transcriptional level (Rosenzweig et al., 2005; Yang et al., 2008). The 
Y. pseudotuberculosis dominant-negative RNase E mutant failed to secrete Yop effectors, 
although their expression level was not affected (Yang et al., 2008). PNPase is also 
essential for the proper secretion of Yops, with only the RNA-binding domain and not the 
catalytic domain of PNPase required for regulation of T3S. It is proposed that RNase E and 
PNPase control the T3S via a common mechanism (Yang et al., 2008). Taken together, 
this highlights the relevance of the degradation-based regulation for bacterial virulence. 

The so far identified regulatory network underlying T3SS regulation is summarised in 
Fig. 1.11. 
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Figure 1.11. Working model of cell contact-/secretion-dependent regulation of the T3SS. 
LcrF expression is abolished at moderate temperatures by the transcriptional regulator YmoA and 
the LcrF RNA-thermometer. However, contact with the host cell is able to overcome this 
repression of LcrF via an unknown mechanism. At 37°C, lcrF synthesis is slightly induced and 
results in the expression of the T3SS genes. In the absence of cell contact, YopD downregulates 
lcrF via a negative feedback loop. Firstly, YopD might affect lcrF transcript stability. Secondly, 
YopD negatively affects T3SS expression by the activation of LcrF repressors (CsrA, RNase E, 
PNPase). Moreover, inhibition of lcrF transcription is also CsrA-dependent, but the mechanism is 
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unknown. Contact with the eukaryotic cell promotes secretion of Yops, including the T3SS 
inhibitor YopD. Remarkably, the transcriptional inhibitor of lcrF, CsrA, is absolutely essential for 
lcrF translation under secretion conditions. Preliminary data suggest that CsrA has “upstream” 
interaction partners, which sense the cell contact signal (blue complex with question mark), with 
potential “downstream” interaction partners transmitting this signal to the T3SS. Red lines indicate 
repressive effects. Green lines indicate positive effects. Blue lines indicate temperature-
independent cell contact-mediated activation of LcrF expression. 

1.4 Aim of this work 
Bacterial type III secretion systems (T3SS) are complex nanomachines and major 
virulence determinants of animal and plant pathogens. The T3SS enables direct injection of 
effector proteins into host cells, where they interfere with crucial cellular functions. 
Although much is known about the structure and function of T3SSs, the regulatory 
principles promoting the expression of the delivery machinery during infection are poorly 
understood. 

The major goal of this work is to elucidate the regulatory network that controls expression 
of T3SS components in Y. pseudotuberculosis in response to host cell contact and/or under 
secretion conditions. This includes (i) bacterial factors that sense host cell contact and 
transmit the signal into the cytosol, (ii) control elements involved in signal transduction, 
and (iii) factors that regulate the synthesis of the major virulence activator LcrF on both the 
transcriptional and post-transcriptional level. 

According to previous studies, the RNA-binding proteins CsrA and YopD are some of the 
key factors involved in this regulatory network (Opitz, 2013; Steinmann, 2013; Pimenova, 
2014; Hoßmann, 2017). Moreover, the components of the RNA degradosome, RNase E 
and PNPase, were also reported to control the Yersinia T3SS (Rosenzweig et al., 2005; 
Yang et al., 2008; Steinmann, 2013; Hoßmann, 2017). The interplay and the molecular 
mechanisms by which these and additional factors control LcrF expression will be a main 
focus of the study. The global influence of CsrA and YopD on the gene expression of 
Y. pseudotuberculosis will be analyzed by transcriptional profiling using comparative high-
throughput RNA-Seq. Furthermore, the novel RNA-Seq based technique called CLIP-Seq 
will be applied for identification of genes, which are directly affected by CsrA-binding 
under secretion conditions. 

	    



MATERIAL AND METHODS 

	   29	  

2 Material and methods 

2.1 Material 

2.1.1 Equipment and material 
Equipment and material used in this study were obtained from the following companies: 
Amersham, BD Bioscience, BD Falcon, Biometra, BioRad, Biospec, Biozym, Conrad 
Electronic, Covaris, Difco, Eppendorf, Fermentas, GE Healthcare, G. Heinemann, 
Heraeus, Infors AG, Invitrogen, LIFE Technologies, Macherey-Nagel, Millipore, Neolab, 
PeqLab, Promega, QIAGEN, Roth, Sarstedt, Sartorius, Schott, Sorvall, Thermo Fisher 
Scientific, T.H. Geyer, VWR International, Vilber and Whatman Schleicher & Schüll 
GmbH if not mentioned otherwise. 

2.1.2 Buffers and solutions 
Chemicals used for buffers and solutions were purchased from the following 
manufacturers: Ambion, Applichem, BD Biosciences, Bioline, Epicentre, Fermentas, 
Fisher Scientific, GIBCO, Hartmann Analytic, Invitrogen, Macherey-Nagel, Merck, 
Metabion, New England Biolabs (NEB), Oxoid, Promega, QIAGEN, Roche, Roth, Sigma-
Aldrich, T.H. Geyer and VWR. The composition of the employed buffers and solutions is 
listed in Table 2.1. All buffers and solutions were prepared with H2Odest, if not indicated 
otherwise. 

Table 2.1. Buffers and solutions 

Buffer/solution Composition 

Anode buffer 0.1 M Tris, 0.0225 M HCl  

Cathode buffer 0.1 M Tris, 0.1 M tricine, 0.1 % SDS  

CDP* detection buffer 100 mM Tris-HCl, 100 mM NaCl  

CDP* maleic acid buffer  100 mM maleic acid, 150 mM NaCl, pH 7  

CDP* wash buffer  100 mM maleic acid, 150 mM NaCl, 0.3 % Tween 20, pH 7  

CDP* blocking reagent (10x)  10 % blocking reagent (Roche) in CDP* maleic acid buffer 

CIP buffer 100 mM NaCl, 50 mM Tris-HCl pH 7.4, 10 mM MgCl2 

Coomassie staining solution  20 % isopropanol, 10 % acetic acid, 0.05 % CoomassieTM Brilliant Blue 

G250  

CsrA bandshift buffer 20 mM Na2HPO4/ NaH2PO4 pH 8.0, 100 mM KCl; 2 mM DTT; 5 % 

glycerol 

CsrA elution buffer 0.1 M Tris-HCl pH 7.5, 0.3 M NaCl, 40 mM imidazole 

CsrA lysis buffer 0.1 M Tris-HCl pH 7.5, 0.3 M NaCl, 20 mM imidazole 

CsrA washing buffer 0.1 M Tris-HCl pH 7.5, 0.3 M NaCl, 250 mM imidazole 

GLII buffer 95 % formamide, 18 mM EDTA, 0.025 % xylene cyanol, 0.025 % 

bromphenol blue 
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Buffer/solution Composition 

High-Salt buffer 50 mM NaH2PO4, 1 M NaCl, 0.05 % Tween 20, pH 8.0 

Hybridization buffer 1x blocking reagent in maleic acid buffer 

Lysis buffer 2 % SDS, 0.01 M NaOAc, pH 4.5 

Lysozyme-TE-buffer 50 mg/ml lysozyme in TE buffer  

MOPS (20x) 200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA  

MOPS agarose gel 1.2 % agarose, 1.1 % MOPS  

NP-T buffer 50 mM NaH2PO4, 300 mM NaCl, 0.05 % Tween 20, pH 8.0 

ONPG solution  4 mg/ml ONPG  

10x PBS 80 g/l NaCl, 2 g/l KCl, 6.1 g/l Na
2
HPO

4
, 2 g/l KH

2
PO

4
, pH 7.3 

2x PK buffer 100 mM Tris-HCl pH 7.9, 10 mM EDTA, 1 % SDS 

PNK buffer 50 mM Tris-HCl pH 7.4, 10 mM MgCl2, 0.1 mM spermidine 

Resuspension buffer 0.3 M sucrose, 0.01 M NaOAc, pH 4.5 

Rifampicin solution  30 mg/ml in MeOH 

RNA loading buffer (5x)  31 % formamide, 2.7 % formaldehyde, 0.1 mg/ml EtBr, 4 mM EDTA 

(pH 8.0), 0.03 % bromphenol blue and 20 % glycerol in 4x MOPS buffer 

SDS running buffer  33 mM Tris-HCl pH 8.3, 192 mM glycine, 0.1 % SDS  

SDS sample buffer (1x) 60 mM Tris pH 6.8, 10 % glycerol, 2 % SDS, 3 % DTT, 0.02 % 

bromphenol blue 

SDS separating buffer (4x) 1.5 M Tris-HCl pH 8.8, 4 % SDS 

SDS stacking buffer (4x) 0.5 M Tris-HCl pH 6.8, 4 % SDS 

SSC (20x)  3 M NaCl, 0.3 M sodium citrate, pH 7  

Stop solution (5%) 5 % Roti®-aqua-phenol, 95 % EtOH  

Stop solution (10%) 10 % Roti®-aqua-phenol, 90 % EtOH 

TAE (50x) 2 M Tris, 100 mM EDTA, pH 8.0  

TBE (10x) 900 mM Tris-HCl, 900 mM boric acid, 25 mM EDTA, pH 8.0  

TBST buffer  20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05 %Tween-20  

TBSTM buffer  5 % powdered milk in TBST  

TE 10 mM Tris-HCl, 1 mM EDTA, pH 7.5  

Transblot buffer  25 mM Tris, 192 mM glycine, 20 % MeOH  

Transformation buffer  272 mM sucrose, 15 % glycerol, sterile filtrated  

Wash buffer 1  2x SSC, 0.1 % SDS  

Wash buffer 2 0.1x SSC, 0.1 % SDS  

YopD bandshift buffer 50 mM Na2HPO4/ NaH2PO4 pH 8.0, 150 mM KCl; 2 mM DTT; 5% 

glycerol  

YopD elution buffer 50 mM Na2HPO4/ NaH2PO4 pH 8.0, 150 mM NaCl, 80 mM imidazole 

YopD lysis buffer 50 mM Na2HPO4/ NaH2PO4 pH 8.0, 150 mM NaCl, 40 mM imidazole 

YopD washing buffer 50 mM Na2HPO4/ NaH2PO4 pH 8.0, 150 mM NaCl, 250 mM imidazole 

Z-buffer  100 mK sodium phosphate buffer pH 7, 1 mM Mg2SO4  
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2.1.3 Media and medium supplements 
Media used in this work were prepared with dest. water, if not indicated otherwise, and are 
listed in Table 2.2. For the preparation of solid media 15 g of agar were added to 1 L of 
liquid media (except for Yersinia selective agar). 

Table 2.2. Media 

Medium Composition 

BHI (Brain-Heart Infusion) broth 37 g/l BHI  

DYT (Double Yeast Tryptone) 

(J. H. Miller, 1992) 

10 g/L yeast extract, 5 g/l NaCl, 16 g/L 

tryptone  

LB (Luria-Bertani) broth 

(Sambrook & Russell, 2001)  

5 g/l NaCl, 5 g/l yeast extract, 10 g/l tryptone  

RPMI 1640 + GlutaMax-I 

(Roswell Park Memorial Institute) supplemented with 

5 µg/ml Newborn calf serum (NCS) 

Gibco (Life Technologies)  

 

Yersinia selective medium  Yersinia selective agar base with Yersinia 
selective supplement (Oxoid)  

Specific selection for resistant bacteria was achieved by addition of sterile filtrated 
antibiotics to the media (Table 2.3). 

Table 2.3. Final concentrations of antibiotics 

Antibiotic Final concentration 

Carbenicillin (Cb) 100 µg/ml 

Chloramphenicol (Cm) 30 µg/ml  

Kanamycin (Kan) 50 µg/ml  

Rifampicin 1 mg/ml 

2.1.4 Enzymes, antibodies and kits 
Enzymes, antibodies and commercial kits exploited in this study are listed in Table 2.4, 2.5 
and 2.6 respectively. 

Table 2.4. Enzymes 

Enzyme Manufacturer 

Antarctic phosphatase NEB 

Benzonase Sigma-Aldrich 

CIP (Calf Intestinal Phosphatase) NEB 

Lysozyme NEB 

MangoTaqTM DNA Polymerase  Bioline 

Phusion® High-Fidelity DNA Polymerase  NEB 

PNK (T4 Polynucleotide Kinase) Fisher Scientific 
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Enzyme Manufacturer 

5’ Polyphosphatase Epicentre 

Restriction enzymes NEB 

TAP (Tobacco Acid Pyrophosphatase) Epicentre 

TURBOTM DNase Ambion 

T4 DNA Ligase Promega 

T4 RNA Ligase I NEB 

 
Table 2.5. Antibodies 

Antibody Manufacturer 

Primary antibodies  

Anti-FLAG (1:1000) Sigma 

Anti-CsrA (1:5000) Davids Biotechnology  

Anti-H-NS (1:150000) Davids Biotechnology  

Anti-LcrF (1:8000) Greg Plano 

Secondary antibodies  

Anti-mouse Immunoglobulin HRP conjugate  NEB 

Anti-rabbit Immunoglobulin HRP conjugate  Cell Signaling  

 
Table 2.6. Kits 

Kit Manufacturer 

ERCC RNA spike-in control mixes Ambion 

Biotin RNA Labeling Mix Roche 

Chemiluminescent Nucleic Acid Detection Module  Thermo Fisher Scientific  

CloneJET PCR Cloning Kit Thermo Scientific  

DIG DNA Labeling Mix Roche 

DIG luminescent detection  Roche 

Mango MixTM  Bioline 

MICROBExpressTM Kit Ambion 

MinElute PCR Purification Kit QIAGEN 

NEBNext® Multiplex Small RNA Library Prep Set for Illumina® NEB 

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel 

NucleoSpin® Plasmid Macherey-Nagel 

PURExpress® in vitro Protein Synthesis NEB 

QIAprep® Spin Miniprep kit  QIAGEN 

QIAquick® Gel Extraction kit  QIAGEN 

QIAquick® PCR purification kit  QIAGEN 

SensiFastTM SYBR® No-ROX One-Step kit  Bioline 

SV Total RNA Isolation System kit  Promega 
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Kit Manufacturer 

TranscriptAidTM High Yield Fermentas 

TURBOTM DNase Ambion 

T4 DNA Ligase Promega 

T4 RNA Ligase I NEB 

2.1.5 Oligonucleotides and plasmids 
Oligonucleotides were obtained from Metabion and shipped at 100 µM in dest. water 
(Table 2.7). 

Table 2.7. Oligonucleotides 

Name 
 

Sequence (5’-3’) 
 

Restriction 
site 

555 CGGCGCGGATCCCTCTCACACCAGCTGTG BamHI 

556 GGGGGCGTCGACGGCAAACTCAATATCCTG SalI 

583 GGGCGCGGATCCGATTGGGCCGGAATCTAGC BamHI 

714 GCGATCGGCATAACCACCACG  

I82 GCAATCAGCTAGTCAATTTG  

I214 GCGGCGTCTAGACCATTGAATCTTCACAATCTAATCCCG XbaI 

I303 GCGCGCTGCAGGATTTTTAGGACAGTATAAC PtsI 

I404 TTTGAATTCGCCATCTTGTGAATGCTCAAC EcoRI 

I515 GCAGTTCATTTGGATCAATAC  

III44 GAGACAACTCCACACCCA  

III45 GCAAAAGCAGTAATTCCT  

III393 CCGACGTAAAGCCGCGATAC    

III394 CCTCGTTCATAAGCACTCGTC  

III731 GAATAAGCATTCTTTGCTCC   

IV527 TTGCTGACTCCGATTATTCG  

IV528 GAAGACGACCGCGCCCAAC  

IV529 CGCGACTCAGCAAGAAGAG  

IV530 GCCGATGTCTGGGCGCAG  

V4 TGATTGGCGATGAGGTTACGG  

V5 TTCTGCTTGGATGCGCTGGT  

V066 GGGCGCGTAATACGACTCACTATAGGAATGTAATGGCTTAC
GTTTTC  

 

V516 GGGCGCGCTAGCTTACTCTCGAACTTTCCCCTC NheI 

V700 GGGCGCGTAATACGACTCACTATAGCAACAATACCGTGAAA
TGC  

 

V941  GAGCATGCGGCCGCTAAGAACAGTGAA  

VI085 CGGAGTCAGCAAAATTGTACC  
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Name 
 

Sequence (5’-3’) 
 

Restriction 
site 

VI086 GGGCGCCTCGAGTCCCTATCAGTGATAGAGATTGACATC 
CCTATCAGTGATAGAGATACTGAGCACGTTTGCTGATTCCGA
TTCTAACC 

XhoI 

VI203 GCGGCGGAGCTCTAACTGTTGCTCGGCGGCGGG SacI 

VI204 GAAGCAGCTCCAGCCTACACATGAGTACATTCTCTTTTAAT
CAGATC 

 

VI205 ACTAAGGAGGATATTCATATGCGCATAAAAATTCCTCAGC
CTTATT 

 

VI206 GCGGCGGAGCTCTTATTGCTACAAAGCGTTGGTCTG SacI 

VI207 GCACGGGTTGTCAAAAGAGAGC  

VI208 GACCCTACTAATTTGGGCCG  

VI249 GCGGCGCTCGAGCACTCATCTAATTAGCCATTGC XhoI 

VI251 GCGGCGGCTAGCAAGAGAGATGCAATCTAACTAAT NheI 

VI252 ACCATCCAATTGTTTTGTTTGGC  

VI253 CTAATGGTCTTGATACTGCGG  

VI254 CCTTTCTTCCAAGTGGGTACC  

VI255 CCGGCTGCTGGCCCCGC  

VI256 GGAGATCATTACCAACCTACCGC  

VI257 GCCAATCTTGTGTTTCCAGCTTAG  

VI388 GATTACGCCAAGCTTGGCTGC  

VI389 GACGGCCAGTGAATTCCCGG  

VI497 GCGGCGGGTAACCTCCCTATCAGTGATAGAGATTGACATCCC 
TATCAGTGATAGAGATACTGAGCACGTGATTTATTATATTGG
TTTTGGTTG 

BstEII 

VI560 GGCTAATACGACTCACTATAGCGTTGATTCTCGTTAGACC  

VI561 CGCTAATTGCTTGATTTCAC  

VI562 GGCTAATACGACTCACTATAGGTGAAATCAAGCAATTAGCG  

VI563 AGGGGCGCATTATTTCG  

VI564 GGCTAATACGACTCACTATAGGGCTTACCGAAATAATGCG  

VI565 CATTCTTTTCATCTTTAACTTACTCG  

VI593 GCGGCGGAATTCGGCTATTAGAAGATAACGTTTGCG EcoRI 

VI594 GCGGCGCTGCAGACAATAACTTCCTGGCCTTCACG PstI 

VI595 GCGGCGGAGCTCTGTTAGCGGCTCTCATTACTCC SacI 

VI596 GAAGCAGCTCCAGCCTACACAGTGTGGTAGAATATCAGCT
AAC 

 

VI597 ACTAAGGAGGATATTCATATGTAAATGATGCTAAGTTCCAC
CTC 

 

VI598 GCGGCGGAGCTCCACAACCCATTGATAGGCTGAC SacI 

VI599 CTTCTTTGCAGGCGTCTAGCGG  

VI600 CTTGATCATCTCATGAGCGGCC  

VI614 GGAAGCTAAGCAAATTTGCGCGAG  
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Name 
 

Sequence (5’-3’) 
 

Restriction 
site 

VI618 CCCACGGAGAATCCGACGGG SacI 

VI729 GCGGCGGAATTCTAATACGACTCACTATAGTGATTTATT 
ATATTGGTTTTGGTTG 

EcoRI 

VI950 GCGCGTAATACGACTCACTATAGGTTCGCGCGGCTAATGAG
AG 

 

VII593 AATGATACGGCGACCACCG  

VII594 CAAGCAGAAGACGGCATACG  

VII836 GAGTTTGTAGAAACGCAAAAAGG  

Underlined – restriction sites 
Dotted underlined – T7 promoter 
Dashed underlined – Ptet promoter 
Bold – sequences homologous to kanamycin resistance gene (pKD4)  

The plasmids used in this study are listed in Table 2.8. 

Table 2.8. Plasmids 

Name Description Reference 

pAKH3 pGP704, sacB+, ori R6K, ApR (Heroven et al., 2012) 

pAKH172 pET28a, csrA+, ori (3286), KanR A.K. Heroven 

pFU98 promoterless luxCDABE operon, ori pSC101*, CmR (Uliczka et al., 2011) 

pGP20 promoterless lacZ gene, ori pSC101, TetR  P. Gerlach 

pHSG576 cloning vector, ori pSC101, CmR  (Takeshita et al., 1987) 

pJH12 pET28a, yopD+, lcrH+, ori M13, KanR J. Hoßmann 

pJH35 pHSG576, PcsrA::csrA:3xFLAG+ (-298/+183), ori 
pSC101, CmR 

J. Hoßmann 

pKB14 pBAD18-lacZ(481), pBAD::lcrF’-‘lacZ (-124 to +74)a, 
ori pMB1, ApR 

K. Böhme 

pKB60 pHSG576, csrA+, ori pSC101, CmR K. Böhme 

pKB98 pBAD18-lacZ(481), pBAD::lcrF’-‘lacZ (-124 to +74)a 

(mutation AG-46/-45CC), ori pMB1, KanR, ApR 
K. Böhme 

pKB99 pBAD18-lacZ(481), pBAD::lcrF’-‘lacZ (-124 to +74)a 

(mutation GUU-30/-28AAA), ori pMB1, KanR, ApR 
K. Böhme 

pKD4 kanamycin cassette template (Datsenko & Wanner, 
2000) 

pMK46 pFU98, PyscW (-42 to +428)b, ori SC101*, CmR   M. Kroll 

pMP1 pBAD33-RBSlcrF; 3 ́UTR, ori M13, CmR   M. Pimenova 

pMP2 pBAD33-RBSlcrF; Δ3 ́UTR, ori M13, CmR M. Pimenova 

pMP14 pFU98, Plac::yscW (+28 to +428)b , ori SC101, CmR   M. Pimenova 

pMP26 pAKH3, ΔrcsF, ori R6K, KanR, ApR this study 

pMP27 pFU98-Ptet::yscW (+28 to +428)b, ori pSC101*, CmR  

pMP28 pFU98-PrprA::rprA (-158 to -1)c, ori pSC101*, CmR this study 

pMP30 pKB14, Ptet::lcrF’-‘lacZ (-124 to +74)a, ori pMB1, ApR this study 
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Name Description Reference 

pMP31 pGP20, Prne::rne’-‘lacZ (-508 to +305)d, ori SC101, TetR this study 

pMP35 pAKH3, ΔrhlB, ori R6K, KanR, ApR this study 

pRS15 pRS1, ori p15A, CmR   R. Steinmann 

pRS16 pRS1, ori p15A, yopD+, CmR R. Steinmann 

pRS40 pBAD33, PBAD::rne (-15 to +1395)d, ori p15A, CmR R. Steinmann 

pTS31 pFU98, yadA-luxCDABE +RBS, ori SC101*, CmR (Uliczka et al., 2011) 

pWO41 pTS31, yadA-luxCDABE +RBS, ori SC101*, ApR W. Opitz 

pWO42 pTS34, yscWlcrF-luxCDABE +RBS, ori SC101*, ApR W. Opitz 

a – relative to translational start codon of lcrF 
b – relative to transcriptional start of yscW 
c, d – relative to translational start codon of rprA and rne respectively 

2.1.6 Bacterial strains and cell lines 
Bacterial strains and eukaryotic cell lines employed in this work are mentioned in Table 
2.9. 

Table 2.9. Strains and cell lines 

Strain/cell line Description Reference 

Escherichia coli K12    

BL21(DE3) F- gal met r-m- lon hsdS λLysplacUV5-T7 
gene1placIq lacI  

(Studier & Moffatt, 1986) 

S17-1λpir  recA, thi, pro, hsdR-M+ (RP4-2 Tc::Mu-
Km::Tn7), λpir  

(Simon et al., 1983) 

Yersinia pseudotuberculosis 

YPIII pIB1, wild-type  (Bölin et al., 1982) 

YPIII (pIB68) YPIII pIB102, ΔyscS, KanR (Bergman et al., 1994) 

YPIII (pIB102) YPIII, pIB102, (yadA::Tn5), KanR (Bölin et al., 1982) 

YPIII (pIB604) YPIII pIB102, ΔyopB, KanR (Håkansson et al., 1996) 

YP12 ΔpIB1 (Dersch & Isberg, 1999) 

YP53 YPIII, pIB1, ∆csrA, KanR  (Heroven et al., 2008) 

YP66 YPIII, pIB1, ΔlcrF, ApR  (Böhme et al., 2012) 

YP90 YPIII, yscW-lcrF (UU-28/-27CC)a  (Böhme et al., 2012) 

YP91 YPIII, pIB1, ∆yopD  R. Steinmann 

YP95 YPIII, yscW-lcrF (GUU-30/-28AAA)a   (Böhme et al., 2012) 

YP101 YPIII, pIB1, ΔyscS R. Steinmann 

YP138 YPIII, pIB1, Δpnp R. Steinmann 

YP145 YPIII, pIB1, ∆csrA ∆yopD, KanR  R. Steinmann 

YP179 YPIII, pIB1, ΔlcrF  R. Steinmann 

YP155 YPIII, ΔpIB1, pWO14 (yscWlcrF+), ApR  (Opitz, 2013) 
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Strain/cell line Description Reference 

Yersinia pseudotuberculosis 

YP280 YPIII, pIB1, ΔcsrAΔlcrF, KanR M. Pimenova 

YP284 YPIII, pIB1, ΔcsrA lcrF (GUU-30/-
28AAA) open thermoloop, KanR 

R. Steinmann 

YP300 YPIII, pIB1, ΔompR/envZ, KanR M. Pimenova 

YP310 YPIII, pIB1, ΔrcsBC, KanR this study 

YP323 YPIII pIB1, ΔrcsF, KanR this study 

YP342 YPIII, pIB1, ΔrhlB, KanR this study 

Eukaryotic cell line 

HEp-2 Human carcinoma larynx epithelial cell 
line 

(Toolan, 1954) 

a – relative to translational start codon of lcrF 

2.1.7 Software and databases 
The following applications were used in this work: Adobe Illustrator CS4 (Adobe Systems 
Software Ireland Ltd.), Adobe Photoshop CS4 (Adobe Systems Software Ireland Ltd.), A 
plasmid Editor (ApE), Graph Pad PRISM 6.0 (Graphpad Software, Inc.), Image J 
(Schneider et al., 2012), Image Lab 2.0.1 (BioRad), Microsoft® Excel® 14.4.1 
(Microsoft), Rotor-Gene Q Series Software 2.0.2 (QIAGEN), SkanIt Software 2.4.3 
Research edition Varioskan Flash (Thermo Scientific), National Center for Biotechnology 
Information (NCBI). 

2.2 Methods 

2.2.1 Microbiological methods 

2.2.1.1 Sterilization 

Liquid and solid media was moist heat sterilized for 20 minutes at 121 °C and 1 bar 
overpressure in an autoclave. Non-autoclaveable solutions (e.g. antibiotics or sucrose) 
were sterile filtered using filters with a pore diameter of 0.2 µm. Glass equipment such as 
pipettes or flasks was heat-sterilized at 180 °C in a compartment dryer.  

2.2.1.2 Growth conditions 

E. coli strains (Table 2.9) were grown overnight under aerobic conditions at 37 °C in liquid 
LB medium in a shaking incubator at 200 rpm and on solid LB medium. 
Y. pseudotuberculosis strains (Table 2.9) were aerobically cultivated at 25 °C on solid LB 
or Yersinia agar plates for 2 days or in liquid LBBD medium in a shaking incubator at 
200 rpm. Over day cultures were incubated at 25 °C for 2 hours and then 20 mM NaOx 
and 20 mM MgCl2 was added (secretion conditions) or not (non-secretion conditions), 
followed by shift to 37 °C for 4 hours. Flasks and glass test tubes were used for liquid 
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cultivation and petri dishes for cultivation on solid medium. For selective growth of the 
bacteria, antibiotics were added to the medium. 

2.2.1.3 Determination of cell density 

The cell density of a liquid bacterial culture was determined spectrophotometrically by 
measurement of the optical density at a wavelength of 600 nm (OD600). An OD600 of 1 
corresponds to a cell density of 1x109 cells/ml (Sambrook & Russell, 2001) with a protein 
content of 150 µg (Miller, 1992). Cultures with an OD600 exceeding 1 were diluted 1:10 to 
ensure measurements within the linear range. The corresponding growth medium was used 
as a reference. 

2.2.1.4 Storage of bacteria 

Short and middle term (up to 14 days) storage of bacteria was carried out on agar plates at 
4 °C. For the long-term storage 1.25 ml of an overnight culture were mixed with 750 µl 
glycerol (end concentration 30 % glycerol) and stored at -80 °C. 

2.2.2 Molecular biological and genetic methods for DNA 

2.2.2.1 Determination of DNA concentration and quality 

Nucleic acid concentration was determined by measuring the absorbance with a NanoDrop 
photospectrometer. Since the wavelength of maximum absorption for both DNA and RNA 
is 260 nm, A260 was measured. The calculation of the nucleic acid concentration was 
conducted using the following equation: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛   µμ𝑔/𝑚𝑙 = 𝐴!"# − 𝐴!"#   ×  𝑑𝑖𝑙𝑢𝑡𝑖𝑛𝑔  𝑓𝑎𝑐𝑡𝑜𝑟  ×  50  µμ𝑔/𝑚𝑙 

To test the DNA purity A260/A280 and A260/A230 ratios were measured. An A260/A280 ratio 
lower then 1.8 indicates protein contamination. The A260/A230 ratio refers to the presence of 
organic compounds or chaotropic salts in the sample and should be higher than 1.5, ideally 
close to 1.8. The A260 measurement was also adjusted for turbidity, another indication of 
possible contamination, which is measured at an absorbance of A320.  

2.2.2.2 Polymerase chain reaction (PCR) 

Polymerase chain reaction was performed to specifically amplify DNA fragments (Saiki et 
al., 1988). PCR requires four essential components: DNA template, DNA polymerase, 
primers and nucleotides. Initially, the reaction is heated up to 95 °C to separate the double 
stranded DNA into single strands (denaturation step). After that, the mixture is cooled 
down so that the primers, short fragments of single stranded DNA that are complementary 
to the target sequence, can bind to the DNA template) (annealing step). Annealing 
temperature depends on the nucleotide composition of the primers and is calculated using 
the formula Ta (°C) = 4(G+C) + 2(A+T) (Suggs et al., 1981). Subsequently, the reaction is 
heated to 72 °C and the DNA polymerase begins to synthesize new DNA from the end of 
the primers in 5’ to 3’ direction (elongation step). The elongation time depends on the 
polymerase and the size of the amplified DNA fragment. This cycle can be repeated 30 to 
40 times, which allows the DNA target to be exponentially amplified.  
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Two different DNA-polymerases were used in this study: Mango Taq polymerase (from 
Thermus aquaticus) for colony- and test PCRs and Phusion-HF polymerase (from 
Pyrococcus furiosus) for cloning, mutagenesis and sequencing because of its higher 
fidelity when copying DNA. Phusion® and MangoTaqTM PCRs were performed in 50 µl or 
20 µl aliquots respectively according to the manufacturer’s instructions using T3000 
Thermocycler (PeqLab) or a gradient cycler (Eppendorf).  

2.2.2.3 DNA agarose gel electrophoresis 

Agarose gel electrophoresis was conducted to separate double stranded DNA fragments of 
varying sizes. For this purpose DNA samples were loaded into pre-cast wells of the 
agarose gel and an electric field was applied. The phosphate backbone of the DNA 
molecule is negatively charged. Consequently, when placed in an electric field, DNA 
fragments will move from negatively charged cathode to the positively charged anode. 
The migration rate of DNA through a gel primarily depends on the size and conformation 
of the molecule, the percentage of agarose as well as on the voltage applied. In this work 
DNA separation was performed depending on the fragment size with 0.8 % to 2.5 % 
agarose gels at a voltage of 100 V to 120 V for approximately 45 min in 1x TAE buffer. 
To facilitate the application of the DNA samples to the gel they were mixed with 6x 
loading dye. For estimation of the size and approximate quantification of the separated 
DNA fragments, 4 µl DNA ladder mix (Fermentas, USA) were used. Subsequently the 
separated DNA molecules were visualized under 226 nm UV light after staining with 
ethidium bromide (1 µg/ml in water) and photographed with a CCD (charge-coupled 
device) camera of the gel documentation system (BioRad, USA). 

2.2.2.4 DNA extraction from agarose gels 

For isolation and purification of a DNA molecule of interest from a mixture of nucleic 
acids with different sizes, the DNA fragments were separated by agarose gel 
electrophoresis and stained with ethidium bromide. Visualization of the DNA fragment of 
interest was performed under 315 nm UV light, which renders a less destructive effect on 
the DNA compared to 226 nm UV light, used for the routine visualization. Thereafter, the 
DNA fragment of interest was isolated from the agarose gel and purified using the 
‘QIAquick Gel Extraction Kit’ (QIAGEN, Germany). DNA fragments less then 100 bp 
were purified with ‘NucleoSpin® Gel and PCR Clean-up Kit’ (Macherey-Nagel, 
Germany) according to the manufacturer’s instructions. The DNA was eluted with 30 µl 
nuclease-free water. 

2.2.2.5 Isolation of plasmid DNA 

Isolation of plasmid DNA from bacterial cells was carried out using the ‘QIAGEN Plasmid 
Mini Kit’ or ‘QIAGEN Plasmid Midi Kit’ (QIAGEN, Germany) according to the 
manufacturers instructions. For this purpose, an overnight culture of bacteria harboring the 
plasmid of interest was grown in BHI medium supplemented with appropriate antibiotics. 
Finally, plasmid DNA was eluted with 30 µl (for ‘Mini Kit’) or 100 µl (for ‘Midi Kit’) 
nuclease-free water. 
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2.2.2.6 DNA purification 

Purification of DNA was performed after PCR reactions or restriction digests to remove 
enzymes, salts, and dNTPs using the ‘PCR Purification Kit’ (QIAGEN, Germany). For 
purification of DNA fragments less then 100 bp ‘NucleoSpin® Gel and PCR Clean-up Kit’ 
(Macherey-Nagel, Germany) was applied. The DNA was eluted with 30 µl nuclease-free 
water. 

2.2.2.7 DNA sequencing 

Sequencing of plasmids or PCR products was performed by the in-house facility, the 
Department of Genome Analysis, GMAK (HZI, Germany).  

2.2.2.8 Cloning techniques 

2.2.2.8.1 Restriction digest 

For insertion of DNA fragments into a specific site of a vector, both molecules need to 
have compatible 3’ and 5’ ends. To gain these compatible sites, the insert and the vector 
were digested with the same restriction enzymes (NEB, England). Restriction enzymes 
recognize specific palindromic DNA sequences of four to eight base pairs and produce 
‘sticky’ or ‘blunt’ ends, which can be re-ligated. The optimal reaction setup in terms of 
temperature, incubation time, and buffer composition is provided by the manufacturer. 
A typical reaction of 50 µl contained the following ingredients: 

plasmid DNA (2 µg) 5 µl 
enzyme 1 0.5 µl 
enzyme 2 0.5 µl 
BSA (10x) 5 µl 
buffer (10x) 5 µl 
Nuclease-free water 34 µl 

The restriction digest was generally performed at 37 °C for 1 to 2 hours. 

2.2.2.8.2 Dephosphorylation of plasmid DNA 

In order to decrease the religation rate, the phosphate groups at the 5’ end of linearized 
vector DNA were removed by adding ‘Antarctic Phosphatase’ (NEB, USA). The enzyme 
was applied directly to the restriction digest. 1 µl of the phosphatase was typically added to 
a 50 µl digest reaction. The enzyme was incubated at 37 °C for 15 min and inactivated at 
65 °C for 5 min.  

2.2.2.8.3 Ligation 

The final step for construction of a plasmid is the integration of the DNA fragment of 
interest (insert) into the desired vector. In a ligation reaction, the enzyme T4 DNA ligase 
(Promega, USA) catalyzes the formation of phosphodiester bonds between the 5’-
phosphate and the 3’-hydroxyl groups of two DNA strands (i.e., insert and vector) with 
compatible restriction sites. A 10 µl standard ligation reaction was composed of: 
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DNA fragment (insert) 8 µl 
vector DNA 0.5 µl 
T4 DNA ligase 0.5 µl 
ligation buffer (10x) 1 µl 

 
The ligation was performed overnight at 4 °C. To calculate the religation rate of the 
linearized vector, a control ligation reaction with nuclease free water instead of the insert 
was performed in parallel. 

2.2.2.9 Plasmid construction 

2.2.2.9.1 Construction of plasmid pMP27 

pMP27 represents Ptet::yscW-luxCDABE transcriptional reporter gene fusions, that was 
used to confirm the negative effect of CsrA on yscW-lcrF transcription. The plasmids 
pMP27 was derived from low copy lux-CDABE reporter vector pFU98. Insert for pMP27 
was generated with primer pair VI086/V516 (table 2.7.), digested with XhoI and NheI and 
ligated into XhoI/NheI site of pFU98. 

2.2.2.9.1 Construction of plasmid pMP28 

pMP28 represents rprA’-luxCDABE transcriptional reporter gene fusions. It was employed 
as readout for investigation of the CsrA effect on rcsB expression. The plasmid pMP28 and 
was derived from low copy lux-CDABE reporter vector pFU98. Insert for pMP28 was 
generated with primer pair VI249/VI251 (table 2.7.), digested with XhoI and NheI and 
ligated into XhoI/NheI site of pFU98. 

2.2.2.9.2 Construction of plasmid pMP30 

pMP30 was constructed to confirm the previously identified positive effect of CsrA on 
lcrF translation. For this purpose, PBAD promoter from pKB14 was exchanged against Ptet 
promoter. Insert Ptet::lcrF’ (-123 to +75 relative to the translational start of lcrF) was 
amplified with primer pair VI497/I404 (table 2.7.) and digested with BstEII and EcoRI. 
pKB14 was also digested with BstEII and EcoRI and separated from the insert PBAD::lcrF’ 
(-123 to +75 relative to the translational start of lcrF) by gel extraction (see 2.2.2.4.). 
Finally, the Ptet::lcrF’ insert was ligated into BstEII/EcoRI site of linearized pKB14. 

2.2.2.9.4 Construction of plasmid pMP31 

pMP31 encodes an rne’-‘lacZ reporter gene fusion, that was employed to determine the 
cellular RNase E activity (Yang et al., 2008). The insert, 5’ UTR of rne mRNA (-465 to -1 
relative to the translational start of rne) fused to lacZ reporter gene, was amplified with 
primer pair VI593 and VI594 (837 bp) and digested with EcoRI and PstI. Finally, the insert 
was ligated into EcoRI and PstI site of linearized pGP20. 
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2.2.2.9.5 Construction of mutagenesis plasmids 

Mutant strains of the Y. pseudotuberculosis wild type strain YPIII with gene deletions were 
constructed by homologous recombination using suicide plasmids derived from pAKH3 
(pMP26, and pMP35). Construction of plasmids was based on an overlapping three step 
PCR. In the first and second PCR reaction the region (i.e., 300-500 bp) upstream 
respectively downstream of the loci to be mutated was amplified. For gene deletion, the 
reverse primer (B) of the upstream region as well as the forward primer (C) of downstream 
region possessed additional 20 nt at the 5’ end that were homologous to the start or to the 
end of the kanamycin resistance gene, respectively. The third PCR reaction was performed 
with 5’ forward primer (A) of the upstream region and the 3’ reverse primer (D) of the 
downstream region, both harboring restriction sites at their 5’ ends, using the upstream and 
downstream PCR products of the target sequence as templates as well as the kanamycin 
cassette. Mutagenesis plasmids and corresponding primer combinations used in this study 
are listed in Table 2.10. A description of the mutagenesis plasmids constructed in this 
study is given in Table 2.8. 

Table 2.10. Mutagenesis plasmids and primer combinations 

Mutagenesis plasmid Primer 
 A B C D 
pMP26  VI203 VI204 VI205 VI206 

pMP35 VI595 VI596 VI597 VI598 

2.2.2.10 Transformation 

Transformation was applied in order to introduce DNA fragments into bacterial cells. Both 
Y. pseudotuberculosis and E. coli cells were transformed by electroporation.  

2.2.2.10.1 Preparation of electrocompetent E. coli cells 

For the production of electrocompetent E. coli cells a sufficient volume of BHI medium 
(approx. 100 ml) was inoculated 1:100 from overnight culture. The bacteria were grown at 
37 °C to an OD600 between 0.5 to 0.8 and then chilled on ice for 10 min. All following 
steps were performed at 4 °C or on ice. Cells were harvested by centrifugation in a Sigma 
3-18 K centrifuge using 19776-H rotor at 6,000 rpm for 5 min. The bacterial pellet was 
washed in 30 ml ice-cold 10 % glycerol and centrifuged as described above. This washing 
step was repeated once. After final centrifugation, the cells were resuspended in 10 % 
glycerol using 1/1000 volume of the original culture volume. Finally, the electrocompetent 
E. coli cells were used for transformation immediately or stored in 40 µl aliquots at -40 °C. 

2.2.2.10.2 Preparation of electrocompetent Yersinia cells 

To prepare electrocompetent Yersinia cells sufficient for approximately 6 transformations, 
20 ml BHI medium were inoculated 1:50 or 1:20 from overnight culture. The cells were 
cultivated at 25 °C to an OD600 of approximately 0.8. The bacteria were harvested and the 
pellet was washed twice with ice-cold Yersinia transformation buffer. The bacterial pellet 
was finally resuspended in transformation buffer using 1/500 volume of the original 
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culture volume. 40 µl aliquots were used for transformation. Competent Yersinia cells were 
always prepared freshly and immediately applied to electroporation. 

2.2.2.10.3 Electroporation 

To introduce exogenous DNA fragments into bacterial cells by electroporation, 1-4 µl of 
the desired purified plasmid DNA was added to one aliquot of electrocompetent bacteria 
and transferred to a precooled 2 mm electroporation cuvettes (Peqlab, Germany). Ligation 
reactions were dialyzed before application using a 0.025 filter membrane (Millipore, 
Germany). For transformation, the cells were treated with an electric pulse of 2.2 kV, a 
capacity of 25 µF and a resistance of 200 Ω. After electroporation, the bacteria were 
directly resuspended in 1 ml BHI medium. For phenotypic expression of the resistance 
genes, E. coli was cultivated for 1 hour at 37 °C shaking and Y. pseudotuberculosis for 2 
hours at 25 °C shaking. Thereafter, the bacteria were plated on solid LB medium with 
appropriate antibiotics and cultivated as described in 2.2.1.2. 

2.2.2.11 Conjugation 

Conjugation was carried out in order to construct the mutant strains of 
Y. pseudotuberculosis using suicide plasmids, which were integrated into the genome by 
homologous recombination. The E. coli S17-1λpir strain served as a donor of the 
mutagenesis plasmid. This strain carries a chromosomal sequence called the fertility factor, 
which allows the production of an F-pilus enabling the transfer of the plasmid to the 
recipient bacterium. For conjugation a required volume of BHI medium (5 ml per 
conjugation) with appropriate antibiotics was inoculated 1:100 from an overnight culture 
of the suicide plasmid donor (E. coli) and 1:50 for the recipient strains 
(Y. pseudotuberculosis). The donor culture was incubated for 2.5 hours at 37 °C shaking 
followed by another 30 min at 37 °C without shaking to promote the formation of F-pili. 
The recipient Yersinia strain was incubated for 3 hours at 25 °C. An important prerequisite 
for conjugation is the close contact (mating) between donor and recipient strains. For this 
purpose, 1 ml of the donor culture was applied onto a 0.22 µm GSWP filter membrane 
(Millipore, Germany). To remove the remaining antibiotics, the filter was washed with 
2 ml of BHI medium. Next, 3-4 ml of Yersinia recipient culture were added onto the filter. 
After every application the liquid medium was withdrawn. To allow mating, the filter was 
incubated on LB agar plate at 25 °C for at least 4 hours. Subsequently, cells were washed 
down from the filter by rinsing with BHI medium and plated on Yersinia selective agar 
(Oxoid, UK) with appropriate antibiotics to avoid growth of the donor E. coli strain. The 
recombination of the plasmid into the Yersinia genome yielded a merodiploid strain, 
including the wild type and the mutant copy of the loci of interest. A second homologous 
recombination to remove the integrated sequences of the suicide vector was enforced by 
plating the merodiploid strain on LB plates containing 10 % sucrose. Sucrose induces 
expression of the sacB gene encoded on the integrated plasmid. Its gene product converts 
sucrose to levan, a toxic substance accumulating in the periplasm and preventing bacterial 
growth (Gay et al., 1985). A spontaneous second recombination process is therefore 
advantageous. 50 fast growing colonies were selected and screened for respective 
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antibiotic sensitivity to prove the loss of the integrated vector. Positive mutants were 
verified by PCR and DNA sequencing. 

2.2.3 Molecular biological methods for RNA 

2.2.3.1 RNA isolation and purification 

To test the regulatory influences on the transcript level of different virulence factors, total 
RNA was isolated from the Y. pseudotuberculosis strain of interest. Depending on the 
downstream analysis, different RNA isolation approaches were applied. 

2.2.3.1.1 RNA isolation with SV Total RNA Isolation System 

In order to detect the transcript of interest via Northern blot, total RNA was isolated using 
the SV Total RNA Isolation Kit (Promega, USA). For this, bacterial cells were grown 
under the desired conditions. After that, 4 ml of the culture were harvested by 
centrifugation in a microcentrifuge 5415 R (Eppendorf, Germany) at 9000 rpm for 3 min, 
resuspended in 0.4 volume stop solution (800 µl) and immediately frozen in liquid nitrogen 
for at least 2 min. To remove the stop solution, cells were centrifuged at 12,000 rpm for 
1 min and the supernatant was discarded. Subsequently, cells were either stored at -20 °C 
or RNA was prepared directly. For this, pellet was treated with 200 µl lysozyme-TE-buffer 
for 7-10 min at RT in order to lyse the cells. Further, RNA isolation was performed using 
the SV Total RNA Isolation Kit according to the manufacturers instructions. The RNA was 
eluted in 50-100 µl nuclease-free water and stored at -20 °C. Total RNA was quantified by 
micro-spectrophotometry (see 2.2.2.3). 

2.2.3.1.2 Hot-phenol RNA extraction 

High quality and high quantity of the total RNA is crucial for RNA sequencing. To yield 
intact high quality RNA, the hot phenol isolation technique was applied. For this purpose, 
bacterial cells of 5-25 ml culture were harvested by centrifugation in a Sigma 3-18 K 
centrifuge using 19776-H rotor at 4,000 rpm for 2-3 min. Centrifugation steps were 
performed at the temperature at which the bacterial cells were grown. Thereafter, the 
supernatant was discarded and bacterial pellets were snap frozen in liquid nitrogen for at 
least 2 min. Subsequently, the cells were either stored at  -80 °C or RNA was prepared 
directly. Bacterial pellets were resuspended in 250 µl RNA resuspension buffer 
(Table 2.1.) on ice and transferred into 2 ml safe-lock tubes. After the pellets were 
resuspended, 250 µl RNA lysis buffer (Table 2.1.) were added, the samples were mixed 
and incubated at 65 °C for 90 s. Next, 500 µl pre-heated (65 °C) saturated aqua-phenol was 
mixed with the lysate. After incubation for 3 min, the samples were immediately frozen in 
liquid nitrogen for at least 1 min. Thereafter, the samples were centrifuged at 13,000 rpm 
for 10 min at room temperature and the aqueous layer was carefully transferred to a 2 ml 
safe-lock tube (Eppendorf, Germany). Treatment of the samples with aqua-phenol, 
described above, was performed three times. For extraction of phenol, 300 µl 
chloroform/isoamyl-alcohol (24:1) were added, samples were vortexed for 30 s and 
centrifuged for 10 min at 13,000 rpm at room temperature. Subsequently, the aqueous 
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supernatant was transferred to a fresh reaction tube. The extraction step was repeated. 
Thereafter, the RNA extract in the watery supernatant was ethanol precipitated by adding 
1/10 volume of 3 M sodium acetate (pH 4.5) and 2.5 volumes ice-cold ethanol to each 
sample. The samples were mixed and incubated at -20 °C overnight or at -80 °C for 1 hour. 
The RNA was recovered by centrifugation at 13,000 rpm for 30 min at 4 °C. Pellets were 
washed with ice cold 70 % (v/v) ethanol and centrifuged at 13,000 rpm for 10 min at 4 °C. 
The washing step was performed two times. Afterwards, ethanol was carefully removed 
and the RNA pellets were air dried for 5 min in a fume hood. Finally, the pellets from each 
sample were resuspended in a total of 100-180 µl (depending on pellet size) of nuclease 
free water. 

2.2.3.1.3 Phenol/chloroform/isoamyl alcohol purification 

For removal and inactivation of proteins from RNA solutions, the RNA solution volume 
was increased to 300 µl with RNase-free water. Subsequently, 1 volume of 
phenol/chloroform/isoamyl alcohol (25:24:1) was added, vortexed for 30 s and centrifuged 
at 13,000 rpm for 10 min at 4 °C. Thereafter, the RNA containing supernatant was 
extracted twice with 1 volume of chloroform/isoamyl alcohol. Next, the RNA was 
precipitated with 0.1 volumes of 3 M sodium acetate and 2.5 volumes of ethanol at -20 °C 
overnight or at -80 °C for 1 hour. Subsequently, the RNA was pelleted by centrifugation at 
13,000 rpm for 10 min at 4 °C, washed with 70 % (v/v) ethanol, air-dried and resuspended 
in 50-100 µl of nuclease-free water.  

2.2.3.2 Determination of RNA concentration and quality 

Total RNA concentration was measured using micro-spectrophotometry with a NanoDrop 
(PEQLAB, Germany) at 260 nm (see 2.2.2.1). An A260 of 1 corresponds to 40 µg/ml RNA. 
To check the purity of isolated RNA, the A260/A280 ratio was calculated. The A260/A280 
ratio of ~2.0 represents pure RNA. For RNA sequencing RNA integrity and quality was 
additionally analyzed at the in-house genome analytics platform with the Agilent 2100 
Bioanalyzer using either the Agilent RNA 6000 Nano kit or Pico kit. The quality of the 
RNA (RNA integrity number, RIN) was calculated by the obtained electropherograms 
(Figure 2.1) utilizing the Expert Software B02.08 (Agilent Technologies).  
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Figure 2.1 RNA electropherogram. 
RNA profile obtained from an Agilent RNA 6000 Nano Kit with Expert Software B02.08 (Agilent 
Technologies). 

2.2.3.3 DNA digestion 

The TURBOTM DNase (Ambion) is a genetically engineered DNA endonuclease derived 
from the bovine DNase I that possesses an increased catalytic efficiency at higher salt and 
lower DNA concentrations. The TURBOTM DNase treatment was employed to remove 
contaminating traces of DNA from RNA total extracts for qRT-PCR or RNA sequencing. 
A 240 µl standard DNA digestion reaction for 50 µg total RNA was composed of: 

TURBOTM DNase 2 µl 
10x TURBOTM DNase buffer 24 µl 
RiboLockTM RNase Inhibitor (40 U/µl) 1 µl 
RNA 213 µl 

The digestion was incubated at 37 °C for 1 h. To inactivate the TURBOTM DNase 
phenol/chloroform/isoamyl alcohol extraction (2.4.5) was carried out.  

2.2.3.4 Quantitative real-time PCR 

Quantitative real-time PCR (qRT-PCR) was applied to estimate bacterial expression 
patterns using the SensiFastTM SYBR® No-ROX One-Step kit (Bioline). During qRT-
PCR, total RNA was reverse-transcribed by a reverse transcriptase into complementary 
DNA (cDNA). Subsequently, the desired cDNA was amplified via PCR. After each PCR-
cycle, fluorescence intensity of the green fluorescent dye SYBR®, which intercalates into 
double-stranded DNA, was monitored. The measured fluorescence intensity was used for 
relative quantification of transcript abundance. A 12.5 µl standard qRT-PCR reaction for 
DNA-free RNA (2.2.3.2) with a final concentration of 25 ng/µl was composed of:  
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2x SensiFastTM SYBR No-ROX One-Step Mix 6.25 µl 
10 µM forward primer 0.5 µl 
10 µM reverse primer 0.5 µl 
Reverse transcriptase 0.125 µl 
RiboSafe RNase inhibitor 0.25 µl 
Nuclease-free water 2.375 µl 
RNA (25 ng/µl) 2.5 µl 

Reverse transcription and subsequent qRT-PCRs were carried out in the Rotor-Gene Q 
real-time PCR cycler (QIAGEN) in technical duplicates. A 3-step-cycling program with 
subsequent melt-profile analysis to monitor product specificity was applied (Table 2.11). 
The acquired data was further processed with the Gene-Rotor Q Series software. The 
normalization method was typically set to dynamic tube normalization and normalization 
was user-defined starting from cycle 1-10. The cycle threshold (Ct) was determined by 
setting the threshold routinely to 0.010. This threshold reflects the lower fluorescence 
detection limit of the instrument and creates the baseline of the amplification plot. 
Fluorescence above the threshold indicates the accumulation of PCR product and 
determines the Ct of the sample. 

Table 2.11. qRT-PCR program 

Step  Cycles T °C Time Description 

cDNA generation  1 45 20 min Reverse transcription 

Polymerase activation 1 95 5 min  

PCR <50 
 
 
1 

95 
52-62 
72 
72 

10 s 
20 s 
10-30 s 
5 min 

Denaturation 
Annealing 
Extension and acquisition 
Final extension 

Melt profile analysis  58-99  Ramp heating and fluorescence 
detection  

The melt profile was analyzed by setting the threshold to >2. The obtained melt profile and 
PCR product melt temperatures were used to estimate the product specificity and to 
exclude the abundance of primer dimers. To calculate the relative expression of a target 
gene compared to a reference gene, the relative quantification method described by was 
applied Pfaffl, 2001 was applied (Equation 1 to 4). According to equation 4, an ideal 
primer efficiency of 2 (one duplication per cycle) was assumed. The total RNA samples 
were normalized to sopB in order to get more stable normalization of relative gene 
expression. Finally, the mean of the determined ΔCtreference gene (Equation 2) was calculated 
(Equation 3).  

𝛥𝐶𝑡!"#"  !"  !"#$%$&# = 𝑚𝑒𝑎𝑛  𝐶𝑡!"#"  !"  !"#$%$&#!"#"!"$%"  !"#$%&%"# − 𝐶𝑡!"#"  !"  !"#$%$&#!"#!  !"#$%&%"#  (1) 

𝛥𝐶𝑡!"#"!"$%"  !"#"   = 𝑚𝑒𝑎𝑛  𝐶𝑡!"#"!"$%"  !"#"!"#"!"$%"  !"#$%&%"# − 𝐶𝑡!"#"!"$%"&"$"!"#!  !"#$%&%"#  (2) 

𝛥𝐶𝑡!"#"!"$%"  !"#"   = 𝑚𝑒𝑎𝑛  𝛥𝐶𝑡!"#"!"$%"  !"#"  !&#        (3) 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒  𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = !!"#!"#"  !"  !"#$%$&#

!!"#!"#"!"$%"  !"#"
       (4) 
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Specific primer pairs for the transcripts of interest used in this study are listed in table 2.12. 

Table 2.12. Target mRNA and primer combinations 

Transcript of interest  Primer combination 

lcrF III44 / III45 

csrA V4 / V5 

sopB III393 / III394 

2.2.3.5 RNA agarose gel electrophoresis 

Agarose gel electrophoresis was performed to analyze a specific transcript. The negative 
charge of RNA molecules allows to separate them in the electric field according to their 
size, due to the different migration velocity. To resolve the secondary structure of RNA 
molecules, which could also affect their motility in the agarose gel, RNA samples (20-
50 µg of total RNA) were mixed with RNA-loading buffer containing EtBr and 
denaturated at 70 °C for 10 min. Thereafter samples were chilled on ice for 2 min to 
prevent rebuilding of the secondary structures. The denaturated RNA was applied to a 
1.2 % MOPS-agarose gel in 1x MOPS buffer (Table 2.1) and separated for 75 min at a 
voltage of 120V. For estimation of the RNA size, digoxigenin labeled ‘RNA Molecular 
weight Marker I’ (Roche, Germany) was loaded. To assess the RNA quality and as a 
loading control, the 23S and 16S rRNAs were visualized at the gel documentation system 
with UV light (BioRad, USA) via ethidium bromide in the RNA loading buffer.  

2.2.3.6 Northern blot analysis 

To detect a transcript of interest northern blot analysis was performed. Therefore, a 
complementary digoxigenin-labeled DNA-probe was amplified with the Taq polymerase 
(NEB) and applied for hybridization with the target mRNA. A 100 µl PCR labeling 
reaction contained the following ingredients: 

ThermoPol buffer (10x) 10 µl 
DIG DNA labeling Mix (10x) 10 µl 
MgSO4 10 µl 
10 µM forward primer 3 µl 
10 µM reverse primer 3 µl 
template 1 µl 
Taq polymerase (1U/µl) 1 µl 
H2O 62 µl 

Probes for the indicated transcripts used in this study were synthesized with the primers 
listed in table 2.13. 
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Table 2.13. DNA probes and primer combinations for Northern blot 

Transcript of interest  Primer combination 

lcrF I214 / I303 

csrA V4 / V5 

csrB 555 / 556 

csrC I82 / 583 

pnp IV527 / IV528 

rne IV529 / IV530 

rcsB VI252 / VI253 

lacZ VI618 / 714 

After separating by gel electrophoresis, the total RNA was transferred onto a positively 
charged nylon membrane by vacuum blotting at 5 bar for 1.5 hours in 10x SSC blotting 
buffer. In the next step, the RNA was crosslinked to the membrane with an UV-crosslinker 
(Stratagene, USA) 3 times using an autocrosslink modus (3 min, 120,000 µJ). 
Prehybridisation, hybridisation with Dig-labeled DNA-probes and membrane washing was 
performed with the ‘DIG Luminescent Detection Kit’ (Roche, Germany) according to the 
manufacturer’s instructions. Subsequently, the Dig-labeled probe-RNA complex was 
visualized using the CDP-Star system (Roche, Germany). After incubation with the 
chemiluminescent substrate the membrane was exposed to X-ray films CL-Xposure 
(Thermo Scientific, USA). 

Following strategy was applied to estimate the translation efficiency of lcrF based on the 
results of Northern and Western blot results. Quantification of translation efficiency of the 
band intensities was performed with the image-processing program ImageJ. First, the 
intensities of the loading controls were estimated. The one of the wild type strain under 
non-secretion conditions was taken as a reference value equal to one. Afterwards, the 
intensities of the loading controls of the other samples were normalized to this reference. 
Additionally, the LcrF protein and transcript levels were determined densitometrically and 
normalized to those from the wild type under non-secretion conditions. After that, relative 
protein and transcript levels were calculated as a normalized protein/normalized loading 
control or normalized mRNA/normalized loading control ratio. Subsequently, translation 
efficiency of lcrF was determined as a relative protein/relative mRNA ratio. Consequently, 
the relative protein/relative mRNA ratio of the wild type strain under non-secretion 
conditions was set to 1. Thereafter, the lcrF translation efficiency of each strain under 
secretion conditions was normalized to those under non-secretion conditions. The lcrF 
translation efficiency induction of the wild type strain was taken as a reference value equal 
to one. 

2.2.3.7 RNA stability assay 

To estimate the half-life of a transcript in different Y. pseudotuberculosis strains, the decay 
of the mRNA was monitored over a period of time. The bacteria were cultivated under the 
desired growth conditions. To stop continuous transcription, rifampicin was added to the 
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cells at a final concentration of 1 mg/ml. Subsequently, 3.6 ml of the culture were split 
between two 2 ml safe-lock tubes (Eppendorf, Germany) with 0.2 ml 10 % stop solution, 
and snap-frozen in liquid nitrogen. Due to the short time intervals, samples to detect the 
stability of the transcript of interest were taken from each strain separately at time points 0, 
0.5, 1, 2, 3, 5, and 7.5 min after addition of rifampicin. Total RNA was isolated (see 
2.2.3.1.1) and northern blotting was performed as described above (see 2.2.3.5 – 2.2.3.6). 
To assess the degradation rate of a transcript, relative mRNA concentrations were 
determined for the indicated time points. For this purpose, northern blots were documented 
with a gel documentation system (BioRad, USA) and analyzed densitometrically with the 
Image J Software (Schneider et al., 2012). The relative mRNA concentrations were 
normalized to the relative concentrations of the 23S and 16S rRNA loading controls. 
Relative mRNA concentrations were plotted on a half-logarithmic scale and an exponential 
regression line was applied to calculate the half-life of a specific transcript. 

2.2.3.8 RNA electrophoretic mobility shift assay (RNA-EMSA) 

RNA-EMSA is a powerful method for rapid detection and quantification of the direct 
interactions between an RNA binding protein (RBP) and the transcript of interest. This 
technique is based on the fact that the RBP-RNA complex is less mobile when separated 
on the gel then the unbound RNA. RNA-EMSA approach was employed in this study to 
investigate possible targets of CsrA and YopD proteins. Prior to the assay synthesis of the 
target RNA fragment (2.2.3.7.1), labeling of RNA with biotin (2.2.3.7.2) as well as 
production of the RBP of interest (2.2.4.10) were performed. 

2.2.3.8.1 In vitro transcription 

In vitro transcription was applied for template-directed generation of RNA molecules of 
interest (Beckert & Masquida, 2011). For this purpose, a template harboring a T7 
coliphage promoter sequence upstream of the desired sequence was designed. Primer pairs 
employed in this study for synthesis of the T7 promoter containing DNA template are 
listed in table 2.14. PCR reaction was performed with the Phusion-HF polymerase (NEB). 

Table 2.14. DNA probes and primer combinations for in vitro transcription 

Transcript of interest a  Primer combination 

csrA (-91 to +10) V066 / III731 

hns (+175 to +226) V700 / I515 

rne up (-356 to -250) VI560 / VI561 

rne mid (-270 to -124) VI562 / VI563 

rne down (-148 to +12) VI564 / VI565 

pnp (-141 to +12) VI950 / VI085 

a – all coordinates are relative to translational start codon of particular gene 

For purification of PCR products the NucleoSpin® Gel and PCR Clean-up kit (Macherey-
Nagel, Germany) was applied. A crucial advantage of this Kit is the ability to clean-up 
even very small DNA fragments (down to 50 bp). The following in vitro transcription was 
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performed using the TranscriptAid T7 High Yield Transcription Kit (Thermo Scientific, 
USA) according to the manufactures instruction. Subsequently, RNA was purified by 
phenol/chloroform/isoamyl alcohol extraction (see 2.2.3.1.3). 

2.2.3.8.2 3’-Biotinilation of RNA 

In order to detect the RNA of interest on the nondenaturating gel upon RNA-EMSA, the 
RNAs obtained via in vitro transcription were 3’-end labeled with pCp-Biotin (Jena 
Bioscience, Germany). For this purpose, a 60 µl ligation reaction with the following 
components was performed: 

T4 RNA ligase buffer (10x) 6 µl 
10 mM ATP 6 µl 
10 % DMSO (w/v) 6 µl 
10 µM pCp-Biotin 6 µl 
50 % PEG-8000 18 µl 
RNA 2 µg 
T4 RNA Ligase I  2 µl 
Nuclease-free water x µl 

The reaction was incubated at 18 °C for 2 h or overnight. Thereafter, the biotin-labeled 
RNA was purified via phenol/chloroform/isoamyl alcohol extraction (see 2.2.3.1.3) and the 
RNA concentration was estimated using NanoDropTM ND-1000 UV spectrometer (Thermo 
Scientific, USA). 

2.2.3.8.3 Detection of Biotin-labeled RNA 

To examine the biotinilation efficiency as well as the quality of the biotin-labeled RNAs 
the Chemiluminescent Nucleic Acid Detection Module (Thermo Scientific) was employed. 
To do so, 2 nM RNA was applied on the native 4 % TBE polyacrylamide gel that consists 
of: 

10x TBE 8 ml 
40 % (w/v) polyacrylamide 1 ml 
nuclease free water 8 ml 
TEMED 10 µl 
10 % APS 100 µl 

Electrophoresis was conducted at a constant voltage of 80 V per gel and a maximum 
current for approximately 50 min. After separation samples were transferred from the 
polyacrylamide gel onto a positively charged nylon membrane (Roche, Switzerland) via 
semi-dry blotting. Therefore, the membrane was activated in 1x TBE and placed between 
the gel surface and the positive electrode in a sandwich, which additionally includes two 
whatman papers, both soaked in 1x TBE buffer, at each side. The sandwich was thereafter 
placed in a Trans-Blot® SD Semi-Dry Transfer Cell (BioRad, Germany) and the transfer 
was performed for 30 min at 20 V and 4 °C. Afterward, the RNA was crosslinked to the 
membrane with an UV-crosslinker (Stratagene, USA) for 3 min at 120,000 µJ. For the 
fallowing steps, which were performed using the Chemiluminescent Nucleic Acid 
Detection Module (Thermo Scientific), the membrane was placed in a 50 ml Falcon tube to 
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allow the incubation on a tube roller. Since only small volumes of buffer were used, it was 
crucial to completely remove it after every incubation step. Before usage, an aliquot of 
5 ml 1x blocking buffer and 4x wash buffer was pre-warmed in a water bath (37-50 °C) 
until precipitates were solubilized. Thereafter, the membrane was blocked for 15 min in 
5 ml blocking solution. Next, the membrane was incubated with the stabilized 
Streptavidin-HRP conjugates (1:300) for 30 min. The washing step was carried out in 5 ml 
of 1x wash buffer for 5 min four times. Finally, the membrane was equilibrated in 5 ml 
substrate equilibration buffer, followed by incubation with 1 mL Chemiluminescent 
Substrate Working Solution (500 µl Luminol/Enhancer Solution and 500 µL Stable 
Peroxide Solution) in a foil for 5 min. During this incubation step the chemiluminescence 
reaction occurs. The oxidation of the chemiluminescence substrate, luminol, results in the 
emission of light. This reaction is catalyzed by HRP. Since the HRP is associated with the 
biotin-labeled RNA of interest on the membrane, the amount and location of light on 
the membrane is directly correlated with those of the targeted RNA. For detection of RNAs 
the ChemiDocTM XRS+ (Bio-Rad, USA) imaging system was employed. 

2.2.3.8.4 RNA-EMSA 

During the gel mobility shift assay RBP-RNA complexes are separated from the unbound 
RNA. After synthesis of the RBP of interest and generation of the biotin-labeled RNA, 
RBP and RNA were incubated together to allow RBP-RNA complex formation. Prior to 
this binding reaction, the biotin-labeled target RNA was diluted in 1x band-shift buffer 
(Table 2.1), followed by the incubation for 10 min at 70 °C to achieve linearization of 
RNA. To capture the linearized RNA conformation, samples were quick-chilled on ice. 
The RBP of interest was purified as described in section 2.2.4.10. Thereafter, serial RBP 
dilutions were prepared (0 to 10,000 fmol) in the corresponding 1x band-shift buffer 
(Table 2.1.). A standard 10 µl binding reaction included 0-1,000 nM RBP of interest and 
2 nM of the linearized biotin-labeled target RNA. Consequently, the binding reaction was 
incubated for 30 min on ice and then immediately loaded onto a 4 % TBE polyacrylamide 
gel. Electrophoresis and detection of the RBP-RNA complexes was carried out as 
described in section 2.2.3.8.3. 

2.2.3.9 3’-RACE 

To map the 3’ end of lcrF mRNA 3’-RACE (rapid amplification of cDNA ends) was 
performed as described in Argaman et al., 2001. In brief, 3’-RACE analysis was carried 
out by the ligation of an adaptor to the 3’ hydroxyl group of the RNA, followed by lcrF- 
and adapter- specific amplification. 

2.2.3.9.1 Deprotection of 2’-ACE protected 3’ RNA adapter 

3’ RNA adapter (5' (5'-P) UUC ACU GUU CUU AGC GGC CGC AUG CUC (idT-3') 3') 
was ordered from Dharmacon research and delivered in 2’-ACE protected form (Argaman 
et al., 2001). For further ligation reaction 3’ RNA adapter was deprotected according to the 
manufacturers instructions. 
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2.2.3.9.2 RNA isolation 

Isolation and purification of total RNA was performed using SV Total RNA Isolation Kit 
(Promega, USA) (see 2.2.3.1.1), followed by DNA digestion with TURBOTM DNase 
(Ambion) (see 2.2.3.3). Thereafter, RNA was purified with SV Total RNA Isolation Kit 
(Promega, USA) as described in section 2.2.3.1.1, starting with addition of the RNA 
Dilution Buffer (Promega, USA). RNA was eluted in 25 µl nuclease-free water. 

2.2.3.9.3 Dephosphorylation of the total RNA 

To enable RNA – 3’ RNA adapter ligation, the RNA was dephosphorylated with the Calf 
Intestinal Alkaline Phosphatase (CIP, NEB). A standard 20 µl CIP treatment reaction was 
composed of: 

RNA 10 µg 
CIP buffer (10x) 2 µl 
CIP (1 U/µl) 2 µl 
Ribolock 1 µl 
Nuclease-free water to 20 µl 

The reaction was incubated at 37 °C for 60 min. Thereafter, RNA was purified with the SV 
Total RNA Isolation Kit (Promega, USA) as described in section 2.2.3.1.1, starting with 
addition of the RNA Dilution Buffer (Promega, USA). RNA was eluted in 25 µl nuclease-
free water. 

2.2.3.9.4 3’ RNA adapter ligation 

For RNA – 3’ RNA adapter ligation, 1 µg of dephosphorylated RNA was mixed with 
500 pmol 3’ RNA adapter, followed by heat-denaturation for 5 min at 95 °C. Thereafter, 
samples were quick-chilled on ice. A standard 20 µl ligation reaction with T4 RNA ligase 
(NEB) included the following components: 

RNA + 3’ RNA adapter mix x µl 
T4 RNA Ligase buffer (10x) 2 µl 
ATP (10 mM) 1 µl 
DMSO (100%) 2 µl 
PEG (50%) 6 µl 
T4 RNA Ligase (20 U/µl) 1 µl 
Nuclease-free water to 20 µl 

Reaction was incubated for at least 12 hours at 18 °C. RNA purification was carried out 
with SV Total RNA Isolation Kit (Promega, USA) as described in section 2.2.3.1.1, 
starting with addition of the RNA Dilution Buffer (Promega, USA). Purified RNA was 
eluted in 15 µl nuclease-free water. 

2.2.3.9.5 First strand cDNA synthesis 

Generation of the first strand cDNA was performed with the 5’/3’ RACE Kit (Roche). 
A 20 µl cDNA synthesis reaction consisted of the following ingredients: 
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cDNA synthesis buffer (Vial 1) 4 µl 
Deoxynucleotide Mixture (Vial 3) 2 µl 
V941 (complementary to the 3’ RNA adapter) (10 µM) 0.9 µl 
RNA – 3’ RNA adapter complex 0.5-2 µg 
Transcriptor reverse transcriptase (Vial 2) 1 µl 
Nuclease-free water to 20 µl 

To confirm the Kit’s functionality, the cDNA synthesis reaction with the control neo-RNA 
(Vial 2) was carried out according to the manufacturer’s manifestations. cDNA synthesis 
reactions were conducted in a Thermocycler using the following program: 20 min at 55 °C, 
20 min at 60 °C, 20 min at 65 °C, 5 min at 85 °C. 

2.2.3.9.6 PCR amplification of cDNA 

Amplification of cDNA was carried out with Phusion-HF DNA polymerase (NEB). A 
100 µl PCR included the following components: 

cDNA product 1 µl 
V941 (10 µM) 5 µl 
Gene specific primer (10 µM) 5 µl 
Deoxynucleotide Mixture (Vial 3) 2 µl 
5x HF buffer 20 µl 
Phusion HF polymerase 1 µl 
Nuclease-free water 66 µl 

The control reaction was conducted according to the manufacturers instructions. The 
reaction was performed in a thermal block cycler using the following parameters: 
annealing temperature – 63 °C, elongation time – 32 s, cycles number – 45. Thereafter, 
20 µl PCR product were separated on 1.5 % agarose gel. 3’-RACE was classified as 
successful if a strong band of 1062 bp (for control reaction) was detected. Consequently, 
100 µl PCR Product were applied on the 1.5 % agarose gel for gel extraction (see 2.2.2.4). 
The DNA was eluted with 20-30 µl nuclease-free water. To estimate the concentration of 
DNA 5 µl gel-extracted DNA was analyzed on 1.5 % agarose.  

2.2.3.9.7 Cloning of the PCR products into pJET1.2/blunt vector 

Gel-extracted products were cloned into the pJET1.2/blunt vector (Thermo Scientific) 
according to the manufacturer’s instructions. After dialysis for 15 min at room 
temperature, 10 µl of the ligation mixture were introduced into electrocompetent E. coli 
S17-1λpir via electroporation (see 2.2.2.10.3). Colonies were screened for the presence of 
inserts via colony PCR with MangoMix (Bioline) using pJET1.2 sequencing primers. The 
reaction was performed in a thermal block cycler using the following parameters: 
annealing temperature – 60 °C, elongation time – length dependent, cycles number – 30. 
5 µl PCR product were used for analysis on an agarose gel. Finally, the PCR products were 
purified with the ‘PCR Purification Kit’ (QIAGEN, Germany) and sequenced by the in-
house facility, the Department of Genome Analysis, GMAK (HZI, Germany) using 
pJET1.2 sequencing primers.  
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2.2.3.10 RNA sequencing 

To gain a global insight into the gene expression profile in Y. pseudotuberculosis as well as 
to specify the role of CsrA and YopD under secretion conditions, RNA sequencing (RNA-
seq) was applied. 

2.2.3.10.1 Bacterial growth 

For each biological replicate, 5x 10 ml LB medium were inoculated 1:50 (wild type 
(YPIII)) or 1:20 (csrA deficient strain (YP53), ΔyopD (YP91) strain and csrA/yopD double 
mutant (YP145)) with an overnight culture of Y. pseudotuberculosis strain of interest and 
incubated under the conditions described in Table 2.15. 

Table 2.15. Growth conditions for Y. pseudotuberculosis transcriptome analysis 

Growth condition Description 

2 h at 25 °C followed by depletion of Ca2+ 
and shift to 37 °C for 4 h  

Investigation of Y. pstb. transcriptome under Ca2+ 
depletion conditions (Yop secretion conditions) 

2 h at 25 °C followed by 4 h at 37 °C  Investigation of Y. pstb. transcriptome under non-
secretion conditions 

2 h at 25 °C followed by depletion of Ca2+ 
and shift to 37 °C for 10 min 

Investigation of the first changes in Y. pstb. transcriptome 
induced by temperature shift and Ca2+ depletion   

2 h at 25 °C followed by 10 min at 37 °C  Investigation of the first changes in Y. pstb. transcriptome 
induced by temperature shift  

2.2.3.10.2 RNA extraction 

To extract total RNA for RNA-seq, the hot phenol isolation technique was applied (see 
2.2.3.1.2). Concentration and quality of the purified RNA was estimated as described 
above (see 2.2.3.2). 

2.2.3.10.3 DNase digestion 

To remove DNA from the sample, DNase digestion was carried out (see 2.2.3.3). Finally, 
DNase free total RNA was eluted in 50-100 µl nuclease-free water. 

2.2.3.10.4 Depletion of the ribosomal RNA 

Ribosomal RNA (rRNA) represents the most dominant RNA species in the cell (between 
80 % and 90 %). To improve the efficiency of the RNA-seq capacity rRNA depletion was 
performed (O’Neil et al., 2013). For this purpose, the MICROBExpressTM Bacterial 
mRNA Enrichment Kit (Ambion, US), which uses capture oligonucleotides targeting 
specific regions of the 16S and 23S rRNAs, was employed according to the manufacture’s 
specifications (with 8 µg total RNA as template). Thereafter, rRNA depleted total RNA 
was resuspended in 20 µl nuclease-free water. rRNA depletion was classified as efficient if 
no 16S and 23S rRNA peaks were visible on the Bioanalyzer profile. 

2.2.3.10.5 TAP treatment 

To enable the ligation reaction between the sequencing adapter and the 5’end of RNA, 
tobacco acid pyrophosphatase (TAP) treatment was performed. TAP converts the 
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5′ triphosphate structure of intact transcripts to a monophosphate. A standard 50 µl TAP 
treatment reaction consists of the following ingredients: 

RNA 1 µg 
TAP buffer (10x) 5 µl 
TAP (10 U/µl) 0.5 µl 
Ribolock 0.5 µl 
Nuclease-free water to 50 µl 

The reaction was incubated at 37 °C for 90 min. Thereafter, RNA was purified via 
phenol/chloroform/isoamyl alcohol extraction (see 2.2.3.1.3). For ethanol precipitation 2 µl 
glycogen were added. 

2.2.3.10.6 RNA fragmentation 

In the next step, the RNA was fragmented by the in-house facility the Department of 
Genome Analysis, GMAK (HZI, Germany), using ultrasound (Covaris, USA). For this 
purpose, 300 ng RNA were resuspended in TE-buffer (Table 2.1) to reach a final volume 
of 130 µl. The following parameters were applied: 

processing time 150 s 
fragment size range 200 bases 
intensity 5  
duty cycle 10 % 

The fragmented RNA was ethanol precipitated and the RNA pellet was resuspended in 
20 µl nuclease free water. Concentration and quality of the purified RNA was examined as 
described above (see 2.2.3.2). The RNA fragments should be in a size range of 150 – 
600  bp. 

2.2.3.10.7 RNA phosphorylation 

Phosphorylation of the RNA 5’ ends was performed with the Thermo ScientificTM T4 
Polynucleotide Kinase (T4 PNK). This enzyme catalyzes the transfer of γ-phosphate from 
ATP to the 5’-OH group of RNA what is essential for the following adapter ligation 
reaction. A standard 20 µl phosphorylation reaction included the following components: 

RNA 15 µl 
10x reaction buffer A for T4 PNK 2 µl 
ATP (10 mM) 1.8 µl 
T4 PNK 1 µl 
Nuclease-free water to 20 µl 

The reaction was incubated for 25 min at 37 °C, followed by RNA purification via 
phenol/chloroform/isoamyl alcohol extraction (see 2.2.3.1.3). For ethanol precipitation 2 µl 
glycogen were added. Concentration and quality of the purified RNA was examined as 
described above (see 2.2.3.2.). 
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2.2.3.10.7 cDNA library preparation 

cDNA library preparation was performed with NEBNext® Multiplex Small RNA Library 
Prep Set for Illumina® according to the manufacturers instructions. 

2.2.3.10.8 Sequencing 

The finalized libraries were sequenced with an Illumina cluster station (HiSeq, single-end 
mode, short reads, strand specific). The obtained data was processed as described in Nuss 
et al., 2015 and Nuss et al., 2017. After processing, the remaining reads were mapped to 
the Y. pseudotuberculosis YPIII genome. 

2.2.3.11 CLIP sequencing 

Combination of in vivo UV-crosslinking with RNA deep sequencing (CLIP-seq) is a 
powerful approach that enables the transcriptome-wide investigation of RNA-RBP 
interactions. Moreover, CLIP-Seq allows identification of the RBP target sites at single-
nucleotide resolution (Holmqvist et al., 2016). In this work CLIP-seq was applied to 
explore the CsrA interactome in Y. pseudotuberculosis under secretion conditions. CLIP-
seq was performed as described in Holmqvist et al., 2016.  

2.2.3.11.1 Bacterial growth and UV crosslinking 

To enable a selective purification of the RBP of interest, the RBP was tagged. In this study, 
the in trans expression of the 3xFLAG-tagged CsrA protein in Y. pseudotuberculosis 
ΔcsrA strain (YP53) was performed. To do so, the Y. pseudotuberculosis csrA mutant was 
transformed with the 3xFLAG-tagged CsrA expression vector (pJH35). Thereafter, for 
each biological replicate, 200 ml LB medium were inoculated 1:50 from an overnight 
culture of Y. pseudotuberculosis YP53 harboring pJH35 and grown at 25 °C for 2 hours. 
Subsequently, secretion was induced by addition of 20 mM MgCl2 as well as 20 mM 
sodium oxalate. The cultures were shifted to 37 °C and cultivated for another 4 hours. 
Next, 100 ml of the culture were poured in a 22x22 cm plastic tray and irradiated in the 
UV-crosslinker BLX-254 (Vilber, Germany) with UV-C light (254 nm) at 800 mJ/cm2. 
Thereafter, the irradiated culture was harvested by pipetting and split between two 50 ml 
pre-cooled falcon tubes on ice. The remaining 100 ml culture were directly split between 
two 50 ml pre-cooled falcon tubes on ice. In the next step, the cells were pelleted by 
centrifugation for 40 min at 4700 rpm and 4 °C. After that, the supernatant was discarded 
and the pellets were either stored at -80 °C or cell lysis was performed. 

2.2.3.11.2 Lysis 

The pellets were resuspended in 800 µl ice-cold NP-T buffer (Table 2.1). The cell 
suspension was then placed into pre-cooled 2 ml safe-lock tubes (Eppendorf) containing 
1 ml of 0.1 mm glass beads (Biospec, USA). The tubes were thereafter placed into pre-
cooled plastic blocks and bacterial cells were disrupted using the bead beater 
(TissueLyser II, QIAGEN) by shaking at 30 Hz for 10 min. After a centrifugation steps 
(15 min at 13000 rpm and 4 °C), the cell lysates were transferred to the new tubes and 
centrifuged again. Clear cell lysates were diluted 1:4 in ice-cold NP-T buffer. 
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2.2.3.11.3 Anti-FLAG beads preparation and protein binding to antibody 

Prior to use, anti-FLAG magnetic beads (Sigma-Aldrich) were prepared as described 
below. 30 µl 50 % bead suspension per lysate from a 100 ml bacterial culture were washed 
three times in 1600 µl NP-T buffer. After the washing step, magnetic beads were 
resuspended in the desired volume of the ice-cold NP-T buffer (400 µl per 100 ml bacterial 
culture). To pool-down the 3xFLAG-tagged CsrA from the cell lysates, 400 µl bead 
suspension were added to each lysate, and the mixture was incubated in the disk roller 
(Biozym, Germany) for one hour at 4 °C. Subsequently, beads were collected by a short 
centrifugation step (1 min at 1000 rpm and 4 °C) and resuspended in 1 ml ice-cold NP-T 
buffer. 

2.2.3.10.4 Benzonase treatment 

The on bead benzonase treatment was applied in order to remove all free, not CsrA-
protected RNA molecules. For this purpose, the bead suspension was transferred to new 
2 ml tubes (Eppendorf) and was washed twice with 1000 µl High-Salt buffer (Table 2.1) 
and twice with ice-cold NP-T buffer. Thereafter, beads were resuspended in 100 µl NP-T 
buffer, supplied with 1 mM MgCl2 and 2.5 U benzonase nuclease (Sigma-Aldrich) and 
incubated for 10 min at 800 rpm and 37 °C. After benzonase treatment, the samples were 
chilled on ice for 2 min, followed by one washing step with 500 µl High-Salt buffer and 
two washing steps with 500 µl CIP buffer (Table 2.1). 

2.2.3.11.5 Dephosphorylation 

In the next step, the samples were treated with CIP (NEB). To do so, the beads were 
resuspended in 100 µl CIP buffer containing 10 U CIP and incubated for 30 min at 
800 rpm and 37 °C. Thereafter, beads were washed one time with 500 µl High-Salt buffer 
and two times with PNK buffer (Table 2.1). To compare the protein amounts obtained 
from UV irradiated and non-irradiated samples from each biological replicate, 50 µl bead 
suspension were removed for subsequent Western blot analysis (see 2.2.3.10.6). 

2.2.3.11.6 Radioactive labeling 

After dephosphorylation, the remaining beads were resuspended in 100 µl PNK buffer 
with 10 U T4 Polynucleotide Kinase (Thermo Fisher Scientific, USA) and 10 µCi γ-32P-
ATP and incubated for 30 min at 37 °C. To increase the phosphorylation rate of the RNA 
5’ ends, the samples were additionally supplied with 20 µl of 10 mM ATP and further 
incubated for 10 min at 37 °C. After one washing step with 500 µl High-Salt buffer and 
two washing steps with 500 µl PNK buffer, the beads were resuspended in 20 µl 2x SDS 
sample buffer and incubated for 5 min at 95 °C. Finally, the magnetic beads were collected 
on a magnetic separator (DynaMag-2, Thermo Fisher Scientific, USA) and the supernatant 
was moved to new 1.5 ml tube (Eppendorf). 

2.2.3.11.7 SDS-PAGE 

The supernatant was loaded on 15 % SDS-polyacrylamide gel. To avoid cross-
contamination, the samples were loaded in every second well. Electrophoresis was carried 
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out at 60 mA per gel until the front of loading dye reached the bottom of the gel. 
Thereafter, RNA-CsrA complexes were transferred to a nitrocellulose membrane 
(Amersham Protran Supported 0.45 µl NC, GE Healthcare). After blotting, the membrane 
edges as well as the protein marker were highlighted with a radioactively labeled pen and 
exposed to a phosphor screen for 30 min.	  The autoradiogram was applied as a template to 
cut out the labeled RNA-protein complexes from the membrane. Each membrane piece 
was further cut into 8 smaller pieces, placed into 2 ml LoBind tube (Eppendorf), and either 
stored at -20 °C or directly treated with Proteinase K. 

2.2.3.10.8 Proteinase K treatment 

To remove the CsrA protein, the membrane pieces were incubated in 400 µl PK buffer 
supplemented with 10 U SUPERaseIN (LifeTechnologies) and 0.4 mg Proteinase K 
(ThermoScientific) for one hour at 1000 rpm and 37 °C. Thereafter, 100 µl 9 M urea was 
added and the incubation was continued for another hour. 

2.2.3.11.9 RNA extraction 

For RNA purification, 450 µl RNA containing supernatant were mixed with 450 µl 
phenol/chloroform/isoamyl alcohol in a PhaseLock tube (Eppendorf) and incubated for 
5 min at 13,000 rpm and 30 °C. Thereafter, the samples were centrifuged for 12 min at 
13,000 rpm and 4 °C.	   The aqueous phase was precipitated with 3 volumes of ice-cold 
ethanol, 1/10 volume of 3 M NaOAc pH 5.2, and 1 µl of GlycoBlue (Life Technologies) in 
LoBind tubes (Eppendorf). The precipitate was collected by centrifugation for 30 minutes, 
13,000 rpm and 4 °C, washed with 80 % ethanol, centrifuged again for 15 minutes at 
13,000 rpm and 4 °C, dried 2 minutes at room temperature and resuspended in 10 µl sterile 
nuclease-free water. 

2.2.3.11.10 cDNA library preparation 

cDNA library preparation was carried out with the NEBNext® Multiplex Small RNA 
Library Prep Set for Illumina® as described above (see 2.2.3.9.7). However, concentration 
of the purified RNA that can be extracted using the CLIP-seq protocol is significantly 
lower in comparison to those obtained with the conventional RNA-seq protocol. 
Consequently, there are some differences in the cDNA library preparation for CLIP-seq. 
0.5 µl 1:10 diluted 3’ SR Adaptor was mixed with 2.5 µl purified RNA or nuclease-free 
water (as a negative control), incubated for 2 min at 70 °C and chilled on ice. Thereafter, 
5 µl 3’ Ligation Reaction Buffer and 1.5 µl 3’ Ligation Enzyme Mix were added, and the 
samples were incubated for 60 min at 25 °C. After addition of 0.25 µl of the SR RT Primer 
and 2.5 µl Nuclease Free Water the samples were incubated for 5 min at 75 °C, 15 min at 
37 °C, and 15 min at 25 °C. Prior to the 5’ adaptor ligation, 0.5 µl 1:10 diluted 5’ SR 
Adaptor was denatured for 2 min at 70 °C. Thereafter, denatured 5’ SR Adaptor, 0.5 µl 
10x Ligation Reaction Buffer and 1.24 µl 3’ Ligation Enzyme Mix were added to the 
sample followed by incubation for 60 min at 25 °C. In the next step, cDNA was 
synthetized. To do so, 4 µl First Strand Synthesis Reaction buffer, 0.5 µl Murine RNase 
Inhibitor, and 0.5 µl ProtoScript Reverse Transcriptase were added and the samples were 
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incubated for 60 min at 25 °C. To stop the reverse transcription, 15 min incubation at 
70 °C was performed. Subsequently, the cDNA was amplified via PCR using the following 
program: 30 s at 94 °C, 22 cycles of 15 s at 94 °C, 30 s at 62 °C and 15 s at 70 °C. A 50 µl 
PCR reaction included the following components: 

LongAmp Taq 2x Master mix 25 µl 
SR Primer 1.25 µl 
Index Primer 1.25 µl 
Nuclease Free Water 12.5 µl 
cDNA 10 µl 

The PCR products were purified using the MinElute PCR Purification Kit (QIAGEN) 
according to the manufacturers instructions, and eluted in 10 µl nuclease-free water. After 
addition of 10 µl GLII buffer (Table 2.1) the samples were loaded on 6 % polyacrylamide 
gel with 7 M Urea: 

Urea 7 M 
TBE (10x)  8 ml 
acryl/bisacrylamide (30 %) 12 ml 
TEMED 40 µl 
APS (105) 400 µl 
aqua bidest to 80 ml 

Electrophoresis was carried out at 300 V for approximately 2 hours. Thereafter, gels were 
stained with SYBRGold (Life technologies) and the DNA fragments between 140-250 bp 
were excised from the gel. Each gel piece was further cut into 8 smaller pieces and placed 
into a 2 ml LoBind tube (Eppendorf). DNA was eluted in 500 µl DNA elution buffer 
(NEB) over night at 1000 rpm and 16 °C. After EtOH precipitation, the pellets were 
resuspended in 10 µl nuclease-free water. In the next step, the gel-extracted cDNA was 
reamplified. To do so, 2 µl DNA were mixed with 25 µl 2xLongAmp Taq PCR Master 
Mix, 2 µl each of primer VII593 and VII594 (10 µM), 19 µl nuclease-free water and 
amplified using the PCR program applied for the primary cDNA amplification. However, 
the cycle number was reduced to 4. Reamplified libraries were purified with the MinElute 
PCR Purification Kit (QIAGEN) following the manufacturer’s specifications, and eluted in 
15 µl nuclease-free water. 

2.2.3.11.11 Sequencing 

The finalized libraries were sequenced with an Illumina cluster station (HiSeq, paired-end 
mode (2x100 cycles), strand specific). The obtained data was processed as described in 
Holmqvist et al., 2016. After processing, the remaining reads were mapped to the 
Y. pseudotuberculosis YPIII genome. 

2.2.4 Biochemical methods 

2.2.4.1 Luciferase activity assay 
A widely used reporter system for investigating the gene expression is the lux system. The 
luxAB genes encode for the enzyme luciferase whereas the luxCDE genes provide the 



MATERIAL AND METHODS 

	   61	  

synthesis of the aldehyde substrate. An important disadvantage of this system is that the 
luciferase enzyme requires the cell energy (ATP). Consequently, lux assays can only be 
performed with bacterial cultures in the exponential growth phase. For expression analysis, 
the luxCDABE operon was fused to the promoter of the gene of interest, thus the intensity 
of the emitted light corresponds to the promoter activity. For this purpose, 
Y. pseudotuberculosis strains were transformed with the desired luxCDABE fusion 
plasmid. After incubation of the transformants (3 clones per plasmid) under the conditions 
of interest, 200 µl of each bacterial culture were directly transferred into microtiter plates 
and bioluminescence as well as cell densities were measured with the Varioscan Flash and 
SkanIt RE software (Thermo Scientific). 

2.2.4.2 β-Galactosidase activity assay 

Another biochemical system for gene expression analysis applied in this work is the lacZ 
reporter system. The lacZ gene encodes the enzyme β-galactosidase, which recognizes the 
synthetic compound o-nitrophenyl-β-D-galactopiranoside (ONPG) as a substrate. The β-
galactosidase cleaves ONPG into galactose and the yellow colored o-nitrophenol. The 
color intensity corresponds to the enzyme concentration, which in turn directly correlates 
with the expression rate of the gene of interest. To perform the assay, 
Y. pseudotuberculosis strains were transformed with the reporter gene fusion plasmid and 
the transformants (3 clones per plasmid) were grown under the desired conditions. At the 
end of the cultivation the bacterial culture was diluted 1:10 with the growth medium 
(LBBD) in the cuvette and cell density was measured via OD600. 200 µl of each cell culture 
were transferred to 2 separate glass tubes directly from the cuvette and lysed by the 
addition of 50 µl 0.1 % SDS and 50 µl chloroform. After incubation for 10 min at room 
temperature, 1.8 ml Z-buffer were added and the reaction was started with 400 µl ONPG. 
When the samples were colored to a sufficient extent the reaction was stopped with 1 ml of 
1 M NaCl2 and the reaction time was recorded. Subsequently, 200 µl of the supernatant 
were transferred into a microtiter plate and the absorbance at a wavelength of 405 nm was 
measured in the SunriseTM microplate absorbance reader (Tecan, Switzerland). The 
specific enzyme activity was calculated using the following equation: 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐  𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑂𝐷!"#×6.75/(𝑂𝐷!""×𝛥𝑡×𝑉) 

specific activity [µmol cleaved substrate/(mg protein x min)] or [U x mg protein] 
OD415 optical density of the sample after reaction 
6.75 extinction coefficient of cleaved ONPG [µmol/(min x mg protein)] 
OD600 optical density of bacterial culture 
V used culture volume [ml] 
Dt reaction time [min] 

2.2.4.3 Preparation of whole cell extracts 

For the analysis of protein levels in different strains under various conditions, the cell 
densities (OD600) of the bacterial cultures were adjusted to an OD equivalent of 1. An 
appropriate culture volume was centrifuged for 3 min at 11,000 rpm in a microcentrifuge 
Mini-Spin plus (Eppendorf, Germany) and the supernatant was removed. The pellets were 
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resuspended in 30 µl H2O. After that, the samples were mixed with 30 µl 1x sample buffer 
and heated at 95°C for 5 min (Sambrook & Russell, 2001). Depending on the protein to be 
analyzed, between 5 and 20 µl of the whole cell extracts were applied on polyacrylamide 
gels.  

2.2.4.4 Glycine-SDS-PAGE 

SDS polyacrylamide gel electrophoresis enables the separation of proteins based on their 
ability to move within an electrical current, which is a function of their molecular weight 
(Laemmli, 1970). Polypeptide chains bind amounts of the anionic detergent SDS 
proportionally to their relative molecular mass, become negatively charged and are 
strongly attracted towards the positively charged anode in the electric field. SDS-PAGE 
system requires gels with two different acrylamide layers. The upper layer (stacking gel) is 
slightly acidic (pH 6.8) and has lower acrylamide concentration. It is designed to compress 
(stack) the proteins into a thin, sharply defined band when they reach the lower layer. The 
lower gel (separating, or resolving gel) is basic (pH 8.8), has a higher polyacrylamide 
content, making the gel pores narrower and is responsible for separating polypeptides by 
size (Yang & Mahmood, 2012). Glycine-SDS polacrylamide gels were used for 
discontinuous electrophoretic analysis of proteins with a molecular weight above 30 kDA. 
The polyacrylamide concentration of the stacking gel was individually adjusted depending 
on the molecular weight of the protein of interest. A 15 % SDS separating gel, used for 
analysis of 30 kDa proteins consists of (Sambrook & Russell, 2001): 

acryl/bisacrylamide (30 %)  5 ml 
separating gel buffer  2.5 ml 
aqua bidest 2.5 ml 
TEMED 50 µl 
APS (105) 50 µl 

The separating gel was covered with isopropanol in order to straighten the gel surface. 
As the separation gel was polymerized, the isopropanol was removed and the stacking gel 
was prepared:  

acryl/bisacrylamide (30 %)  1.1 ml 
stacking gel buffer  2.5 ml 
aqua bidest 6.5 ml 
TEMED 40 µl 
APS (10 %) 80 µl 

The stacking gel was poured on top of the separation gel and a comb was inserted. 
After polymerization the gel was transferred into a Mini-Protean II electrophoresis 
chamber (Biorad, USA) or PerfectBlueTM Doppel-Gelsystem Twin ExW S (VWR Peqlab, 
Germany) filled with SDS running buffer. Whole cell extract samples were applied onto 
the gel and SDS-PAGE was performed at a constant current of 30 mA per gel and 
maximum voltage for about 45 min. For size discrimination of the proteins, the molecular 
weight marker ‘PageRulerTM Prestained Protein Ladder’ (Fermentas) was loaded in a 
separate well. After electrophoresis, the polyacrylamide gels were either stained with 
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CoomassieTM Brilliant Blue G250 to visualize the separated proteins or further used for 
western blot analysis. 

2.2.4.5 Tricine-SDS-PAGE 

Polyacrylamide gel electrophoresis using a Tricine-Tris based buffer system was 
performed to achieve best separation and resolution of proteins smaller than 30 kDa 
(Schägger, 2006). This system consists of a cathode buffer for the cathode chamber and an 
anode buffer for the anode chamber. A standard 0.75 mm 18 % separating gel used for 
analysis of CsrA protein contained following ingredients:  

acryl/bisacrylamide (30 %)  3.75 ml 
3x gel buffer  2.5 ml 
glycerol (100 %) 0.75 ml 
aqua bidest 0.75 ml 
TEMED 7.5 µl 
APS (10 %) 75 µl 

The stacking gel was composed of: 

acryl/bisacrylamide (30 %)  0.53 ml 
3x gel buffer  1 ml 
aqua bidest 2.5 ml 
TEMED 5 µl 
APS (10 %) 50 µl 

Electrophoresis was conducted at a constant current of 30 mA per gel and a maximum 
voltage for approximately 2 hours.  

2.2.4.6 Coomassie staining 

An easy and quick method to visualize proteins after separation by SDS-PAGE is staining 
of the gels with CoomassieTM Brilliant Blue G250. To do so, gels were incubated in 
Coomassie stain (Table 2.1) shaking for approximately 30 min until they were colored in 
dark blue. Thereafter, the staining solution was discarded and the gels were destained via 
several washing steps with ddH2O until the protein bands were visible. To accelerate the 
staining and washing processes, the gels in staining solution/water were heated in a 
microwave oven. The staining solution was recycled several times. 

2.2.4.7 Western blot analysis 

The western blot technique was applied for the detection of a protein of interest (Towbin et 
al., 1979). After separation via SDS-PAGE, proteins were transferred from the 
polyacrylamide gel onto a polyvinylidene difluoride (PVDF) membrane. Thereafter, 
blotting was carried out using the equipment of the Mini Trans-Blot electrophoretic 
transfer cell (BioRad, USA) or PerfectBlueTM Semi-Dry Electroblotter SedecTM M (VWR 
Peqlab, Germany).	   Firstly, the membrane was activated in methanol and placed between 
the gel surface and the positive electrode in a sandwich, which additionally includes a fiber 
pad and whatman papers, both soaked in transblot buffer, at each side. This construction 
protects the gel and the membrane during the blotting process. The sandwich was 
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thereafter enclosed in the blotting cassette, which in turn was placed into the blotting 
gasket. The whole system was then transferred to the blotting tank and filled with transblot 
buffer. Blotting was performed at a voltage of 100 V and maximum current for 1 hour. 
After blotting, the membrane was incubated with 5 % TBSTM for 1 hour or over night in 
order to block unspecific binding sites of the antibodies. Subsequently, the primary 
polyclonal antibody, which specifically binds to the protein of interest, was diluted in 
TBST buffer and applied to the membrane. The membrane was incubated with the primary 
antibody for 1 hour or overnight, followed by three washing steps with TBST for 10 min. 
Afterwards, the membrane was incubated with the secondary antibody, an anti-rabbit 
horseradish peroxidase (HRP) conjugate, for 1 hour. Thereafter, the membrane was 
washed three times with TBST for 10 min and incubated for 1 min with Pierce ECL 
western blotting substrate (Thermo Scientific, USA). In order to detect these signals, the 
membrane was exposed to X-ray films CL-Xposure (Thermo Scientific, USA). 

2.2.4.8 Yop secretion assay 

Contact with the host cell triggers the expression of the virulence plasmid encoded genes 
in Y. pseudotuberculosis and leads to secretion of a set of Yop effector proteins.	  To mimic 
cell contact for in vitro analysis of the profile and amount of these effector proteins in 
different strains, secretion is induced by calcium depletion (Cornelis et al., 1987). For a 
Yop secretion assay, about 50 ml LB medium were inoculated 1:50 with an overnight 
culture of the strain of interest and grown at 25 °C for 2 hours. Subsequently, secretion was 
induced by addition of 20 mM MgCl2 as well as 20 mM sodium oxalate. The cultures were 
shifted to 37 °C and cultivated for another 4 hours. Cell quantities of the different bacterial 
cultures were adjusted according to their OD600. The bacteria were harvested in falcon 
tubes by centrifugation in a Sigma 3-18 K centrifuge using 19776-H rotor at 9,000 rpm for 
10 min. The supernatant was filtered through a 0.2 µm Filtropur S plus filter (Millipore, 
USA) and the proteins were precipitated with 1/10 volume of 100 % trichloroacetic acid 
(TCA). After incubation for 20 min on ice, the proteins were pelleted by centrifugation at 
14,000 rpm and 4°C for 10 min. Thereafter, the pellets were resuspended in 2 ml acetone-
SDS solution and incubated on ice for 20 min. The pellets were collected by centrifugation 
at 14,000 and 4 °C for 10 min in a microcentrifuge Mini-Spin plus (Eppendorf, Germany) 
and the supernatant was discarded. Afterwards, the protein pellets were washed with 
500 µl 100 % acetone. After a last centrifugation step for 10 min at 14,000 rpm and 4 °C, 
the precipitated proteins were resuspended in equal amounts of sample buffer and applied 
on 15% SDS polyacrylamide gels for electrophoretic separation. For protein visualization 
CoomassieTM Brilliant Blue was employed. 

2.2.4.9 In vitro transcription/translation 

For the investigation of a direct effect of CsrA and YopD on lcrF translation efficiency in 
vitro translation was carried out using the PURExpress® In Vitro Protein Synthesis Kit 
(NEB) according to the manufacturer’s instructions with minor modifications. pMP1 was 
used as a template for synthesis of the T7 promoter containing lcrF DNA fragment with 
primers VI729/VII836. To further generate the lcrF mRNA, in vitro transcription was 
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performed according to the TranscriptAid T7 High Yield Transcription Kit (Thermo 
Scientific, USA) user handbook. After phenol/chloroform/isoamyl alcohol extraction, 
500 ng of the template lcrF mRNA were applied for LcrF in vitro translation in presence 
or absence of 100 nM CsrA/YopD protein. 

2.2.4.10 Expression and purification of recombinant proteins 

2.2.4.10.1 Expression 

For the investigation of interactions between RBPs (CsrA, YopD) and the transcripts of 
interest via REMSA, recombinant RBPs were produced. To do so, the expression vectors 
pAKH172 and pJH12, carrying the His6-CsrA (C-terminal tag) and His6-YopD/LcrH 
complex respectively, were transformed into electrocompetent E. coli BL21 (DE3) (see 
2.2.2.10). For protein expression, 500 ml DYT medium supplemented with kanamycin 
were inoculated 1:100 from an overnight culture and grown at 37 °C to an OD600 of 
approximately 0.5. Thereafter, 1 mM IPTG was added to induce the expression of 
recombinant proteins and the bacterial culture was shifted to 18 °C. Subsequently, the 
bacteria were pelleted by centrifugation at 6,000 rpm and 4 °C for 10 min in a SLA-3000 
rotor. The pellets were either stored at  -20 °C or the protein was directly extracted. 

2.2.4.10.2 Purification 

For extraction of recombinant proteins, the cell pellet was resuspended in 10 ml 
CsrA/YopD lysis buffer (Table 2.1) supplemented with the cOmpleteTM EDTA-free 
protease inhibitor cocktail (Roche, Switzerland) and 4 µl benzonase. Cell lysis was 
performed with a French Press cell disruptor (G. Heinemann, Germany) at 18,000 psi for 
four times. To remove cell debris, the cell lysate was cleared by centrifugation in a Sigma 
3-18 K centrifuge using 19776-H rotor at 14,000 rpm and 4 °C for 30 min. Thereafter, 
His6-CsrA as well as His6-YopD/LcrH complex were purified by flow-through Ni-NTA 
affinity chromatography with a bed volume of 0.5 Protino Ni-NTA agarose (Macherey-
Nagel, Germany). For this purpose, the column was washed prior to use with 10 ml ddH2O 
to remove traces of the ethanol from the storage solution and equilibrated thereafter with 
10 ml CsrA/YopD lysis buffer (Table 2.1). Subsequently, 10 ml lysate were applied on the 
column and run by gravity flow. Afterwards, the column was washed two times with 10 ml 
of CsrA/YopD washing buffer (Table 2.1). Elution of the bound protein was achieved by 
adding six bed volumes of CsrA/YopD elution buffer (Table 2.1). To estimate the 
purification efficiency, supernatant-, flow through-, wash- and elution- fractions were 
analyzed by SDS-PAGE and Coomassie staining. The fraction with the highest purity and, 
for His6-YopD/LcrH complex, also with the equal ratio of YopD to LcrH were dialyzed 
overnight in CsrA/YopD bandshift buffer (Table 2.1) at 4 °C. The dialyzed protein 
solution was stored at 4 °C for one to two weeks. To reuse the column, the residual bound 
protein was removed by washing with 10x column volumes of CsrA/YopD elution buffer. 
After that, the columns were equilibrated in 20 % ethanol and stored at 4 °C. 
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2.2.4.10.3 Bradford assay 

Concentration of the purified recombinant protein was estimated via Bradford assay 
(Bradford, 1976). This assay relies on the protein-dye binding principle. In this study, 
Coomassie Brilliant Blue G250 was employed. Hydrophobic and ionic interactions of 
Coomassie dye with the protein stabilize the anionic form of the dye, resulting in a color 
change from brown (absorbance maximum 465 nm) to blue (absorbance maximum 
595 nm). Consequently, the protein concentration can be quantified by measuring the 
amount of Coomassie dye in the blue form. For this purpose, 5 µL of protein solution were 
mixed with 250 µL of Bradford reagent in a 96-well microplate, followed by incubation for 
5 min at room temperature. The absorbance was measured in a SunriseTM microplate 
reader (Tecan, Switzerland). After determining the extinction of a BSA calibration curve 
(25-1000 ng/µL), the protein concentration was calculated.  

2.2.5 Cell culture methods 
To find a possible sensor of the host cell contact or factors crucial for the host cell contact 
sensing in Y. pseudotuberculosis, the HEp-2 cell line (human epidermoid carcinoma cells, 
larynx) was used. 

2.2.5.1 Cultivation of HEp-2 cells 

HEp-2 cells were cultivated in a humidified atmosphere with 5% CO2 at 37 °C (HERA cell 
150 incubator, Thermo Scientific) in 75 cm3 cell culture flasks in RPMI-1640+Glutamax 
medium supplemented with 7.5 % NCS as a growth factor. When the cells were 
approximately 80 % confluent (80 % of the flask surface was covered by cell monolayer) 
they were splitted (every 2 days).	   For this purpose, HEp-2 cells were washed with 6 ml 
PBS, followed by an incubation with 2 ml trypsin for 5 min at 37 °C. This step was 
performed to detach cells from the surface of the culture flask. To stop the cell 
trypsinisation, 8 ml of culture medium was added and cells were resuspended by pipetting 
(10 times). For a 1:25 split ratio, 1 ml of cell suspension was transferred into a new cell 
culture flask and filled up with 24 ml culture medium.  

2.2.5.2 Determination of the cell number 

The number of live cells was determined using an improved Neubauer chamber. To do so, 
the cell suspension was diluted in trypan blue at a ratio 1:10. Since the live cells possess an 
intact membrane, they are able to exclude trypan blue, whereas dead cells do not. In this 
way viable cells with a clear cytoplasm could be distinguished from non-viable cells with a 
blue colored cytoplasm, allowing to count only the live cells (Strober, 2001).	   The viable 
cell number per ml was calculated using the following equation:  

𝑐𝑒𝑙𝑙𝑠 𝑚𝑙 = 𝑡𝑜𝑡𝑎𝑙  𝑐𝑜𝑢𝑛𝑡 ∙ 10! ∙ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛  𝑓𝑎𝑐𝑡𝑜𝑟 

total count   average live cell number of four primary squares 
dilution factor dilution  ratio with trypan blue 
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2.2.5.3 Cell contact assay 

The cell contact assay was carried out in order to identify factors involved in the cell 
contact dependent activation of lcrF expression in Y. pseudotuberculosis. This model 
system is based on the work of Pettersson et al., 1996 but was advanced and complemented 
in the Dersch group (Opitz, 2013). Y. pseudotuberculosis strains were transformed with 
yscWlcrF- or yadA promoter- luxCDABE fusion plasmids (pWO42 and pWO41/pTS31, 
respectively) in order to provide a reporter system for monitoring of virulence gene 
expression. Three independent clones per each Y. pseudotuberculosis strain were grown at 
25 °C overnight to stationary growth phase. In parallel 3 x 104 HEp-2 cells were seeded in 
200 µl RPMI in 96 well lux microtiter plates (white, flat clear bottom, Corning 
Incorporated) and grown overnight. 1 well per replicate was always left empty for the cell 
contact negative sample. Cells were washed three times with 200 µl PBS. After the last 
washing step, 200 µl PBS were added to the wells with or without HEp-2 cells. The OD600 
of the bacterial overnight culture was determined and adjusted to an OD600 of 0.1. 
Thereafter, 10 µl of the diluted bacterial suspension were applied onto the HEp-2 cells. 
Subsequently, the assay plate was centrifuged for 3 min at 1000 rpm, covered with a 
Breath-Easy® sealing membrane (Sigma-Aldrich) and incubated for 2.5 hours at 25 °C in 
a Varioscan plate reader (Thermo Scientific). Light emission was measured every 10 min 
via the Varioscan Flash and ScanIt RE software (Thermo Scientific). Curves of relative 
luminescence units (RLU) per time were calculated by counting the mean value out of the 
triplicates and were visualized by GraphPad Prism. 
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3 Results 
After transmigration through the intestinal epithelial layer via the M-cells, 
enteropathogenic Yersinia species are confronted with the innate immune system of the 
host. In order to survive and immediately propagate the infection, Yersinia possesses a set 
of virulence factors that enable the pathogen to circumvent an attack by resident and 
recruited phagocytic cells (Galindo et al., 2011). These factors are encoded on the Yersinia 
virulence plasmid (pYV) and include the Yersinia adhesin A (YadA), which provides close 
contact between the pathogen and the host cell, and the T3SS with its corresponding anti-
phagocytic effector proteins (Yops) (Cornelis et al., 1998). However, the synthesis of the 
aforementioned virulence factors is a high-energy consuming process. Additionally, these 
virulence determinants serve as perfect targets for the humoral immune response. 
Consequently, expression of the virulence plasmid-encoded factors should be tightly 
controlled. Transcription of yadA and the ysc-yop genes is activated by the major virulence 
regulator LcrF (Cornelis et al., 1998). The most essential environmental signals regulating 
LcrF synthesis are temperature and host cell contact (Böhme et al., 2012; Opitz, 2013). 
Furthermore, recent studies highlight the crucial role of the global regulator CsrA, the 
moonlighting protein YopD, as well as the RNA degradosome in regulation of lcrF 
expression (Steinmann, 2013; Hoßmann, 2017). 

3.1 Regulation of later-stage virulence factors under non-
secretion conditions 
The temperature upshift to 37°C indicates to the Yersinia the entrance into the warm-
blooded host environment. This signal leads to activation of LcrF synthesis, which in turn 
induces the transcription of yadA and the ysc-yop genes. However, the expression of the 
virulence plasmid-encoded genes remains low until secretion is triggered either by host 
cell contact in vivo or by depletion of Ca2+ from the growth medium in vitro. This 
“standby” mode is achieved via a sophisticated feedback mechanism preventing 
unnecessary ysc-yop gene expression. The key player in this regulatory cascade is the 
effector protein YopD. Under non-secretion conditions it accumulates inside the bacterial 
cell and represses the LcrF synthesis (Steinmann, 2013; Hoßmann, 2017). Consequently, 
the transcription of the T3SS associated genes is also downregulated. Moreover, one of the 
major RNA degradosome components, PNPase, was indicated to be involved in the YopD-
dependent downregulation of lcrF expression (Steinmann, 2013). Although the negative 
effect of YopD on LcrF synthesis was already described, the detailed mechanism of the 
mode of action of YopD remained unclear. Additionally, under non-secretion conditions 
the RNA binding protein CsrA was also identified as a negative regulator of lcrF 
transcription (Opitz, 2013; Pimenova, 2014). Therefore, the mechanism of YopD- and 
CsrA-mediated repression of LcrF synthesis under conditions non-permissive for Yop 
secretion was investigated. 
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3.1.1 YopD-dependent regulation of LcrF translation 
Previous studies demonstrated the negative effect of YopD on LcrF synthesis, as well as 
the ability of YopD to directly bind the lcrF transcript (Steinmann, 2013; Hoßmann, 2017). 
In order to unravel the mechanism of YopD-mediated post-transcriptional regulation of 
lcrF expression, the effect of YopD on lcrF mRNA translation initiation as well as on the 
lcrF transcript stability was analyzed. 

The effect of YopD on lcrF translation initiation under non-secretion conditions was 
investigated using a translational pBAD::lcrF’(-123 to +75 nt)-‘lacZ reporter gene fusion 
(pKB14) introduced into the wild type strain YPIII and the yopD mutant YP91 
(Fig. 3.1 A). 

 

Figure 3.1. YopD does not affect translation initiation of lcrF. 
A Schematic overview of the translational PBAD::lcrF’-‘lacZ reporter gene fusion (pKB14). The 
numbers indicate the nucleotides relative to the translational start site of the lcrF gene. The PBAD 
promoter is colored in purple. B Y. pseudotuberculosis strains YPIII (wt), and YP91 (ΔyopD) 
harboring the translational reporter gene fusion pBAD::lcrF’–‘lacZ (pKB14) and the empty vector 
pRS15 (pV) or the yopD+ plasmid (pRS16) were grown in LBBD medium (1:50 diluted from 
overnight cultures for YPIII, or 1:25 for YP91) for two hours at 25°C. Expression of the pBAD 
promoter was activated by addition of 0.1% arabinose. Bacteria were further cultivated for four 
hours at 37°C. The β-galactosidase activity was determined and is given in µmol · mg-1 · min-1 for 
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comparison. The data represent the mean ± standard deviation of three independent experiments 
each performed in duplicates. Data were analyzed by the Student’s t-test. Asterisks indicate the 
results that differed significantly from each other with **(P<0.01), n.s. (P>0.05). C The in vitro 
transcription/translation was performed as described in 2.2.4.9. Thereafter, samples were prepared 
for SDS-PAGE and transferred onto an Immobilon membrane. LcrF was detected by 
immunoblotting with a polyclonal α-LcrF antibody. The reaction, performed without lcrF RNA 
template but with YopD protein served as a negative control. 
Furthermore, a yopD+ plasmid (pRS15) was introduced into the YP91 strain to 
complement the yopD deletion. The cultures were grown in LB medium for 2 hours at 
25 °C and for another 4 hours at 37°C. Expression of the pBAD::lcrF’(-123 to +75 nt)-‘lacZ 
fusion was determined by β-galactosidase activity assay. As shown in Fig. 3.1 B, β-
galactosidase activity of the pBAD::lcrF’(-123 to +75 nt)-‘lacZ fusion remained unchanged, 
both in the absence of YopD and during the overexpression of yopD in YP91. To confirm 
that the translation initiation of lcrF is YopD-independent, the in vitro coupled 
transcription-translation PURExpress system was applied. The translation efficiency of 
lcrF in the presence or absence of YopD was examined by Western blot analysis. Addition 
of YopD to the system caused no difference in the LcrF synthesis (Fig. 3.1 C). Taken 
together, these results rule out a negative effect of YopD on translation initiation of lcrF. 

Further, it was analyzed whether YopD negatively affects LcrF synthesis by decreasing the 
lcrF transcript stability. To monitor the degradation of the lcrF mRNA, RNA stability 
assays were performed with the wild type strain YPIII and the yopD mutant YP91. 
Cultures were grown under non-secretion conditions (see 2.2.1.2). In order to stop 
transcription, rifampicin was added to a final concentration of 1 mg/ml. Subsequently, 
samples were withdrawn at time points 0, 1, 2, 3, and 5 minutes after transcriptional arrest 
and lcrF mRNA levels were estimated via Northern blotting  (Fig. 3.2 A). The degradation 
of lcrF transcript for each strain was assessed by quantification of detected signals using 
the gel analysis tool of the image-processing software ImageJ (Schneider et al., 2012). 
Relative amounts of RNA were calculated and lcrF mRNA values are shown as 
percentages of the time point 0 value (Fig. 3.2 B). The quantitative analysis revealed an 
increased stability of the lcrF transcript in the yopD mutant strain with a half-life of 13.1 
min compared to the wild type, where the half-life of lcrF was only 1.64 min (Fig. 3.2 B). 

 
Figure 3.2. YopD decreases lcrF transcript stability. 
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A To determine the stability of the lcrF transcript in the YPIII wt strain compared to YP91 
(ΔyopD), an RNA stability assay was performed after the cells were grown in LBBD medium (1:50 
diluted from overnight cultures) under non-secretion conditions (see 2.2.3.7). Total RNA was 
isolated and analyzed by northern blotting (see 2.2.3.5 – 2.2.3.6). B Northern blots were 
documented and densitometrically verified using the ImageJ software. The graph represents the 
relative lcrF mRNA concentration (y-axis) plotted against the time (x-axis) using a half-
logarithmic scale. The half-life of lcrF mRNA in the different strains was calculated via 
exponential regression. The data represent the mean ± standard deviation of three independent 
experiments each performed in duplicates. Data were analyzed by the Student’s t-test. Asterisks 
indicate the results that differed significantly from each other with *(P<0.05). 

Taken together, these results suggest that, although YopD has no effect on lcrF translation 
initiation, it represses LcrF synthesis at the post-transcriptional level decreasing the lcrF 
transcript stability. 

3.1.1.1 Degradosome components repress lcrF expression 

YopD was shown to positively affect the expression of genes encoding for the major RNA 
degradosome components, RNase E and PNPase (Steinmann, 2013; Hoßmann, 2017). 
Remarkably, both were previously described to be required for ideal functioning of the 
T3SS in Y. pseudotuberculosis and Y. pestis (Rosenzweig et al., 2005; Yang et al., 2008). 
Furthermore, a negative effect of PNPase on LcrF synthesis was demonstrated (Steinmann, 
2013). Consequently, it is reasonable that YopD might interfere with components of the 
degradosome, thus indirectly decreasing the lcrF transcript stability (Steinmann, 2013). 
Therefore, it was intriguing to investigate the role of both degradosome components in the 
complex regulation of LcrF production.	  

3.1.1.1.1 In trans expression of C-terminally truncated RNase E is suitable for 
mimicking an rne deletion 

Since a deletion of the gene encoding for RNase E (rne) is lethal for Y. pseudotuberculosis, 
a plasmid carrying the carboxyl-terminally truncated (dominant-negative) RNase E variant 
under the control of an inducible promoter (pRS40) was constructed (Fig. 3.3 A) as 
described by Yang et al. (2008). 

Expression of this C-terminally truncated RNase E variant in the wild type strain confers a 
dominant-negative phenotype, enabling elucidation of the role of RNase E in the regulation 
of LcrF synthesis. The fact that RNase E controls its own synthesis by degrading the rne 
mRNA was used to estimate the cellular RNase E functionality in the presence or absence 
of the stably expressed C-terminally truncated RNase E (Yang et al., 2008). For this 
purpose, a plasmid harboring the 5’ untranslated region of rne mRNA, which is 
responsible for the autoregulatory activity of RNase E, fused to the lacZ reporter was 
constructed (pMP31; Fig. 3.3 A) and introduced into the wild type YPIII carrying either a 
control plasmid (pBAD33) or pBAD-rne1-465 (pRS40) (Jain & Belasco, 1995; Yang et 
al., 2008). Cultures were grown for two hours at 25°C followed by 4 hours at 37°C. 
Expression of the rne’(-508 to +305 nt)-‘lacZ fusion was determined by a β-galactosidase 
activity assay. As shown in Fig. 3.3 B, β-galactosidase activity of the rne’(-508 to +305 nt)-‘lacZ 
fusion was increased when the carboxyl-terminally truncated RNase E variant was 
expressed. 
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Figure 3.3. In trans expression of C-terminally truncated RNase E is suitable for mimicking 
an rne deletion (“Δrne”) in Y. pseudotuberculosis. 
A Schematic overview of the RNase E expression plasmid pBAD-𝑟𝑛𝑒!!!"# (pRS40), which harbors 
the first 465 codons of the Y. pseudotuberculosis rne gene, and the plasmid reporting on the 
autoregulatory activity of RNase E (pMP31) that contains 508 nucleotides of the upstream 
promoter region as well as the first 305 nucleotides of the Y. pseudotuberculosis rne gene fused in 
frame with lacZ. B Y. pseudotuberculosis strains were cotransformed with the rne’-‘lacZ reporter 
and either the control or RNase E1-465 expression plasmid and grown in LBBD medium (1:50 diluted 
from overnight cultures) for 2 hours at 25°C. Thereafter, arabinose was added to the final 
concentration of 0.1% and bacterial cultures were further incubated for 4 hours at 37 °C. 
Subsequently, β-galactosidase activity was determined and is given in µmol ∙ mg-1 ∙ ml-1 for 
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comparison. C Y. pseudotuberculosis strains were cotransformed with the rne’-‘lacZ reporter and 
either the control or RNase E1-465 expression plasmid and grown in LB medium (1:50 diluted from 
overnight cultures) for 2 hours at 25°C. Thereafter arabinose was added to the final concentration 
of 0.1 % and secretion was induced followed by 4 hours at 37°C (see 2.2.1.2). Consequently, β-
galactosidase activity was determined and is given in µmol ∙ mg-1 ∙ ml-1 for comparison. The data 
(B-C) represent the mean ± standard deviation of three independent experiments each performed in 
duplicates. Data were analyzed by the Student’s t-test. Stars indicate the results that differed 
significantly from each other with *(P<0.05), **(P<0.01), ***(P<0.001). 

This result confirms that expression of the carboxyl-terminally truncated dominant-
negative RNase E variant downregulates the cellular RNase E activity and is suitable to 
mimic the rne gene deletion. Remarkably, comparative analysis of the rne’(-508 to +305 nt)-
‘lacZ expression under non-secretion (+Ca2+) and secretion (-Ca2+) conditions revealed a 
generally decreased RNase E activity upon depletion of Ca2+ (Fig. 3.3 C). This effect was 
even more pronounced in presence of the carboxyl-terminally truncated RNase E variant 
(Fig. 3.3 C). These data show the negative effect of Yops secretion on RNase E cellular 
functionality and support the results demonstrating the positive effect of intracellular 
YopD on RNase E expression (Steinmann, 2013). 

3.1.1.2.2 RNase E, PNPase and RNA helicase B inhibit LcrF synthesis 

Next, the involvement of RNase E as well as PNPase in the regulation of LcrF synthesis 
was analyzed. Furthermore, another degradosome component, RNA helicase B (RhlB), 
was shown to facilitate mRNA exonucleolytic degradation by PNPase and 
endoribonucleolytic cleavage by RNase E. This demonstrates the involvement of RhlB in 
PNPase- and RNase E-mediated regulation (Py et al., 1996; Khemici et al., 2005). 
However, deletion of the gene encoding for the last major degradosome enzyme, enolase, 
was shown to have almost no effect on PNPase- and RNase E-mediated degradation 
(Khemici et al., 2005). Based on these data, the Y. pseudotuberculosis rhlB mutant strain 
YP342 was constructed and also examined for its ability to influence LcrF production. 

 
Figure 3.4. RNase E, PNPase and RNA helicase B inhibit LcrF synthesis. 
Northern blot (upper panel) and western blot (lower panel) showing lcrF transcript and protein 
levels in Y. pseudotuberculosis strains. Wild type: Y. pseudotuberculosis YPIII (control for “Δrne”: 
YPIII transformed with the empty vector, pBAD33); “Δrne”: Y. pseudotuberculosis YPIII 
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transformed with RNase E1-465 expression plasmid, pRS40; Δpnp: YP138; ΔrhlB: YP342. 
Overnight cultures were diluted 1:50 in fresh LBBD medium and grown at 25 °C for two hours. 
Thereafter, bacterial cultures were incubated for 4 hours at 37 °C (for wild type transformed with 
pBAD33/pRS40 arabinose was added to a final concentration of 0.1% prior to the temperature 
shift). Northern blot analysis was carried out as described in 2.2.3.5 – 2.2.3.6. lcrF mRNA was 
specifically detected by a Dig-labeled lcrF DNA probe. lcrF transcript is indicated on the right. 
Furthermore, whole cell extracts of equal cell densities (OD600=1) were prepared for Tricine-SDS-
PAGE and transferred onto an Immobilon membrane. LcrF was detected by immunoblotting with a 
polyclonal α-LcrF antibody (loading control: α-H-NS). The lcrF mutant strain YP179 was used as 
negative control.  

The wild type strain YPIII, transformed with the pBAD33 empty vector, YPIII carrying the 
carboxyl-terminally truncated RNase E expression plasmid, as well as the pnp-deficient 
strain YP138 and the rhlB mutant YP342 were cultured in LB medium for 2 hours at 25 °C 
and an additional 4 hours at 37 °C. Total RNA was isolated from each bacterial strain and 
the lcrF transcript was specifically detected with DNA probe against lcrF. Additionally, 
whole cell extracts were collected for analysis of LcrF protein levels by Western blotting. 
In agreement with the previous data, showing the negative effect of PNPase on LcrF 
protein synthesis (Steinmann, 2013), the loss of all tested degradosome components led to 
an enhanced lcrF mRNA and LcrF protein levels compared to the wild type (Fig. 3.4).	  

3.1.1.2 YopD indirectly controls LcrF expression via regulation of the major 
degradosome components 

It is known that YopD, together with its cognate chaperone LcrH, affects gene expression 
by interacting with RNA (Chen & Anderson, 2011). Aiming to get deeper insight into 
YopD-mediated positive regulation of RNase E and PNPase expression, the ability of 
YopD to bind directly to the 5’-UTRs of rne and pnp mRNAs was investigated. Since 
LcrH is absolutely required for YopD stabilization, both the N-terminally His-tagged 
YopD and LcrH were overexpressed in E. coli and the His6-YopD/LcrH protein complex 
was co-purified using Ni-NTA affinity chromatography (Fig. S1). Three biotinylated RNA 
fragments, covering the large 5’-UTR of the rne transcript (“rne-up”: -365 to -251 nt; “rne-
mid”: -270 to -125 nt; “rne-down”: -148 to +12 nt relative to the translational start site; 
Fig. 3.5 A), and one biotinylated RNA fragment for the whole 5’-UTR of the pnp 
transcript (“pnp”: -141 to +12 relative to the translational start site; Fig. 3.6 A) were 
in vitro transcribed and analyzed for their ability to target the YopD/LcrH complex via 
RNA electrophoretic mobility shift assay (RNA-EMSA). The in vitro transcribed hns RNA 
fragment (+175 to +226 nt relative to the translational start site) was used as a negative 
control. 2 nM of RNA were incubated with increasing amounts of YopD/LcrH protein 
complex for 30 min at 4 °C. 

As shown in Fig. 3.5 B, all three fragments of the rne 5’-UTR bound to YopD/LcrH. The 
“rne up” fragment (-365 to -251 nt relative to the translational start site) was shifted at 
250 nM already, while the other two fragments were bound with a lower affinity of approx. 
500 nM. This indicates that the YopD/LcrH complex is able to directly interact with the 5’-
UTR of rne. 
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Figure 3.5. YopD binds the 5’-UTR of rne mRNA. 
A Schematic overview of the rne gene locus of Y. pseudotuberculosis showing the transcriptional 
start sites (TSS; broken arrows) and the rne gene (black arrow). The in vitro transcribed RNA 
fragments applied for RNA-EMSA are given below. The region of the RNA fragments is indicated 

A

-356 

+12 

+1

-125 

-251 

rne  

-270 

-148 

-314-364

“rne up”

“rne mid”

“rne down”

Prne Prne

cgttgattctcgttagaccaagagacttgtggaataataaactttgcctgatcacacaaaaacgcgg

caatggcgtaagacgtaatgtgaaatcaagcaattagcgggctgcgggttgcagcttggccggcaag

tgggtaaagctctgttgtcttaaattcagaagctaccctttatataaaagcgctgtttttcagaacg

aaacacaggcttaccgaaataatgcgcccctatgcaggcgacaaccgtgaggttgacggcttagcta

gaagactcggggccatcggtttacccggtcatgaggttattttgcccgcagttctaacgccaatgta

aaaataacgagtaagttaaagATGAAAAGAATG

-356

-251-270

-125-148

+12+1

rne CDS

hns

“rne up” (-356 to -251 nt relativ to ATG)

0 25 50 100 250 500 750 YopD-His (nM)

rne-YopD complex

hns

“rne down” (-148 to +12 nt relativ to ATG)

rne-YopD complex

hns

“rne mid” (-270 to -125 nt relativ to ATG)

rne-YopD complex

0 1 2 3 5

YPIII
wt

min

YP91
ΔyopD

23S
16S

23S
16S

lcrF

lcrF

0 1 2 3 5

100%

50%

25%

13%

time, min

%
 lc

rF
 m

R
N

A 
re

m
ai

ni
ng

YPIII (wt)
YP91 (ΔyopD)

A B

t(1/2)= 13.7 min
t(1/2)= 1.27 min



RESULTS 

	   76	  

relative to the translational start site. B Binding of YopD to the rne leader transcript was analyzed 
by RNA-EMSAs. Fragments of the rne 5’-UTR as well as the hns control fragment were in vitro 
transcribed, followed by labeling with biotin. 2 nM of the resulting rne 5’-UTR and the hns control 
fragment were incubated with increasing concentrations of YopD, separated by the native 7 % 
TBE-PAA gel, and transferred onto a nitrocellulose membrane. Thereafter, the biotin-labeled 
RNAs were visualized. Higher molecular bands represent the rne-YopD complexes. 

Similar to the 5’-UTR of the rne mRNA, the fragment encoding for the 5’-UTR of the pnp 
transcript also bound the YopD/LcrH complex with an affinity of 500 nM (Fig. 3.6 B). 
 

 
Figure 3.6. YopD binds the 5’-UTR of pnp mRNA. 
A Schematic overview of the pnp gene locus of Y. pseudotuberculosis showing the transcriptional 
start site (TSS; broken arrow) and the pnp gene (black arrow). The in vitro transcribed RNA 
fragments applied for RNA-EMSA are shown below. The region of the RNA fragments is 
indicated relative to the translational start site. B Binding of YopD to the pnp leader transcript was 
analyzed by RNA-EMSAs. Fragments of the pnp 5’-UTR as well as the hns control fragment were 
in vitro transcribed, followed by labeling with biotin. 2 nM of the resulting pnp 5’-UTR and the hns 
control fragment were incubated with increasing concentrations of YopD, separated by the native 
7% TBE-PAA gel, and transferred onto a nitrocellulose membrane. Thereafter, the biotin-labeled 
RNAs were visualized. Higher molecular bands represent the pnp-YopD complexes. 

Taken together, it is likely that the direct binding of YopD to the 5’-UTR of the rne and 
pnp transcripts exerts a stabilizing effect on their mRNA, resulting in elevated expression 
of RNase E and PNPase in presence of YopD. This, in turn, might lead to enhanced 
degradation of lcrF transcript in the presence of YopD. 
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3.1.2 CsrA-dependent regulation of lcrF transcription 
In Y. pseudotuberculosis, the RNA-binding protein CsrA, a component of the global post-
transcriptional regulatory Csr system, was originally shown to control the synthesis of 
virulence genes essential for the initial infection process (Heroven et al., 2008). Recent 
data revealed that CsrA is also involved in the complex regulation of the major virulence 
activator LcrF. Moreover, a comparative microarray analysis demonstrated a differential 
expression level of numerous LcrF-dependent T3SS/yop genes in the absence of the CsrA 
protein (Opitz, 2013). Remarkably, under non-secretion conditions CsrA was shown to act 
as a negative regulator of lcrF transcription (Opitz, 2013; Pimenova, 2014). Therefore, the 
detailed mechanism of how CsrA affects lcrF transcription under non-secretion conditions 
was analyzed. 

3.1.2.1 CsrA inhibits lcrF transcription indirectly by influencing the promoter region 
of the yscW-lcrF operon. 

The global RNA-binding protein CsrA was shown to downregulate lcrF transcription 
under non-secretion conditions (Opitz, 2013; Steinmann, 2013; Pimenova, 2014). To 
confirm this data, a transcriptional PyscW::yscW’(-42 to +428 nt)-luxCDABE (pMK46) reporter 
gene fusion was introduced into the wild type strain YPIII and the csrA mutant YP53 
(Fig. 3.7 A). Furthermore, a csrA+ plasmid (pKB60) was introduced into the ΔcsrA strain 
to test complementation. For this purpose, YPIII and YP53 carrying the PyscW::yscW’(-42 to 

+428 nt)-luxCDABE (pMK46) and either the control (pHSG576) or csrA+
 (pKB60) expression 

plasmid were inoculated from 25 °C overnight cultures and grown in LBBD medium two 
hours at 25 °C followed by four hours at 37 °C. Expression of the PyscW::yscW’(-42 to +428 nt)-
luxCDABE fusion was determined by luciferase activity assay. As shown in Fig. 3.7 B, 
luciferase activity of the PyscW::yscW’(-42 to +428 nt)-luxCDABE fusion was significantly 
increased in the csrA-deficient strain compared to the wild type. Overexpression of csrA in 
YP53 was able to restore the luciferase activity to wild type levels (Fig. 3.7 B). This 
confirms that CsrA is a negative regulator of lcrF transcription. 

Additionally, preliminary data suggested the promoter region of the yscW-lcrF operon to 
be required for CsrA-mediated repression of lcrF transcription (Pimenova, 2014). To 
further confirm the role of the yscW promoter (PyscW) region for CsrA-dependent negative 
regulation of lcrF transcription, expression of three yscW’-luxCDABE fusions under the 
control of the natural PyscW promoter as well as two artificial promoters Plac and Ptet was 
analyzed in Y. pseudotuberculosis wild-type (YPIII) and the csrA mutant (YP53) 
(Fig. 3.7). For this purpose, the overnight cultures of YPIII and YP53 carrying the 
PyscW::yscW’(-42 to +428 nt)-luxCDABE (pMK46), Plac::yscW’(+28 to +428 nt)-luxCDABE (pMP14) 
and Ptet::yscW’(+28 to +428 nt)-luxCDABE (pMP27) reporter plasmids were inoculated in fresh 
LBBD medium and grown at 25 °C for two hours. Thereafter, the cultures were shifted to 
37 °C for additional four hours. Promoter activity was measured and compared between 
the wild type and the csrA mutant (Fig. 3.7 C). Under non-secretion conditions, the yscW-
lcrF promoter was significantly upregulated in the absence of CsrA compared to the wild 
type. However, an exchange of the yscW promoter by the Plac or Ptet abolished CsrA-
mediated regulation of yscW-lcrF operon transcription. Taken together, these results 
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support the role of the yscW promoter region for CsrA-dependent repression of lcrF 
transcription. 

 

 
Figure 3.7. CsrA indirectly represses lcrF transcription via the yscW promoter region. 
A Schematic overview of the PyscW-yscW’-luxCDABE (pMK46), Plac-yscW’-luxCDABE (pMP14), 
and Ptet-yscW’-luxCDABE (pMP27) transcriptional reporter gene fusions applied for the 
investigation of the CsrA-dependent regulation of lcrF transcription. The numbers indicate the 
5’ ends and the 3’ ends of the yscW upstream region fragments fused to luxCDABE as well as the 
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5’ ends of each promoter region with respect to the transcriptional start site of the yscW gene. 
B YPIII and YP53 overnight cultures carrying the pMK46 reporter construct and either the control 
(pHSG576) or csrA+

 (pKB60) expression plasmid were inoculated in LBBD medium 1:50 (wt) or 
1:20 (ΔcsrA) and grown under non-secretion conditions. Thereafter, luciferase activity was 
measured. The relative luminescence units (luciferase activity) are indicated on the left. C YPIII 
and YP53 overnight cultures carrying the pMK46, pMP14 or pMP30 reporter constructs were 
inoculated in LBBD medium 1:50 (wt) or 1:20 (ΔcsrA) and grown under non-secretion conditions. 
Thereafter, luciferase activity was measured. The relative induction of each reporter gene fusion 
was calculated as luciferase activity in the csrA mutant normalized to those in the wild type and is 
indicated on the left. The relative induction >2 was classified as a significant induction. The data 
(B-C) represent the mean ± standard deviation of three independent experiments each performed in 
triplicates. Statistical significance was analyzed by the Student’s t-test. Stars indicate the results 
that differed significantly from each other with *(P<0.05), **(P<0.01), ***(P<0.001), n.s. 
(P>0.05). 

3.1.2.2 CsrA represses lcrF transcription via negative regulation of the 
transcriptional activator RcsB. 

Since CsrA is exclusively an RNA binding protein, its negative effect on lcrF transcription 
was suggested to be indirect, apparently by repression of an unknown transcriptional 
activator or activation of an undiscovered transcriptional repressor. Comparative analysis 
of the sequences targeted by the already known lcrF transcriptional regulators revealed 
that the binding box of RcsB, the response regulator of the RCS phosphorelay system, is 
overlapping with the CsrA-dependent region (Fig. 3.8).  

 
Figure 3.8. Proposed model of the CsrA-mediated indirect repression of lcrF transcription. 
Schematic overview of the IscR-, RcsB-, and YmoA-controlled DNA regions upstream to the 
yscW-lcrF operon. The RcsB-targeted site overlaps with the CsrA-dependent sequence. The 
numbers indicate the nucleotide positions with respect to the transcriptional start site of the yscW-
lcrF operon (Böhme et al., 2012; Li et al., 2014; Miller et al., 2014). 
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This led to the assumption, that RcsB could be the missing link in CsrA-mediated negative 
regulation of lcrF transcription. To prove this hypothesis, the effect of CsrA on RcsB 
activity and expression was investigated. Since the synthesis of a small regulatory RNA, 
RprA, which was reported to control the level of σs in E. coli, is solely controlled by RcsB, 
a plasmid carrying the putative rprA promoter PrprA (-158 to +1 nt) fused to the luxCDABE 
reporter was constructed (pMP28; Fig. 3.9 A) and used as a sensitive read-out of the RscB 
activity (Majdalani et al., 2002; Majdalani & Gottesman, 2005). 

Luciferase activity of the PrprA::rprA’-luxCDABE reporter gene fusion was determined in 
the Y. pseudotuberculosis wild type strain YPIII and the csrA mutant strain YP53 under 
non-secretion conditions (Fig. 3.9 A). Furthermore, complementation of the csrA deletion 
was tested by introduction of a csrA+ plasmid (pKB60). The promoter activity of 
PrprA::rprA’-luxCDABE reporter fusion was strongly upregulated in the absence of CsrA. 
Complementation of csrA mutant restored the luciferase activity to wild type levels 
(Fig. 3.9 A). According to this result, RcsB activity is repressed by CsrA. 

In order to unravel the mechanism of CsrA-mediated regulation of RcsB, the influence of 
CsrA on rcsB transcription was analyzed. To do so, total RNA of YPIII and YP53 was 
isolated after cultivation in LB medium for 2 hours at 25 °C and another 4 hours at 37 °C 
in the presence of calcium. The yield of rcsB mRNA in these strains was assessed by 
Northern blotting analysis with an rcsB specific probe. As represented in Fig. 3.9 B the 
rcsB transcript amounts were significantly increased in the csrA mutant compared to the 
wild type. Overexpression of csrA in YP53 reduced the rcsB transcript level almost to the 
wild type levels (Fig. 3.9 B). This corresponds to the transcriptional upregulation of RcsB-
dependent rprA promoter (PrprA) activity in the csrA mutant (Fig. 3.9 A). Considering the 
fact that CsrA acts post-transcriptionally, it appeared likely that the rcsB transcript stability 
is affected by CsrA. 

To further elucidate, whether the degradation of rcsB mRNA plays a role in the negative 
regulation by CsrA, RNA stability assays were performed with the wild type strain YPIII 
and the csrA mutant strain YP53. Cultures were grown in LB medium under non-secretion 
conditions. To stop transcription, rifampicin was added to a final concentration of 1 mg/ml. 
Thereafter, samples were withdrawn at indicated time points and rcsB mRNA levels were 
examined by Northern blot analysis (Fig. 3.9 C). The decay of the rcsB transcript for each 
strain was assessed by estimating the intensities of the detected signals. Relative amounts 
of RNA were calculated and the rcsB transcript values were expressed as percentages of 
the value at time point 0 min as shown in the diagram (Fig. 3.9 C right panel). As 
displayed in Fig. 3.9 C, the half-life of the rcsB transcript in the wild type strain YPIII was 
about 1.7 min in contrast to the extended half-life of approx. 4.3 min in the csrA-deficient 
strain. 
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Figure 3.9. CsrA is a negative regulator of the transcriptional activator RcsB. 
A Schematic overview of the PrprA::rprA’-luxCDABE (pMP28) transcriptional reporter gene fusion 
for investigation of the effect of CsrA on RcsB. The numbers indicate the 5’ ends and the 3’ ends 
of the rprA upstream (putative promoter) region fused to luxCDABE with respect to the 
transcriptional start site of the rprA gene. The RcsB binding site (RcsB box) as well as the -35 and 
-10 boxes are indicated. YPIII and YP53 overnight cultures carrying the pMP28 reporter construct 
and the empty vector pHSG576 (pV) or the csrA+ plasmid (pKB60) were inoculated in LBBD 
medium 1:50 (wt) or 1:20 (ΔcsrA) and grown under non-secretion conditions. Thereafter, luciferase 
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activity was measured. The relative luminescence units (luciferase activity) are indicated on the 
left. The rcsBC mutant strain YP310 was used as negative control. Statistical significance was 
analyzed by the Student’s t-test. Asterisks indicate the results that differed significantly from each 
other with ***(P<0.001). B Northern blot analysis was performed as described in 2.2.3.5 – 2.2.3.6. 
The rcsB transcript is indicated on the right. The rcsBC mutant strain YP310 was used as negative 
control. C To estimate the stability of rcsB transcript in YPIII compared to YP53 (ΔcsrA), an RNA 
stability assay was performed (see 2.2.3.7) after the cells were grown under non-secretion 
conditions. Northern blots were documented and densiometrically verified using the ImageJ 
software. The graph represents the relative rcsB mRNA concentration (y-axis) plotted against the 
time (x-axis) on a half-logarithmic scale. The data represent the mean ± standard deviation of three 
independent experiments each performed in duplicates. Data were analyzed by the Student’s t-test. 
Asterisks indicate the results that differed significantly from each other with **(P<0.01). 

Taken together CsrA inhibits RscB production post-transcriptionally by stimulating the 
degradation process of rcsB mRNA. CsrA-mediated downregulation of RcsB synthesis in 
turn leads to the repression of lcrF transcription. 

3.2 Regulation of later-stage virulence factors under secretion 
conditions 
Depletion of Ca2+ from the growth medium in vitro leads to the secretion of Yops, 
including the LcrF-repressor YopD. Consequently, Yop secretion further triggers LcrF 
synthesis leading to enhanced transcription of yadA and the ysc-yop genes and, 
subsequently, to elevated secretion of effector proteins. Apart from YopD secretion, the 
riboregulator CsrA was shown to be indispensible for the upregulation of the T3SS upon 
Ca2+-depletion in vitro and host cell contact in vivo (Nuss et al., 2017). Furthermore, 
according to preliminary data, CsrA positively affects LcrF synthesis under secretion 
conditions at the post-transcriptional level (Opitz, 2013; Pimenova, 2014). Our interest was 
therefore unraveling the detailed mechanism of CsrA-mediated positive regulation of lcrF 
translation upon Yop secretion. 

3.2.1 CsrA positively affects lcrF translation 
In Y. pseudotuberculosis wild type strain YPIII grown under secretion conditions both the 
lcrF mRNA and LcrF protein levels increase. Remarkably, previous observations 
demonstrated that this is not the case in the csrA-deficient strain (Opitz, 2013; Pimenova, 
2014). Despite the fact that similar lcrF mRNA level exist in the wild type strain and in the 
csrA mutant under Ca2+-depletion conditions, no induction of LcrF protein level could be 
observed in the absence of CsrA (Opitz, 2013; Pimenova, 2014). This data suggest that 
lcrF translation is impaired due to the lack of the CsrA protein. The following inquiry was 
performed to confirm the previously documented impact of CsrA on LcrF synthesis under 
secretion conditions. For that, complementation analysis, which ensures that the influence 
on LcrF seen in the csrA mutant strain is due to the loss of CsrA and not due to polar 
effects, was conducted by introducing a csrA+ plasmid (pKB60) into the YP53. The empty 
vector pHSG576 (pV) was introduced into YPIII and YP53 to exclude any unspecific 
effects by the plasmid backbone. The strains were grown in LB medium under secretion 
conditions. The lcrF mRNA and LcrF protein amounts were assessed via Northern blotting 
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and Western blotting, respectively, and compared between the wild type, the csrA mutant, 
and the csrA mutant with pcsrA+ (Fig. 3.10 A). 

 

 
 

 

 
Figure 3.10. CsrA positively affects lcrF translation under secretion conditions. 
YPIII and YP53 carrying the empty vector pHSG576 (pV) or the csrA+ plasmid (pKB60) were 
grown in LBBD under non-secretion or secretion conditions. Thereafter, lcrF transcript and LcrF 
protein levels were analyzed with Northern blot (upper panel) and Western blot (lower panel), 
respectively. A Northern blot analysis was performed as described in 2.2.3.5 – 2.2.3.6. lcrF 
transcript is indicated on the right. Furthermore, whole cell extracts of equal cell densities 
(OD600=1) were prepared for Tricine-SDS-PAGE and transferred onto an Immobilon membrane. 
LcrF was detected by immunoblotting with a polyclonal α-LcrF antibody (loading control: α-H-
NS). The lcrF mutant strain YP179 was used as negative control. B Northern blot and Western blot 
data obtained from three independent investigations of CsrA- and Ca2+-dependent LcrF expression 
were analyzed. Quantification the lcrF translation efficiency was carried out as described in 
2.2.3.6. Statistical significance was analyzed by the Student’s t-test. Asterisks indicate the results 
that differed significantly from each other with *(P<0.05), ***(P<0.001). 

In agreement with the previous observations, the lcrF mRNA level was significantly 
elevated in the ΔcsrA strain (YP53) under non-secretion conditions, compared to the wild 
type (YPIII) (Fig. 3.10 A). This corresponds to the transcriptional upregulation of 
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luciferase activity detected in the csrA-deficient strain (Fig. 3.7 B). However, the LcrF 
protein level under these conditions was only slightly increased in the absence of CsrA. In 
the wild type the elevated amount of the lcrF mRNA reflected the strongly upregulated 
LcrF protein level under Ca2+ depletion conditions. This confirms the data showing an 
enhanced translation efficiency of lcrF under secretion conditions (Pimenova, 2014). In 
contrast to the wild type, the lcrF transcript level was only slightly increased and LcrF 
protein amounts remained almost unchanged under secretion conditions in the ΔcsrA strain 
(Fig. 3.10 A). Ectopically expression of csrA in YP53 could restore the wild type lcrF 
transcript and LcrF protein level. 

To assess the CsrA effect on the secretion-dependent increase of lcrF translation 
efficiency, defined as protein/mRNA ratio under secretion conditions versus 
protein/mRNA ratio under non-secretion conditions, the Northern blot and Western blot 
data were quantitatively evaluated (Fig. 3.10 B). For this purpose, the gel analysis tool of 
the image-processing software ImageJ was applied (Schneider et al., 2012). The Ca2+ 
depletion-dependent lcrF translation efficiency in the wild type was used as reference 
value equal to one. Secretion-dependent changes of lcrF translation efficiency in the csrA 
mutant and in YP53 carrying the pcsrA+ plasmid were calculated relative to the reference 
value. As demonstrated in Fig. 3.10 B, translation efficiency of lcrF was significantly less 
increased upon Ca2+ depletion in the ΔcsrA strain compared to the wild type. 
Overexpression of csrA in YP53 strongly improved lcrF translation efficiency 
(Fig. 3.10 B). 

Taken together, these results further highlight the crucial role of CsrA in positive 
regulation of LcrF synthesis at the post-transcriptional level. Thus, it is possible that CsrA 
promotes the lcrF translation initiation and/or positively affects the lcrF transcript 
stability. 

3.2.1.1 CsrA promotes translation initiation of lcrF 

In the following, it was further investigated, whether CsrA enhances LcrF synthesis by 
affecting the translation initiation of lcrF. For that, expression of the translational 
pBAD::lcrF’(-123 to +75 nt)-‘lacZ reporter gene fusion (pKB14) was examined in the wild type 
strain YPIII, the csrA mutant YP53 as well as in the ΔcsrAΔyopD double mutant strain 
YP145 (Fig. 3.11). The ΔcsrAΔyopD double mutant strain YP145 was included in the 
analysis to confirm the result of this work, which demonstrated that YopD has no effect on 
lcrF translation initiation (Fig. 3.1 B, C). Additionally, a csrA+ plasmid (pKB60) was 
introduced into the YP53 and YP145 to test complementation of the csrA deletion. 
A possible CsrA-dependency of the PBAD promoter was excluded by measuring the activity 
of Ptet::lcrF’(-123 to +75 nt)-‘lacZ (pMP30) in the wild type strain and the ΔcsrA strain 
(Fig. S2). Bacterial strains were cultivated in LB medium for 2 hours at 25 °C, followed by 
depletion of Ca2+ from the growth medium and additional incubation at 37 °C for 4 hours. 
Expression level of the pBAD::lcrF’(-123 to +75 nt)-‘lacZ fusion was estimated by β-
galactosidase activity assay. 
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Figure 3.11. CsrA promotes translation initiation of lcrF. 
A Schematic representation of the translational PBAD::lcrF’-‘lacZ reporter gene fusion (pKB14). 
The numbers indicate the nucleotides with respect to the translational start site of the lcrF gene. 
The PBAD promoter is colored in green. B Y. pseudotuberculosis strains YPIII (wt), YP53 (ΔcsrA), 
and YP145 (ΔcsrAΔyopD) harboring the translational reporter gene fusion pBAD::lcrF’–‘lacZ 
(pKB14) and the empty vector pHSG576 (pV) or the csrA+ plasmid (pKB60) were grown in LBBD 
medium (1:50 diluted from overnight cultures for YPIII, or 1:20 for YP53) for two hours at 25 °C. 
Expression of the pBAD promoter was activated by the addition of 0.1 % arabinose. Secretion 
conditions were induced, followed by further cultivation for four hours at 37 °C. The β-
galactosidase activity was determined and is given in µmol · mg-1 · min-1 for comparison. The data 
represent the mean ± standard deviation of three independent experiments each performed in 
duplicates. Data were analyzed by the Student’s t-test. Asterisks indicate the results that differed 
significantly from each other with **(P<0.01), n.s. (P>0.05). 

As shown in Fig. 3.11 B, expression of the pBAD::lcrF’(-123 to +75 nt)-‘lacZ fusion was 
significantly reduced in the csrA mutant compared to the wild type strain. The same effect 
was observed for the ΔcsrAΔyopD double mutant strain. Overexpression of csrA in YP53 
and YP145 resulted in wild type levels of β-galactosidase activity (Fig. 3.11 B). Together, 
these results strongly suggest a positive, YopD-independent effect of CsrA on lcrF 
translation initiation. 

Considering previous studies demonstrating the importance of the lcrF RNA thermometer 
structure in post-transcriptional activation of LcrF synthesis, as well as the ability of CsrA 
to bind the GGA motif within the thermoloop, the possible involvement of CsrA in 
maintenance of the “opened” stemloop structure was investigated (Böhme et al., 2012; 
Hoßmann, 2017). Hence, expression of three pBAD::lcrF’(-123 to +75 nt)-‘lacZ translational 
reporter gene fusions harboring either the “wild type” (pKB14), or stabilized “closed” 
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Y. pseudotuberculosis wild type strain YPIII and compared to those in the csrA mutant 
YP53 (Fig. 3.12). 

 
Figure 3.12. CsrA enhances lcrF translation initiation by stabilizing the lcrF thermoloop in 
an “opened” conformation. 
A Proposed model of the CsrA effect on lcrF induction under secretion conditions dependent on 
the lcrF thermoloop conformation. B	  Y. pseudotuberculosis strains YPIII (wt) and YP53 (ΔcsrA) 
harboring the translational reporter gene fusion pBAD::lcrF’–‘lacZ carrying either the wild type 
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lcrF thermoloop (pKB14), or lcrF thermoloop in “closed” (pKB98) or in “opened” (pKB99) 
conformation, and the empty vector pHSG576 (pV) or the csrA+ plasmid (pKB60) were grown in 
LBBD medium for two hours at 25 °C. Expression of the pBAD promoter was activated by addition 
of 0.1 % arabinose and secretion conditions were induced. Bacteria were further cultivated for four 
hours at 37 °C. The β-galactosidase activity was determined and is given in µmol · mg-1 · min-1 for 
comparison. The data represent the mean ± standard deviation of three independent experiments 
each performed in duplicates. Data were analyzed by the Student’s t-test. Asterisks indicate the 
results that differed significantly from each other with *(P<0.05), **(P<0.01), ***(P<0.001), n.s. 
(P>0.05). C The in vitro transcription/translation was performed as described in 2.2.4.9. LcrF was 
detected by immunoblotting with a polyclonal α-LcrF antibody. The reaction, performed without 
lcrF RNA template but with CsrA protein served as a negative control. 

Stabilization of the stemloop structure was achieved by exchange of the nucleotides AG at 
position -46 to -45, relative to the lcrF translational start site, to CC. These substitutions 
improve complementarity and boost the base pairing interactions in the thermoloop 
structure. For destabilization of the second hairpin structure, the nucleotides GUU at 
position -30 to -28, relative to the lcrF translational start site, were exchanged to AAA. 

It was assumed, that if CsrA is essential for lcrF translation initiation, CsrA-dependency of 
the secretion-mediated LcrF synthesis would still be present even when the thermoloop 
structure is “opened” (Fig. 3.12 A). To test this hypothesis, the wild type strain YPIII and 
the csrA-deficient strain YP53 carrying one of the three aforementioned variations of the 
lcrF stemloop structure were grown in LB medium for 2 hours at 25 °C. Thereafter, 
depletion of Ca2+ from the growth medium was induced and bacterial cultures were 
incubated for additional 4 hours at 37 °C. Moreover, complementation of the csrA deletion 
was examined by introducing a csrA+ plasmid (pKB60) into YP53. The impact of these 
mutations on CsrA-dependent LcrF synthesis was estimated by β-galactosidase activity 
assay (Fig 3.12	  B). 

As expected, almost no β-galactosidase activity was observed, when the stemloop structure 
in the lcrF 5’-UTR was stabilized. Excitingly, although expression of the pBAD::lcrF’(-123 

to +75 nt)-‘lacZ fusion harboring the “opened” thermoloop structure was generally higher 
than those of the reporter fusion with the “wild type” lcrF 5’-UTR, it was still CsrA-
dependent. Furthermore, overexpression of csrA in YP53 restored the wild type levels of β-
galactosidase activity (Fig. 3.12 B). The data indicate that CsrA is indispensible for lcrF 
translation initiation. Thereby, CsrA may stabilize the opened stemloop conformation thus 
making the Shine-Dalgarno sequence more accessible for the ribosome (Kusmierek & 
Dersch, 2018). 

To further assess whether lcrF translation initiation is enhanced in presence of CsrA, the in 
vitro coupled transcription-translation PURExpress system was employed. The translation 
efficiency of lcrF in presence or absence of CsrA was investigated by Western blot 
analysis. In consistency with previous results, addition of CsrA to the system led to 
increased LcrF protein amount (Fig. 3.12 C). Taken together, these results emphasize that 
CsrA positively affects the translation initiation of lcrF. 

3.2.1.2 CsrA increases lcrF transcript stability 
By performing the RNA stability assay in the Y. pseudotuberculosis wild type and the 
csrA-deficient strains, it was further investigated whether the degradation of the lcrF 
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transcript plays a role in the CsrA-mediated positive regulation. Taking into account the 
known YopD-mediated influence on lcrF transcript stability, the ΔyopD mutant (YP91) as 
well as the ΔcsrAΔyopD double mutant (YP145) strains were also included in the 
experiment. The Y. pseudotuberculosis wild type and the three aforementioned mutant 
strains were grown in LB medium under secretion conditions. Transcription was 
terminated by addition of rifampicin at a final concentration of 1 mg/ml. Finally, samples 
were withdrawn at desired time points and lcrF mRNA levels were visualized via Northern 
blotting (Fig. 3.13 A). The decay of lcrF transcript for each strain was estimated by 
quantification of detected signals with the gel analysis tool of the image-processing 
software ImageJ (Schneider et al., 2012). Relative amounts of RNA were calculated and 
lcrF mRNA values are shown as percentages of the time point 0 value (Fig. 3.13 B). 	  

 
Figure 3.13. CsrA enhances lcrF transcript stability under secretion conditions. 
A To determine the stability of the lcrF transcript in YPIII compared to YP53 (ΔcsrA), YP91 
(ΔyopD) and YP145 (ΔcsrAΔyopD), an RNA stability assay was performed as described in 2.2.3.7. 
The cells were therefore grown in LB medium (1:50 diluted from overnight cultures, or 1:20 for 
YP53 and YP145) under secretion conditions. lcrF transcript is indicated on the right. B Northern 
blots were documented and densiometrically quantified using the ImageJ software. The graph 
represents the relative lcrF mRNA concentration (y-axis) plotted against the time (x-axis) on a 
half-logarithmic scale. The half-life of lcrF mRNA in the different strains was calculated via the 
exponential regression. The data represent the mean ± standard deviation of three independent 
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experiments each performed in duplicates. Data were analyzed by the Student’s t-test. Asterisks 
indicate the results that differed significantly from each other with *(P<0.05). 

The quantitative analysis showed a decreased stability of the lcrF transcript in the csrA 
deletion mutant with a half-life of only 1.9 min, compared to the wild type, where the half-
life of lcrF was about 10.9 min (Fig. 3.13 B). In agreement with the previous results of this 
work (see 3.1.1), showing the negative effect of YopD on lcrF transcript stability, the lcrF 
mRNA decay in the wild type was delayed under secretion conditions, compared to the 
non-secretion conditions, when YopD was present in the bacterial cytosol (1.64 min; 
Fig. 3.2 B). Furthermore, the degradation of lcrF mRNA was almost completely abolished 
under secretion permissive conditions in the yopD-deficient strain (Fig. 3.13 B). However, 
even the deletion of yopD could not enhance the lcrF mRNA stability if CsrA was absent. 
The half-life of lcrF transcript in the ΔcsrAΔyopD double mutant was only about 1.6 min 
(Fig. 3.13 B). Hence, CsrA plays a crucial role in stabilization of the lcrF transcript under 
secretion conditions.	  

3.2.1.2.1 Localization of the CsrA-dependent element within the lcrF mRNA 

CsrA is able to interact with multiple regions of the lcrF transcript (J. Hoßmann, 
unpublished; Hoßmann, 2017). Both, the lcrF 5’-UTR and the putative 3’-UTR were 
bound by CsrA protein (J. Hoßmann, unpublished). While the 5’-UTR of the polycistronic 
yscW-lcrF transcript was already mapped (Böhme et al., 2012), the length of the lcrF 3’-
UTR is unknown. To find out, which site is essential for CsrA-mediated stabilization of 
lcrF mRNA, it was first necessary to precisely define the 3’ end of the lcrF transcript. For 
that, the 3’-RACE (rapid amplification of cDNA ends) approach was applied (Argaman et 
al., 2001). For this analysis, Y. pseudotuberculosis wild type strain was grown under 
secretion conditions and total RNA was isolated, followed by the 3’ dephosphorylation. 
After 3’ RNA adapter ligation, the mRNA was reverse transcribed with the 3’ reverse 
primer V941, which is complementary to the 3’ RNA adapter. The resulting cDNA was 
amplified by PCR using the forward gene internal primer VI614 that binds 275 nt upstream 
of the 3’-UTR start and the 3’ reverse primer V941 followed by gel extraction. After that, 
cloning of the gel extracted 3’-RACE fragments into the pJET1.2/blunt vector (Thermo 
Scientific) was performed and the 3’-RACE fragments from 33 independent clones were 
sequenced. 

Surprisingly, less than a half of all fragments (15 out of 33 clones) harbored the 3’-UTR 
sequence (Fig. 3.14 A; Fig. S3). The 3’ ends of the majority of 3’-RACE fragments were 
scattered throughout the lcrF coding sequence, most likely representing degradation 
intermediates (Fig. S3). The large heterogeneity in size of lcrF observed on Northern blots 
(Fig. 3.13) can thus be tentatively explained by rapid processing of yscW-lcrF transcript 
not only from the 5’ end (Böhme et al., 2012) but also from the 3’ end. Analysis of the 
single major 3’-RACE fragment placed the 3’ end at the 22 nt position downstream of the 
lcrF stop codon. In parallel, the secondary structure of the potential yscW-lcrF 3’-UTR 
was systemically analyzed by an RNAfold WebServer (Lorenz et al., 2011). A typical 
Rho-independent terminator structure composed of a stable stem loop followed by the U-
rich region (von Hippel, 1998) appeared only if the yscW-lcrF 3’-UTR would include 32 nt 
downstream of the yscW-lcrF stop codon (Fig. 3.14 B). Although, the 3’-RACE result 
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could not confirm that the yscW-lcrF transcript ends at the computationally predicted 
terminator signal, it is consistent with the Northern blot results indicating rapid degradation 
of yscW-lcrF mRNA (Fig. 3.13). 

 

Figure 3.14. Determination of the lcrF 3’-UTR length using 3’-RACE. 
A The graph represents the varying length of the lcrF 3’-UTR (black dots) estimated using the 3’-
RACE. The terminal nucleotide as well as its position relative to the lcrF STOP codon is given on 
the y-axis. B Schematic representation of the lcrF 3’-UTR minimum free energy structure as 
predicted by RNAfold WebServer (Lorenz et al., 2011). The color code shows the base-pair 
probabilities. The lcrF STOP codon and the region of the lcrF 3’-UTR detected by 3’-RACE is 
marked with dashed lines. 

To further localize the CsrA-dependent element in the lcrF mRNA, the stability of three 
different transcripts including either the complete lcrF mRNA (pMP1), or the lcrF mRNA 
lacking the 3’-UTR (pMP2), or the lcrF 5’-UTR with the first 75 nucleotides of the lcrF 
coding sequence (pKB14) was analyzed in the wild type strain (YP179 for pMP1 and 
pMP2, and YPIII for pKB14) and the csrA-deficient strain (YP280 for pMP1 and pMP2, 
and YP53 for pKB14) (Fig. 3.15). The effect of CsrA on stabilization of the complete lcrF 
mRNA and the lcrF mRNA without the 3’-UTR, ectopically expressed from PBAD 
promoter, was explored in Y. pseudotuberculosis ΔlcrF background (“wt”: ΔlcrF YP179; 
“ΔcsrA”: ΔcsrAΔlcrF YP280) to exclude the measurement of genomic yscW-lcrF 
transcript. To find out whether the lcrF 5’-UTR is required for CsrA-mediated stabilization 
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of the lcrF transcript, pKB14 carrying the complete lcrF 5’-UTR and the first 75 
nucleotides of the lcrF coding sequence fused to lacZ gene was introduced into both YPIII 
(wild type) and YP53 (ΔcsrA). Cultures were grown under type III secretion inducing. 
Thereafter, transcription was terminated with rifampicin (final concentration – 1 mg/ml) 
and samples were collected at indicated time points and the levels of the lcrF or lcrF’-
‘lacZ transcripts were assessed (Fig. 3.15 B, C, D). The relative amounts of the lcrF or 
lcrF’-‘lacZ mRNA are expressed at percentages of the value at the time point 0 minute 
(Fig. 3.15 B, C, D). 

As represented in Fig. 3.15 B the half-life of ectopically expressed whole length lcrF 
transcript (pMP1) was about 5 minutes in the “wild type” (YP179) strain. In comparison, 
lcrF mRNA was significantly destabilized in “ΔcsrA” (YP280) mutant strain with the half-
life of only 2.5 minutes (Fig. 3.15 B). This is in agreement with the data of this work, 
demonstrating the extended lcrF transcript stability under secretion conditions in presence 
of CsrA (Fig. 3.13). Furthermore, these results indicate that CsrA affects the lcrF transcript 
stability independently of the presence of the yscW mRNA. 

Similar to the whole length lcrF transcript, the lcrF mRNA lacking the 3’-UTR (pMP2) 
was prone to rapid degradation in the absence of CsrA (Fig. 3.15 C). The stabilizing effect 
of CsrA on the 3’-UTR-less lcrF transcript was even more pronounced compared to the 
complete lcrF mRNA. However, this 3’-region of the lcrF transcript alone does not seem 
to be involved in the CsrA-mediated stabilization of the lcrF mRNA. Interestingly, the 
Δ3’-UTR lcrF transcript was stabilized in the “wild type” (YP179) throughout the entire 
examination time with the half-life of 21 minutes compared to the complete lcrF transcript 
(Fig. 3.15 B), suggesting the presence of an RNase target sequence in the lcrF 3’-UTR that 
promotes lcrF mRNA degradation. This is consistent with results of the lcrF 3’-RACE 
experiment, demonstrating a rapid decay of the lcrF mRNA from the 3’ end (Fig. 3.14). 

Comparative analysis of the lcrF 5’-UTR stability in the wild type (YPIII) and csrA-
deficient (YP53) strains revealed no CsrA-dependency of this region. In particular, the 
half-life of the lcrF 5’-UTR in both strains was about 3.5 minutes (Fig. 3.15 D). 

Taken together, CsrA positively affects stability of the lcrF mRNA under Yop secretion 
conditions. Since the 5’-UTR of lcrF was not stabilized by CsrA, and degradation of the 
Δ3’-UTR lcrF transcript was still CsrA-dependent, the region required for CsrA-mediated 
control of lcrF transcript stability is most likely located inside the lcrF coding sequence. 
Furthermore, it is possible that the CsrA-mediated extension of the lcrF half-life occurs 
indirectly via additional factors. 
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Figure 3.15. CsrA affects lcrF transcript stability either via interaction with the lcrF CDS or 
indirectly. 
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A Schematic representation of plasmid constructions harboring the wild type lcrF mRNA (pMP1), 
the mRNA carrying the 3’-UTR deletion (pMP2), as well as the mRNA harboring the lcrF 5’-UTR 
and the first 75 nt fused to lacZ (pKB14). The numbers indicate the nucleotide position relative to 
the lcrF start codon. B-E To estimate the stability of various lcrF transcript fragments in the wild 
type (YP179 for pMP1 and pMP2, or YPIII for pKB14) compared to ΔcsrA strain (YP280 for 
pMP1 and pMP2, or YP53 for pKB14), an RNA stability assay was performed. The cultures 
transformed with one of the pBAD::lcrF expression plasmids (pMP1 (B), pMP2 (C), and pKB14 
(D)) were grown in LBBD medium (1:50 diluted from overnight cultures for YPIII, or 1:20 for 
YP53) under secretion conditions. Thereafter RNA stability assay was performed as described in 
2.2.3.7. The graphs represent the relative lcrF mRNA (B and C) or lcrF’-‘lacZ mRNA 
(D) concentration (y-axis) plotted against the time (x-axis) on a half-logarithmic scale. The data 
represent the mean ± standard deviation of three independent experiments. Data were analyzed by 
the Student’s t-test. Asterisks indicate the results that differed significantly from each other with 
*(P<0.05), **(P<0.01), n.s. (P>0.05). 
 

3.2.1.2.2 CsrA indirectly controls lcrF transcript stability via regulation of the major 
degradosome components 

Previously, Park et al. (2015) demonstrated that CsrA is involved in the degradation 
process of the pnp transcript in E. coli. Thus, it was intriguing to investigate, whether CsrA 
might increase the lcrF transcript stability by negative regulation of the major 
degradosome components, RNase E and PNPase. Therefore, the levels of rne and pnp 
transcripts in Y. pseudotuberculosis wild type strain (YPIII) and ΔcsrA mutant strain 
(YP53) grown under secretion conditions were assessed by northern blot analysis. 
Complementation was tested by introducing a csrA+ plasmid (pKB60) into YP53. 
Additionally, YPIII and YP53 were transformed with the empty vector pHSG576 (pV) to 
exclude unspecific plasmid backbone effects. Strains were grown under secretion 
conditions and total RNA was isolated, followed by Northern blotting with an rne or pnp 
specific probe (Fig. 3.16 A, B). In comparison to YPIII, the amount of both rne and pnp 
transcripts was significantly elevated in the ΔcsrA mutant strain (YP53). Moreover, the 
influence of csrA deletion on rne and pnp mRNA levels was restored to the wild type by 
expression of csrA in trans (Fig. 3.16 A, B). This data support the hypothesis that CsrA-
mediated stabilization of the lcrF transcript is accomplished via repression of RNase E and 
PNPase. 

In order to further evaluate the effect of CsrA on rne and pnp expression considering the 
already documented positive YopD influence, the ΔyopD mutant (YP91) as well as the 
ΔcsrAΔyopD double mutant (YP145) strains were also included in the analysis. For this 
purpose, total mRNA was isolated from strains grown under conditions not permissive for 
Yop secretion. The yield of rne and pnp mRNAs in these strains was investigated by 
Northern blot using rne and pnp specific probes (Fig. 3.16 C, D). 
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Figure 3.16. CsrA controls the lcrF transcript stability via regulation of the major 
degradosome components. 
Strains YPIII and YP53 carrying the empty vector pHSG576 (pV) or the csrA+ plasmid (pKB60) 
were cultured under secretion conditions (A,B). YPIII, YP53, YP91, and YP145 were grown under 
non-secretion conditions (C,D). Thereafter, rne and pnp transcript levels were analyzed via 
Northern blot (see 2.2.3.5 – 2.2.3.6). rne (A,C) and pnp transcripts (B,D) are indicated on the right. 
The pnp mutant strain YP138 was used as negative control (B,D). Quantification of the band 
intensities was carried out with the image-processing program ImageJ. The intensities of the 
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loading controls were estimated, and the one of the wild type strain (wt + pV in A,B and wt in 
C,D) was taken as a reference value equal to one. Afterwards, the intensities of the loading controls 
of the other samples were normalized to this reference value. Next, relative transcript levels were 
calculated as a normalized mRNA/normalized loading control ratio. The data represent the mean ± 
standard deviation of three independent experiments. Data were analyzed by the Student’s t-test. 
Asterisks indicate the results that differed significantly from each other with *(P<0.05), 
**(P<0.01), ***(P<0.001), n.s. (P>0.05). 

Northern blot analysis revealed significantly higher amounts of rne and pnp transcripts in 
the csrA-deficient strain (Fig. 3.16 C,D). Consistent with the previous data, the yopD-
deficient strain synthesized less rne and pnp mRNAs than the wild type strain 
(Fig. 3.16 C,D). The loss of both csrA and yopD in YP145 (ΔcsrAΔyopD) led to an 
intermediate amount of rne transcript with respect to YP53 and YP91, confirming a 
contrary mode of action of CsrA and YopD on RNase E synthesis (Fig. 3.16 C right panel). 
The pnp transcript level in the ΔcsrAΔyopD double mutant strain was comparably high to 
those of the csrA-deficient strain and significantly elevated compared to YP91 (ΔyopD) 
(Fig. 3.16 D right panel). This indicates that the csrA deletion is sufficient to enhance 
PNPase synthesis even in the absence of yopD. 

To clarify whether CsrA influences the expression of RNase E and PNPase via a direct 
interaction with their transcripts, the ability of CsrA to bind the 5’-UTRs of rne and pnp 
was determined with REMSA (Fig. 3.17). For this purpose, 2 nM of the in vitro 
synthetized and biotinylated “rne up” and pnp transcripts carrying one (see Fig. 3.5 A) or 
two GGA motifs (see Fig. 3.6 A), respectively, were incubated with increasing 
concentration of C-terminally His-tagged CsrA protein for 30 min at 4 °C (Fig. 3.17). 
Since CsrA requires the presence of at least one GGA motif in the transcript to target it, 
only the “rne up” fragment of the rne 5’-UTR was used for analysis (see Fig. 3.5 A). 

Neither of the tested transcripts was bound by the CsrA protein (Fig. 3.17). Thus, it is 
likely that CsrA exerts its inhibitory effect on RNase E and PNPase synthesis indirectly. 
For PNPase, it is also possible that CsrA requires a prior pnp mRNA processing to interact 
with the GGA motifs located in the 5’-UTR of the pnp transcript as reported by Park et 
al., 2015. 

In conclusion, these data show that CsrA might enhance the lcrF transcript stability via an 
indirect repression of the degradosome components RNase E and PNPase. 
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Figure 3.17. CsrA does not interact directly with the 5’-UTRs of rne and pnp mRNAs. 
Binding of CsrA to the pnp (A) and rne (B) leader transcripts was analyzed by RNA-EMSAs. 
Fragments of the pnp (see Fig. 3.6 A) and rne 5’-UTRs (see Fig. 3.5 A: “rne up”) as well as the hns 
control fragment were in vitro transcribed, followed by labeling with biotin. 2 nM of the resulting 
pnp and rne 5’-UTRs as well as the hns control fragment were incubated with increasing 
concentrations of CsrA, separated on a native 7 % TBE-PAA gel, and transferred onto a 
nitrocellulose membrane. Thereafter, the biotin-labeled RNAs were visualized. 

3.2.2 Transcriptome analysis of Y. pseudotuberculosis under secretion 
conditions via RNA-Seq 
Depletion of calcium from the growth medium at 37 °C is a well-known signal that induces 
a so-called low calcium response (LCR) in pathogenic yersiniae. LCR is characterized by 
restricted growth, enhanced expression and synthesis of the virulence plasmid-encoded 
genes and massive secretion of Yop effectors (Higuchi et al., 1959; Fowler et al., 2009). 
However, the molecular mechanism underlying the development of an LCR in pathogenic 
yersiniae is still poorly understood. The above results of this work emphasized a crucial 
effect of the global regulator CsrA and the moonlighting protein YopD in the control of 
the major virulence activator LcrF under conditions non-permissive (+Ca2+) and 
permissive (-Ca2+) for Yop secretion (see 3.1; 3.2.1). In order to explore the impact of the 
Ca2+ depletion signal on gene expression as well as to get deeper insight into the regulatory 
role of CsrA and YopD in LCR at a global scale, strand-specific RNA sequencing (RNA-
Seq) was performed.	  

3.2.2.1 Immediate alterations in Y. pseudotuberculosis transcriptome in response to 
secretion conditions 

First, the immediate gene expression changes in response to the Ca2+ depletion signal were 
analyzed. For this purpose, Y. pseudotuberculosis wild type strain YPIII was grown for 
2 hours at 25 °C. Thereafter, Ca2+ was depleted from the growth medium (secretion 
conditions) or not (non-secretion conditions) and the cultures were shifted to 37 °C for 
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further 10 min (Fig. 3.18 A). Based on the results of a qRT-PCR (Fig. S4), 10 min after the 
shift to 37 °C was assumed to be an optimal time point for visualization of an immediate 
gene expression response to the Ca2+ depletion signal. A similar time point was chosen for 
investigation of the direct stressor-mediated transcriptomic changes in Salmonella 
Typhimurium (Kröger et al., 2013). Finally, the YPIII strains grown under the two 
different conditions were compared with regard to alterations in gene expression 
(Fig. 3.18 A). To do so, high quality RNA pools (Fig. S5) obtained from two culture types 
(YPIII +Ca2+ and YPIII –Ca2+) were depleted for bacterial ribosomal RNA (rRNA) to 
increase the informative bacterial transcript coverage. For examination of sequencing 
accuracy and platform performance, commercially available ERCC (external RNA 
controls consortia) spike-in control mixes encompassing a 106-fold concentration range 
were employed. Strand-specific cDNA libraries were obtained using the commercial 
NEBNext® Multiplex Small RNA Library Prep Set for Illumina Kit and sequenced. The 
strand-specific Illumina-based deep sequencing generated ~2.6 million and ~59,000 
uniquely mapped reads for the Y. pseudotuberculosis chromosome and virulence plasmid, 
respectively, (Table S1) offering an appropriate coverage for robust transcriptome 
profiling. Application of stringent criteria revealed linearity between the read density and 
RNA input over the entire detection span of around 13 log2-units of concentration 
(Fig. S6 A). This is suitable for consistent quantification and comparison of transcript 
abundance over a wide dynamic range (Haas et al., 2012; Ching et al., 2014). Additionally, 
the linear fit demonstrates highly accurate fold change estimates (Fig. S6 B). Moreover, 
strong correlation between the replicates from the same biological sample group 
(all +Ca2+; all -Ca2+) with a Pearson coefficient of r > 0.958 was observed (Fig. S7 A). 
Thus, high quality data were obtained enabling reliable transcript quantification and global 
expression profile analysis and comparison. 

The global gene expression profiles (GGEPs) of the two different conditions were only 
slightly distinct (Fig. 3.18 B, C). The replicate YPIII –Ca2+ I was distant to both sample 
groups, most likely representing an outlier. However, more replicates are essential to 
confirm this. 

Although most genes were similarly expressed, 12 genes were detected that were 
significantly downregulated under secretion conditions with log2-fold change (FC) < -1 
(adjusted p-value < 0.05) (Table 3.1) using the differential expression analysis package 
DESeq 2 (Love et al., 2014). Five of them are hypothetical proteins with an unknown 
function. Remarkably, expression of two genes encoding for tRNAs, tRNA-Met and 
tRNA-Gln, was decreased in –Ca2+ samples compared to +Ca2+ samples.  
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Figure 3.18. The Y. pseudotuberculosis global gene expression profile 10 min after Ca2+ 
depletion. 
A Workflow for evaluation of the Y. pseudotuberculosis transcriptome. The Y. pseudotuberculosis 
wild type strain YPIII was cultivated in LBBD at 25 °C for two hours. Thereafter, depletion of Ca2+ 
was either performed or not and the cultures were shifted to 37 °C for additional 10 min, followed 
by isolation of total RNA using a water-saturated phenol-based extraction protocol. Next, total 
RNA was purified from the contaminating DNA and depletion of ribosomal RNA was carried out. 
After addition of ERCC spike in control mixes, aimed to examine the platform performance, 
complementary DNA (cDNA) libraries were generated and submitted to strand specific Illumina-
based deep sequencing. Thereafter, the obtained reads were demultiplexed and the quality of the 
sequences was estimated. The adaptor sequences were trimmed from the sequence reads in silico. 
For assessment of the platform-performance control parameters, the remaining reads were mapped 
to the ERCC spike-in controls. Finally, the reads were mapped to the Y. pseudotuberculosis YPIII 
genome and subjected to differential expression analysis for sequencing data (DESeq2). B Three-
dimensional principle component analysis of the replicates. C Euclidian sample-to-sample 
distances calculated for the single replicates. 

The remaining differentially expressed genes belong to the group of the small non-coding 
anti-sense (as) and trans RNAs (Table 3.1).  
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Table 3.1. Classification of genes altered in their expression 10 min after Ca2+ depletion. 

 

	   	  

3.2.2.2 Transcriptomic profile of Y. pseudotuberculosis under secretion conditions 

Next, the gene expression profile of Y. pseudotuberculosis under standard secretion/non-
secretion conditions was assessed. Of special interest here was to investigate the 
contribution of CsrA and YopD to the low calcium response. Thus, Y. pseudotuberculosis 
wild type (YPIII), ΔcsrA (YP53), ΔyopD (YP91), and ΔcsrAΔyopD (YP145) strains were 
compared with regard to alterations in gene expression. Since YopD was reported to 
regulate CsrA expression (Steinmann, 2013; Hoßmann, 2017) and CsrA exerts a global 
influence on the Yersinia transcriptome (Heroven et al., 2012), a ΔcsrAΔyopD strain was 
employed in the analysis to explore pure CsrA and pure YopD effects. The 
abovementioned Y. pseudotuberculosis strains were grown for 2 hours at 25 °C. Thereafter, 
for each strain depletion of Ca2+ was either performed (secretion conditions) or not (non-
secretion conditions) and the cultures were shifted to 37 °C for 4 hours. Isolation and 
processing of total RNA, followed by the strand-specific Illumina-based deep sequencing 
was performed as described above (see 3.2.2.1). 

Of around 6.8 million reads obtained from the cDNA libraries, ~2.4 million and ~630,000 
were uniquely mapped to the Y. pseudotuberculosis chromosome and virulence plasmid, 
respectively (Table S2). This provides sufficient coverage for an accurate transcriptome 
profiling. The dynamic range of the sequencing run was assessed to be around 15 log2-
units concentration and the analysis of the fold change estimates demonstrated high 
platform accuracy, suitable for consistent quantification and comparison of transcript 
abundance over a wide dynamic range (Fig. S6 B). Moreover, a strong correlation between 
the replicates from the same biological sample group with a Pearson coefficient of r >0.9 
was observed (Fig. S7 B). Since high quality data were acquired, reliable transcript 
quantification and global expression profile analysis and comparison were performed. 

Comparison of GGEPs of the eight groups revealed the presence of two major clusters: 
(I) wild type (YPIII) and ΔyopD (YP91) strains under both conditions and (II) csrA-
deficient strains (YP53, YP145) under both conditions (Fig. 3.19 A, middle panel; 
Fig. 3.19 B).  

Y
P

III
 +

C
a 

1

Y
P

III
 +

C
a 

2

Y
P

III
 +

C
a 

3

Y
P

III
 -C

a 
1

Y
P

III
 -C

a 
2

Y
P

III
 -C

a 
3

YPK_R0028 tRNA-Met -1,41 0,001 tRNA Met
Ysr271 -1,28 0,005 Ysr271; Class: asRNA
Ysr187_NU -1,16 0,008 Ysr187_NU; Class: transRNA
Ysr281 -1,15 0,003 Ysr281; Class: asRNA
Ysr204_NU -1,15 0,044 Ysr204_NU; Class: transRNA
YPK_2034 -1,14 0,012 hypothetical protein
YPK_3993 -1,12 0,011 hypothetical protein
YPK_3785 -1,09 0,007 hypothetical protein
YPK_2397 -1,04 0,015 hypothetical protein
YPK_R0031 tRNA-Gln -1,04 0,046 tRNA Gln
YPK_2646 -1,03 0,045 hypothetical protein
Ysr45_KO_Ysr180_BE_sR013_YA GcvB -1,03 0,001 Ysr45_KO_Ysr180_BE_sR013_YA; Class: transRNA

DESeq2 normalized counts

Lo
cu

s

G
en

e 
S

ym
bo

l

lo
g2

 fo
ld

 c
ha

ng
e

ad
ju

st
ed

 p
-v

al
ue

D
es

cr
ip

tio
n

1.69 6000 



RESULTS 

	   100	  

 
Figure 3.19. The Y. pseudotuberculosis global gene expression profile four hours after Ca2+ 
depletion. 
Strains YPIII (wild type), YP53 (ΔcsrA), YP91 (ΔyopD), and YP145 (ΔcsrAΔyopD) were 
cultivated at 25 °C for two hours. Thereafter, for each strain the type III secretion was either 
induced or not, followed by further incubation at 37 °C. The total RNA was extracted using a 
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water-saturated phenol-based isolation protocol. After purification of the total RNA from the 
contaminating DNA, depletion of ribosomal RNA was conducted. Next, ERCC spike in control 
mixes, enabling estimation of the platform performance, were added followed by complementary 
DNA (cDNA) libraries generation. After strand specific Illumina-based deep sequencing of the 
cDNA libraries, the obtained reads were demultiplexed and the quality of the sequences was 
estimated. The adaptor sequences were then trimmed from the sequence reads in silico. For 
assessment of the platform-performance control parameters, the remaining reads were mapped to 
the ERCC spike-in controls. Subsequently, the reads were mapped to the Y. pseudotuberculosis 
YPIII genome and submitted to differential expression analysis for sequencing data (DESeq2). 
A Three-dimensional principle component analysis of the replicates. B Euclidian sample-to-sample 
distances calculated for the single replicates. 

This clustering tendency was even more pronounced when expression profiles of only 
chromosomally-encoded genes were compared (Fig. 3.19 A, right panel), confirming the 
well-known global impact of CsrA on the Yersinia transcriptome (Heroven et al., 2012). 
Moreover, under non-secretion conditions the ΔcsrA strain did not cluster separately from 
those under secretion conditions and from the ΔcsrAΔyopD strain under both conditions 
(Fig. 3.19 B). Additionally, the ΔcsrAΔyopD strain expression profile of the virulence 
plasmid-encoded genes remained almost unchanged under secretion conditions compared 
to that under non-secretion conditions (Fig. 3.19, left panel). Together, this most probably 
reflects the hierarchically dominant role of CsrA in LCR induction, which supports other 
results of this work. It demonstrates the crucial role of CsrA and not YopD for the 
induction of LcrF synthesis upon Ca2+ depletion (see 3.2.1.). CsrA-mediated activation of 
LcrF synthesis in turn results in an enhanced transcription of the virulence plasmid-
associated genes. 

Since yopD deletion leads to upregulation of lcrF expression even under non-secretion 
conditions, the expression profiles based on virulence plasmid-encoded genes of YP91 
+Ca2+ as well as of YP91 -Ca2+ sample groups were close to those of the YPIII -Ca2+ group 
(Fig. 3.19 A, left panel). 

Together, these results indicate, that the majority of genes altered in their expression in an 
LCR-dependent manner is located on the virulence plasmid. Furthermore, in consistency 
with the previous results of this work (see 3.2.1), CsrA is indispensible for the LCR-
mediated reprogramming of the Y. pseudotuberculosis transcriptome. 

Aimed to gain further insight into the LCR-triggered alterations in Y. pseudotuberculosis 
gene expression and to assess the role of CsrA and YopD in LCR, the differential 
expression analysis package DESeq2 was employed (Love et al., 2014). 

First, the genomic distribution of the uniquely mapped reads between the chromosome and 
the virulence plasmid (pYV) was estimated for each strain under the respective condition 
(Fig. 3.20).  
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Figure 3.20. Distribution of the uniquely mapped reads. 
The relative number of uniquely mapped reads on the chromosome and the virulence plasmid was 
quantified for each strain under each condition. 

As expected, in the wild type strain grown under non-secretion conditions (YPIII +Ca2+) 
almost 100 % of the uniquely mapped reads belong to the chromosomally-encoded genes 
(Fig. 3.20). A similar uniquely mapped reads distribution was observed for csrA- and 
csrAyopD- deficient strains cultivated in presence of Ca2+ (YP53 +Ca2+ and YP145 +Ca2+). 
In the wild type, the relative number of reads uniquely mapped to the virulence plasmid 
increased dramatically upon depletion of Ca2+ (YPIII –Ca2+). Contrary, the 
chromosome/pYV uniquely mapped reads equilibrium in both ΔcsrA strains under 
secretion conditions remained unchanged (Fig. 3.20). This data further confirms the 
fundamental role of CsrA in LCR-mediated transcriptomic rearrangements. As expected, 
the distribution of uniquely mapped reads in the ΔyopD strain grown under conditions not 
permissive for Yop secretion (YP91 +Ca2+) reflects those of the YPIII –Ca2+ and is not 
affected by LCR (YP91 –Ca2+).  

Together, these results indicate that the deletion of csrA or yopD results in two different 
“Ca2+-blind” phenotypes. Strains deficient for csrA lose the ability to reprogram their 
transcriptomic profile in response to a low calcium signal towards an enhanced expression 
of virulence plasmid-encoded genes, whereas activation of the pYV-encoded genes in the 
yopD-deficient strain already occurs in the presence of Ca2+. 

In order to visualize the changes in the GGEPs with respect to their genomic localization 
(chromosome or pYV) as well as the type of alterations (induction/repression) dependent 
on Ca2+-, and/or CsrA-, and/or YopD- presence, a quantitative analysis of the differentially 
expressed genes was performed in fourteen relevant strain/condition combinations 
indicated in Fig. 3.21 (absolute numbers).  
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Figure 3.21. Quantitative analysis of genes differentially expressed in LCR- and/or CsrA- 
and/or YopD-dependent manner. 
Bar plot of the differentially expressed genes with cut off: log2 FC < -2, log2 FC > 2 and adjusted p-
value < 0.05. Each bar represents comparison of two strains (strain 1 vs. strain 2, each cultured 
either with (+) or without (-) Ca2+) indicated in the table below the graph. 

For evaluation of the data, genes with log2FC < -2 were defined as significantly 
downregulated and with log2FC > 2 as significantly activated (adjusted p-value < 0.05). 
The first four columns from the left represent the LCR-mediated alterations in the GGEPs 
of the Y. pseudotuberculosis wild type, ΔcsrA, ΔyopD and ΔcsrAΔyopD strains. The 
following six columns show the effect of CsrA, YopD or of both regulatory proteins on the 
GGEPs under conditions either non-permissive or permissive for Yop secretion. The 
influence of YopD in the csrA-deficient background as well as of CsrA in the yopD-
deficient background under non-secretion and secretion conditions is demonstrated in the 
last four columns (Fig. 3.21). 

As shown in the Fig. 3.21, more than 50 % of the genes differentially expressed in the wild 
type strain upon depletion of Ca2+ are virulence plasmid-encoded (first column from the 
left). All of those genes were induced compared to non-secretion conditions. Interestingly, 
around 50 % of the chromosomally-encoded genes were downregulated under secretion-
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permissive conditions. This is consistent with the mapping statistics data, demonstrating a 
decreased number of the reads uniquely-mapped to the chromosome under Ca2+ depletion 
conditions (Fig. 3.20). Almost no transcriptomic alterations were observed when 
comparing the ΔcsrA strains (YP53 and YP145) under non-secretion and secretion 
conditions, confirming the indispensible role of CsrA in LCR-mediated gene expression 
profile reprogramming (Fig. 3.21 second and fourth column from the left). 

In contrast to the wild type, approx. 98 % of all genes differentially expressed in ΔyopD 
strain in response to the depletion of Ca2+ were encoded on the chromosome. Of those 
genes, around 70% were upregulated (Fig. 3.21 third column from the left). Thus, although 
no obvious LCR-mediated changes in the uniquely-mapped reads distribution were shown 
in the yopD-deficient strain (Fig. 3.20), the expression of the chromosomally-encoded 
genes is massively affected. In agreement with previous results showing that LCR-
mediated elevated expression of the pYV-encoded genes occurs in the absence of YopD 
already under non-secretion conditions (Fig. 3.19 A; Fig. 3.20), it is reasonable that almost 
no virulence plasmid-encoded genes were differentially expressed in the ΔyopD 
background in response to the low Ca2+ signal (Fig. 3.21 third column from the left).  

Since YopD was shown to positively affect CsrA synthesis (Hoßmann, 2017; 
Steinmann, 2013), it was important to evaluate the CsrA-independent effect of YopD 
under both non-secretion (ΔcsrA +Ca2+ vs. ΔcsrAΔyopD +Ca2+; Fig. 3.21 fourth column 
from the right) and secretion conditions (ΔcsrA -Ca2+ vs. ΔcsrAΔyopD -Ca2+; Fig. 3.21 
third column from the right). Consistent with the previous data from our lab showing the 
CsrA-independent global influence of YopD on Y. pseudotuberculosis transcriptome 
(Steinmann, 2013), some significant YopD-mediated and CsrA-independent alterations in 
the GGEPs under conditions non-permissive and permissive for Yop secretion were 
detected (Fig. 3.21 fourth and third column from the right, respectively). In fact, the 
virulence plasmid-encoded genes were upregulated in yopD-deficient strain under 
conditions non-permissive for Yop secretion, independent from the presence of CsrA. 
However, the absolute number of the differentially expressed YopD-dependent genes was 
lower when csrA was missing (Fig. 3.21; with CsrA: sixth column from the left, without 
CsrA: fourth column from the right). Under secretion conditions, only chromosomally-
encoded genes were altered in their expression by YopD in a CsrA-independent manner 
(Fig. 3.21; third bar from the right). In the csrA+ background, in turn, some virulence 
plasmid-encoded genes were also affected (downregulated) by YopD (Fig. 3.21; sixth 
column from the right). Similarly to +Ca2+ conditions, the absolute number of the 
chromosomally-encoded genes influenced by YopD upon Ca2+ depletion was higher in the 
presence of CsrA. Together, these results indicate the regulatory connection between 
YopD and CsrA, whereby YopD might control expression of the targeted genes via CsrA. 

Next, the global effect of CsrA on gene expression reprogramming in presence and 
absence of Ca2+ was assessed (Fig. 3.21; +Ca2+: fifth column from the left, -Ca2+: seventh 
column from the right). Under non-secretion conditions, only 3% of the genes altered in 
their expression in a CsrA-dependent manner were virulence plasmid-encoded (Fig. 3.21 
fifth column from the left). Remarkably, all of them were activated in the csrA-deficient 
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strain compared to the wild type. This might reflect the negative effect of CsrA on the 
transcription of the major virulence activator LcrF under conditions non-permissive for 
Yop secretion described in the present work (see 3.1.2). Interestingly, the inhibitory effect 
of CsrA on expression of the virulence plasmid-encoded genes in presence of Ca2+ was 
less pronounced than that of YopD, where approximately 30 % of the differentially 
expressed genes were activated virulence plasmid-encoded genes compared to the wild 
type (Fig. 3.21 fifth and sixth bars from the left, respectively). This observation is 
consistent with the proposed hierarchy regarding the influence of both regulatory proteins 
on LcrF synthesis, in which YopD acts upstream of CsrA. In the absence of CsrA and 
YopD, the entire virulence plasmid-encoded genes altered in their expression (~13% of 
total) were also activated (Fig. 3.21 seventh bar from the left). In contrast to the non-
secretion conditions, all virulence plasmid-encoded genes (~7% of total) were 
downregulated in response to the low Ca2+ signal when CsrA was missing (Fig. 3.21 
seventh and fifth bars from the right), confirming the positive influence of CsrA on LcrF 
synthesis demonstrated in the current study (see 3.2.1). 

Regarding the positive effect of YopD on CsrA synthesis, it was reasonable to assess the 
YopD-independent influence of CsrA on GGEP alterations under both non-secretion and 
secretion conditions (Fig. 3.21 second and first bar from the right, respectively). 
Interestingly, no apparent difference in GGEP rearrangements between ΔyopD +Ca2+ vs. 
ΔcsrAΔyopD +Ca2+ (second bar from the right) and ΔyopD -Ca2+ vs. ΔcsrAΔyopD -Ca2+ 
(first bar from the right) was detected. In particular, similar to the CsrA-dependent GGEP 
changes in the yopD+ background under secretion conditions (Fig. 3.21 seventh bar from 
the right), absence of CsrA in ΔyopD background led to downregulation of the pYV-
encoded genes independently of the low Ca2+ signal. Consistent with previous data, this 
observation further highlights that deletion of yopD results in the Ca2+ blind phenotype of 
Y. pseudotuberculosis with respect to the LCR-independent manner of pYV-encoded gene 
activation. 

The following investigation concentrated on genes that were differentially expressed in the 
Y. pseudotuberculosis wild type strain in response to the low Ca2+ signal in order to gain a 
global overview of the LCR-mediated transcriptional rearrangements. 

First, it was essential to classify the LCR-dependent genes with respect to their functional 
categories according to the KEGG database. For this purpose, genes significantly altered in 
their expression (log2FC < -2, log2FC > 2, adjusted p-value < 0.05) in the wild type strain 
grown under secretion conditions compared to non-secretion conditions (YPIII +Ca2+ vs. 
YPIII -Ca2+) were analyzed (Fig. 3.22).  
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Figure 3.22. Global influence of the low calcium signal on the gene expression profile of 
Y. pseudotuberculosis. 
Differentially expressed genes between the wild type strain +Ca2+ and the wild type strain –Ca2+. 
Genes with overall log2FC > 2 were clustered into different categories according to the KEGG 
database. The pie-chart diagram represents the percentages of differentially expressed gene clusters 
(left panel). The stacked bar diagram demonstrates up-/downregulated gene clusters (right panel). 
Gene categories are indicated on the right. 

As shown in Fig. 3.22, in total 137 genes were altered in their expression by calcium 
limitation (see Table S3). KEGG Orthology based classification revealed that the Ca2+ 
depletion-dependent genes belong to all functional categories. Remarkably, the group of 
the virulence genes was shown to be prevalent, covering 35 % of the entire differentially 
expressed gene pool (Fig. 3.22 left panel). Consistent with previous data of this work 
(Fig. 3.21 first column from the left), all virulence genes encoded on the pYV were 
upregulated in response to the low Ca2+ signal (Fig. 3.22 right panel, Table S3). 
Additionally, five chromosomally-encoded genes belonging to the virulence group 
(“Human diseases” in KEGG classification) were differentially expressed upon Ca2+ 
limitation (Table S3). Of those genes, three were upregulated under secretion conditions 
(pla2, ompF and fliC) and two downregulated (psaA and degP). In general, the LCR-
mediated increase in gene expression mainly occurred for genes contributing to bacterial 
virulence (44 %), whereas the majority of genes belonging to other categories such as 
metabolism, genetic and environmental processing, as well as cellular processes were 
downregulated upon Ca2+ depletion (Fig. 3.22 right panel). Decreased expression levels of 
these genes could explain a growth arrest seen for Yersinia under secretion conditions, 
which is an obvious LCR consequence. 

Lastly, the involvement of CsrA and YopD in the regulation of LCR-dependent genes in 
the Y. pseudotuberculosis wild type strain was explored. To do so, alterations in the 
expression of 137 Ca2+-dependent genes in the fourteen strain/condition combinations as 
described above (Fig. 3.21) were compared using DESeq2 analysis (Fig. 3.23). The 137 
genes were divided into two groups with respect to their genomic localization 
(chromosome/virulence plasmid) and sorted according to their log2FC in the DESeq2 
analysis of YPIII +Ca2+ vs. YPIII -Ca2+ (Fig. 3.23). 

Based on the similarities in the alterations of the LCR-dependent virulence plasmid-
encoded gene expression levels revealed from the direct comparison, the fourteen gene 
expression profiles were divided into two major clusters: group I and group II (Fig. 3.23). 
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Additionally, two small groups (III and IV) with similar pYV-encoded gene expression 
pattern changes were detected (Fig. 3.23). 

All members of the group I resemble the respective LCR-mediated alterations in the wild 
type strain. In particular, deletion of yopD or both yopD and csrA leads to dramatic 
activation of the indicated pYV-encoded genes under conditions non-permissive for Yop 
secretion compared to the wild type strain (Fig. 3.23; YPIII +Ca2+ vs. YP91 +Ca2+ and 
YPIII +Ca2+ vs. YP145 +Ca2+, respectively). 

However, deletion of yopD in the ΔcsrA background resulted in less prominent activation 
of the LCR-controlled pYV-encoded genes under +Ca2+ conditions (Fig. 3.23; YP53 +Ca2+ 
vs. YP145 +Ca2+). Most likely, this occurs due to the upregulation of the major virulence 
activator LcrF in the absence of csrA leading to an increased expression of the pYV-
encoded genes (Fig. 3.23; YPIII +Ca2+ vs. YP53 +Ca2+). Likewise, the LCR-mediated 
changes in the expression pattern of the pYV-encoded genes in the ΔcsrA background were 
comparable to those caused by yopD deletion in ΔcsrA background under non-secretion 
conditions (Fig. 3.23; YP53 +Ca2+ vs. YP53 -Ca2+ and YP53 +Ca2+ vs. YP145 +Ca2+, 
respectively). Consistent with the results of this work (see 3.1), these data indicate that 
under conditions non-permissive for Yop secretion, both CsrA and YopD prevent the 
unnecessary synthesis of the pYV-encoded virulence determinants by repression of LcrF. 

In contrast to group I, expression of the LCR-dependent pYV-encoded genes was generally 
downregulated in group II. Interestingly, a common feature of the four DESeq2-based 
profiles constituting group II is the comparison of the wild type strain to the ΔcsrA strain 
under secretion conditions (Fig. 3.23; YPIII -Ca2+ ≈ YP91 +Ca2+ ≈ YP91 -Ca2+ vs. YP53 -
Ca2+ ≈ YP145 -Ca2+). Thus, the observed alterations most likely reflect an essential role of 
CsrA in LCR-mediated activation of those genes through LcrF, convincingly supporting 
the discoveries of the present work (see 3.2.1). 

The minor group III comprises two gene expression profiles where the wild type under 
secretion conditions and the yopD-deficient strain under non-secretion conditions were 
compared to the ΔyopD strain upon Ca2+ limitation (Fig. 3.23; YPIII -Ca2+ vs. YP91 -Ca2+ 
and YP91 +Ca2+ vs. YP91 -Ca2+). In this way, the effect of YopD on the LCR-dependent 
transcriptomic changes was determined. Unexpectedly, downregulation of genes encoding 
for T3SS components such as yscF, yscC, yscD, yscG, yscE, yscL, yscH and yscI were 
detected (Fig. 3.23). This result indicates that, although YopD represents a negative 
regulator of the pYV-encoded genes via repression of the virulence activator LcrF, it 
seems to be essential for the synthesis of the T3SS components. 

The last group IV represents the expression patterns in which the pYV-genes were not 
affected (Fig. 3.23; YP53 -Ca2+ vs. YP145 -Ca2+ and YP145 +Ca2+ vs. YP145 -Ca2+). This 
additionally supports the abovementioned “Ca2+ blind” phenotype of the ΔcsrA strains (see 
Fig. 3.20, Fig. 3.21). 
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Figure 3.23. The Y. pseudotuberculosis transcriptional response to the low calcium signal. 
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Heat map of the 137 LCR-dependent genes (log2FC > 2; adjusted p-value < 0.05). The respective 
log2FC of each gene compared to the indicated strains grown either with or without Ca2+ (non-
secretion or secretion conditions, respectively). 

No obvious clustering was observed for the LCR-dependent chromosomally-encoded 
genes (Fig. 3.23 lower panel). Nevertheless, the gene encoding for the porin OmpF was 
identified as a promising candidate for the LCR signal sensing and/or transmission. Firstly, 
the ompF gene was activated in response to Ca2+ depletion. Moreover, under +Ca2+ 
conditions its expression was repressed by YopD. Additionally, CsrA enhanced OmpF 
synthesis under Ca2+ depletion conditions. Together, these data propose that the porin 
OmpF might be the missing link in the YopD- and CsrA-controlled regulatory pathway 
aimed to activate the expression of the pYV-encoded genes in response to the low calcium 
signal. 

Additionally, expression of the small ncRNA Ysr164, which has previously been described 
to be CRP-dependent (Nuss et al., 2015), was strongly upregulated in response to the low 
calcium signal. However, this effect seems to be CRP-independent since no LCR-mediated 
differences in crp expression were detected (data not shown). Interestingly, the LCR-
mediated upregulation of Ysr164 expression was even more pronounced in the absence of 
YopD. CsrA, in turn, activates the Ysr164 expression under secretion conditions 
(Fig. 3.23). 

In conclusion, the RNA-seq data gave a global overview of LCR-mediated alterations in 
the Y. pseudotuberculosis transcriptome and confirmed the crucial regulatory role of CsrA 
and YopD in the LCR-dependent activation of the pYV-encoded genes.  

3.2.2.3 Investigation of the CsrA interactome under secretion conditions using CLIP-
Seq 

The results of this work highlighted the indispensible role of the global regulator CsrA for 
activation of the pYV-encoded virulence factors in response to the low calcium signal. In 
order to investigate the target landscape of CsrA upon Ca2+ depletion conditions, an 
approach merging in vivo UV-crosslinking with RNA deep sequencing (CLIP-seq) was 
employed (Fig. 3.24). For this purpose, the csrA-deficient strain YP53 carrying the 
3xFLAG-tagged CsrA expression vector (pJH35) was grown under conditions permissive 
for Yop secretion. One half of this culture was irradiated with UV light (+XL) whereas the 
other half remained untreated (-XL) and served as a negative control. After cell lysis, the 
CsrA-RNA complexes were immunoprecipitated on beads with a monoclonal anti-FLAG 
antibody followed by multiple stringent washes. During the next steps, the complexes were 
treated with RNase, dephosphorylated, and the RNA 5’ ends were radioactive labeled. 
Thereafter, the CsrA-RNA complexes were eluted, separated by denaturating SDS-PAGE 
and transferred to a membrane. Finally, the complexes from both crosslinked and control 
samples were isolated from the membrane and treated with proteinase to obtain the RNA 
fragments saved from digestion by CsrA binding for Illumina-based deep sequencing. 
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Figure 3.24. Workflow of the CLIP-seq protocol. 
UV: ultraviolet; -XL: not crosslinked sample; +XL: crosslinked sample. This figure is adapted 
from Holmqvist et al., 201613. 

Using the sophisticated peak calling algorithm (Holmqvist et al., 2016) for evaluation of 
the CLIP-seq data, 107 significant (adjusted p-value < 0.1) CsrA peaks were identified 
(Table 3.2). The number of detected CsrA peaks in Y. pseudotuberculosis was approx. four 
times less than in Salmonella (Holmqvist et al., 2016). However, this might be explained 
by specific growth conditions applied for this particular experiment (Ca2+ depletion 
conditions). According to the RNA-seq results of the present work, the low calcium signal 
leads to reprogramming of the Y. pseudotuberculosis transcriptome towards increased 
expression of the pYV-encoded genes (see 3.2.2.2). Thus, the expression of numerous 
chromosomally-encoded genes is downregulated under conditions permissive for Yop 
secretion compared to the standard growth conditions, decreasing the amount of potential 
CsrA targets. Indeed, 67 % of the CsrA peaks detected in this study mapped to the 
virulence plasmid of Y. pseudotuberculosis (Table 3.2). Remarkably, almost all of the 
CsrA peaks located on the virulence plasmid correlated with CsrA-mediated regulation 
according to the transcriptomic analysis performed in the present work (Table 3.2 first 
column from the right, log2FC > 1, adjusted p-value < 0.05). The main part of those peaks 
was associated with genes encoding for the T3SS components. Surprisingly, a direct 
interaction between CsrA and the yopD transcript was detected. Together, these data 
indicate that CsrA might influence expression of the pYV-encoded genes not only 
indirectly via LcrF, but also through direct binding. It would be of great interest to explore 
the role of CsrA-mediated direct regulation on YopD synthesis. 

In conclusion, implication of the CLIP-seq approach allowed investigation of the CsrA 
interactome under secretion conditions. CsrA targets located on the virulence plasmid were 
confirmed to be CsrA-dependent by transcriptomic analysis. However, the experimental 
set-up should be optimized in order to identify further functional CsrA sites on the 
Y. pseudotuberculosis chromosome. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
13 Holmqvist et al., 2016 is licensed under the terms of the Creative Commons Attribution‐NonCommercial‐NoDerivs 
4.0. 
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Table 3.2. Classification of pYV-encoded CsrA-targets under Ca2+ depletion conditions. 

	  

	  

1 
+X

L

2 
+X

L

3 
+X

L

4 
+X

L

5 
+X

L

1 
-X

L

2 
-X

L

3 
-X

L

4 
-X

L

5 
-X

L

1 - gene 11,2 5,6 7,62E-05 -2,20

4 - gene 116,9 2,8 5,17E-05 -2,20

8 - gene 22,0 6,7 6,06E-06 -2,20

9 - gene 87,1 6,5 1,69E-08 -2,20

10 - gene 33,8 3,0 2,83E-04 -2,20

11 - gene 4,5 5,2 2,59E-02 -2,20

13 - gene 13,6 5,4 1,40E-04 -3,17

14 - gene 107,5 7,1 1,06E-13 -3,17

15 - gene 12,0 4,8 3,74E-03 -3,17

16 + gene pYV0008 pYV0008 11,3 4,8 1,39E-03 transposase remnant -1,18

19 + gene 13,4 2,5 3,16E-02 -1,93

20 + gene 41,0 5,4 4,34E-07 -1,93

21 + gene 47,2 5,9 1,87E-05 -1,93

22 + gene 25,2 5,8 1,69E-08 -1,93

24 - gene 15,4 5,0 3,14E-05 -1,14

25 - gene 18,2 2,6 3,83E-02 -1,14

26 - gene pYV0037 pYV0037 706,5 2,1 2,01E-02 NA -2,66

29 - intergenic NA NA 13,5 4,9 1,53E-02 pYV0038(pseudogene) - pYV0039(transposase) -3,18 -3,25 *

30 - gene pYV0040 yopK/ yopQ 45,6 4,6 1,12E-04 yop targeting protein yopK, yopQ -3,44

32 - intergenic NA NA 15,2 4,1 1,36E-04 pYV0040(yopK:yopQ) - pYV0041(yopT) -3,44 -1,53 *

34 - gene pYV0047 yopM 8,0 3,8 1,43E-02 yopM; targeted effector protein -4,12

35 - gene 20,6 5,6 3,95E-05 -2,10

36 - gene 124,9 5,2 1,35E-08 -2,10

37 - gene 20,4 5,1 1,37E-04 -2,10

38 - gene 56,6 6,0 1,94E-08 -2,10

40 - gene pYV0055 yopB 32,7 5,0 3,13E-07 yopB; Yop targeting protein -2,76

40 - gene 32,7 5,0 3,13E-07 -2,69

41 - gene 7,4 5,4 2,52E-02 -2,69

42 - gene 15,4 4,9 3,82E-03 -2,69

44 - gene pYV0057 lcrV 17,6 6,4 7,45E-05 lcrV; V antigen, antihost protein/regulator -2,92

46 - gene pYV0060 lcrD/ yscV 5,8 5,7 5,06E-03 lcrD, yscV; membrane-bound Yop protein -1,32

47 - gene pYV0064 tyeA 12,3 4,5 5,44E-04 tyeA; Yop secretion and targeting protein -1,55

47 - gene 12,3 4,5 5,44E-04 -1,99

48 - gene 13,9 4,6 2,62E-03 -1,99

49 - gene 12,2 4,0 1,24E-03 -1,99

50 - gene 8,0 4,5 3,67E-02 -1,99

52 + gene 15,7 3,4 5,06E-03 -1,36

53 + gene 11,7 5,7 2,44E-03 -1,36

55 + gene 27,0 4,7 5,44E-04 -1,36

56 + gene 262,5 4,9 5,07E-10 -1,36

57 + gene 82,9 1,3 9,00E-02 -1,36

58 + gene 17,6 6,1 3,79E-04 -1,36

59 + gene pYV0068 yscO 20,3 4,7 4,23E-03 yscO; type III secretion protein -1,17

65 + gene pYV0074 yscU 106,2 3,9 1,62E-06 yscU; type III secretion protein -0,46

66 + intergenic NA NA 12,0 2,7 4,92E-02 pYV0077(yscA) - pYV0078(hypothetical protein) -0,29 -1,28 *

67 + gene pYV0078 pYV0078 11,8 5,8 2,28E-04 hypothetical protein -1,28

70 + gene 51,9 2,8 1,21E-02 -1,39

71 + gene 10,3 3,1 9,99E-02 -1,39

72 + gene 10,1 5,9 1,17E-02 -1,39

74 + gene 28,8 5,5 2,49E-07 -0,95

76 + gene 74,2 6,6 1,06E-13 -0,95

77 + gene 24,6 6,1 2,08E-06 -0,95

79 + gene 8,1 4,4 3,92E-03 -1,01

80 + gene 29,3 6,6 4,44E-08 -1,01

80 + gene pYV0084 yscH/ yopR 29,3 6,6 4,44E-08 yscH, yopR, lcrP; type III secretion protein -0,68

84 + gene pYV0088 yscL 7,7 4,9 2,08E-02 type III secretion system protein -0,22

86 + gene pYV0091 pYV0091 12,1 4,3 4,34E-03 transposase -1,24

87 - gene 39,0 6,8 4,73E-09 -2,96

88 - gene 23,7 4,9 1,24E-05 -2,96

89 - gene 7,1 5,4 2,91E-03 -2,96

94 + intergenic NA NA 17,6 3,6 4,10E-04 pYV0096(IS630: family) - pYV0097(hypothetical protein) -1,48 -2,89 *

95 - gene 22,4 5,6 8,05E-07 -3,23

96 - gene 61,4 5,9 1,83E-07 -3,23

lo
g2

Fo
ld

C
ha

ng
e 

in
 R

N
A

-s
eq

 
Y

P
III

 m
in

us
 v

s 
Y

P
53

 m
in

us

alignments final unique hits

ba
se

 M
ea

n

lo
g2

Fo
ld

C
ha

ng
e

ad
ju

st
ed

 p
-v

al
ue

fe
at

ur
e 

pr
od

uc
t

pe
ak

 id

pe
ak

 s
tr

an
d

fe
at

ur
e 

ty
pe

fe
at

ur
e 

lo
cu

s 
ta

g

fe
at

ur
e 

na
m

e

pYV0098

ypkA

pYV0002

yopE

sopA

yopD

lcrH/ sycD

yopN/ lcrE

sctN

yscC

yscD

yscG

yopH

yopP/ yopJ

yscD; type III secretion protein

yscG; type III secretion protein

yopH; protein-tyrosine phosphatase Yop effector

yopP, yopJ; targeted effector protein

pYV0001

pYV0002

pYV0025

pYV0032

pYV0054

pYV0056

pYV0065

pYV0067

pYV0079

pYV0080

pYV0083

pYV0094

yopD; Yop negative regulation/targeting component

lcrH, sycD; low calcium response protein H

yopN, lcrE; membrane-bound Yop targeting protein

type III secretion system ATPase

yscC; type III secretion protein

ypkA; targeted effector protein kinase

hypothetical protein

outer membrane virulence protein

plasmid-partitioning protein SopA

0 1200 

lowest 
value 

highest 
value 

CLIP-seq 

RNA-seq 



RESULTS 

	   112	  

3.3 Regulation of later-stage virulence factors upon contact with 
the host cells 
Contact between the pathogen and the mammalian host cell represents an essential 
environmental signal that further triggers the expression of the ysc-yop T3SS and promotes 
an active secretion and translocation of Yop effector proteins (Rosqvist et al., 1994; 
Pettersson et al., 1996). However, the molecular mechanism underlying this host cell 
contact-dependent induction of the T3SS and its effectors is poorly understood. Although, 
the sensors of host cell contact signal are still unknown, previous works suggested the 
involvement of lipoproteins and two component systems in cell contact sensing (Snyder et 
al., 1995; Miyadai et al., 2004; Opitz, 2013; Pimenova, 2014; Shimizu et al., 2016; Nisco 
et al., 2018). Moreover, the important role of the T3S translocation pore in sensing of the 
host cell contact was reported (Veenendaal et al., 2007; Armentrout & Rietsch, 2016). 
Preliminary results demonstrated an induction of the major virulence activator LcrF in 
response to host cell contact. Additionally, evidence suggests that Y. pseudotuberculosis 
requires the CsrA protein to enhance the expression of the ysc-yop T3SS upon contact with 
host cells (Opitz, 2013). Hence, it was intriguing to obtain deeper insight into the complex 
regulatory network responsible for the host cell contact signal sensing and transmission, 
resulting in induction of the T3SS in Y. pseudotuberculosis. 

3.3.1 Host cell contact-dependent activation of LcrF synthesis is crucial to 
trigger the expression of the virulence plasmid-encoded genes 
First, it was essential to verify whether the host cell contact-mediated induction of the 
adhesin yadA and the ysc-yop T3SS occurs via activation of LcrF synthesis. Thus, lcrF 
expression in presence or absence of epithelial host cells was investigated and compared to 
those of the LcrF-dependent adhesin yadA. Therefore, the PyscW::yscW-lcrF’-luxCDABE 
(pWO42; Fig. 3.25 A) and the PyadA::yadA’-luxCDABE (pWO41; Fig. 3.25 B) reporter 
gene fusions were introduced into the Y. pseudotuberculosis wild type strain (YPIII) and 
the bacteria were grown in LB medium at 25 °C overnight. Next, the cultures were 
incubated either with HEp-2 cells or as a control with PBS at 25 °C for 2.5 hours. To 
assess the kinetic of yscW-lcrF and yadA expression, the luciferase activity was 
documented every 10 min (Fig. 3.25 A, B, left panels). Although the expression of both 
PyscW::yscW-lcrF’-luxCDABE and PyadA::yadA’-luxCDABE reporter fusions was 
significantly increased in the presence of the host cells, the induction of yadA was delayed 
compared to lcrF (Fig. 3.25 A, B, left panels).  
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Figure 3.25. Contact with the host cell activates lcrF synthesis in a temperature-independent 
manner. 
Schematic overview of the yscW-lcrF’-luxCDABE (A upper panel) and yadA’-luxCDABE (B upper 
panel) transcriptional fusions. The numbers indicate the 5’ ends and 3’ ends of the yscW upstream 
region fragments fused to the luxCDABE operon with respect to the translational start site of the 
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lcrF or yadA gene. Y. pseudotuberculosis YPIII (wt) carrying yscW-lcrF’-luxCDABE (A pWO42) 
or yadA’-luxCDABE (B pWO41) was used to infect confluent HEp-2 cells or incubated without 
cells in PBS at 25 °C for 2.5 hours. Bioluminescence was determined every 10 min to monitor 
kinetics of host cell-dependent yscW-lcrF’-luxCDABE (A lower left panel) or yadA-luxCDABE 
(B lower left panel) induction. The data represent mean ± standard error of three independent 
experiments. Mean values are displayed as raw data plotted against time [min]. The fold change 
(end/start) of the data was calculated. Asterisks indicate the results that differed significantly from 
those in PBS harboring the same plasmid with ***(P<0.001). C The fold change of the same data 
was normalized to the respective PBS control. The induction was determined as significant, if the 
value was >2 (two-fold induction, dashed line). The data represent mean ± standard deviation of 
three independent experiments. Statistical significance was analyzed by the Student’s t-test. 
Asterisks indicate the results that differed significantly from 2 with *(P<0.05). 

Intriguingly, the host cell contact-triggered induction of lcrF can be separated into three 
phases. The first one is an immediate induction, which occurs directly after bacteria 
contact the host cells. Thereafter, in the time between 30 to 60 min after cell contact signal 
acquisition, the rate of lcrF expression slows down, followed by a second induction 
approx. 70 min after contact with HEp-2 cells (Fig. 3.25 A left panel). Damping of the lcrF 
expression intensity might indicate the accumulation of YopD in the bacterial cytosol 
resulting in downregulation of LcrF synthesis. Reactivation, in turn, might correspond to 
release of YopD, after the T3SS gets assembled. Interestingly, the time point of yadA 
induction almost completely corresponds to the second induction wave of lcrF (60-70 min 
after contact; Fig. 3.25 B left panel). These data strongly suggest a hierarchy in which host 
cell contact induces YadA and T3SS/Yop synthesis via LcrF. 

In the following, host cell contact-mediated induction was defined as cell contact/PBS fold 
change ratio (Fig. 3.25 C). For evaluation of the data, a fold-change of  > 2.0 was classified 
as a significant induction. Since the overall extend of cell contact-dependent yadA 
induction was higher (about 20-fold) than the one of lcrF (about 3-fold) (Fig. 3.25 C), 
LcrF-dependent expression of yadA was employed as readout to monitor the role of several 
factors described below in sensing and/or transmission of the host cell contact signal. 

3.3.1.1 The needle complex of T3SS is not essential for cell contact sensing 
In Shigella flexneri and Pseudomonas aeruginosa the T3SS needle tip complex and the 
translocation pore, respectively, were found to sense the host cell contact signal 
(Veenendaal et al., 2007; Armentrout & Rietsch, 2016). Contrary, previous data from our 
group demonstrated no effect of YopD on cell contact-dependent induction of yadA 
expression in Y. pseudotuberculosis, suggesting no involvement of the translocon in cell 
contact sensing (Opitz, 2013). Thus, it was important to clarify the role of the T3SS 
translocator (YopB/YopD) in sensing of the host cell contact. To do so, the 
Y. pseudotuberculosis ΔyopB (YPIII pIB604) strain was analyzed for its ability to affect 
cell contact- and LcrF-dependent expression of the yadA gene in comparison to the 
parental strain (YPIII pIB102) (Fig. 3.26). Additionally, the yscS-deficient strain was 
included in this experiment in order to find out whether a functional T3SS is essential for 
cell contact sensing. To exclude the unspecific effects originating from the parental wild 
type strains genetic background, cell contact-mediated yadA expression was analyzed in 



RESULTS 

	   115	  

both wild type strains (YPIII pIB1 and YPIII pIB102) and both ΔyscS variants (YP101 or 
YPIII pIB68). 

The expression of yadA in the absence of YopB was still significantly induced in a cell 
contact-dependent manner, but, less pronounced than in the corresponding wild type 
(Fig. 3.26). This indicates that both YopB and YopD modulate, but are not responsible for 
cell contact sensing. Since yadA expression was significantly upregulated in both yscS 
mutant strains upon contact with HEp-2 cells, the functional T3SS seems not to be 
essential for sensing of the host cell contact signal (Fig. 3.26). However, the induction 
level was lower compared to each parental strain. Thus, similar to the translocon 
components, the functional T3SS most likely either positively affects yadA expression 
independently from host cell contact or modulates the cell contact-dependent response of 
Y. pseudotuberculosis. 

 
Figure 3.26. The functional T3SS is not essential for cell contact sensing. 
Y. pseudotuberculosis YPIII pIB1 (wt), YP101 pIB1 (ΔyscS), YPIII pIB102 (wt), YPIII pIB102 
(ΔyscS; YPIII pIB68), and YPIII pIB102 (ΔyopB; YPIII pIB604) strains carrying yadA’-luxCDABE 
were used to infect confluent HEp-2 cells or were incubated without cells in PBS at 25 °C for 
2.5 hours. Bioluminescence was determined every 10 min to monitor kinetics of host cell-
dependent yadA-luxCDABE induction. The fold change (end/start) of the data was calculated and 
normalized to the respective PBS control. The induction was classified as significant, if the value 
was >2 (two-fold induction, dashed line). The data represent mean ± standard deviation of three 
independent experiments. Statistical significance was analyzed by the Student’s t-test. Asterisks 
indicate the results that differed significantly from 2 with *(P<0.05). 

3.3.1.2 Chromosomally-encoded factors are responsible for cell contact-dependent 
induction of lcrF 

Next, it was interesting to unravel whether some other virulence plasmid-encoded factors 
might compromise the ability of Y. pseudotuberculosis to sense and respond to the host cell 
contact signal. For this purpose, cell contact-dependent expression of the PyadA::yadA’-
luxCDABE reporter fusion (pWO41) was assessed in the Y. pseudotuberculosis virulence 
plasmid-cured strain YP12 (pYV-) and the virulence plasmid-cured strain harboring a 
chromosomally integrated yscW-lcrF (YP155) operon for lcrF complementation 
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(Fig. 3.27). As a negative control, yadA expression was also estimated in the lcrF-deficient 
strain (YP66). 

As shown in Fig. 3.27, no significant induction of yadA expression upon contact with the 
host cells was detectable in the virulence plasmid cured strain (YP12) and in the strain 
lacking lcrF (YP66). However, absence of the other virulence plasmid encoded genes in 
presence of LcrF (YP155) did not alter yadA response to the host cell contact signal 
(Fig. 3.27). This result further confirms that LcrF is absolutely required for cell contact-
mediated activation of yadA expression. Furthermore, these data suggest that 
chromosomally- and not the virulence plasmid-encoded factors play a crucial role in host 
cell contact signal acquisition and transmission, leading to induction of lcrF expression. To 
confirm this hypothesis, influence of several chromosomally-encoded factors on cell 
contact-mediated and LcrF-dependent induction of yadA expression was investigated. 

 
Figure 3.27. Chromosomally-encoded factors are responsible for cell contact-dependent lcrF 
induction. 
Y. pseudotuberculosis YPIII (wt), YP12 (pYV-), and YP155 (pYV- lcrF+) strains carrying yadA’-
luxCDABE were used to infect confluent HEp-2 cells or were incubated without cells in PBS at 
25 °C for 2.5 hours. Bioluminescence was determined every 10 min to monitor kinetics of host 
cell-dependent yadA-luxCDABE induction. The fold change (end/start) of the data was calculated 
and normalized to the respective PBS control. The induction was determined as significant, if the 
value were >2 (two-fold induction, dashed line). The data represent mean ± standard deviation of 
three independent experiments. Statistical significance was analyzed by the Student’s t-test. 
Asterisks indicate the results that differed significantly from 2 with *(P<0.05), **(P<0.01), 
***(P<0.001), n.s. (P>0.05). 

Since Yersinia adhesins such as invasin, Ail and YadA were reported to mediate binding to 
the host cells (invasin, Ail, YadA) and to facilitate delivery of cytotoxic Yop effectors (Ail, 
YadA), the involvement of these adhesins in sensing of the host cell contact signal was 
assessed (Mikula et al., 2013; Tsang et al., 2013). According to preliminary data from our 
group, Y. pseudotuberculosis strains either deficient for only yadA, or for both yadA and 
invA, or lacking four invasins (ΔinvA/invB/invC/invD) were able to induce the yadA 
expression upon contact with HEp-2 cells (Opitz, 2013). However, a possible simultaneous 
effect of the deletion of all these adhesins on the host cell contact-mediated induction of 

0

4

6

8

10

12

2

*

**

n.s.

n.s.

YPIII YP12
(pYV-)

YP66 YP155
(pYV- lcrF +)(ΔlcrF)

fo
ld

 c
ha

ng
e 

(c
el

l c
on

ta
ct

/P
BS

)

Induction yadA-luxCDABE

(wt)



RESULTS 

	   117	  

yadA expression was not explored. Therefore, strain lacking invABCD, ail and yadA 
(YP250) was analyzed for its ability to abolish cell contact response (Fig. 3.28). 

Unexpectedly, the cell contact assay revealed no difference between the enhanced yadA 
expression in the adhesin mutant strain (YP250) and the wild type strain (YPIII) 
(Fig. 3.28). Thus, even a deletion of six Yersinia adhesins was not able to prevent cell 
contact-dependent induction of yadA expression. This in turn indicates that the tested 
adhesins are not implicated in the host cell contact signal sensing and/or transmission. 
However, it cannot be excluded that other Yersinia adhesins which were not analyzed in 
this work (YadB, YadC, Pla) are involved in cell contact sensing (Mikula et al., 2013). 

 

 
Figure 3.28. Influence of adhesins on cell contact-dependent yadA induction. 
Y. pseudotuberculosis YPIII (wt), and YP250 (ΔinvABCD ail yadA) strains carrying yadA’-
luxCDABE were used to infect confluent HEp-2 cells or were incubated without cells in PBS at 
25 °C for 2.5 hours. Bioluminescence was determined every 10 min to monitor kinetics of host 
cell-dependent yadA-luxCDABE induction. The fold change (end/start) of the data was calculated 
and normalized to the respective PBS control. The induction was classified as significant, if the 
value were >2 (two-fold induction, dashed line). The data represent mean ± standard deviation of 
three independent experiments. Statistical significance was analyzed by the Student’s t-test. 
Asterisks indicate the results that differed significantly from 2 with *(P<0.05). 

3.3.1.3 Role of extracytoplasmatic stress-response systems in cell contact sensing 
Two-component signal transduction systems (TCS) of bacteria collectively known as 
extracytoplasmatic/envelope stress responses (ESRs) represent sophisticated and 
ubiquitous devices for perceiving and rapid adaptation to environmental changes (Rowley 
et al., 2006). Interestingly, microarray analysis performed for the investigation of factors 
responsible for sensing of the host cell contact signal identified several calcium-dependent 
ESRs: CpxA/R/CpxP, the PspABCD operon, BasRS, OmpR/EnvZ, RstAB and RcsBC 
(Opitz, 2013). However, analysis of Y. pseudotuberculosis strains deficient for 
cpxA/R/cpxP, the pspABCD operon, and basRS revealed no alterations in cell contact-
dependent induction of yadA expression (Pimenova, 2014). Nevertheless, preliminary 
results suggest the involvement of Rsc and OmpR/EnvZ ESRs in cell contact sensing 
(Pimenova, 2014). Additionally, data of this work demonstrated the important role of RcsB 
in CsrA-mediated regulation of lcrF transcription (see 3.1.2.2). Considering a possible 
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contribution of the Rsc system to cell contact response, it was intriguing to assess if the 
surface lipoprotein RcsF, which mediates the perception of numerous signals activating the 
Rcs phosphorelay, might act as a direct sensor of the host cell contact signal (Gervais & 
Drapeau, 1992; Huang et al., 2006). To confirm this hypothesis, strains YP310 (ΔrcsBC), 
strain YP323 (ΔrcsF), and YP300 (ΔompR/envZ) were tested in their ability to affect the 
LcrF-dependent induction of yadA expression upon contact with HEp-2 cells (Fig. 3.29). 

Although induction of yadA expression in rcsBC-deficient strain (YP310) was lower than 
in the wild type (YPIII), deletion of genes encoding for the Rcs sensor histidine kinase 
(RcsC) and the Rcs response regulator (RcsB) did not abolish the effect of the host cell 
contact signal (Fig. 3.29 A). In agreement with this result, yadA induction upon contact 
with HEp-2 cells was also not affected in the ΔrcsF strain (Fig. 3.29 B). Together, the Rcs 
phosphorelay does not seem to be crucial for sensing and transmission of the host cell 
contact signal. 

In contrast, cell contact-dependent induction of yadA expression was strongly impaired in 
the ΔompR/envZ mutant strain (Fig. 3.29 C) making the OmpR/EnvZ ESR a potential 
candidate for cell contact sensing. However, it is unclear how OmpR/EnvZ system controls 
the cell contact response. 

 
Figure 3.29. Role of extracytoplasmatic stress-response systems in cell contact sensing. 
Y. pseudotuberculosis YPIII (wt), YP310 (A ΔrcsBC), YP323 (B ΔrcsF), and YP300 
(C ΔompR/envZ) strains carrying yadA’-luxCDABE were used to infect confluent HEp-2 cells or 
were incubated without cells in PBS at 25 °C for 2.5 hours. Bioluminescence was determined every 
10 min to monitor kinetics of host cell-dependent yadA-luxCDABE induction. The fold change 

YPIII YP323
0

5

10

15

20

2

Induction yadA-luxCDABE

*
*

(ΔrcsF)

fo
ld

 c
ha

ng
e 

(c
el

l c
on

ta
ct

/P
BS

)

**

**

0

4
2

20

40

60

80

YPIII YP310
(ΔrcsBC)

fo
ld

 c
ha

ng
e 

(c
el

l c
on

ta
ct

/P
BS

)

Induction yadA-luxCDABE

YPIII YP300
0

4
2

10

20

30

40

fo
ld

 c
ha

ng
e 

(c
el

l c
on

ta
ct

/P
BS

)

(ΔompR/envZ)

*

***

Induction yadA-luxCDABE

A B

C



RESULTS 

	   119	  

(end/start) of the data was calculated and normalized to the respective PBS control. The induction 
was classified as significant, if the value was >2 (two-fold induction, dashed line). The data 
represent mean ± standard deviation of three independent experiments. Statistical significance was 
analyzed by the Student’s t-test. Asterisks indicate the results that differed significantly from 2 with 
*(P<0.05), **(P<0.01), ***(P<0.001). 

Of special interest was to find out whether the suppressive effect of the ompR/envZ 
deletion on cell contact-dependent induction of virulence plasmid encoded genes can be 
reproduced in vitro. Although depletion of calcium from the growth medium is widely 
applied to mimic the host cell contact signal, previous data strongly suggest that sensing 
and/or regulatory pathways resulting in activation of LcrF synthesis differ between these 
two signals (Pimenova, 2014). Thus, the ΔrcsBC strain (YP310) was also investigated 
regarding its ability to affect Ca2+ depletion signal sensing and/or transmission (Fig. 3.30). 

First, the impact of these mutations on Ca2+ depletion-mediated release of Yops was tested 
by performing Yop secretion assays (Fig. 3.30 A). To do so, Y. pseudotuberculosis wild 
type strain (YPIII), ompR/envZ-deficient strain (YP300) and ΔrcsBC mutant (YP310) were 
cultivated under conditions non-permissive (+Ca2+) and permissive (-Ca2+) for Yop 
secretion. Released Yops in the corresponding bacterial cultures were precipitated and 
analyzed on a Coomassie stained polyacrylamide gel.  

In agreement with the cell contact assay results, secretion of Yops in the rcsBC-deficient 
strain was still Ca2+-dependent and the amount of released Yops was similar to those 
observed for the wild type strain (Fig. 3.30 A). Strikingly, although deletion of ompR/envZ 
abolished the induction of yadA expression upon contact with HEp-2 cells, Yop secretion 
under permissive conditions was even stronger in the ΔompR/envZ mutant culture than in 
the wild type culture (Fig. 3.30 A). This indicates a different nature of the host cell contact- 
and Ca2+ depletion-dependent induction.  

Since both, induction of yadA expression upon cell contact and secretion of Yops under 
Ca2+ depletion conditions, is impossible in the absence of the major virulence activator 
LcrF, it was also important to investigate the effect of OmpR/EnvZ and RcsBC on 
induction of LcrF synthesis upon depletion of Ca2+. For this purpose, lcrF transcript and 
LcrF protein levels in ΔompR/envZ and ΔrcsBC mutant strains grown under conditions 
non-permissive and permissive for Yop secretion were assessed by Northern and Western 
blotting, respectively, and compared to the wild type strain (Fig. 3.30 B). Regarding the 
data in this work showing the crucial role of CsrA for secretion-dependent induction of 
LcrF synthesis, csrA transcript and CsrA protein levels as well as the levels of csrB and 
csrC RNAs were also determined (Fig. 3.30 B). 
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Figure 3.30. OmpR/EnvZ represses LcrF expression but has no effect on its secretion-
dependent induction, while RcsBC does not affect LcrF synthesis upon secretion. 
A-B Y. pseudotuberculosis YPIII (wt), YP300 (ΔompR/envZ), and YP310 (ΔrcsBC) strains were 
grown in LBBD (1:50 diluted from overnight cultures) for two hours at 25 °C. Thereafter, Ca2+ 
depletion was induced (-) by adding 20 mM NaOx and 20 mM MgCl2 or not (+). Subsequently 
cultures were shifted to 37 °C for four hours. A Proteins in the supernatant were precipitated with 
TCA. Thereafter, samples were prepared for SDS-PAGE and visualized by Coomassie staining. 
B For Northern blot analysis, performed to determine the lcrF, csrA, csrB, and csrC transcript 
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levels, total RNA of the same cultures was isolated, separated by 1.2 % MOPS agarose gel 
electrophoresis, and transferred onto a nylon membrane. The mRNAs of interest were specifically 
detected by the specific Dig-labeled DNA probe. lcrF, csrA, csrB, and csrC transcripts are 
indicated on the right. 23S and 16S rRNA was visualized with ethidium bromide as loading 
control. The lcrF csrA mutant strain YP280 was used as negative control. Furthermore, whole cell 
extracts of equal cell densities (OD600=1) were prepared for Tricine-SDS-PAGE and transferred 
onto an Immobilon membrane. LcrF and CsrA proteins were detected by immunoblotting with a 
polyclonal α-LcrF and α-CsrA antibody, respectively (loading control: α-H-NS). The lcrF csrA 
double-mutant strain YP280 was used as negative control. 

Consistent with the previous results, when Ca2+ was depleted, the amounts of lcrF 
transcript and protein increased in the wild type strain compared to under non-permissive 
conditions (Fig. 3.30 B). Similar to YPIII, Ca2+ depletion-dependent induction of LcrF 
synthesis was observable in the ΔrcsBC mutant strain (YP310). In fact, both, the wild type 
and the ΔrcsBC-deficient strains, produced very low amounts of lcrF transcript and, 
consequently, LcrF protein under non-secretion conditions and activated lcrF expression 
only after depletion of Ca2+. In contrast, in the absence of ompR/envZ (YP300) lcrF 
transcript and LcrF protein were clearly detectable already under non-permissive 
conditions, but less intense compared to the expression levels under permissive conditions 
in all three strains (Fig. 3.30 B). Under secretion conditions, the LcrF protein level was 
slightly higher than in the wild type strain and the ΔrcsBC mutant strain. This might 
explain the increased secretion of Yops from YP300 compared to the wild type strain and 
the ΔrcsBC mutant strain (Fig. 3.30 A). Thus, although the ΔompR/envZ mutant showed 
elevated LcrF synthesis upon Yop secretion, due to the enhanced lcrF expression under 
non-secretion conditions the induction was not as prominent as for YPIII and YP310 
(Fig. 3.30 B). This indicated that OmpR/EnvZ is a negative regulator of lcrF expression 
under both non-permissive and permissive conditions. Consequently, deletion of 
ompR/envZ might lead to a higher overall basal expression level of lcrF upon contact with 
the host cells (see Fig. S8). This, in turn, most likely results in an earlier increase of the 
LcrF-dependent yadA expression in ΔompR/envZ mutant strain upon host cell contact 
compared to the wild type strain reducing the induction of yadA expression (Fig. 3.29 C).  

CsrA synthesis was also affected by deletion of ompR/envZ. Northern blot analysis 
revealed significantly reduced csrA transcript amounts in YP300 compared to YPIII and 
YP310 under both, secretion and non-secretion conditions (Fig. 3.30 B). Moreover, under 
non-secretion conditions, significantly less csrA transcript and somewhat less CsrA protein 
was produced in the absence of OmpR/EnvZ. Hence, it is possible that OmpR/EnvZ may 
exert the negative effect on lcrF expression under non-secretion conditions via positive 
regulation of CsrA synthesis. 

As shown in Fig. 3.30 B csrB expression was almost un-affected by ompR/envZ deletion, 
while csrC levels were considerably impaired compared to the YPIII and YP310. In 
particular, under conditions permissive for Yop secretion, significantly lower amounts of 
csrC were detectable in the absence of OmpR/EnvZ. Consequently, less CsrA protein can 
be sequestered by csrC. Considering the nearly similar levels of CsrA protein in the wild 
type and the ompR/envZ-deficient strain under secretion conditions (Fig. 3.30 B) it 
becomes evident that more “free” CsrA is available in the absence OmpR/EnvZ. Since the 
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results of this work demonstrate that CsrA promotes lcrF translation initiation upon 
secretion (see 3.2.1.1), this may explain an elevated LcrF protein synthesis in ΔompR/envZ 
mutant strain under secretion conditions. 

3.3.1.4 CsrA is indispensible for cell contact-dependent induction of lcrF 
Present work emphasizes that the CsrA protein is absolutely essential for the Ca2+ 
depletion-dependent induction of LcrF synthesis (see 3.2.1.1). Moreover, in 
enteropathogenic E. coli (EPEC) CsrA was reported to be involved in the cell contact-
mediated remodeling of gene expression (Katsowich et al., 2017). Hence, it was intriguing 
to investigate the role of CsrA in cell contact-dependent induction of lcrF expression. For 
this purpose strains YPIII (wild type) and YP53 (ΔcsrA) were investigated for their ability 
to induce the expression of the PyscW::yscW-lcrF’-luxCDABE (pWO42; Fig. 3.25 A) and 
the PyadA::yadA’-luxCDABE (pWO41; Fig. 3.25 B) reporter gene fusions in response to the 
host cell contact signal (Fig. 3.31). Complementation was tested by introducing a csrA+ 
plasmid (pKB60) into the csrA-deficient strain. The empty vector pHSG576 (pV) was 
transformed in the wild type strain and the csrA-deficient strain to exclude unspecific 
effects by the plasmid backbone. 

 
Figure 3.31. CsrA is indispensible for cell contact-dependent lcrF induction. 
Y. pseudotuberculosis YPIII (wt), and YP53 (ΔcsrA) strains carrying yscW-lcrF’-luxCDABE (A) or 
yadA’-luxCDABE (B) and the empty vector pHSG576 (pV) or the csrA+ plasmid (pKB60) were 
used to infect confluent HEp-2 cells or were incubated without cells in PBS at 25 °C for 2.5 hours. 
Bioluminescence was determined every 10 min to monitor kinetics of host cell-dependent yadA-
luxCDABE induction. The fold change (end/start) of the data was calculated and normalized to the 
respective PBS control. The induction was determined as significant, if the value was >2 (two-fold 
induction, dashed line). The data represent mean ± standard deviation of three independent 
experiments. Statistical significance was analyzed by the Student’s t-test. Asterisks indicate the 
results that differed significantly from 2 with *(P<0.05), **(P<0.01), ***(P<0.001), n.s. (P>0.05). 

No cell contact-dependent induction of lcrF expression was observed in the csrA mutant 
strain YP53 compared to the wild type YPIII (Fig. 3.31 A). Ectopical expression of csrA in 
YP53 restored the cell contact-mediated lcrF induction to a statistically significant value. 
The positive effect of CsrA on lcrF expression in response to the host cell contact signal 
was directly reflected by the induction level of the LcrF-controlled yadA expression 
(Fig. 3.31 B). Together, this indicates that CsrA is indispensible for triggering LcrF 
synthesis upon contact with host cells.  
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3.3.1.5 CsrA is essential for lcrF translation upon host cell contact 
Next, it was important to unravel how CsrA interferes with the host cell contact-signaling 
pathway aimed to induce the expression of the late virulence determinants via LcrF. 
Regarding the previous data presented in this work that demonstrate the positive effect of 
CsrA on lcrF translation initiation under secretion conditions (see 3.2.1.1), it was explored 
whether the same molecular mechanism enables CsrA-mediated induction of lcrF 
expression in response to host cell contact. To address this question, induction of the 
PyadA::yadA’-luxCDABE (pWO41; Fig. 3.25 B) reporter gene fusion in response to host cell 
contact was estimated in the Y. pseudotuberculosis wild type, the ΔcsrA mutant, a strain 
harboring an lcrF variant a nucleotide substitutions leading to a stabilization of the lcrF 
thermoloop structure (repressed lcrF variant: UU-28/-27CC; see Fig. 3.12 A), and a strain 
which harbors an lcrF variant with a constantly opened thermoloop (derepressed lcrF 
variant: GUU-30/-28AAA; see Fig. 3.12 A), as well as in the derepressed mutant lacking 
csrA (Fig. 3.32 A). In order to complement the csrA deletion, pKB60 (pcsrA+) was 
transformed in all ΔcsrA strains. In YP90, csrA was overexpressed from pKB60 to test the 
tightness of the “closed” lcrF thermoloop structure in presence of higher CsrA amounts. 
The empty vector pHSG576 (pV) was introduced separately to exclude effects originated 
from the plasmid backbone. 

Consistent with previous results, cell contact- and LcrF-dependent induction of yadA 
expression was only possible if CsrA was present (Fig. 3.32 A). The “opened” lcrF 
thermoloop structure in YP284 was not sufficient to activate yadA expression in response 
to the host cell contact signal. However, overexpression of csrA in the derepressed ΔcsrA 
mutant resulted in significant induction of yadA expression. This data strongly supports the 
positive effect of CsrA on lcrF translation initiation discovered in this work. Moreover, 
CsrA-mediated activation of lcrF expression seems to occur via stimulation of lcrF 
translation initiation under both cell contact and Ca2+ depletion conditions. 

To verify this hypothesis, expression of the PyadA::yadA’-luxCDABE (pWO41; Fig. 3.25 B) 
reporter gene fusion was analyzed under secretion conditions in relation to non-secretion 
condition in the strains YPIII pV, YP53 pV, YP53 pcsrA+, YP90 pV, YP90 pcsrA+, YP95 
pV, YP95 pcsrA+, YP284 pV, and YP284 pcsrA+ (Fig. 3.32 B). As shown in Fig. 3.32 B, 
the induction of yadA expression was blocked in strains deficient for csrA (YP53 pV, 
YP284 pV) as well as in the repressed lcrF variant (YP90 pV, YP90 pcsrA+). Similar to 
the cell contact conditions, overexpression of csrA restored induction of yadA expression 
upon Ca2+ depletion. 
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Figure 3.32. CsrA is essential for lcrF translation initiation upon host cell contact and under 
secretion conditions. 
Y. pseudotuberculosis YPIII (wt), YP53 (ΔcsrA), YP90 (“closed” thermoloop), YP95 (“opened” 
thermoloop), and YP284 (ΔcsrA “opened” thermoloop) strains carrying yadA’-luxCDABE and the 
empty vector pHSG576 (pV) or the csrA+ plasmid (pKB60) were used to infect confluent HEp-2 
cells or were incubated without cells in PBS at 25 °C for 2.5 hours (A) or were grown under +/-
Ca2+ conditions in LBBD (B). A Bioluminescence was determined every 10 min to monitor kinetics 
of host cell-dependent yadA-luxCDABE induction. The fold change (end/start) of the data was 
calculated and normalized to the respective PBS control. The induction was classified as 
significant, if the value was >2 (two-fold induction, dashed line). B The overnight cultures of the 
same strains were inoculated in LBBD medium 1:50 (wt) or 1:20 (ΔcsrA) and grown for two hours 
at 25 °C. Thereafter, Ca2+ depletion was induced by adding 20 mM NaOx and 20 mM MgCl2 or 
not, and the cultures were further incubated for 4 hours at 37 °C. Subsequently, luciferase activity 
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was measured. The relative induction of each reporter gene fusion was calculated as luciferase 
activity under secretion conditions (-Ca2+) normalized to those under non-secretion conditions 
(+Ca2+) and is indicated on the left. A-B The relative induction >2 was determined as a significant 
induction. The data represent mean ± standard deviation of three independent experiments. 
Statistical significance was analyzed by the Student’s t-test. Asterisks indicate the results that 
differed significantly from 2 with *(P<0.05), ***(P<0.001), n.s. (P>0.05). 

Together, these data demonstrate that CsrA is absolutely required for cell contact- and Ca2+ 
depletion-dependent induction of LcrF synthesis. Furthermore, the CsrA-mediated 
induction of lcrF expression most likely occurs through stimulation of lcrF translation 
initiation under both conditions (cell contact/-Ca2+). 
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4 Discussion 
Pathogenic Yersiniae require several virulence factors for successful establishment of an 
infection. Expression of certain virulence determinants occurs in dependence on the 
particular phase of the infection process and is precisely coordinated by diverse regulatory 
molecules (Atkinson & Williams, 2016). In particular during the ongoing infection phase, 
enteropathogenic Yersinia species are challenged by the host immune system. To 
overcome phagocytosis and prevent untimely clearance, Yersinia employs a powerful 
arsenal of virulence factors. Among these is the sophisticated T3SS nanomachine, with the 
corresponding subverting Yop effector proteins, as well as the YadA adhesin, which acts 
as a docking system for the T3SS-mediated injection of Yops (Visser et al., 1995; Cornelis 
et al., 1998; Galindo et al., 2011). However, unrestrained synthesis of the aforementioned 
virulence determinants can minimize survival chances of Yersinia inside the host due to the 
high-energy costs of their production and their strong immunogenicity (Schiano & Lathem, 
2012). Therefore, appropriate expression of these pYV-encoded “anti-host” factors is 
strictly controlled (Portaliou et al., 2016). 

An exclusive activator of yadA and ysc-yop gene transcription is the major virulence 
regulator LcrF (Cornelis et al., 1998). Intriguingly, Y. pseudotuberculosis strains either 
deficient for, or constitutively expressing the lcrF gene were completely avirulent or 
attenuated in their virulence, respectively (Böhme et al., 2012). This fact emphasizes a key 
role for the AraC-like transcriptional activator LcrF in the regulation of the anti-phagocytic 
response in Y. pseudotuberculosis. 

The initial prerequisite for the activation of LcrF synthesis is a constant thermal upshift to 
temperatures above 30 °C (Bölin et al., 1988). Remarkably, host cell contact signal or 
depletion of Ca2+, mimicking the mammalian host in vitro, further trigger lcrF expression 
(Kupferberg & Higuchi, 1958; Rosqvist et al., 1994; Pettersson et al., 1996). While the 
temperature-mediated control of LcrF synthesis has been studied extensively (Böhme et 
al., 2012), the regulatory network underlying cell contact- and Ca2+ depletion-dependent 
induction of lcrF expression is still unknown. Consequently, this work aimed to explore 
the molecular mechanisms responsible for precise fine-tuning of LcrF synthesis under non-
secretion (+Ca2+) and secretion (-Ca2+) conditions, as well as upon contact with the host 
cell. 

4.1 Y. pseudotuberculosis prevents the overproduction of the late 
virulence factors under non-secretion conditions 

4.1.1 YopD - a negative post-transcriptional regulator of LcrF 
During the ongoing infection phase, when Yersinia is subjected to mammalian host 
temperatures, lcrF expression is initiated in order to set up the anti-phagocytic defense 
apparatus. However, under conditions non-permissive for T3S (+Ca2+), inappropriate 
overexpression of the T3SS-associated genes is prevented. Several studies aimed to 
explore this phenomenon revealed that the components of T3SS, LcrQ and the translocator 
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YopD in complex with its chaperone LcrH, abolish the expression of their own 
transcriptional activator, LcrF, at the post-transcriptional level, comprising an inhibitory 
feedback loop (Pettersson et al., 1996;  Francis et al., 2001; Anderson et al., 2002; 
Steinmann, 2013). Liberation of these factors (LcrQ and YopD) upon secretion 
dramatically increases the amount of LcrF compared to non-secretion conditions. 
Similarly, LcrF synthesis in Yersinia strains deficient for each of these regulators under 
non-permissive conditions was comparable to that of wild type Yersinia under permissive 
conditions (Steinmann, 2013).  

While components involved in the negative feedback regulation of the Yersinia T3SS were 
already described (Anderson et al., 2002; Chen & Anderson, 2011; Steinmann, 2013), the 
exact molecular mechanism behind it is poorly understood. In other T3SS-encoding 
pathogens, regulation of AraC/XylS transcriptional activators, coupled to release of 
negative regulators by secretion, occurs at the post-translational level via the following 
mechanisms: (i) partner-switching, (ii) interaction with small molecular weight 
compounds, and (iii) tyrosine phosphorylation (Dasgupta et al., 2004; Diaz et al., 2011; 
Golubeva et al., 2016; Standish et al., 2016; Schulmeyer & Yahr, 2017).  

The partner-switching mechanism is based on the presence of a dual function protein that 
acts both as a chaperone for a secreted protein and as a positive regulator of T3SS gene 
transcription. In P. aeruginosa, this mechanism is responsible for the activation of the 
AraC-like transcriptional activator ExsA, which shares 56 % homology with LcrF of 
Y. enterocolitica (Allaoui et al., 1995; Dasgupta et al., 2006; Vakulskas et al., 2009). In the 
absence of the environmental secretion signal, ExsA is sequestered by the anti-activator 
ExsD, preventing the transcription of T3SS-associated genes. Under secretion conditions, 
release of the T3S substrate ExsE liberates its chaperone ExsC, which in turn sequesters 
the anti-activator ExsD from the activator ExsA. Thus, ExsC derepresses ExsA activity, 
playing the role of an anti-anti-activator (Rietsch et al., 2005; Urbanowski et al., 2005).  

In S. enterica serovar Typhimurium, the DNA-binding activity of HilD, which represents 
one of several AraC/XylS transcriptional activators of the SPI1 T3SS, is inhibited by long-
chain fatty acids that are absorbed by the pathogen during the migration through the 
intestine (Penheiter et al., 1997). Hence, expression of SPI1 genes is only activated when 
the pathogen reaches the distal ileum where the concentration of these small molecules 
drops below the critical value required to impair HilD activity (Golubeva et al., 2016).  

Recently, an additional post-translational mechanism controlling the functionality of 
AraC/XylS transcriptional activators was discovered. Phosphorylation of the primary 
activator of the T3SS in S. flexneri, VirB, at tyrosine 1000 was shown to suppress the 
transcription of genes encoding for the T3SS. However, the detailed mechanism 
underlying this type of regulation remains unclear (Standish et al., 2016; Schulmeyer & 
Yahr, 2017). 

Taken together, Yersinia seems to be unique in terms of implementing the T3S effector 
proteins for repression of LcrF synthesis at the translational level rather than at the post-
translational level. The present study describes a mode of action of the 
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Y. pseudotuberculosis translocon component YopD with respect to downregulation of lcrF 
expression under +Ca2+ conditions.  

Under conditions non-permissive for Yop secretion, YopD was assumed to prevent LcrF 
synthesis at the post-transcriptional level by negative regulation of LcrF translation 
initiation and/or reduction of lcrF transcript stability. This work showed that YopD has no 
direct influence on lcrF translation initiation (Fig. 3.1). However, YopD was shown to 
affect the lcrF transcript stability, which was significantly increased in the absence of 
yopD, whereas in the wild type strain the lcrF transcript was rapidly degraded (Fig. 3.2). 
This kind of YopD-mediated regulation was also identified in Y. pestis (Chen & Anderson, 
2011). In particular, the stability of yopE, yopH and yscB transcripts was prolonged in 
Y. pestis ΔyopD strain, compared to the wild type strain (Chen & Anderson, 2011). 
Previous data from our lab suggest that YopD may interfere with the lcrF degradation 
process either via direct binding to the 5’-UTR of lcrF mRNA or by positive regulation of 
the RNA-degrading enzymes RNase E and PNPase (Steinmann, 2013; Hoßmann, 2017).  

Cambronne & Schneewind (2002) were able to show that in Y. enterocolitica the sequence 
5’-AUAAA-3’ located in the 5’-UTR of yop transcripts is required for YopD binding and 
for repression of yop translation. Similarly, in Y. pestis, the AU-rich sequences in the 5’-
UTRs of yopE, yopH and yscB were bound by YopD-LcrH complexes (Chen & Anderson, 
2011). In agreement with these data, three 5’-AUAAA-3’ motifs specific for YopD 
binding were identified within the sequence of yscW-lcrF transcript: in the yscW 5’-UTR, 
in the yscW coding sequence, and in the 5’-UTR of lcrF (Steinmann, 2013; Hoßmann, 
2017). However, an extensive analysis of these 5’-AUAAA-3’ consensus sequences with 
respect to their role in YopD-dependent regulation of LcrF synthesis revealed that deletion 
of these motifs did not prevent YopD binding and YopD-mediated repression of lcrF 
translation (Steinmann, 2013; Hoßmann, 2017). This indicates that YopD is most likely 
able to interact with some alternative sequences and/or that certain mRNA secondary 
structures might be necessary for YopD-mediated regulation of LcrF synthesis. Thus, 
further analysis is essential to investigate the criteria YopD requires to bind its target-
transcript. 

Alternatively, YopD was assumed to repress lcrF translation by interfering with the RNA 
degradation machinery. In particular, a positive effect of YopD on the expression of genes 
encoding the components of the Yersinia degradosome, RNase E, PNPase and RhlB was 
demonstrated (Steinmann, 2013; Hoßmann, 2017). In general, a relevance of the post-
transcriptional regulation, based on mRNA degradation, for the expression of the 
virulence-associated genes was already reported for Yersinia and other pathogens 
(Rosenzweig et al., 2005; Ygberg et al., 2006; Yang et al., 2008; Rosenzweig & Chopra, 
2013; Viegas et al., 2013; Chen et al., 2016; Chao et al., 2017). For instance, in 
Y. pseudotuberculosis RNase E was shown to be implicated in regulation of the T3SS and 
was crucial for survival within macrophage-like cells (Yang et al., 2008; Schiano & 
Lathem, 2012). In Salmonella, RNase E is essential for virulence in mice and in Galleria 
mellonella infection models, survival within macrophages, biofilm formation and antibiotic 
susceptibility (Lee & Groisman, 2010; Viegas et al., 2013; Saramago et al., 2014; Chao et 
al., 2017). PNPase was shown to modulate the steady-state amounts of T3SS-associated 
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transcripts, by regulating the rate of secretion in Y. pseudotuberculosis. This explains why 
a Y. pseudotuberculosis strain deficient for the pnp gene was less virulent in the murine 
model compared to the wild type strain (Rosenzweig et al., 2005; Rosenzweig et 
al., 2007). In Salmonella, PNPase reduced the expression of genes from the SPI-1 and SPI-
2 pathogenicity islands, affecting both invasion and intracellular growth of the pathogen 
(Clements et al., 2002; Ygberg et al., 2006). Deletion of pnp in E. coli O157:H7 resulted in 
decreased ability to adhere to epithelial cells and cattle colonic explant tissues (Hu & Zhu, 
2015). Similarly, PNPase was shown to control virulence, motility, as well as colonization 
and adhesion/invasion properties in Campylobacter jejuni (Haddad et al., 2012). In 
Pseudomonas aeruginosa, PNPase does not only control the T3SS and virulence but also 
interferes with the Csr/Rsm system, by regulating the stability of the RsmY/RsmZ sRNAs 
(Chen et al., 2016). Another degradosome component, the DEAD-box RNA helicase 
RhlB, is involved in RNase E- and PNPase-mediated RNA cleavage and was reported to 
enhance the activity of these two enzymes (Khemici et al., 2005; Py et al., 1996). In this 
way, RhlB might also play a role in regulation of the Yersinia T3SS. Interestingly, the 
DEAD-box RNA helicase RhpA, associated with the degradosome of Helicobacter pylori, 
was demonstrated to be crucial for motility and the ability of the major gastric pathogen to 
colonize in a mouse model (El Mortaji et al., 2018). Additionally, RNA helicase DeaD was 
shown to stimulate translation of the LcrF homolog ExsA and to promote expression of the 
P. aeruginosa T3SS (Intile et al., 2015). Taken together, this emphasizes an important role 
of the degradosome components in virulence regulation of several pathogenic bacteria.  

The present study demonstrated an inhibitory effect of RNase E, PNPase and RhlB on lcrF 
expression in Y. pseudotuberculosis. Both lcrF transcript and LcrF protein levels were 
increased in stains deficient for each of the degradosome components compared to the wild 
type (Fig. 3.4). Although, synthesis of the T3SS activator LcrF was elevated in Δrne and 
Δpnp of Y. pseudotuberculosis, deletion of the rne and pnp genes resulted in a decreased 
Yop secretion rate (I. Vollmer, unpublished). These data are in good agreement with the 
published results, demonstrating an impaired secretion of Yops despite of their increased 
synthesis in Y. pseudotuberculosis and Y. pestis Δpnp strains (Rosenzweig et al., 2005; 
Rosenzweig et al., 2007). Interestingly, PNPase-mediated repression of the T3SS 
transcriptional activator InvF, which represents a homolog of Yersinia LcrF, was also 
discovered in Salmonella. However, in contrast to Yersinia, loss of PNPase in Salmonella 
enchances its virulence, increasing the invasion and intracellular growth rate, and promotes 
an acute infection (Clements et al., 2002). Contrary to Yersinia and Salmonella, in 
P. aeruginosa both, expression of the LcrF homolog, ExsA, and the T3SS-associated 
genes, were positively affected by PNPase activity (Chen et al., 2016). Thus, it seems that 
PNPase plays different roles in the regulation of T3SS in Yersinia, Salmonella, and 
P. aeruginosa, which strongly suggests different regulatory traits or mechanisms for 
PNPase-mediated control. 

The results of this work support the hypothesis of a YopD-mediated repression of lcrF 
translation via positive regulation of the RNA-degrading enzymes. However, the precise 
mechanism of the YopD-mediated positive influence on RNase E and PNPase synthesis is 
poorly understood. It is known that both RNase E and PNPase autoregulate their own 
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synthesis by binding to the 5’-UTR of their own transcript to facilitate its degradation. For 
RNase E, autoregulation represents a key mechanism for maintaining its cytosolic levels 
and preventing the toxic effect of rne overexpression (Mudd & Higgins, 1993; Jain & 
Belasco, 1995; Sousa et al., 2001). Interestingly, RNase E of E. coli employs 
autoregulation to continuously adjust its synthesis to the level of its substrates that appears 
to be a common behavior among several autoregulated proteins (Craig & Gross, 1991, 
Comer et al., 1996;  Sousa et al., 2001). The 5’-UTR of the rne transcript, responsible for 
RNase E autoregulation, is phylogenetically conserved and highly structured, consisting of 
three hairpin structures and three single stranded regions, that are also present in 
Y. pseudotuberculosis. The hairpin 2 and, to a lesser extent, the hairpin 3 structures of the 
rne 5’-UTR were shown to be essential for autoregulation of RNase E synthesis (Diwa et 
al., 2000).  

Autoregulation of PNPase expression differs from that of RNase E. Up to date, two models 
explaining the autoregulation have been proposed. According to the first model, PNPase 
requires the presence of an additional RNA degrading enzyme, RNase III, to confer 
autoregulation (Robert-Le Meur & Portier, 1992; Jarrige et al., 2001). In fact, a large 
secondary hairpin structure in the 5’-UTR of the pnp transcript is cleaved by RNase III, 
resulting in a 37-nucleotide-long 5’ RNA fragment (RNA37) that still basepairs with the 
downstream sequence. This cleavage structure both allows pnp translation and prevents 
accelerated degradation by RNase E. However, the remaining 2 nt extension of RNA37 is 
recognized by PNPase, leading to a 3’-to-5’ degradation of the newly generated 
5’ fragment. After processing, the resulting pnp transcript is subject to an undiscovered 
translation repression mechanism and/or RNase E-mediated and PNPase-independent 
degradation. Consequently, the purpose aim of PNPase in this autoregulation model is to 
remove the 5’ fragment of the RNase III-cleaved structure (Robert-Le Meur & Portier, 
1992; Robert-Le Meur & Portier, 1994; Jarrige et al., 2001; Carzaniga et al., 2009). 
According to the second model, PNPase autocontrols its synthesis independently of the 
RNase III catalytic activity. Intriguingly, this pathway only requires the RNA binding 
domains KH and S1 but not the phosphorolytic activity of PNPase. Carzaniga and 
collaborators suggest that the RNase III-independent autoregulation occurs via repression 
of pnp translation, most probably through competition between PNPase and the ribosomal 
protein S1 for the pnp primary transcript (Carzaniga et al., 2015). Recently, the small non-
coding RNA SraG was shown to control pnp expression in E. coli in both, RNase III-
dependent and independent autoregulatory pathways (Fontaine et al., 2016). The SraG-
encoding gene is located in the region between rpsO, encoding the ribosomal protein S15, 
and pnp coding sequences and is transcribed in the opposite direction to these two genes 
(Argaman et al., 2001). Overexpression of SraG represses pnp expression (i) by decreasing 
the pnp transcript stability, and (ii) by preventing the translation initiation of pnp. 
Moreover, Fontaine and collaborators were able to show, that the SraG-mediated post-
transcriptional control of pnp expression occurs via direct antisense interaction between 
SraG and pnp RNAs (Fontaine et al., 2016). However, investigation of SraG function in 
Y. pseudotuberculosis revealed no effect on pnp expression (Lu et al., 2012). 
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In this study, a direct interaction between the YopD-LcrH complex and the 5’-UTRs of rne 
and pnp transcripts was detected (Fig. 3.5 and Fig. 3.6, respectively). Taking into account a 
positive influence of YopD on RNase E and PNPase synthesis (Steinmann, 2013; 
Hoßmann, 2017), it is likely that the direct binding of YopD increases the stability of rne 
and pnp transcripts. Indeed, YopD and RNase E share their preference for targeting AU-
rich sequences (Diwa et al., 2000; Cambronne & Schneewind, 2002). Thus, YopD binding 
to the 5’-UTRs of rne and pnp mRNAs might be able to mask at least the RNase E 
cleavage site, preventing the RNase E-dependent degradation of rne and pnp transcripts. 
Remarkably, comparative analysis of RNase E autoregulatory activity under conditions 
non-permissive and permissive for Yop secretion revealed that the overall expression level 
of rne’-‘lacZ, serving as a readout for RNase E autoregulatory activity was higher under 
secretion conditions (Fig. 3.3). This further confirms that YopD positively affects RNase E 
synthesis. In fact, liberation of intracellular YopD upon secretion results in reduction of the 
RNase E level and decreases the internal RNase E / RNase E substrate ratio. Consequently, 
available RNase E is sequestered by its substrates, rather than by its own 5’-UTR. A 
similar principle was described in E. coli, where RNase E autoregulation was abolished by 
overexpression of the RNase E substrate due to the elevated RNase E / RNase E substrate 
ratio (Sousa et al., 2001). 

Recently, an additional mechanism of YopD-mediated indirect regulation of LcrF 
synthesis has been discovered. Wang and collaborators were able to demonstrate, that 
Yersinia achieves rapid changes in pYV-encoded gene expression just by 
increasing/decreasing the plasmid copy number. The common 70-kb virulence plasmid of 
pathogenic Yersinia represents an IncFII-class plasmid, whose replication is initiated by 
the RepA protein (Nordström, 2006). In fact, once Yersinia infects the mammalian host or 
senses the low calcium signal in vitro, the pYV copy number rapidly rises from ~1 to ~3 
per chromosomal equivalent (Wang et al., 2016). Interestingly, YopD was shown to 
abolish the secretion-mediated plasmid copy number increase in Yersinia (Wang et 
al., 2016). Consistent with these data, analysis of the Yersinia transcriptome, carried out in 
the present study, demonstrated that YopD influences the expression level of repA 
(Fig. S9 A). Taking into account the respective gene dose of pYV-encoded genes 
(Fig. S9 B), YopD appears to influence repA expression indirectly via control of the repA-
regulators, copA and CopB (P. Engling, unpublished). 

4.1.2 CsrA - an RNA-binding protein that represses lcrF transcription 
CsrA (RsmA/E) represents the central component of an extensively studied carbon storage 
regulatory system (Csr/Rsm). This system is widely distributed among bacteria and is 
involved in global regulation of numerous essential cellular processes, such as carbon flux, 
secondary metabolism, biofilm formation, and quorum sensing. Moreover, it becomes 
evident that the Csr/Rsm system is indispensible for the adaptation to dramatic 
environmental alterations of numerous bacterial pathogens (Timmermans & Van 
Melderen, 2010; Heroven et al., 2012; Romeo et al., 2013; Oliva et al., 2015; Vakulskas et 
al., 2015; Kusmierek & Dersch, 2018). For instance, CsrA possesses a pleiotropic effect on 
Y. pseudotuberculosis physiological- and- stress-related processes and renders the 
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pathogen avirulent in the murine infection model (Heroven et al., 2008; Heroven et 
al., 2012; Nuss et al., 2017). Strong reduction of Y. pseudotuberculosis virulence in the 
absence of csrA perfectly correlates with an impaired synthesis of the major virulence 
activator LcrF and, subsequently, with decreased expression of the T3SS-associated genes 
as well as Yop secretion in vitro (Nuss et al., 2017). 

However, preliminary data of our group suggest that CsrA plays a multi-faceted role in the 
regulation of the Yersinia T3SS, affecting the expression of lcrF in a dual manner (Opitz, 
2013; Pimenova, 2014). In particular, under conditions non-permissive for Yop secretion, 
CsrA seems to repress LcrF synthesis at the transcriptional level (Opitz, 2013; Pimenova, 
2014). Consistent with the previous observations, global analysis of the 
Y. pseudotuberculosis transcriptome, carried out in the present study, demonstrated an 
elevated lcrF expression level in the absence of csrA compared to the wild type strain 
under non-permissive conditions (Fig. 3.22; for yscW log2FC=1.82, adjusted p-
value <0.05; for lcrF log2FC=1.08, adjusted p-value <0.05). Moreover, complementation 
of the Y. pseudotuberculosis csrA-deficient strain with a csrA+ plasmid, performed in this 
work, further confirmed the negative effect of CsrA on lcrF transcription under non-
secretion conditions (Fig. 3.7). Interestingly, it was demonstrated that the luciferase 
activity of a reporter fusion harboring solely the promoter region of the yscW-lcrF operon 
(-42 to +24 nt with respect to the yscW-lcrF transcriptional start site) was still CsrA-
dependent (Pimenova, 2014). Indeed, replacement of PyscW by the artificial Plac or Ptet 

promoter eliminated CsrA-dependent transcriptional regulation (Fig. 3.7), indicating that 
CsrA downregulates lcrF transcription via sequences in or close to the PyscW promoter. The 
CsrA-dependent regulation of LcrF synthesis at the transcriptional level was rather 
unexpected, as CsrA is generally known to affect its targets at the post-transcriptional level 
via binding to the mRNA (Schubert et al., 2007; Holmqvist et al., 2016). Thus, CsrA most 
likely inhibits lcrF transcription indirectly, affecting a so far unidentified transcriptional 
regulator (Pimenova, 2014). For this, CsrA might positively regulate a transcriptional 
repressor and/or inhibit a transcriptional activator of LcrF (Fig. 3.8). Hence, it was 
tempting to discover the missing link in CsrA-mediated regulation of lcrF transcription.  

Up to date, three direct regulators of lcrF transcription have been described (Fig. 3.8). The 
Yersinia modulator A (YmoA) forms a heterocomplex with H-NS and represents a 
transcriptional repressor of LcrF (Böhme et al., 2012). In contrast to the YmoA-H-NS 
complex, both IscR and RcsB positively affect lcrF transcription (Li et al., 2014; Miller et 
al., 2014). However, analysis of regions targeted by the aforementioned regulators of lcrF 
transcription, revealed that only the RcsB binding-box is almost perfectly covered by the 
empirically predicted CsrA-dependent sequence (Fig. 3.8). Consequently, the 
transcriptional activator RcsB seems to be a predestined candidate for CsrA-mediated 
repression of lcrF transcription. 

RcsB is a response regulator of the Rcs phosphorelay system, also assigned as a non-
orthodox two-component system, which is widely employed by the family of 
Enterobacteriaceae for sensing, response and adaptation to environmental alterations (Guo 
& Sun, 2017). The Rcs system consists of three core proteins, the transmembrane sensor 
kinase RcsC, the transmembrane sensor protein RcsD, that lacks kinase activity, and the 
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response regulator RcsB. Both, RcsC and RcsB represent the canonical components of 
bacterial two-component systems (Majdalani & Gottesman, 2005; Clarke, 2010). Apart 
from the core members, various accessory components of the Rcs system have also been 
described, such as the auxiliary regulator RcsA and the envelope stress sensing lipoprotein 
RcsF (McCallum & Whitfield, 1991; Majdalani et al., 2005; Konovalova et al., 2016). 
Remarkably, the Rcs system was shown to exhibit a global effect on bacterial gene 
expression. Predominantly, the environmental stress-related genes as well as genes 
implemented in the synthesis of essential cell surface-associated structures, such as LPS, 
flagella, fimbriae, and exopolysaccharides are controlled by the Rcs phosphorelay 
(Fredericks et al., 2006; Carter et al., 2012; McMahon et al., 2012; Tao et al., 2012; 
Miajlovic et al., 2014; Farizano et al., 2014; Fang et al., 2015). Consequently, this non-
canonical two-component system is responsible for remodeling the cell surface and 
metabolism for successful adaptation to various environments and it contributes to 
bacterial virulence (Guo & Sun, 2017). For instance, in E. coli, RcsB influences expression 
of LEE (locus for enterocyte effacement)-encoded genes, affecting the transcriptional 
regulators GrvA and PchA, and is essential for colonization of the mouse intestine (Tobe et 
al., 2005; Lasaro et al., 2014). In Serratia marcescens, the Rcs phosphorelay controls 
biogenesis of the outer membrane vesicles (OMVs), involved in the toxin delivery, and 
synthesis of the pore-forming toxin ShlA, responsible for early activation of autophagy in 
host cells (Di Venanzio et al., 2014; McMahon et al., 2012). In S. enterica serovar 
Typhimurium, Rcs phosphorelay must be strictly repressed during the early stages of 
infection, while it has to be active at stages when the pathogen undergoes intracellular 
growth (Arricau et al., 1998; Detweiler et al., 2003; Domínguez-Bernal et al., 2004; 
Mouslim et al., 2004; Bulmer et al., 2012). A similar scenario is conceivable for 
Y. pseudotuberculosis, where disadvantageous overproduction of LcrF under conditions 
non-permissive for T3S might be blocked by CsrA-mediated repression of the 
transcriptional activator RcsB. 

In the present study it was demonstrated that RcsB expression and activity is significantly 
elevated in the absence of csrA (Fig. 3.9). These results were further supported by the 
RNA sequencing data, where rcsB expression was strongly increased in the 
Y. pseudotuberculosis csrA-deficient strain compared to the wild type strain under non-
secretion conditions (log2FC=1.38; adjusted p-value <0.05). Moreover, it was shown that 
CsrA negatively influences RcsB synthesis by decreasing the rcsB transcript stability 
(Fig. 3.9). Notably, the 5’-UTR of the rcsB mRNA contains one GGA motif, which could 
be targeted by CsrA. This GGA motif overlaps with the SD-sequence located at position -
19 to -16 with respect to the translational start site of rcsB. Thus, CsrA binding might 
prevent access of the ribosome and enhance degradation of the rcsB transcript. However, 
only one GGA motif might be insufficient for CsrA-binding. Thus, additional factors could 
be implicated in the CsrA-dependent destabilization of the rcsB mRNA. Since the RcsB 
functionality was also compromised in the presence of csrA, it cannot be excluded that 
CsrA interferes with the RcsB phosphorylation process, thus preventing RcsB activation. 
Indeed, the transcriptome data of the present work demonstrated an increased level of rcsC 
expression, responsible for RcsB phosphorylation, in the csrA-deficient strain 
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(log2FC=1.67; adjusted p-value <0.05). This observation was also supported by Northern 
blotting (Fig. S10). Thus, CsrA not only affects RcsB synthesis but might also impair RcsB 
phosphorylation via negative regulation of the sensor kinase RcsC. Collectively, these data 
indicate the involvement of RcsB in the CsrA-mediated regulation of lcrF transcription. 

4.1.3 YopD and CsrA: concerted action of two riboregulators aimed to 
prevent the detrimental LcrF overproduction 
Previous data of our group demonstrated that intracellular YopD, in complex with its 
chaperone LcrH, positively affects CsrA synthesis at the post-transcriptional level 
(Steinmann, 2013; Hoßmann, 2017). Thus, YopD can promote CsrA-mediated repression 
of lcrF transcription. Combining these data with results of the present work allowed 
construction of a complex model describing the regulation of LcrF production under 
conditions non-permissive for Yop secretion in Y. pseudotuberculosis (Fig 4.1). The 
mammalian host temperature (37 °C) induces LcrF synthesis, leading to expression of the 
T3SS-associated genes. However, in the absence of the secretion signal (+Ca2+ in vitro or 
no host cell contact in vivo) the excessive production of T3SS components is prevented 
through an inhibitory feedback loop. This mechanism is mediated by the YopD-LcrH 
complex, which decreases lcrF transcript stability via direct binding to the lcrF 5’-UTR 
and/or positive regulation of LcrF repressors, such as the components of the degradosome 
(RNase E, PNPase and RhlB) and the global regulator CsrA. The latter inhibits lcrF 
transcription by negative regulation of the transcriptional activator RcsB, reducing rcsB 
mRNA stability. Additionally, YopD prevents replication of the virulence plasmid. This 
circuit offers numerous access points to fine-tune the LcrF synthesis. 
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Figure 4.1. Model of the regulatory network involved in the control of LcrF production under 
conditions non-permissive for Yop secretion. 
The figure demonstrates the crucial virulence determinants involved in the regulation of LcrF 
synthesis under non-secretion conditions. The green arrows and the red T lines indicate positive or 
negative influence on gene expression and/or protein synthesis, respectively. 
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4.2 Low Calcium Response:  the trigger of Yersinia type III 
secretion 
Yersinia possesses the ability to induce massive secretion of Yops at 37 °C in response to 
low Ca2+ concentrations (≤ 80 µM) in the growth medium (Kupferberg & Higuchi, 1958; 
Lee et al., 2001). This phenomenon is also accompanied by severe growth restriction and 
is referred to as the low calcium response (LCR) (Cornelis et al., 1998). Although LCR is 
widely applied for the activation of T3SS-associated genes in Yersinia, the nature of this 
phenomenon is still not completely resolved. Paradoxically, upon contact with eukaryotic 
cells Yersinia is capable to express and translocate T3SS components even in Ca2+-rich 
milieu (Kugelmass, 1959; Rosqvist et al., 1994; Cornelis & Wolf-Watz, 1997; Cornelis et 
al., 1998). Based on this finding, competition between Ca2+ ions and a host cell receptor at 
the bacterial surface was suggested (Fowler et al., 2009). Additionally, insertion of the T3S 
needle complex into the eukaryotic cell may permit Yersinia to estimate the intracellular 
calcium concentration and trigger the type III pathway (Lee et al., 2001). Regarding the 
growth restriction during the Ca2+ limitation, it has been shown that the wild type Y. pestis 
gains sensitivity to Na+ ions when the T3SS becomes active, leading to bacteriostasis 
(Fowler et al., 2009). Thus, Ca2+-blind mutants, in which the T3SS is present in the 
permanent “off-state”, are resistant to Na+-mediated toxicity. Vice versa, no LCR-
dependent growth defect occurs when Na2+ is omitted from the medium (Fowler et 
al., 2009). 

Recent data of our group demonstrated the importance of growth at body temperature for 
the LcrF-dependent activation of the Yersinia T3SS in vitro (Pimenova, 2014). In fact, lcrF 
expression was only induced when bacteria were grown in Ca2+-deprived medium at 37 °C 
but not at 25 °C. Additionally, it has been shown that at least one of the possible Ca2+-
sensitive elements is located in the 5’-UTR of the yscW-lcrF transcript, approximately in 
the region +28 to +428 nucleotides with respect to the transcriptional site of yscW 
(Pimenova, 2014). Surprisingly, this low calcium-responsive element turned out to be 
CsrA-dependent, as no induction of yscW-lcrF transcription was detected in the absence of 
csrA. Moreover, a direct interaction between CsrA and the 5’-UTR of yscW was detected 
(Hoßmann, 2017). Considered together, these data indicate that CsrA, apart from its 
repressive role under non-permissive conditions, might positively affect LcrF synthesis 
during Ca2+-deprivation (Pimenova, 2014). Thus, the present study was aimed to further 
investigate the role of CsrA in the LCR of Y. pseudotuberculosis as well as to clarify the 
molecular mechanism underlying the CsrA-mediated regulation of LcrF synthesis under 
secretion conditions.	  

4.2.1 Role of CsrA for the Low Calcium Response 
The present work demonstrated a positive influence of CsrA on the LCR in 
Y. pseudotuberculosis. This is achieved via post-transcriptional regulation of LcrF 
synthesis (Fig. 3.10). Quantitative analysis of the lcrF transcript and the LcrF protein 
levels under non-secretion versus secretion conditions revealed that CsrA is indispensible 
for increasing the translation efficiency of lcrF under Ca2+ limitation (Fig. 3.10 B). Two 
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possible scenarios for CsrA-mediated post-transcriptional regulation of LcrF production 
were proposed and examined in this study. The first model suggests that CsrA might be 
involved in stimulation of the lcrF translation initiation. An initial indication for this mode 
of action was obtained by comparing the expression of a translational PBAD::lcrF’(-123 to +75 

nt)-‘lacZ reporter gene fusion in the Y. pseudotuberculosis wild type and the csrA-deficient 
strain under secretion conditions (Fig. 3.11). Use of this construct allowed uncoupling of 
the CsrA-mediated transcriptional and post-transcriptional regulation of LcrF synthesis. 
Reduced expression of PBAD::lcrF’(-123 to +75 nt)-‘lacZ in the absence of csrA, which could be 
restored to the wild type level through complementation with a csrA+ plasmid, indicated a 
positive effect of CsrA on the lcrF translation initiation. Consistently, implementation of 
the in vitro translation approach for the investigation of lcrF translation initiation in 
presence or absence of CsrA provided additional evidence that CsrA stimulates lcrF 
translation (Fig. 3.12 C). Furthermore, CsrA was shown to affect lcrF translation 
independently of the presence of yopD. This was not surprising as, according to the results 
of this study, YopD regulates LcrF synthesis, decreasing the lcrF transcript stability but 
not the lcrF translation efficiency (Fig. 3.1). Since the SD sequence of lcrF is located 
inside a stemloop structure, it was intriguing to explore, whether CsrA increases the lcrF 
translation efficiency via stabilization of the stemloop in an “opened” conformation 
favoring ribosomal access. Indeed, CsrA-dependent elevation of lcrF translation was 
observed even when the complementarity within the SD-containing hairpin II structure was 
reduced by a nucleotide substitution (GUU-30/-28AAA) in the ‘four U’ element 
(Fig. 3.12 A, B). Interestingly, previous data of our group demonstrated a weak interaction 
between CsrA and the 5’-UTR of lcrF (Hoßmann, 2017). Accordingly, although the weak 
binding of CsrA to the GGA motif in the SD-sequence is sufficient to hold the lcrF hairpin 
II in an “opened” state, it is not strong enough to prevent binding of the ribosome. In this 
way, CsrA interaction with the SD sequence enhances instead of represses lcrF translation. 
A similar mode of action was observed for the CsrA homolog RsmA in P. aeruginosa. 
Here, binding of RsmA to a GGA motif located 21 nt upstream of the phz2 (phenazine 
biosynthetic gene cluster) SD sequence led to destabilization of the stemloop structure and, 
subsequently, improved ribosome access (Ren et al., 2014). In E. coli, CsrA was reported 
to activate the expression of the moaA gene at the post-transcriptional level without 
altering the moaA transcript amounts (Patterson-Fortin et al., 2013). MoaA is implicated in 
biosynthesis of the molybdenum cofactor (Moco) that represents a redox center in enzymes 
of anaerobic metabolism (Mendel, 2013). The untranslated leader region of the moaA 
mRNA represents a Moco-responsive riboswitch and mediates feedback inhibition of the 
Moco biosynthesis pathway. Binding of CsrA to the 5’-UTR of the moaA transcript led to 
alterations in the moaA mRNA structure, preventing the Moco-mediated repression of 
translation (Patterson-Fortin et al., 2013). In the phytopathogen Xantomonas citri subsp. 
citri, RsmA was reported to stimulate the expression of the T3SS-encoding genes hrp/hrc 
through direct positive regulation of the master regulator HrpG. In this case, interaction 
between RsmA and the untranslated leader sequence resulted in elevated translation 
efficiency as well as stabilization of the hrpG transcript (Andrade et al., 2014). Thus, 
another possible scenario for CsrA-mediated regulation of LcrF synthesis under secretion 
conditions is that CsrA contributes to stabilization of the lcrF transcript.  
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The lcrF transcript itself seems to be innately highly unstable, which is reflected by 
smaller-size degradation products in Northern blot assays, irrespective of the presence of 
csrA (Fig. 3.13). This is also in agreement with the results of the primer extension assay 
performed in our group, showing several abrogation sites within the 5’-UTR of yscW 
(Böhme et al., 2012). The pronounced metabolic instability of the lcrF mRNA most 
probably represents an additional regulatory checkpoint, which acts constitutively in order 
to prevent the detrimental overproduction of the T3SS components. The present work 
demonstrated that the yscW-lcrF mRNA is also actively processed from the 3’ end, as 
more than a half of the 3’ ends obtained via 3’-RACE were scattered over the lcrF coding 
sequence. Moreover, deletion of the 3’-UTR resulted in significant prolongation of the 
lcrF transcript half-life from ~5 min for the wild type lcrF to ~21 min for the Δ3’-UTR 
lcrF (Fig. 3.15 A, B). According to the results of the 3’-RACE assay, the most frequently 
cleaved site is located ~8 nt downstream of the lcrF stop codon (Fig. 3.14 A; Fig. S3). 
Computational prediction of the lcrF 3’-UTR structure with a RNA fold software (mfold 
[http://mfold.rna.albany.edu/?q=mfold]) suggested the presence of a typical Rho-
independent terminator structure consisting of a stable stemloop at positions 9 to 28 nt 
downstream of the lcrF stop codon and the U-rich sequence (von Hippel, 1998). This 
implies that the 3’-UTR of lcrF would comprise at least 32 nt downstream of the lcrF stop 
codon (Fig. 3.14 B; Fig. S3). However, the longest 3’-RACE fragment placed the 3’ end at 
position 22 nt downstream of the lcrF stop codon (Fig. 3.14; Fig. S3). Another option 
would be, that the termination of lcrF transcription occurs in a Rho-dependent manner and, 
consequently, that the 3’-UTR of lcrF contains no Rho-independent terminator structure. 
Indeed, sequence analysis by ARNold (Naville et al., 2011) failed to identify a Rho-
independent transcription terminator in the 3’-UTR of lcrF. Although this model is a better 
match compared with the length of the experimentally determined 3’-UTR, the sequence of 
the lcrF 3’-UTR does not match the requirements for Rho-dependent termination. 
In particular, high-C content, which is not the case for the lcrF transcript, is essential for 
Rho activity (Richardson, 2002; Banerjee et al., 2006). Taken together, it is likely that the 
lcrF transcript undergoes Rho-independent termination, and that the 3’-UTR of lcrF is 
recognized and actively targeted by RNases, most probably at a position 8 nt downstream 
to the lcrF stop codon. Thus, the 3’-UTR of the lcrF transcript might serve as a regulatory 
element initiating degradation of the lcrF mRNA. 

The involvement of 3’-UTRs in the post-transcriptional regulation of gene expression has 
been widely explored in eukaryotes (St Johnston, 1995;  Pesole et al., 2001; Wilkie et al., 
2003; Malka et al., 2017). In contrast to eukaryotes, the 3’-UTRs of prokaryotes have 
traditionally been believed to contain only transcriptional terminator structures. However, 
during the last few decades, significant progress has been made in understanding the 
prokaryotic 3’-UTR-mediated post-transcriptional gene regulation (Ren et al., 2017). 
The following mechanisms have been described: (i) targeting of the 3’-UTRs by a 
ribonuclease initiating the mRNA decay (Maeda & Wachi, 2012; López-Garrido et al., 
2014; Liu et al., 2016; Zhu et al., 2016), (ii) regulation via the 3’-UTR-derived regulatory 
sRNAs (Chao et al., 2012; Kim et al., 2014; Miyakoshi et al., 2015; Chao & Vogel, 2016; 
Peng et al., 2016), (iii) targeting of the 3’-UTRs by regulatory sRNAs (Opdyke et al., 
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2004; Silvaggi et al., 2005), and (iv) basepairing interaction of 3’-UTRs with 5’-UTRs, 
affecting translation initiation (Balaban & Novick, 1995; Felden et al., 2011; Thisted et al., 
1995; Ruiz de los Mozos et al., 2013). 

Similar to the 3’-UTR-mediated regulation of lcrF in Y. pseudotuberculosis, the 3’-UTR of 
aceA in Corynebacterium glutamicum was shown to negatively affect the expression of its 
own gene, encoding for the isocitratelyase, catalyzing the cleavage of isocitrate to 
succinate and glyoxylate. Analysis of the 63 nt long aceA 3’-UTR revealed the presence of 
a single stranded AU-rich sequence, suggested to serve as a cleavage target for RNase E/G 
(Maeda & Wachi, 2012). Another example of 3’-UTR-mediated autoregulation was 
described in S. enterica. The 310 nt long 3’-UTR of the hilD transcript, which encodes a 
transcriptional regulator of SPI-1, decreases the HilD synthesis by serving as a target for 
the degradosome-associated proteins, RNase E and PNPase (López-Garrido et al., 2014). 
In contrast to the 3’-UTRs of lcrF, aceA and hilD, harboring a Rho-independent 
transcription terminator (Maeda & Wachi, 2012; López-Garrido et al., 2014), the 3’-UTR 
of hmsT, encoding a diguanylate cyclase essential for biofilm formation in Y. pestis, 
possess a Rho-dependent terminator (Kirillina et al., 2004; Zhu et al., 2016). Further 
analysis revealed, that PNPase is implicated in the 3’-UTR-mediated repression of hmsT 
expression. Remarkably, it has been demonstrated that the PNPase-mediated turnover of 
slrA mRNA in Bacillus subtilis requires a Rho-dependent terminator lacking any specific 
regulatory structure (Liu et al., 2016; Zhu et al., 2016). The 3’-UTRs of aceA and hilD, in 
turn, contain a specific single stranded AU-rich region, which might be targeted by an 
endonuclease, initiating transcript decay (Maeda & Wachi, 2012; López-Garrido et 
al., 2014). Thus, the involvement of specific RNases in the 3’-UTR-mediated degradation 
depends on the topology of the 3’-UTR. Although, the 3’-UTR of lcrF in 
Y. pseudotuberculosis explored in the present work is AU-rich, the longest AU-stretch is 
sequestered in a stemloop as predicted by the RNA fold software (mfold 
[http://mfold.rna.albany.edu/?q=mfold]). This makes it inaccessible for RNase E, which 
targets only single-stranded RNA (Laalami et al., 2014; Redko et al., 2003). Nevertheless, 
it is possible that the stemloop structure can be destabilized in the presence of additional 
factors, enabling its recognition and cleavage by an endonuclease. For instance, 
preliminary data of our group demonstrated that YopD is able to bind to the 3’-UTR of the 
lcrF transcript (J. Hoßmann, unpublished). This interaction might lead to conformational 
changes, preventing the formation of the double-stranded structure in the 3’-UTR of the 
lcrF transcript and, consequently, the endonuclease-mediated initiation of lcrF mRNA 
degradation. Thus, the 3’-UTR of lcrF might also be involved in YopD-mediated 
repression of LcrF synthesis. Additionally, RhlB, shown to downregulate lcrF expression 
(Fig. 3.4), might unwind the RNA duplex in the 3’-UTR, promoting degradation of the 
lcrF mRNA (Holmqvist & Vogel, 2018). Furthermore, other factors implicated in sensing 
and/or transmission of the low calcium signal might either destabilize the stemloop under 
non-permissive conditions, or protect lcrF from the 3’-UTR-mediated degradation by 
stabilizing the double-stranded structure in the presence of the triggering signal. 
Alternatively, processing of the stemloop structure in the 3’-UTR of lcrF can occur in an 
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RNase III-dependent manner, followed by PNPase-mediated decay, as described for the 
pnp transcript (Carzaniga et al., 2009; Nicholson, 2014). 

This work demonstrated a reduced stability of the lcrF mRNA in the csrA-deficient strain 
compared to the wild type and yopD-deficient strains, grown under conditions permissive 
for Yop secretion (Fig. 3.13). Interestingly, deletion of yopD, known to destabilize the lcrF 
transcript, did not protect the lcrF mRNA from rapid degradation when csrA was also 
absent. These results emphasize the critical role for CsrA in the prolongation of lcrF 
transcript stability. Up to now, CsrA-mediated stabilization of a targeted transcript was 
quite unusual and was manifested only in X. citri subsp. citri (Andrade et al., 2014; 
described above) and in E. coli (Wei et al., 2001; Yakhnin et al., 2013). In E. coli, binding 
of CsrA to two motifs located in the 5’-UTR of the flhDC mRNA prohibited RNase E-
mediated decay of the flhDC transcript (Wei et al., 2001; Yakhnin et al., 2013). Previous 
results from our group demonstrated that CsrA is able to interact with the 5’- and the 3’-
UTRs of the lcrF transcript, suggesting a direct protective effect against the degradation 
process (Hoßmann, 2017; J. Hoßmann, unpublished data). However, extensive search for 
the CsrA-responsive element performed in this study provided no evidence that CsrA 
stabilizes the lcrF transcript through binding to the 5’- or the 3’-UTR as well as to the 
coding sequence of lcrF mRNA (Fig. 3.15; Table 3.2). The 5’-UTR of yscW, reported to 
interact with CsrA (J. Hoßmann, unpublished data), was also not responsible for the CsrA-
mediated stabilization of the lcrF mRNA (data not shown). Thus, it is likely that CsrA 
rather affects lcrF transcript stability indirectly. For instance, CsrA might interfere with the 
major degradosome components, which were already shown to downregulate LcrF 
synthesis, by decreasing the lcrF degradation rate (Fig. 3.4). 

Indeed, the results obtained in this study demonstrated a negative influence of CsrA on the 
degradosome components RNase E and PNPase (Fig. 3.16). Recent data from our group 
indicated that expression of rhlB is also downregulated by CsrA (Hoßmann, 2017). 
Deletion of csrA led to a significant increase of the pnp transcript level even in the absence 
of yopD. A similar tendency was observed for the rne transcript, although it was less 
prominent than for the pnp transcript (Fig. 3.16). Thus, under conditions permissive for 
type three secretion, CsrA is able to extend the lcrF transcript half-life, most probably 
through the negative regulation of the major degradosome components RNase E, PNPase 
as well as RhlB. Notably, CsrA seems to downregulate RNase E and PNPase synthesis 
indirectly, as no interaction between the CsrA protein and the rne and pnp transcripts was 
detected (Fig. 3.17). 

Up to date, CsrA-mediated regulation was detected for none of the degradosome 
components except for PNPase (Park et al., 2015). In fact, CsrA participates in the 
negative autoregulation of pnp expression in E. coli. An absolutely essential prerequisite 
for CsrA-dependent downregulation of PNPase synthesis is the RNase III- and PNPase-
mediated processing of the pnp leader RNA, resulting in liberation of CsrA-binding sites, 
otherwise sequestered in a secondary structure (Carzaniga et al., 2009). Since one of the 
CsrA-targeted sites overlaps the SD sequence, bound CsrA dramatically affects pnp 
translation (Park et al., 2015). Consequently, a similar situation is possible for the CsrA-
mediated regulation of pnp expression in Y. pseudotuberculosis. This would explain the 
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absence of binding between CsrA and the native pnp untranslated leader transcript, 
demonstrated in the present work (Fig. 3.17). However, the 5’-UTR of the 
Y. pseudotuberculosis pnp transcript differs from that of E. coli. In contrast to E. coli 
(SD: AAGGA at position -12 to -8 nt relative to the translational start), the SD sequence of 
Y. pseudotuberculosis pnp does not contain a GGA motif (Fig. 3.6; SD: AAGGG at 
position -12 to -8 nt relative to the translational start). Thus, further investigations are 
necessary to address whether PNPase synthesis in Y. pseudotuberculosis is also controlled 
via negative autoregulation or whether CsrA is able to interact with the GGA motif of the 
processed pnp 5’-UTR, repressing translation. 

4.2.2 Calcium limitation – a global signal 
Examination of the immediate (10 min after induction) alterations of the 
Y. pseudotuberculosis transcriptome in response to the low calcium signal revealed a 
decreased expression of two genes encoding for tRNAs, tRNA-Met and tRNA-Gln, in -
Ca2+ samples compared to +Ca2+ samples (Table 3.1). Preliminary data of our group 
suggested that the codon frequencies vary among the virulence plasmid- and the 
chromosomally- encoded genes (M. Volk & M. Kusmierek, unpublished). In particular, 
several Leu and Lys codons are more abundant on the virulence plasmid but not the Met 
codon, which is more frequent for the chromosomally-encoded genes. Interestingly, in 
eukaryotes changes in the tRNA expression level leading to rearrangements of the global 
tRNA pool represent one of the mechanisms to fine-tune gene expression at the post-
transcriptional level (Orioli, 2017). Additionally, a positive correlation between the codon 
frequencies and the concentration of tRNAs with corresponding anticodons was observed 
in prokaryotes and several unicellular eukaryotes (Ikemura, 1985; Kanaya et al., 1999; 
Quax et al., 2015). Thus, downregulation of the tRNA-Met expression might reflect a start 
of gene expression reprogramming towards the virulence plasmid genes. 

Genes belonging to the class of the small non-coding anti-sense (as) and trans RNAs were 
also differentially expressed 10 min after Ca2+ depletion (Table 3.1). Of special interest is 
the GcvB transRNA already described to directly abolish the expression of the response 
regulator PhoP from the PhoP/PhoQ two component system (TCS) in E. coli (Coornaert et 
al., 2013). This TCS belongs to the central regulatory system that is activated at low 
magnesium concentrations or in presence of antimicrobial peptides. The PhoP/PhoQ 
system controls dozens of genes involved in crucial cellular functions such as cell envelope 
composition maintenance, acid resistance, magnesium homeostasis and bacterial virulence 
(Zwir et al., 2005; Vadyvaloo et al., 2015). However, since in Y. pseudotuberculosis YPIII 
PhoP is not functional (Grabenstein et al., 2004), GcvB-mediated negative regulation of 
the PhoP/PhoQ TCS cannot contribute to low calcium signal sensing. Nevertheless, GcvB 
was shown to target more then 20 different mRNAs and to inhibit the expression of 
numerous genes involved in amino acid transport and metabolism (Urbanowski et al., 
2000; Sharma et al., 2007). Thus, GcvB represents a promising factor for establishment of 
the LCR in Y. pseudotuberculosis. Further investigations of the immediate alterations of 
the Y. pseudotuberculosis transcriptome in response to the low calcium signal will provide 
new insights into the nature of the LCR phenomenon. 
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Global transcriptome profiling of the Y. pseudotuberculosis wild type strain in response to 
the low calcium signal (four hours after induction) in comparison to non-permissive 
conditions revealed a strong upregulation primarily of the virulence plasmid-encoded 
genes (Fig. 3.22, Table S3). Accordingly, expression of lcrF and of the LcrF-dependent, 
T3SS-associated genes was found to be significantly increased in the absence of Ca2+. 
In parallel, almost half of the chromosomally-encoded genes were downregulated in 
response to Ca2+depletion (Fig. 3.21, Table S3). Especially, the expression of metabolic 
genes was negatively affected under secretion conditions, most likely leading to the 
observed growth arrest. These data further confirm the previously discovered typical 
characteristics of the LCR in Y. pseudotuberculosis: (i) elevated expression of the pYV-
encoded genes and (ii) growth restriction (Cornelis et al., 1998). 

Apart from the T3SS-associated genes, three ncRNAs (Ysr290, Ysr298 and Ysr299), 
encoded on the virulence plasmid, were found to be induced in response to the low Ca2+ 
signal (Fig. 3.23, Table S3). Ysr290 is transcribed from the opposite strand of the 5’-UTR 
of pYV0044 gene, encoding for a hypothetical protein. This leads to the assumption that 
this asRNA is involved in the regulation of pYV0044 expression. Both, Ysr290 and 
pYV0044 are upregulated under secretion conditions. However, their possible role in the 
LCR of Y. pseudotuberculosis needs to be clarified. Of special interest are the non-coding 
asRNAs Ysr298 and Ysr299. Ysr298 overlaps the last 171 nt of the yscW coding sequence 
as well as the 5’-UTR of lcrF. Thus, acting in cis, Ysr298 might be involved in the 
complex regulation of LcrF synthesis via a so far unknown mechanism. Most likely, 
Ysr298 affects lcrF expression positively, as this asRNA is also upregulated under 
secretion conditions. Ysr299 is located within the virC operon, in particular, in the 
intergenic region between yscA and the downstream-situated pYV0078 gene, both 
encoding small the hypothetical proteins. The virC operon consists of the T3S-associated 
genes (yscA-L) and it is LcrF-dependent (Cornelis et al., 1998). Consequently, Ysr299 
might be directly implicated in controlling the aforementioned T3S-associated genes. This 
would be in agreement with the recent suggestion about a fine-tuned regulation of the ysc-
yop gene expression via the pYV-encoded asRNAs (Nuss et al., 2015; Nuss et al., 2017). 
Indeed, an unstable ncRNA Ysr141-SC, encoded upstream of the yopH gene was already 
shown to increase the synthesis of several T3SS-associated effector proteins as well as of 
the major virulence activator LcrF in Y. pestis (Schiano et al., 2014). 

The role of small ncRNAs in regulation of bacterial virulence has previously been 
described in several pathogens (Quereda & Cossart, 2017). In L. monocytogenes, flagellum 
biosynthesis is controlled by a long asRNA (anti0677). This asRNA overlaps with three 
genes of the fli operon and negatively affects the expression of the sense transcript, 
preventing the synthesis of the flagellum export apparatus at mammalian host temperature 
(Sesto et al., 2013; Toledo-Arana et al., 2009). Additionally, the trans-acting small ncRNA 
Rli27 was shown to promote the translation of the L. monocytogenes LPXTG surface 
protein Lmo0514, which is essential for bacterial survival in the blood and for virulence in 
mice. In fact, binding of Rli27 to the 5’-UTR of lmo0514 results in liberation of the SD 
sequence, which is normally inaccessible for the ribosome, and enhances synthesis of 
Lmo0514 in the intracellular environment (Quereda et al., 2014; Quereda et al., 2016). In 
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S. Typhimurium, a small ncRNA IsrM, encoded in a different pathogenicity island of 
Salmonella, was demonstrated to activate the expression of several SPI-1-encoded T3SS 
genes. In particular, acting in trans, IsrM is able to inhibit translation of HilE, which 
sequesters the global transcriptional activator of SPI-1 genes, HilD. IsrM binding to the 5’-
UTR of hilE masks the RBS and prevents translation, resulting in HilD release and, 
consequently, activation of SPI-1 gene expression (Galán, 2001; Gong et al., 2011). 
A PhoP-dependent small ncRNA PinT represents an additional example of the ncRNA-
mediated virulence control in S. Typhimurium. PinT expression is highly activated during 
infection. This small ncRNA simultaneously affects SPI-1 and SPI-2 effectors, influencing 
the transition from the invasion process to intracellular replication. Moreover, PinT 
binding represses the synthesis of the CRP protein, which regulates activation of SPI-2 via 
an undiscovered mechanism (Westermann et al., 2016). In case of V. cholerae, several 
small ncRNAs contributing to virulence have been identified. Qrr 1-5 small ncRNAs 
control colonization and escape from the host by interfering with the ToxR virulence 
cascade and regulating the expression of the T6SS (Skorupski & Taylor, 1999; Rutherford 
et al., 2011; Shao & Bassler, 2012; Shao & Bassler, 2014). A ToxT-dependent ncRNA 
TarB is induced during V. cholerae infection and is involved in the regulation of 
chemotaxis and intestinal colonization (Davies et al., 2012). Also in the Gram-positive 
pathogen Staphylococcus aureus a cis-asRNA, SprA1as, was shown to inhibit the 
expression of the human cytolytic peptide SprA1, preventing its translation in trans (Sayed 
et al., 2012). These examples highlight that ncRNAs represent important regulators of 
bacterial virulence. 

Transcriptome analysis revealed that the low Ca2+ signal, in addition to pYV-encoded 
genes, also influences the expression of the chromosomally-encoded virulence-associated 
loci. Among these, pla2 (log2FC=4.4; adjusted p-value <0.05) and ompF (log2FC=2.9; 
adjusted p-value <0.05) were found to be upregulated. The pla2 locus encodes for the 
plasminogen activator Pla, an adhesin possessing a proteolytic activity (Sodeinde et 
al., 1992). In Y. pestis, Pla was shown to play a crucial role for rapid dissemination of the 
pathogen through interaction with a C-type lectin receptors of macrophages and dendritic 
cells (Zhang et al., 2008). However, it has to be clarified, whether Y. pseudotuberculosis is 
able to apply a similar strategy for spreading in the mammalian host. Recently, the porin 
OmpF was described to be essential for the virulence of avian pathogenic E. coli (APEC). 
In particular, ompF deletion significantly reduced the adhesion, invasion, colonization and 
proliferation properties of APEC (Hejair et al., 2017). Interestingly, according to the RNA 
sequencing data of this study, the ompF expression is negatively affected by YopD under 
non-permissive conditions and positively influenced by CsrA under permissive conditions. 
Thus, it is possible that OmpF is involved in the CsrA-YopD-mediated LCR regulation, 
probably acting as a sensor of the low Ca2+ signal. Expression of the two additional 
chromosomally-encoded virulence-associated genes psaA (log2FC=-3.1; adjusted p-
value <0.05) and rovC (log2FC=-2.1; adjusted p-value <0.05) was downregulated under 
secretion conditions. The pH6 antigen adhesin PsaA is important for establishment of 
Y. pestis infection and colonization (Huang & Lindler, 2004; Torres-Escobar et al., 2010). 
Downregulation of the psaA locus under secretion conditions observed in the present work 
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is consistent with the data demonstrating that PsaA is essential for adherence but is not 
implicated in the delivery of Yops (Huang & Lindler, 2004). The rovC gene encodes for a 
novel regulator of Yersinia virulence and is specific for Y. pseudotuberculosis (Seekircher, 
2014; Knittel, 2015). Up to date, RovC represents the single known transcriptional 
activator of the T6SS-4 in Y. pseudotuberculosis (Knittel, 2015; V. Knittel, unpublished). 
Thus, decreased expression of rovC and, subsequently, of the T6SS-associated genes under 
type three secretion conditions might improve the energetic fitness of the pathogen, which 
is impaired by an enhanced synthesis of the Ysc-Yop proteins. 

Interestingly, the bet regulon, involved in osmoprotection, was strongly upregulated under 
secretion conditions. It encodes the regulator BetI, as well as three structural components 
choline porter BetT, choline dehydrogenase BetA and betaine aldehyde dehydrogenase 
BetB (Lamark et al., 1996). Induction of these genes indicates that Yersinia undergo 
osmotic stress under permissive conditions, most probably through an extremely high level 
of secreted Yops in the growth medium. 

Notably, elevation of the pYV-encoded gene expression, comparable to the LCR-
dependent increase, was observed in the ΔyopD strain compared to the wild type strain 
even without Ca2+ limitation (Fig. 3.23). This is in strong agreement with the previous 
studies, demonstrating a repressive effect of YopD on the pYV-encoded genes, in 
particular via downregulation of the major virulence activator LcrF (Chen & Anderson, 
2011; Steinmann, 2013). Moreover, csrA deletion also positively affected the expression of 
pYV-associated genes under non-permissive conditions, although to a lower extend than 
the yopD deletion did (Fig. 3.23). An increased level of the yscW mRNA confirms a 
negative effect of CsrA on the yscW-lcrF expression at the level of transcription explored 
in the present work (Fig. 3.7). 

Under secretion conditions, in turn, CsrA was shown to be indispensible for induction of 
the LCR-dependent genes (Fig. 3.23). This is in agreement with the data of this work, 
demonstrating the crucial role of CsrA for the LCR-mediated induction of LcrF synthesis 
(see 3.2.1) and, consequently, for expression of the LcrF-dependent genes. Although the 
csrA expression level was only slightly reduced in response to the low Ca2+ signal, most 
probably through secretion of its positive regulator YopD, the level of the CsrC regulatory 
RNA decreased dramatically (log2FC=-1.6; adjusted p-value <0.05). Thus, under secretion 
conditions, higher amounts of free CsrA are available, which might be essential for 
appropriate control of lcrF expression. Interestingly, csrA deletion in the ΔyopD 
background led to decreased expression of repA under secretion conditions (log2FC=-1.3; 
adjusted p-value <0.05). Thus, CsrA might also interfere with the pYV copy number 
regulation. Preliminary data of our group support this hypothesis (P. Engling, 
unpublished). 

Interestingly, rcsB expression under Ca2+ limitation in the wild type strain was only 
slightly reduced compared to the wild type strain grown under conditions non-permissive 
for secretion (data not shown), suggesting that CsrA might also repress lcrF transcription 
under Ca2+ depletion conditions. However, the present work demonstrated that the LcrF-
mediated LCR, as well as response to the host cell contact signal occurs irrespective of 
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rcsB deletion (Fig. 3.29). Additionally, analysis of synthesis and secretion of the LcrF-
dependent T3SS components in the wild type and the rscB-deficient strain under Ca2+ 
limitation revealed the inducing effect of RcsB only in presence of Zn2+ ions, known to 
stimulate the Rcs phosphorelay (Hagiwara et al., 2003; Li et al., 2014). Controversially, a 
mutation leading to a permanently dephosphorylated and, consequently, inactive RcsB 
state resulted in a significant decrease of lcrF expression under secretion conditions even 
in the absence of Zn2+ (Li et al., 2014). Together, these results lead to the assumption that 
under conditions permissive for the type three secretion (-Ca2+ or host cell contact) RcsB-
dependent activation of the lcrF transcription is advantageous, but most likely dispensable 
for induction of lcrF expression in Y. pseudotuberculosis. Regarding the repressive effect 
of CsrA on RcsB, it is possible that under permissive conditions, an unknown factor 
prevents CsrA-mediated destabilization of the rcsB transcript. 

Analysis of the CsrA interactome under Ca2+ limitation demonstrated that the majority of 
CsrA targets was encoded on the virulence plasmid and is associated with the T3SS 
(Table 3.2). Moreover, RNA sequencing revealed that all of these targets were CsrA-
dependent (Table 3.2). These data indicate that apart from the indirect activation of the 
T3SS-associated genes through the major virulence activator LcrF, CsrA might also 
influence their expression via direct interaction. The most intriguing finding was that CsrA 
interacted with the yopD transcript. This indicates that CsrA affects yopD expression. 
Taking into account the previous results from our group, demonstrating a positive effect of 
YopD on CsrA synthesis (Steinmann, 2013; Hoßmann, 2017), it is likely that these 
riboregulators influence the expression of each other via a positive feedback loop. 
However, the LcrF-independent effect of CsrA on YopD synthesis needs to be explored. 

Surprisingly, under permissive conditions YopD seems to positively affect the expression 
of the T3S apparatus-associated genes (Fig. 3.23). Preliminary data of our group suggest 
YopD to be involved in reprogramming of the Yersinia translation pattern towards 
production of the T3SS components (M. Volk, unpublished). In Y. enterocolitica, YopD 
has been shown to interact with 30S ribosome particles. Contrary to the theory proposed in 
this work, this interaction led to repression of translation (Kopaskie et al., 2013). 
Consequently, the mechanism of YopD-mediated regulation of translation in 
Y. pseudotuberculosis seems to differ from that in Y. enterocolitica. 

Taken together, these results illustrate that calcium limitation acts globally by attenuating 
the proliferation properties of Y. pseudotuberculosis for almost exclusive expression of 
T3SS-associated genes. Moreover, a crucial role of CsrA and YopD riboregulators in 
establishment of the LCR in Y. pseudotuberculosis was shown. 

4.2.3 Low calcium signal and CsrA: key players in a complex model of 
LcrF regulation 
The effort to unravel the Ca2+-dependent regulation of LcrF production revealed a complex 
regulatory network comprising several factors (Fig. 4.2). The mammalian host temperature 
(37 °C) together with the low Ca2+ signal induce LcrF synthesis and trigger production and 
secretion of the T3SS-associated components. Under these conditions, the YopD-LcrH-



DISCUSSION 

	   146	  

mediated inhibitory feedback loop is interrupted by translocation of YopD. This results in 
increased lcrF transcript stability. However, an appropriate LcrF level can only be attained 
in presence of the global regulator CsrA. This riboregulator positively affects LcrF 
synthesis at the post-transcriptional level via two different mechanisms. Firstly, CsrA 
enhances lcrF transcript stability, most likely by negative regulation of RNase E, PNPase 
and RhlB (Hoßmann, 2017). Additionally, CsrA promotes translation initiation of lcrF by 
stabilization of the opened stemloop conformation. Furthermore, CsrA seems to positively 
affect replication of the virulence plasmid, increasing the total amount of lcrF. This circuit 
offers numerous access points for fine-tuning LcrF synthesis. 

 
Figure 4.2. Model of the regulatory network involved in the control of LcrF production under 
conditions permissive for Yop secretion. 
The figure demonstrates the crucial virulence determinants involved in LcrF regulation under 
secretion conditions. The green arrows and the red T lines indicate positive and negative influence, 
respectively, on gene expression and/or protein synthesis. 
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4.3 Host cell contact-dependent activation of the late virulence 
genes 
Several environmental and host cues, such as temperature (Hoe & Goguen, 1993; Böhme 
et al., 2012), hormones (Hughes et al., 2009; Moreira et al., 2016), sugars (Nakanishi et 
al., 2006; Pacheco et al., 2012), cationic antimicrobial peptides (Bader et al., 2005), fatty 
acids  (Huang et al., 2008; Hung et al., 2013; Golubeva et al., 2016), iron (Ellermeier & 
Slauch, 2008; Weinberg, 2009) and bile salts (Gotoh et al., 2010; Li et 
al., 2016; Letchumanan et al., 2017) were shown to play a role in regulation of T3SS 
synthesis and function in numerous pathogens (Nisco et al., 2018). Contact between a 
pathogen and its host cell has also been postulated to trigger the expression of the T3SS-
associated genes. For instance, cell contact-mediated activation of the T3SS has been 
reported in EHEC (Shimizu et al., 2016) and EPEC (Katsowich et al., 2017). In EHEC, the 
outer membrane protein NlpE and the Cpx TCS were suggested to control the expression 
of T3SS-associated genes via a surface sensing mechanism (Shimizu et al., 2016). In 
EPEC, the T3SS itself seems to sense the host cell contact (Katsowich et al., 2017). 
Similarly to EPEC, the T3SS needle tip complex and the translocation pore were described 
to sense the host cell contact in S. flexneri and P. aeruginosa, respectively (Veenendaal et 
al., 2007; Armentrout & Rietsch, 2016). Preliminary data from our group led to the 
hypothesis that the synthesis of the Y. pseudotuberculosis T3SS may also be activated 
through contact with host cells (Opitz, 2013; Pimenova, 2014). However, a detailed 
mechanism as well as the factors involved in this type of T3SS activation are poorly 
understood and require further studies.  

4.3.1 LcrF links cell-contact signal with expression of the late virulence 
genes  
The present work clearly demonstrated that cell contact-dependent induction of the late 
virulence gene yadA in Y. pseudotuberculosis occurs via activation of lcrF expression 
(Fig. 3.25). Interestingly, LcrF is the only virulence plasmid-encoded factor required for 
the cell contact-mediated activation of yadA-expression (Fig. 3.27). This indicates an 
important difference in the mechanism of the cell contact-dependent induction of the 
T3SS-associated genes between the pathogens. In EPEC (Katsowich et al., 2017), 
S. flexneri (Veenendaal et al., 2007) and P. aeruginosa (Armentrout & Rietsch, 2016) the 
T3SS components are involved in sensing of the host cell contact signal, whereas in 
Y. pseudotuberculosis, even an unfunctional T3SS (ΔyscS) did not prevent cell contact-
mediated induction of yadA-expression (Fig. 3.26). Although, deletion of the translocon 
components (ΔyopB, ΔyopD) did not abolish the cell contact response, it was slightly 
decreased compared to the wild type (Fig. 3.26). Thus, the components of the 
Y. pseudotuberculosis T3SS might be involved in modulation of the host cell contact-
mediated response. 

In order to identify the factors required for sensing of the host cell contact signal, several 
chromosomally-encoded surface structures were analyzed in this study. Yersinia adhesins 
(invasin, Ail and YadA) are crucial factors establishing contact with the host cells. 
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Additionally, Ail and YadA were shown to accelerate delivery of cytotoxic Yop effectors 
(Mikula et al., 2013; Tsang et al., 2013). However, simultaneous deletion of invABCD, ail 
and yadA did not affect cell contact-dependent activation of yadA expression (Fig. 3.28). 
Nevertheless, it is possible that other Yersinia adhesins (YadBC, Pla, PsaA) might be 
involved in cell contact sensing. With respect to the transcriptomic data from this work, 
Pla2, whose expression was significantly upregulated under secretion conditions 
(Fig. 3.23), seems to provide a potent candidate for sensing of the T3SS activating signal. 

Assuming physical contact with the host cell results in envelope stress. The 
envelope/extracytoplasmatic stress response systems (ESRS) were also suggested to be 
promising candidates for sensing of the host cell contact signal (Laloux & Collet, 2017). 
Several ESRS include the two component signal transduction systems (TCS), which 
represent a predominant device for bacteria to sense and respond to several environmental 
stimuli (Tiwari et al., 2017). Thus, they were also suggested to be promising factors 
required for sensing of the host cell contact signal. However, up to date only two TCSs 
were shown to be directly involved in cell contact sensing. In Neisseria meningitidis, the 
TCS NMA0797 (PhoQ, MisS) / NMA0798 (PhoP/MisR) was shown to be regulated by 
host cell contact and proposed to sense this environmental signal (Jamet et al., 2009). In 
EHEC, the Cpx pathway was demonstrated to be involved in the NlpE lipoprotein-
mediated surface sensing mechanism (Shimizu et al., 2016). In Y. pseudotuberculosis, 
preliminary data from our group indicated the involvement of Rcs and OmpR/EnvZ ESRS 
in cell contact sensing (Opitz, 2013; Pimenova, 2014). The present work demonstrated that 
deletion of genes encoding for the sensor kinase rcsC, the response regulator rcsB as well 
as the outer membrane lipoprotein rcsF, did not abrogate cell contact-dependent activation 
of yadA expression in Y. pseudotuberculosis (Fig. 3.29). This indicates that the Rcs system 
is not for sensing and/or transmission of the host cell contact signal, leading to LcrF-
dependent yadA induction. In contrast, the ompR/envZ deficient strain was strongly 
impaired in cell contact-mediated induction of yadA expression (Fig. 3.29). Remarkably, 
investigation of the role of OmpR/EnvZ in sensing of the in vitro T3SS activating stimulus 
(Ca2+ limitation) revealed a negative effect of this TCS on LcrF synthesis under both, non-
secretion and secretion conditions (Fig. 3.30). Nevertheless, Ca2+ depletion-dependent 
induction of LcrF production was still observed in the absence of OmpR/EnvZ, illustrating 
a difference between the mechanisms of cell contact- and Ca2+ limitation-mediated 
activation of LcrF synthesis (Fig. 3.30). In the presence of Ca2+, OmpR/EnvZ seems to 
downregulate lcrF expression via positive influence on CsrA synthesis (Fig. 3.30). Under 
Ca2+ limitation, this TCS might negatively act on LcrF synthesis by upregulation of the 
csrC level (Fig. 3.30). This results in a decreased amount of free CsrA, insufficient for 
appropriate lcrF translation. Taken together, compromised induction of yadA expression in 
the absence of OmpR/EnvZ might be explained primarily by elevated LcrF and, 
consequently, YadA levels. Subsequently, the ompR/envZ null mutant represents a “cell 
contact blind” phenotype, where no yadA induction can be detected upon contact with the 
host cells. Recently, a repressive effect of OmpR on YadA synthesis in Y. enterocolitica 
via direct binding to the yadA promoter has been described (Nieckarz et al., 2016). This 
finding supports the hypothesis of the present work concerning the elevated yadA 
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expression in the absence of OmpR, and demonstrates that OmpR is able to also regulate 
yadA expression in an LcrF-independent manner. The host cell contact signal might serve 
as a “switch-off” signal for the OmpR/EnvZ activity, leading to induction of the late 
virulence genes. Moreover, proteomic analysis revealed that OmpR affects synthesis of 
120 proteins, a third of which are implicated in uptake and/or transport. Thus OmpR/EnvZ 
might also contribute to the host cell contact sensing, altering the surface structures that 
might be involved in direct recognition of the host cell contact signal. In particular, an 
increased amount of active (phosphorylated) OmpR (OmpR-P) represses synthesis of the 
major outer membrane porin OmpF (Cai & Inouye, 2002). According to the data of the 
present work, OmpF might be essential for the LCR in Y. pseudotuberculosis (Fig. 3.23). 
Consequently, the OmpR-mediated downregulation of ompF expression might negatively 
affect the LCR and, probably, also the response to the host cell contact. These results 
indicate that the OmpR/EnvZ TCS plays an important role in the complex regulation of 
cell contact-mediated expression of the late virulence genes. For instance, restricting LcrF 
production in the absence of the host cell contact, OmpR/EnvZ might prevent an 
uncontrolled expression of the ysc-yop genes, improving Yersinia virulence. Indeed, the 
Y. pseudotuberculosis 32777 strain lacking ompR was shown to be less virulent in the 
BALB/c mouse infection model compared to the wild type (Flamez et al., 2008). 
Moreover, OmpR was previously described to promote acid resistance of 
Y. pseudotuberculosis YPIII through activation of urease expression (Hu et al., 2009). 
OmpR was also reported to directly interact with the promoter of the thermo-regulated 
T6SS-4, which is important for Yersinia acid survival (Zhang et al., 2013). Interestingly, in 
Y. enterocolitica O:9, OmpR regulates motility, initiating the expression of the master 
flagellar operon flhDC (Raczkowska et al., 2011). Additionally, OmpR was demonstrated 
to negatively affect the Y. enterocolitica O:9 invasin expression and to alter the serum 
resistance of this pathogen (Brzostek et al., 2007; Skorek et al., 2013). Similar to 
Y. pseudotuberculosis, the OmpR/EnvZ system was also shown to control the virulence of 
E. coli in the Drosophila melanogaster infection model. The authors propose that 
OmpR/EnvZ-mediated alleviation of E. coli virulence most likely demonstrates a strategy 
to attain a persistent infection (Pukklay et al., 2013). In Acinetobacter baumannii, 
perturbation of the OmpR/EnvZ TCS results in attenuation of virulence in an invertebrate 
infection system (Tipton & Rather, 2017). In contrast to Y. pseudotuberculosis, HrpG, the 
response regulator of the OmpR family in the plant pathogen Xanthomonas, induces 
expression of the AraC-like transcriptional activator of T3SS, HrpX (Wengelnik et 
al., 1996; Andrade et al., 2014). This indicates a large spectrum of the OmpR/EnvZ 
activities that vary in different pathogens. 

4.3.2 CsrA and host cell contact-mediated LcrF synthesis 
Similar to its role in the Y. pseudotuberculosis LCR, CsrA was found to be absolutely 
essential for the cell contact-dependent induction of LcrF synthesis. Deletion of csrA in 
Y. pseudotuberculosis resulted in a cell contact-blind phenotype, unable to induce lcrF and, 
consequently, yadA expression in response to the host cell contact signal (Fig. 3.31). 
Analogous to Y. pseudotuberculosis, the CsrA homolog, RsmA, was shown to activate the 
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LcrF homolog, ExsA, in P. aeruginosa via an unknown mechanism (Brencic & Lory, 
2009; Intile et al., 2014). In EPEC/EHEC, CsrA was also demonstrated to control the 
T3SS synthesis through direct activation of escD and LEE4 genes, encoding the T3SS 
translocators. However, multicopy expression of csrA resulted in transcriptional repression 
of several LEE operons via the regulators GrlA and Ler (Bhatt et al., 2009). Recently, 
CsrA was shown to interact with the T3SS effector-binding chaperone CesT, which is 
unique in EPEC/EHEC, in order to control cell contact-dependent expression of T3SS 
effectors (Katsowich et al., 2017). 

This work demonstrated for the first time that CsrA positively affects cell contact-
dependent activation of the late virulence genes promoting lcrF translation. CsrA was 
shown to stabilize the SD-containing hairpin II structure located in the 5’-UTR of the lcrF 
transcript in an “opened” conformation supporting the ribosomal access. In this way, CsrA 
increases LcrF-mediated yadA-induction in response to host cell contact and the low 
calcium signal (Fig. 3.32). However, it cannot be excluded that CsrA also positively affects 
the lcrF transcript stability during contact with the host cells, as it does under Ca2+ 
limitation (see 3.2.1.2). These results demonstrate that both, Ca2+ depletion and the host 
cell contact signal require the presence of CsrA in order to induce LcrF synthesis. Since 
lcrF expression during the host cell contact is already activated at moderate temperatures, 
CsrA might also contribute to abrogate the negative regulation of LcrF synthesis at the 
transcriptional level (Fig. 4.3). Moreover, CsrA might participate in transmission of the 
host cell contact signal from an unknown cell contact sensor (Fig. 4.3). 



DISCUSSION 

	   151	  

 
Figure 4.3. Model of the CsrA role in the control of LcrF production upon contact with the 
host cell. 
The figure demonstrates the CsrA mode of action involved in activation of LcrF synthesis upon 
host cell contact. The green arrow indicates positive influence on gene expression and/or protein 
synthesis. The green dashed arrow demonstrates a possible positive effect of CsrA on lcrF 
transcription under these conditions. 
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5 Outlook 
To further investigate the detailed mechanism of YopD- and CsrA-mediated regulation of 
degradosome components, implicated in control of LcrF synthesis (RNase E, PNPase and 
RhlB), the effect of YopD and CsrA on stability and translation initiation of the 
corresponding transcripts should be determined. Cocrystallization of YopD with the 5’-
UTRs of rne and pnp transcripts would provide essential information about YopD-rne and 
YopD-pnp interactions. This work indicated that the negative effect of CsrA on rne and 
pnp expression is indirect. Future experiments will be directed the CsrA-dependent 
factor/factors (i.e., CsrA-repressed activators, or CsrA-activated repressors of rne and pnp 
expression) enabling regulation of RNase E and PNPase synthesis. It will be also 
interesting to assess, whether processing of the pnp 5’-UTR is required for CsrA-mediated 
regulation. 

The present work demonstrated that CsrA inhibits lcrF transcription via negative 
regulation of RcsB under non-secretion conditions. To determine a direct interaction of 
CsrA with the rcsB transcript, RNA EMSA studies need to be performed. Moreover, a 
possible role of CsrA in regulation of rcsB translation initiation should be addressed, by 
employing the in vitro translation assay. Since phosphorylated RcsB (RcsB-P) is required 
for activation of lcrF transcription, the role of CsrA in regulation of the sensor kinase 
RcsC needs to be clarified. Additionally, it is important to investigate the CsrA-RcsB 
interactions under secretion conditions. 

CsrA was found to increase the lcrF transcript stability under secretion conditions 
indirectly. Whether this influence is mediated only by CsrA-dependent negative regulation 
of the LcrF-repressors RNase E and PNPase needs to be clarified. For this, RNA stability 
assays should be performed comparing the half-life of lcrF in the wild type, the ΔcsrA 
strain and the ΔcsrAΔrne, ΔcsrAΔpnp, ΔrneΔpnp double mutant strains as well as the 
ΔcsrAΔrneΔpnp triple mutant strain. Since the rne deletion is lethal, the dominant negative 
RNase E version should be implemented for construction of the aforementioned mutants. 
These RNA stability assays could elucidate the possible hierarchy of CsrA, RNase E and 
PNPase in regulation of the lcrF mRNA degradation rate. Moreover, the role of the lcrF 
3’-UTR in destabilization of the lcrF transcript should be further explored. 

The global transcriptome profiling revealed several pYV-encoded small regulatory 
ncRNAs. Their role in the LCR of Y. pseudotuberculosis needs to be determined. 
Proteomic analysis in ncRNA deletion or overexpression strains will help to investigate the 
roles of these ncRNAs in regulation of the LCR. Moreover, the outer membrane porin, 
OmpF, could be a sensor of the low calcium signal. To further address whether OmpF is 
responsible for sensing of Ca2+ limitation, an ompF-deficient strain needs to be constructed 
and analyzed for its ability to induce the LCR under secretion conditions. Exploration of 
the immediate response of Y. pseudotuberculosis to the low calcium signal turned out to be 
challenging and requires further improvement. 

The present work indicated that YopD acts positively on the expression of genes encoding 
the T3SS- machinery under secretion conditions. Ribosome profiling in the wild type and 
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ΔyopD strains will address, whether YopD might shift the Yersinia translation towards 
synthesis of the T3SS components upon secretion. Additionally, analysis of the YopD 
interactome via CLIP-seq will provide information about the YopD-specific sequence, 
which is still controversial. 

Investigation of the CsrA interactome under permissive conditions revealed that CsrA is 
able to directly interact with several T3SS-associated transcripts. Among those was the 
yopD transcript. RNA EMSA as well as analysis of RNA and protein levels in the lcrF- 
and the csrAlcrF-deficient strains will elucidate the role of CsrA in regulation of YopD 
synthesis. 

Finally, CsrA was shown to be indispensible for cell contact-dependent induction of lcrF 
expression, as it promotes the translation initiation of lcrF. However, it will be interesting 
to investigate whether CsrA might also affect the lcrF transcript stability upon host cell 
contact. Most important is to find out how the host cell contact is sensed as well as how 
Yersinia does overcome the temperature-mediated blockage of lcrF expression (at 25 °C) 
at the transcriptional level when host cells are present. The present study indicated that the 
TCS OmpR/EnvZ is involved in sensing and/or transmission of the host cell contact signal. 
Nevertheless, further experiments are essential to address a precise mechanism of 
OmpR/EnvZ-mediated regulation of lcrF expression upon contact with host cells. To 
determine whether OmpR affects lcrF expression by binding to the yscW-lcrF promoter 
region, EMSA have to be performed. Furthermore, cell contact dependency of ompR/envZ 
expression could be assessed via qRT-PCR. Moreover, cell contact-mediated regulation of 
OmpR/EnvZ system at the post-translational level should be assessed. Lastly, it will be 
interesting to address the involvement of the OmpR/EnvZ-dependent protein OmpF in cell 
contact-mediated activation of lcrF expression.  
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6 Summary 
The virulence strategy of pathogenic Yersinia relies on a sophisticated antiphagocytic 
program, which is encoded on the Yersinia virulence plasmid, pYV. It consists of the 
adhesion factor YadA and the Ysc-Yop type III secretion system (T3SS). This program 
enables translocation of bacterial effector proteins directly into the host cell, thus 
subverting the host immune defense. However, inappropriate synthesis of the T3SS 
components can dramatically impair bacterial growth rate and fitness. Moreover, high 
immunogenicity of the macromolecular syringe can cause early elimination of the 
pathogen by the host immune system. Consequently, expression of the T3SS-associated 
genes must be tightly controlled. To do so, Yersinia have evolved a complex regulatory 
network aimed at fine-tuning expression of the late virulence genes in response to 
environmental and host signals. The most important environmental cues triggering 
synthesis of these virulence factors are temperature and host cell contact. Transcription of 
genes encoding for the antiphagocytic program is activated by the AraC-like 
transcriptional regulator LcrF. Consequently, synthesis of this major virulence activator is 
also strictly controlled. LcrF production occurs only at host temperatures (37 °C), 
preventing expression of yadA and ysc-yop genes outside the host environment. Host cell 
contact (in vivo) or low calcium signals (in vitro) further trigger lcrF expression and result 
in massive synthesis of antiphagocytic virulence factors. 

In the present study, multilayered regulatory cascades adjusting the lcrF expression were 
investigated. In the absence of cell contact or secretion signal, lcrF expression is 
downregulated via a negative feedback loop. Under these conditions, the translocon 
component YopD, in complex with its chaperone LcrH, accumulates inside the pathogen 
and prevents LcrF synthesis at the post-transcriptional level. The present work 
demonstrated that YopD exerts a negative effect on the lcrF transcript stability. Moreover, 
YopD was shown to exert a positive influence on the components of the Yersinia 
degradosome, RNase E and PNPase, via direct interaction with the 5’-UTRs of their 
mRNAs. RNase E, PNPase and RhlB, in turn, were found to downregulate LcrF synthesis. 
Additionally, YopD was demonstrated to reduce the pYV copy number, thus decreasing 
the initial lcrF amount. 

Furthermore, this work unraveled the mechanism of CsrA-mediated transcriptional 
repression of LcrF synthesis under non-secretion conditions. The global post-
transcriptional regulator CsrA was shown to negatively influence the transcriptional 
activator of LcrF, RcsB. In fact, CsrA was found to reduce the rcsB transcript stability, 
which decreases lcrF transcription. Since YopD has previously been shown to positively 
affect CsrA synthesis, this regulatory Yop might exert its negative influence on LcrF not 
only via positive regulation of the degradosome components, but also through upregulation 
of CsrA. 

The present work demonstrates that calcium limitation represents a global signal that 
induces large-scale rearrangements in the Yersinia transcriptome mainly towards 
expression of the pYV-encoded virulence factors. The low calcium signal induces 
secretion of Yops, including the post-transcriptional regulator YopD, which increases the 
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pYV copy number and abolishes feedback inhibition of LcrF synthesis. Moreover, in this 
study it was discovered why CsrA is indispensible for lcrF translation under secretion 
conditions and upon contact with the host cell. CsrA was shown to positively influence 
lcrF translation initiation. Binding of CsrA to the 5’-UTR of the lcrF mRNA results in 
capturing of the second stemloop structure in an “opened” conformation. This makes the 
lcrF SD sequence more accessible for ribosome promoting translation. A similar mode of 
action was demonstrated for CsrA-promoted positive regulation of LcrF synthesis upon 
contact with host cells. The present work demonstrates that the lcrF transcript is extremely 
unstable and actively processed, not only from the 5’-UTR, but also from the 3’-UTR. 
CsrA was found to increase the lcrF transcript stability. Data of this study suggest that 
CsrA stabilizes lcrF mRNA indirectly, via negative regulation of lcrF mRNA-degrading 
RNases such as, RNase E and PNPase. Interestingly, this work indicated that apart from its 
role in upregulation of LcrF synthesis at the post-transcriptional level, CsrA elevates the 
LcrF amount by increasing the pYV copy number. 

The present work further showed that LcrF is the only pYV-encoded factor required for the 
cell contact-dependent induction of yadA expression. Apart from CsrA, the OmpR/EnvZ 
two-component system, as well as the outer membrane porin OmpF have been suggested 
as promising chromosomally-encoded factors that might be involved in sensing and/or 
transmission of the host cell contact signal to LcrF synthesis. 

In conclusion, in this study multiple regulatory traits controlling LcrF synthesis have been 
identified. The post-transcriptional regulators CsrA and YopD were shown to play a key 
role in the complex regulation of lcrF expression. Furthermore, several additional factors, 
such as the RNA degradosome, pYV copy number and ESRS, were shown to be 
implicated in the CsrA- and YopD-mediated control of lcrF expression. This multilayered 
regulation allows a finely-tuned and tightly controlled synthesis of the major virulence 
activator. 
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Supplementary material 

 
Figure S1. Coomassie blue-stained SDS-PAGE of Ni-NTA affinity chromatography-purified 
His6-YopD/LcrH complexes. 
	  
	  
	  

	  
Figure S2. CsrA promotes translation initiation of lcrF. 
Y. pseudotuberculosis strains YPIII (wt), and YP53 (ΔcsrA) harboring the translational reporter 
gene fusion Ptet::lcrF’–‘lacZ (pKB14) and the empty vector pHSG576 (pV) or the csrA+ plasmid 
(pKB60) were grown in LBBD medium (1:50 diluted from overnight cultures for YPIII, or 1:20 for 
YP53) for two hours at 25°C. Secretion conditions were induced by adding 20 mM NaOx and 20 
mM MgCl2. Bacteria were further cultivated for four hours at 37°C. The β-galactosidase activity 
was determined and is given in µmol · mg-1 · min-1 for comparison. The data represent the mean ± 
standard deviation of three independent experiments each performed in duplicates. Data were 
analyzed by the Student’s t-test. Stars indicate the results that differed significantly from each other 
with *(P<0.05),  **(P<0.01). 
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Figure S3. Determination of the lcrF 3’-UTR length using 3’-RACE. 
A The graph represents the varying length of the lcrF 3’-UTR (black dots) estimated via the 3’-
RACE (all 33 clones). The terminal nucleotide as well as its position relative to the lcrF STOP 
codon is given on the y-axis. 
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Figure S4. Determination of an optimal time point for detection of immediate LCR-mediated 
changes in gene expression. 
Y. pseudotuberculosis YPIII was grown under at 25°C for 2 hours. Thereafter Ca2+ depletion was 
either performed (secretion conditions) or not (non-secretion conditions) and the cultures were 
shifted to 37°C. At time points indicated on the graph total RNA was extracted and prepared for 
analysis of the relative expression level of lcrF (left panel) or csrA (right panel). The relative 
expression of each gene was normalized to sopB and calculated relative to time point 0 min. The 
data show the mean ± standard deviation of three independent experiments each performed in 
duplicates. Data were analyzed by the Student’s t-test. Stars indicate the results that differed 
significantly from each other with *(P<0.05),  **(P<0.01), n.s. (P>0.05). 

 

 
Figure S5. RNA electropherograms of two representative replicates from immediate Ca2+ 
depletion response experiment. 
The RIN indicates the quality of the total RNA. 
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Figure S6. RNA-seq platform performance (representative from immediate Ca2+ depletion 
response experiment).   
A Platform dynamic range and lower limit of detection (dose response). Either ERCC ExFold RNA 
Spike-In Mix 1 or Mix 2 was added to  RNA pools obtained from plus Ca2+ and plus Ca2+ samples. 
B Assessment of platform fold-change responses. ERCC ExFold RNA Spike-In Mix 1 or Mix 2 
was added to  mouse RNA pools, which were then converted into cDNA libraries and sequenced. 
The observed fold-change ratios between Mix 1 and Mix 2 should match with the expected ratios, 
which can be determined by linear regression. Controls with an RPKM ≤ 1 (open circles) were 
removed in either sample and the linear fit illustrates highly accurate fold-change estimates (filled 
circles). 
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Figure S7. Replicate correlation of RNA-seq data.  
RPKM normalized read counts for all detected genes are plotted for the biological replicates 
representative for immediate LCR (A) and for LCR 4 hours after induction (B) datasets. The 
Pearson correlation coefficient (r) is given for each replicate. 

 

 
Figure S8. Role of the OmpR/EnvZ TCS in cell contact-dependent yadA induction.  
A Y. pseudotuberculosis YPIII (wt) and YP300 (ΔompR/envZ) strains carrying pWO41 (yadA-
luxCDABE) were used to infect confluent HEp-2 cells or incubated without cells in PBS at 25 °C 
for 2.5 hours. Bioluminescent emission was measured every 10 min to monitor kinetics of host 
cell-dependent yadA-luxCDABE induction.  
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Figure S9. RepA expression in response to the low calcium signal.  
A DESeq2 normalized read counts of repA mRNA from YPIII, YP53, YP91 and YP145 grown 
under non-secretion (+Ca2+) and secretion conditions (-Ca2+). B DESeq2 normalized read counts of 
repA mRNA relative to the measured gene dose in the respective sample (in cooperation with 
I. Vollmer). The data represent the mean ± standard deviation of three independent experiments. 
Data were analyzed by the Student’s t-test. Stars indicate the results that differed significantly from 
each other with *(P<0.05),  **(P<0.01), ***(P<0.001), and n.s. (not significant). 
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Figure S10. CsrA affects rcsC expression.  
Y. pseudotuberculosis strains YPIII (wt), and YP53 (ΔcsrA) were grown in LBBD medium (1:50 
diluted from overnight cultures for YPIII, or 1:20 for YP53) for two hours at 25°C, followed by 
four hours at 37°C. For Northern blot analysis, performed to determine the rcsC transcript level, 
total RNA of the cultures was isolated, separated by 1.2% MOPS agarose gel electrophoresis, and 
transferred onto a nylon membrane. The mRNA of interest were specifically detected by the 
specific Dig-labeled DNA probe. csrC transcript is indicated on the right. 23S and 16S rRNA was 
visualized with ethidium bromide as loading control. The ΔrcsBC mutant strain YP310 was used as 
negative control. 

 

Table S1. Mapping statistics for immediate Ca2+ response 

 

 

 

 

 

 

 

 

 

 

wt ΔcsrA

rcsC

23S
16S

Sample group Replicate Total mapped 
reads 

Total uniquely 
mapped reads 
including 
ERCC

Uniqely 
mapped to 
chromosome

Uniquely 
mapped to pYV

Total uniquely 
mapped to genes

1 4676524 2254018 2167295 53573 1907239
2 4392822 2048259 1973227 45740 1742259
3 4173929 1976621 1915462 42756 1669254
1 5990773 3007598 2931157 49530 2677149
2 3935634 1881393 1828508 37652 1599028
3 8970361 4665558 4495361 124839 4066497

YPIII$plus$calcium

YPIII$minus$calcium
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Table S2. Mapping statistics for Ca2+ response after four hours 

	  
	  
	  
	  
	  
	  
 
 
 
 

 

Sample group Replicate Total mapped 
reads 

Total uniquely 
mapped reads 
including 
ERCC

Uniqely 
mapped to 
chromosome

Uniquely 
mapped to pYV

Total uniquely 
mapped to genes

1 3196106 504942 460909 12198 450166
2 3302812 564991 532531 10881 500142
3 2529716 382184 350126 8432 343734
4 22792255 6843740 6416007 200093 5980963
5 13605673 2740935 2589440 73092 2449293
6 12366378 3215110 3006493 86661 2932063
1 3395252 841256 484258 308987 744310
2 5519095 1866868 1169945 626206 1655412
3 6000433 1697951 1060463 603614 1519845
4 12336959 4413044 2455311 1849220 3951285
5 13590428 4903733 2507071 2312152 4448043
6 34405570 10487998 5381623 4865101 9631019
1 5761000 1762167 1639855 44631 1552122
2 3763748 845031 796823 24398 746612
3 3310705 1227191 961552 226942 1072702
4 23931469 9106884 8584427 314624 7973222
5 17088354 5876041 5533970 195147 5150469
6 27474027 9647489 9122122 320045 8392402
1 4300739 827213 685759 126383 674890
2 7334787 1856062 1665472 131379 1611329
3 6449512 2535870 2218886 284075 2159035
4 11012177 4374224 3496056 795397 3884624
5 15226736 6175406 4890125 1137012 5470604
6 30123123 11219320 9429667 1573231 9710697
1 8330086 979135 632040 297867 859785
2 2968133 543669 389799 115622 499319
3 3346465 860058 494897 310216 762712
4 11612162 1975486 1110759 794969 1704464
5 25011133 5964693 3540297 2180517 5245101
1 5128802 1079376 752366 235409 957107
2 5121020 1193955 933172 189666 1075299
3 3138550 426263 219108 169433 384146
4 13065642 2414083 1601198 676691 2191059
5 25919936 7523585 5100026 2199919 7042405
6 14157482 2985223 1712879 1120529 2643348
1 6820638 1702398 1368545 255329 1500373
2 4351002 1113247 1090229 18760 992529
3 4714354 1608195 1320970 245414 1393364
1 6251587 1627346 1276884 282420 1414690
2 8130583 2781334 2211384 480613 2397110
3 5064668 1659613 1318716 299239 1402907

YP91%plus%calcium

YP91%minus%calcium

YP145%plus%calcium

YP145%minus%calcium

YPIII%plus%calcium

YPIII%minus%calcium

YP53%plus%calcium

YP53%minus%calcium
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Table S3. Classification of LCR-dependent genes 

Locus Gene name Log2FC Description  

Virulence 

LCR-activated loci 

pYV0047 yopM 7,8 YopM, targeted effector 
protein 

virulence factor, pYV 

pYV0040 yopK, yopQ 7,5 YopK, targeting protein YopK, 
YopQ 

virulence factor, pYV 

pYV0057 lcrV 6,6 LcrV, V antigen, antihost 
protein/regulator 

virulence factor, pYV 

pYV0094 yopH 6,5 YopH, protein-tyrosine 
phosphatase Yop effector 

virulence factor, pYV 

pYV0056 lcrH, sycD 6,5 LcrH, SycD, low calcium 
response protein H 

virulence factor, pYV 

pYV0098 yopP, yopJ 6,3 YopP, YopJ, targeted effector 
protein 

virulence factor, pYV 

pYV0058 lcrG 6,3 LcrG, Yop regulator virulence factor, pYV 
pYV0054 yopD 6,3 YopD, Yop negative 

regulation/targeting component 
virulence factor, pYV 

pYV0055 yopB 6,2 YopB, Yop targeting protein virulence factor, pYV 
pYV0025 yopE 6,0 outer membrane virulence 

protein 
virulence factor, pYV 

pYV0082 yscF 4,9 YscF, type III secretion protein virulence factor, pYV 
pYV0079 yscC 4,7 YscC, type III secretion protein virulence factor, pYV 
pYV0001 ypkA 4,7 YpkA, targeted effector protein 

kinase 
virulence factor, pYV 

YPK_2831 pla2 4,4 outer membrane protease virulence factor; 
outer membrane protease: 
involved in virulence in many 
organisms; OmpT; IcsP; SopA; 
Pla; PgtE; omptin; in E. coli 
OmpT can degrade antimicrobial 
peptides; in Yersinia Pla activates 
plasminogen during infection; in 
S. flexneri SopA cleaves the 
autotransporter IcsA 

pYV0087 yscK 4,4 YscK, type III secretion 
protein 

virulence factor, pYV 

pYV0080 yscD 4,4 YscD, type III secretion 
protein 

virulence factor, pYV 

pYV0059 lcrR 4,3 hypothetical protein LcrR virulence factor, pYV 
pYV0083 yscG 4,2 YscG, type III secretion 

protein 
virulence factor, pYV 

pYV0061 yscY 4,1 YscY, type III secretion 
protein 

virulence factor, pYV 

pYV0065 yopN, lcrE 4,1 YopN, LcrE, membrane-bound 
Yop targeting protein 

virulence factor, pYV 

pYV0068 yscO 4,0 YscO, type III secretion 
protein 

virulence factor, pYV 
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pYV0081 yscE 4,0 YscE, type III secretion protein virulence factor, pYV 
pYV0024 sycE, yerA 3,9 YopE chaperone virulence factor, pYV 
pYV0063 sycN 3,9 SycN, type III secretion protein virulence factor, pYV 
pYV0013 yadA 3,8 Yersinia adhesin A, YadA virulence factor, pYV 
pYV0088 yscL 3,8 type III secretion system 

protein 
virulence factor, pYV 

pYV0086 yscJ, ylpB 3,7 YscJ, YlpB, type III secretion 
lipoprotein 

virulence factor, pYV 

pYV0084 yscH, yopR 3,7 YscH, YopR, LcrP, type III 
secretion protein 

virulence factor, pYV 

pYV0067 sctN 3,6 type III secretion system 
ATPase 

virulence factor, pYV 

pYV0060 lcrD, yscV 3,6 LcrD, YscV, membrane-bound 
Yop protein 

virulence factor, pYV 

pYV0069 yscP 3,6 YscP, type III secretion protein virulence factor, pYV 
pYV0070 yscQ 3,6 type III secretion system 

protein 
virulence factor, pYV 

pYV0071 yscR 3,5 type III secretion system 
protein 

virulence factor, pYV 

pYV0064 tyeA 3,5 TyeA, Yop secretion and 
targeting protein 

virulence factor, pYV 

pYV0062 yscX 3,5 YscX, type III secretion 
protein 

virulence factor, pYV 

pYV0085 yscI, lcrO 3,4 YscI, LcrO, type III secretion 
protein 

virulence factor, pYV 

pYV0073 yscT 3,4 YscT, type III secretion protein virulence factor, pYV 
pYV0077 yscA 3,2 YscA, type III secretion 

protein 
virulence factor, pYV 

pYV0089 yscM, lcrQ 3,1 YscM, LcrQ, type III secretion 
regulatory 

virulence factor, pYV 

pYV0074 yscU 3,1 YscU, type III secretion 
protein 

virulence factor, pYV 

pYV0041 yopT 3,1 yop targeted effector YopT virulence factor, pYV 
pYV0076 lcrF, virF 3,0 LcrF, VirF, thermoregulatory 

protein 
virulence factor, pYV 

YPK_2649 ompF 2,9 porin virulence factor; 
Drug resistance: beta-Lactam 
resistance; outer membrane pore 
protein F 

YPK_2381 fliC 2,9 flagellin virulence factor; 
Infectious diseases: Salmonella 
infection; Legionellosis 

pYV0075 virG, yscW 2,9 VirG, YscW, Yop targeting 
lipoprotein 

virulence factor, pYV 

pYV0072 yscS 2,7 YscS, type III secretion protein virulence factor, pYV 

LCR-repressed loci 

YPK_2759 psaA -3,1 pH 6 antigen virulence factor 
YPK_3452 degP, htrA -2,4 serine endoprotease virulence factor; 

Drug resistance: Cationic 
antimicrobial peptide (CAMP) 
resistance; serine protease Do 
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Metabolism 

LCR-activated loci 

YPK_2831 pla2 4,4 outer membrane protease Metabolism: Enzyme families; 
Peptidases 

YPK_2916 betB 4,1 betaine aldehyde 
dehydrogenase 

Amino acid metabolism: Glycine, 
serine and threonine metabolism; 
betaine-aldehyde dehydrogenase 

YPK_0423 ssuC 2,6 binding-protein-dependent 
transport systems inner 
membrane component 

Energy metabolism: Sulfur 
metabolism; sulfonate transport 
system permease protein 

YPK_0495 treB 2,4 PTS system trehalose 
(maltose)-specific transporter 
subunit IIBC 

Carbohydrate metabolism: Starch 
and sucrose metabolism; PTS-
Tre-EIIC; PTS system 

YPK_3848   2,4 lactaldehyde reductase Carbohydrate metabolism: 
Glycolysis/Gluconeogenesis; 
alcohol dehydrogenase 

YPK_1637   2,2 glycosidase PH1107-like 
protein 

Unclassified; Metabolism: 
Carbohydrate metabolism; 4-O-
beta-D-mannosyl-D-glucose 
phosphorylase 

YPK_0422 ssuD 2,2 alkanesulfonate 
monooxygenase 

Energy metabolism: Sulfur 
metabolism; alkanesulfonate 
monooxygenase 

LCR-repressed loci 

YPK_1974 aldB -3,2 aldehyde dehydrogenase Carbohydrate metabolism: 
Pyruvate metabolism; aldehyde 
dehydrogenase 

YPK_1133 ureC -2,6 urease subunit alpha Nucleotide metabolism: Purine 
metabolism; urease subunit 
alpha; 
Amino acid metabolism: 
Arginine biosynthesis; 
Xenobiotics biodegradation and 
metabolism: Atrazine 
degradation 

YPK_3042   -2,4 oxidoreductase domain-
containing protein 

Carbohydrate metabolism: 
Galactose metabolism; 
GenBank: Gfo/Idh/MocA family 
oxidoreductase 

YPK_2703 poxB -2,2 pyruvate dehydrogenase Carbohydrate metabolism: 
Pyruvate metabolism; pyruvate 
dehydrogenase (quinone) 

YPK_4088 argB -2,2 acetylglutamate kinase Amino acid metabolism: 
Arginine biosynthesis; 
acetylglutamate kinase 

YPK_3368 luxS -2,1 S-ribosylhomocysteinase Amino acid metabolism: 
Cysteine and methionine 
metabolism; S-
ribosylhomocysteine lyase 

YPK_2996 nagE -2,1 PTS system N- Carbohydrate metabolism: 
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acetylglucosamine-specific 
transporter subunit IIBC 

Amino sugar and nucleotide 
sugar metabolism 

YPK_1132 ureB -2,1 urease subunit beta Nucleotide metabolism: Purine 
metabolism; urease subunit beta; 
Amino acid metabolism: 
Arginine biosynthesis; 
Xenobiotics biodegradation and 
metabolism: Atrazine 
degradation 

YPK_1131 ureA -2,0 urease subunit gamma Nucleotide metabolism: Purine 
metabolism; urease subunit 
gamma; 
Amino acid metabolism: 
Arginine biosynthesis; 
Xenobiotics biodegradation and 
metabolism: Atrazine 
degradation 

YPK_4089 argC -2,0 N-acetyl-gamma-glutamyl-
phosphate reductase 

Amino acid metabolism: 
Arginine biosynthesis; N-acetyl-
gamma-glutamyl-phosphate 
reductase 

YPK_3395 araD-2 -2,0 L-ribulose-5-phosphate 4-
epimerase 

Carbohydrate metabolism: 
Pentose and glucuronate 
interconversions; L-ribulose-5-
phosphate 4-epimerase; 
Ascorbate and aldarate 
metabolism; L-ribulose-5-
phosphate 4-epimerase 

YPK_0343 thiG -2,0 thiazole synthase Metabolism of cofactors and 
vitamins: Thiamine metabolism; 
thiazole synthase 

Cellular Processes 

LCR-activated loci 

YPK_2381 fliC 2,9 flagellin Cell motility: Flagellar assembly; 
flagellin 

YPK_1748 motB-2 2,4 flagellar motor protein MotB Cell motility: Bacterial 
chemotaxis; Flagellar assembly 

YPK_1747 motA-2 2,4 flagellar motor protein MotA Cell motility: Bacterial 
chemotaxis; Flagellar assembly 

LCR-repressed loci 

YPK_3368 luxS -2,1 S-ribosylhomocysteinase Cellular community - 
prokaryotes: Quorum sensing; S-
ribosylhomocysteine lyase; 
Biofilm formation - Vibrio 
cholerae;  
Biofilm formation - Escherichia 
coli; S-ribosylhomocysteine lyase 

YPK_3653 lsrB -2,0 autoinducer AI-2 ABC 
transporter periplasmic AI-2-
binding protein 

Cellular community – 
prokaryotes: Quorum sensing; 
AI-2 transport system substrate-
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binding protein 

Environmental Information Processing 

LCR-activated loci 

YPK_2914 betT 3,1 choline transport protein BetT Membrane transport: 
Transporters; 
choline/glycine/proline betaine 
transport protein 

YPK_2649 ompF 2,9 porin Signal transduction: Two-
component system; outer 
membrane pore protein F 

YPK_2381 fliC 2,9 flagellin Signal transduction: Two-
component system; flagellin 

YPK_0423 ssuC 2,6 binding-protein-dependent 
transport systems inner 
membrane component 

Membrane transport: ABC 
transporters; sulfonate transport 
system permease protein 

YPK_0495 treB 2,4 PTS system trehalose 
(maltose)-specific transporter 
subunit IIBC 

Membrane transport: 
Phosphotransferase system (PTS) 

YPK_1747 motA-2 2,4 flagellar motor protein MotA Signal transduction: Two-
component system; chemotaxis 
protein MotA 

YPK_2003 rtxD 2,4 type I secretion membrane 
fusion protein, HlyD family 

Signal transduction: TCS; 
membrane fusion protein, RTX 
toxin transport system 

YPK_2004 rtxB 2,2 type I secretion system ATPase Signal transduction: Two-
component system; ATP-binding 
cassette, subfamily B, bacterial 
RtxB 

LCR-repressed loci 

YPK_3398 yphF-5, ytfQ-5 -2,4 carbohydrate ABC transporter 
periplasmic-binding protein 

Structural complex: 
Environmental information 
processing; Saccharide, polyol, 
and lipid transport system; 
Putative simple sugar transport 
system; simple sugar transport 
system substrate-binding protein 

YPK_3452 degP, htrA -2,4 serine endoprotease Signal transduction: Two-
component system; serine 
protease Do 

YPK_4109 raxA, cvaA -2,3 secretion protein HlyD family 
protein 

Membrane transport: 
Transporters; membrane fusion 
protein; Secretion system  

YPK_2996 nagE -2,1 PTS system N-
acetylglucosamine-specific 
transporter subunit IIBC 

Membrane transport: 
Phosphotransferase system (PTS) 

YPK_3653 lsrB -2,0 autoinducer AI-2 ABC 
transporter periplasmic AI-2-
binding protein 

Membrane transport: ABC 
transporters; AI-2 transport 
system substrate-binding protein 
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Transporters 

LCR-activated loci 

YPK_2914 betT 3,1 choline transport protein BetT Other Transporters: 
Electrochemical potential-driven 
transporters [TC:2] 

YPK_2649 ompF 2,9 porin Other Transporters: Pores ion 
channels; outer membrane pore 
protein F 

YPK_0423 ssuC 2,6 binding-protein-dependent 
transport systems inner 
membrane component 

ABC Transporters, Prokaryotic 
Type: Mineral and organic ion 
transporters; Sulfonate 
transporter; sulfonate transport 
system permease protein 

YPK_0495 treB 2,4 PTS system 
trehalose(maltose)-specific 
transporter subunit IIBC 

Phosphotransferase System 
(PTS): Enzyme II; Trehalose-
specific II component; PTS-Tre-
EIIC; PTS system, trehalose-
specific IIC component 

YPK_1748 motB-2 2,4 flagellar motor protein MotB Other Transporters: Pores ion 
channels; chemotaxis protein 
MotB 

YPK_1747 motA-2 2,4 flagellar motor protein MotA Other Transporters: Pores ion 
channels; chemotaxis protein 
MotA 

YPK_2003 rtxD 2,4 type I secretion membrane 
fusion protein, HlyD family 

Other Transporters: Accessory 
factors involved in transport; 
membrane fusion protein, RTX 
toxin transport system 

LCR-repressed loci 

YPK_3398 yphF-5, ytfQ-5 -2,4 carbohydrate ABC transporter 
periplasmic-binding protein 

ABC Transporters: Saccharide, 
polyol, and lipid transporters; 
Putative simple sugar transporter; 
galactofuranose ABC transporter 
periplasmic binding protein; 
simple sugar transport system 
substrate-binding protein 

YPK_3653 lsrB -2,0 autoinducer AI-2 ABC 
transporter periplasmic AI-2-
binding protein 

ABC Transporters, Prokaryotic 
Type: Saccharide, polyol, and 
lipid transporters; AI-2 
transporter; AI-2 transport system 
substrate-binding protein 

Genetic Information Processing 

LCR-activated loci 

Ysr164   3,6 Synonym: Ysr164; Class: 
transRNA 

RNA family: Non-coding RNAs 

YPK_2915 betI 3,5 transcriptional regulator BetI Transcription: Transcription 
factors; TetR/AcrR family 
transcriptional regulator, 
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transcriptional repressor of bet 
genes 

Ysr290   3,3 Synonym: Ysr290; Class: 
asRNA 

RNA family: Non-coding RNAs 

YPK_0217   3,0 putative transcriptional 
regulator, Nlp 

Transcription 

Ysr298   2,8 Synonym: Ysr298; Class: 
asRNA 

RNA family: Non-coding RNAs 

YPK_0888 dam-2 2,7 DNA adenine methylase Replication and repair: mismatch 
repair; DNA adenine methylase 

Ysr299   2,5 Synonym: Ysr299; Class: 
asRNA 

RNA family: Non-coding RNAs 

LCR-repressed loci 

YPK_R0037 tRNA-Phe -3,0 tRNA Phe Translation: Transfer RNA 
biogenesis 

YPK_3452 degP, htrA -2,4 serine endoprotease Folding, sorting and degradation: 
Chaperones and folding catalysts; 
serine protease Do 

YPK_R0034 tRNA-Leu -2,2 tRNA Leu Translation: Transfer RNA 
biogenesis 

YPK_R0016 tRNA-Val -2,1 tRNA Val Translation: Transfer RNA 
biogenesis 

YPK_0504 yhbH -2,1 putative sigma(54) modulation 
protein 

Translation: Ribosome 
biogenesis; putative sigma-54 
modulation protein 

YPK_R0037 tRNA-Phe -3,0 tRNA Phe Translation: Transfer RNA 
biogenesis 

Hypothetical Proteins 

LCR-activated loci 

pYV0002  6,4 hypothetical protein  
pYV0099  6,4 hypothetical protein  
pYV0078  4,8 hypothetical protein  
pYV0097  4,6 hypothetical protein  
pYV0035  4,5 hypothetical protein  
pYV0048  4,1 hypothetical protein  
pYV0049  3,6 hypothetical protein  
pYV0044  3,5 hypothetical protein  
YPK_2588  2,9 hypothetical protein  
pYV0051  2,9 hypothetical protein  
YPK_2682  2,6 hypothetical protein  
YPK_0912  2,3 hypothetical protein  
YPK_1487  2,0 hypothetical protein  

LCR-repressed loci 

YPK_3773 ytfK -3,8 hypothetical protein  
YPK_3567 rovC -2,1 hypothetical protein  
YPK_0631   -2,0 hypothetical protein  
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Others 

LCR-activated loci 

pYV0038  8,5 pseudogene  
pYV0039  7,1 putative transposase  
pYV0014  5,2 pseudogene  
pYV0092  4,5 transposase  
pYV0037  4,2 pseudogene  
pYV0091  4,1 transposase  
pYV0008  3,2 possible transposase remnant  
YPK_1991  2,5 pseudogene  
pYV0015  2,5 pseudogene  
pYV0090  2,5 transposase  
pYV0046  2,4 putative transposase remnant  
YPK_2286  2,4 putative transposase  
pYV0093  2,4 transposase  
pYV0096  2,3 IS630 family transposase  
pYV0017  2,2 resolvase  
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