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1 Introduction 
 
Expression of virulence-relevant genes in enteropathogens is strictly controlled in response 
to various challenges such as nutrient limitation, temperature changes and intermicrobial 
competition that are encountered during infection of the mammalian host. They also include 
host defense strategies, especially in the underlying tissues of the gastrointestinal epithelium. 
Foodborne enteropathogens, such as the enteropathogenic Yersiniae, are using an arsenal of 
virulence factors to combat these challenges and establish an infection within the 
mammalian host. Due to the fluctuating conditions, Yersinia is depending on the concerted 
action of different regulators at specific time points of the infection, in order to precisely 
express these countermeasures. RNA metabolism, including the degradation and maturation 
of different RNA species, but also the action of sRNAs, plays an important role during these 
adaptation processes. This study aims to further elucidate the role of ribonucleases (RNases) 
in the regulation of essential virulence factors in different phases of the Yersinia infection.  
 
1.1 The genus Yersinia and route of infection 

 
Yersinia are a Gram-negative, rod-shaped, motile and facultative anaerobic bacteria in the 
Enterobacteriaceae-family, which are named after the microbiologist Alexandre Émile Jean 
Yersin. The genus Yersinia can generally be divided into 18 different species, of which three 
(Y. pestis, Y. pseudotuberculosis and Y. enterocolitica) are known to be human pathogens 
with a zoonotic life style that are able to grow at temperatures ranging from 4°C to 40°C 
(Carniel et al., 2006; McNally et al., 2016; Perry and Fetherston, 1997; Savin et al., 2014). 
Yersinia pestis emerged around 1,500 - 20,000 years ago and was the causative agent of 
three plague pandemics in the past. However, even today several outbreaks, among others 
in Madagascar or Iran, are occurring annually (Achtman et al., 1999; Hashemi Shahraki et 
al., 2016; Pechous et al., 2016; Rasmussen et al., 2015; Tsuzuki et al., 2017; Wren, 2003). 
Although Y. pestis shares 97% gene homology with its enteric ancestor 
Y. pseudotuberculosis at the genomic level, it causes diseases with very distinct clinical 
manifestations ranging from the so-called bubonic and pneumonic to the septicemic plague. 
Especially point mutations, functional loss of roughly 13% of Y. pseudotuberculosis genes, 
uptake of two plasmids (pPla, pFra) in addition to the Yersinia virulence-plasmid (pIB1 
(Y. pseudotuberculosis)/ pYV (Y. pseudotuberculosis and Y. enterocolitica)/ pCD1 
(Y. pestis)) and recombination events (IS100) might have allowed Y. pestis to be more 
efficiently transmitted from rodents to humans by flea bites and exhibit its distinct blood-
borne life cycle (Figure 1) (Achtman et al., 1999; Brubaker, 1991; Chain et al., 2004; 
Heroven and Dersch, 2014; Pechous et al., 2016; Perry and Fetherston, 1997; Rosqvist et 
al., 1988; Simonet et al., 1996; Wren, 2003).  
 
The second and third member of the group of human pathogens are Y. entercolitica and 
Y. pseudotuberculosis, which could be isolated from various environmental and animal 
samples including contaminated vegetables and meat, domestic and wild warm-blooded 
animals, insects, soil and water (Bottone, 1997; Carniel et al., 2006; Fredriksson-Ahomaa, 
2012; Fredriksson-Ahomaa et al., 2006; Le Guern et al., 2016; Morka et al., 2018; Reinhardt 
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et al., 2018). These two pathogens represent the group of enteric Yersinia species, which are 
transmitted via the faecal oral route, and cause a generally self-limiting infection that often 
manifests itself by diarrhoea and other gut-associated symptoms such as ileitis, 
gastroenteritis and mesenteric lymphadenitis. This set of gut-associated diseases, which is 
commonly called Yersiniosis, are especially problematic in elderly or immunocompromised 
patients and are occasionally associated with reactive arthritis, autoimmune reactions and 
other extra-intestinal complications (Koornhof et al., 1999; Ljungberg et al., 1995). An 
uptake by contaminated food or water is generally followed by the passage through the 
gastrointestinal tract until the small intestine (ileum) or the cecum are reached. Local 
microfold cells (M-cells), which are specialised in the selective passage of certain particles 
or bacteria for antigen-sampling, then allow transition through the epithelial barrier. This 
leads to replication and microcolony formation of Yersinia in the underlying lymphatic tissue 
(Peyer’s patches). In this tissue they encounter and circumvent a strong immune response 
and can spread to the mesenteric lymph nodes and other lymphatic organs such as the liver 
or spleen, which can then lead to systemic spread (Figure 1) (Fàbrega and Vila, 2012; 
Fahlgren et al., 2014; Oellerich et al., 2007; Sansonetti, 2004; Sansonetti and Phalipon, 1999; 
Wren, 2003). This infection process of enteric Yersinia can be divided into an early and 
ongoing infection phase and will be addressed in the following chapters. 
 

 
Figure 1. Routes of Yersinia infections.  
Enteropathogenic Yersinia species and Y. pestis are transmitted by different routes. The main source for an infection with 
enteropathogenic Yersinia is contaminated food or water while Y. pestis is transmitted to humans via bites from infected 
fleas. These fleas take up bacteria during blood-meals from infected rodents. Depending on the transmission route, the 
infection can develop into the bubonic, pneumonic or septicemic plague. Y. pseudotuberculosis and Y. enterocolitica, on 
the other hand, adhere to specialised M-cells of the small intestine in order to invade the underlying lymphoid tissue 
(Peyer’s patches) and spread to the mesentric lymph nodes or other organs (liver, spleen) (McNally et al., 2016)1. 
 
 

                                                
1Adapted from (McNally et al., 2016) by permission of Springer Nature: Springer Nature, Nature Reviews 
Microbiology, `Add, stir and reduce´: Yersinia spp. as a model bacteria for pathogen evolution, McNally et 
al., Copyright ã 2016. 
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1.2 The early infection phase 
 
The early infection phase of Y. pseudotuberculosis is characterised by the usage of virulence 
factors such as invasin and flagella in order to adhere and invade target cells in the small 
intestine (ileum) and allow a fast colonisation of the Peyer’s patches (Figure 2) (Boyce et 
al., 1979; Mikula et al., 2013; Young et al., 2000).  
 

 
Figure 2. The early and ongoing infection phase in the small intestine (ileum).   
The early infection phase of enteropathogenic Yersinia is characterised by the usage of virulence factors in order to colonise, 
adhere and invade the target tissue in the small intestine. During the ongoing infection phase there is a switch in virulence 
factor-expression in order survive the host immune response in the lymphatic tissue underlying the epithelium of the small 
intestine. During this phase, mainly virulence factors such as YadA and the type III secretion system with its effector 
proteins (Yops) are expressed and used for this purpose. These virulence factors are all encoded on the ~70 kb virulence-
plasmid pIB1/pYV of human pathogenic Yersinia (according to (Sansonetti, 2004) and modified from (Seekircher, 2014))2. 
 
 
1.2.1 Regulation of invasin, RovM and the Csr (carbon storage regulator)-system 
 
One of the proteins that play a critical role during early infection is the adhesin invasin, 
encoded by the inv gene. It is composed of five globular extracellular domains which are 
connected to a porin like structure that is anchored in the outer membrane (Figure 3). Invasin 
mediates binding and efficient uptake of bacteria into host cells due to its high affinity to 
five b1 integrin receptor variants, which normally bind to extracellular matrix proteins on 
the apical side of M-cells. Invasion is then realised by intracellular signal transduction and 
a subsequent rearrangement of the host cell cytoskeleton (Clark et al., 1998; Hamburger et 
                                                
2Adapted from (Sansonetti, 2004) by permission of Springer Nature: Springer Nature, Nature Reviews 
Immunology, War and peace at mucosal surfaces, Sansonetti, Copyright ã 2004. 
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al., 1999; Isberg et al., 2000, 1987; Isberg and Leong, 1990; Marra and Isberg, 1997; 
Mohammadi and Isberg, 2009; Van Nhieu et al., 1996). Therefore, it is not surprising that 
the 90-103 kDa protein invasin is not only important for the invasion of epithelial cells, but 
also for colonisation of deeper tissues in the mouse model (Isberg et al., 1987; Isberg, 1989; 
Isberg and Falkow, 1985; Pepe and Miller, 1993; Simonet and Falkow, 1992; Uliczka et al., 
2011b). Although studies proposed different possible invasion and systemic dissemination 
pathways for Yersinia, it is now widely accepted that invasin plays an essential role in the 
early infection phase and for infection establishment (Marra and Isberg, 1997; Pepe and 
Miller, 1993; Rosqvist et al., 1988; Simonet and Falkow, 1992). Like many other virulence 
factors, invasin is subject to environmental regulation (e.g. temperature, pH and ions). 
Maximal expression of invasin in Yersinia occurs between 23°C and 28°C in complex 
medium during stationary growth and is subject to RovA/RovM/Csr-system-mediated 
regulation (Figure 6) (Heroven et al., 2007; Isberg et al., 1988; Nagel et al., 2001; Pepe et 
al., 1994).  
 

  
Figure 3. Structure and functional domains of the Y. pseudotuberculosis invasin.   
(A) Schematic domain structure of the major adhesin invasin. It comprises a signal peptide (SP) at the N-terminal end 
which is followed by two hydrophilic, periplasmic domains (a and a’) and a b-barrel structure located in the outer 
membrane. The C-terminal half consist of four immunoglobulin-like domains (D1-D4) and a domain (D5) with a C-type 
lectin-like fold.  (B) Domains D1-D5 shown as a ribbon structure. The residues needed for binding of integrin to host cells 
are highlighted (C907, D911, C982, D811, R883). (C) The b-barrel structure of invasin (Modified from (Mikula et al., 
2013)3).  
 

                                                
3(Mikula et al., 2013) is licensed under the terms of the Creative Commons Attribution License. Copyright Ó 
2013 Mikula, Kolodziejczyk and Goldman. 
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In Yersinia the MarR-type regulator of virulence A (RovA) binds DNA as a dimer and 
was shown to especially affect invasion and inflammation in vitro and in vivo. Presumably, 
this is due to the observed RovA-mediated positive regulation of invasin (Figure 4 A and B) 
(Dubey et al., 2003; Heroven et al., 2004; Nagel et al., 2001; Revell and Miller, 2002; Tran 
et al., 2005; Yang et al., 1996). rovA is transcribed from two promoters (ProvA1 and ProvA2) 
and it is part of a regulator family, commonly associated with versatile gene regulation in 
Enterobacteriaceae (Figure 4) (Cathelyn et al., 2006; Ellison and Miller, 2006; Heroven et 
al., 2004; Thomson et al., 1997). At the transcriptional level, RovA itself positively 
autoregulates its own gene (rovA). It eliminates binding of the H-NS (Histone-like 
nucleoid-structuring) protein to the respective AT-rich elements in regulatory upstream 
regions (Figure 4 B) (Heroven et al., 2004; Tran et al., 2005). In general, H-NS is known to 
have global effects through repression of numerous, in particular thermoregulated and 
horizontally aquired genes (Dorman, 2004; Steinmann and Dersch, 2013). The regulatory 
protein RovM acts negatively on rovA transcription in addition to H-NS (Figure 4 B). RovM 
is a LysR-type regulator which binds DNA in the region between the two described rovA 
promoters. It is auto-controlled and highly induced by limitation of nutrients in minimal 
medium (Heroven et al., 2007; Heroven and Dersch, 2006a; Zhao et al., 2017). Additionally, 
it is activated upon signals such as envelope stress (Cpx) (Thanikkal et al., 2019). This 
protein and its homologues (e.g. PecT/HexA) are involved in many bacterial virulence traits 
such as motility, invasion and biofilm formation in Y. pseudotuberculosis and adaptation to 
the flea gut in Y. pestis (Heroven and Dersch, 2006a; Vadyvaloo et al., 2010; Vadyvaloo and 
Hinz, 2015; Zhao et al., 2017).  
 
In addition to the transcriptional regulation of rovA, presence of exceeding amounts of active 
RovA protein are prevented by controlled proteolysis via Lon/ClpP proteases in a 
temperature and growth phase dependent fashion (Herbst et al., 2009). Temperature-
dependent conformational changes in RovA that hinder DNA binding and a possible 
influence of nutrients on RovA-stability are adding further layers to this complex regulation. 
Consequently, RovA shows increased activity and due to its positive autoregulation also a 
higher abundance at 25°C in stationary phase (Figure 4 C)  (Herbst et al., 2009; Nagel et al., 
2001; Nuss et al., 2016; Quade et al., 2012).  

 



Introduction 
 

 6 

 
Figure 4. Regulation of the transcriptional regulator RovA in Y. pseudotuberculosis.  
RovA is regulating its targets in response to different environmental cues such as growth phase and temperature. (A) Crystal 
structure of the dimeric protein RovA (Modified from (Quade et al., 2012)4). (B) RovA binds upstream of the promoters 
of rovA and invA. RovA-mediated regulation is antagonised by H-NS and RovM (Modified from (Seekircher, 2014)). (C) 
Autoregulation of RovA is depending on temperature and growth phase. RovA is subject to degradation by Lon/ClpP 
proteases during unfavourable conditions (Modified from (Herbst et al., 2009)5). 
 
 
Another regulatory circuit acting upstream of RovM and RovA is the Csr (carbon storage 
regulator) system, which indirectly activates RovM and is a well-known control mechanism 
of many virulence- and stress-related genes (Heroven et al., 2008, 2012a; Kusmierek and 
Dersch, 2018). The central protein, CsrA, was initially identified as a regulator of glycogen 
synthesis in response to stationary growth and was additionally found to exert global 
regulatory functions regarding biofilm formation, metabolism, genetic information 
processing, motility and virulence (Altier et al., 2000; Kusmierek and Dersch, 2018; Potts et 
al., 2017; Romeo et al., 1993; Wang et al., 2005; Wei et al., 2001; Willias et al., 2015). Loss 
of CsrA was found to severely affect the virulence potential of Y. pseudotuberculosis in a 
mouse model (Nuss et al., 2017a). CsrA forms a homodimer with RNA binding ability and 
exerts its function at the post-transcriptional level through binding of GGA motifs in single-
stranded loop structures, which are often found in the 5’UTR of target transcripts. Binding 
can then lead to either a positively or negatively altered translation or RNA stability (Figure 
                                                
4This research was originally published in the Journal of Biological Chemistry. Quade, N., Mendonca, C., 
Herbst, K., Heroven, A. K., Ritter, C., Heinz, D. W., & Dersch, P. Structural basis for intrinsic 
thermosensing by the master virulence regulator RovA of Yersinia. J Biol Chem. 2012; 287(43), 35796-
35803. Ó the American Society for Biochemistry and Molecular Biology.  
5(Herbst et al., 2009) is licensed under the terms of the Creative Commons Attribution License. 
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5 A) (Baker et al., 2007, 2002; Dubey, 2005; Dubey et al., 2003; Gutierrez et al., 2005; Liu 
et al., 1995; Potts et al., 2017; Rife et al., 2005; Romeo, 1998; Vakulskas et al., 2015; Wei 
et al., 2001).  
 
The amount of active or free CsrA available to realise this multi-layered regulation is 
controlled by two small regulatory RNAs (sRNAs), CsrB and CsrC. They are able to 
sequester multiple CsrA dimers via binding motifs (GGA) in their intrinsic loop structures, 
thereby preventing CsrA function (Figure 5 B). In Y. pseudotuberculosis these two sRNAs 
contain 18 (CsrB) and 14 (CsrC) GGA motifs for CsrA binding respectively (Baker et al., 
2002; Heroven et al., 2008, 2012a; Liu et al., 1997; Weilbacher et al., 2003).  

 

 
Figure 5. The Csr-system.  
(A) The dimeric CsrA is an RNA-binding protein (Modified from (Vakulskas et al., 2015)6). (B) CsrA can bind the 
ribosomal binding site (RBS) which prevents ribosome-binding and therefore brings translation to a halt. This leads to 
altered stability of the transcript as translating ribosomes protect mRNAs from degradation. The sRNAs CsrB and CsrC 
can abolish this CsrA-mediated negative regulation by binding multiple copies of CsrA (Modified from (Heroven et al., 
2012a))7). 
 
 
Environmental factors such as temperature and nutrients (growth phase, media composition) 
affect the expression of CsrA, CsrC and CsrB. In Y. pseudotuberculosis, the expression of 
these two sRNAs is cross-regulated and depending on CsrA and other factors, such as Crp, 
Hfq, YmoA and two-component-systems (Figure 6) (Böhme, 2010; Heroven et al., 2012b, 
2008; Nuss et al., 2014; Seekircher, 2014; Weilbacher et al., 2003). The cAMP receptor 
protein (Crp), which itself is regulated by growth phase and temperature, has been shown 
to differentially affect CsrB and CsrC levels in Yersinia (Heroven et al., 2012b; Nuss et al., 
2015; Petersen and Young, 2002; Willias et al., 2015; Zhan et al., 2009, 2008). Hfq is 
generally known to be responsible for sRNA-mediated regulation by facilitating sRNA 
interaction with its targets, but it also protects several sRNA from degradation by RNase E 

                                                
6Adapted by permission from the American Society of Microbiology. Regulation of Bacterial Virulence by 
Csr (Rsm) Systems. (Vakulskas et al., 2015) Copyright Ó 2015, American Society for Microbiology. 
7Adapted by permission from Taylor & Francis Group, RNA Biology. The Csr/Rsm system of Yersinia and 
related pathogens, Heroven et al. 2012, Copyright ã 2012.   
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(Folichon, 2003; Vogel and Luisi, 2011). Hfq has been found to affect expression of 
infection-relevant genes such as the type III secretion system and is crucial for full virulence 
of Yersinia in vivo (Geng et al., 2009; Schiano et al., 2010). While in Y. pseudotuberculosis 
Hfq has a positive effect on CsrB and CsrC, another regulator, YmoA, exerts a positive effect 
solely on CsrC (Böhme, 2010). This Yersinia modulator A (YmoA) acts together and forms 
a heterodimeric complex with H-NS. Both are implicated in chromosome organisation and 
gene silencing of virulence genes (Cornelis et al., 1991; Dorman, 2004; Lucchini et al., 2006; 
Nieto et al., 2002; Steinmann and Dersch, 2013). Overall, this regulatory circuit is thought 
to allow the efficient transition between different infection phases in Y. pseudotuberculosis 
(Figure 6) (Heroven et al., 2012a).  

 

 
 

Figure 6. Regulation of invasin during the early infection phase. 
Regulation of invasin involves the Csr-system, RovM, RovA and many other proteins such as RovC, Hfq, H-NS, YmoA, 
different two-component-systems (BarA/UvrY and PhoQ/PhoP) and the Cpx envelope stress system. Therefore, different 
environmental factors such as temperature, pH and nutrients can be incorporated into this complex regulatory network 
(Modified from (Heroven et al., 2012b)8).   
 
 
1.2.2 RovC and the type VI secretion system (T6SS) 
 
Originally identified as another regulator of the non-coding RNA CsrC, the protein RovC 
(Regulator of virulence associated with CsrC) was found to be an essential activator of 
the type VI secretion system 4 (T6SS-4), which represents one of the four T6SS present in 
Y. pseudotuberculosis. As a hexamer RovC binds to DNA in the promoter region of the 
T6SS-4 (Figure 7 A and B) (Knittel, 2019; Seekircher, 2014; W. Zhang et al., 2011). The 
                                                
8(Heroven et al., 2012b) is licensed under the terms of the Creative Commons Attribution License. Copyright 
Ó 2012 Heroven, Sest, Pisano, Scheb-Wetzel, Steinmann, Böhme, Klein, Münch, Schomburg and Dersch. 
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T6SS-4 (ypk_3548-ypk_3566) and its corresponding homologue in Y. pestis (T6SS cluster 
A, ypo0498-ypo0518) are somewhat induced at 25°C during stationary phase and are 
postulated to be rather important during flea infection and under environmental conditions 
(Cathelyn et al., 2006; Knittel, 2015; Yang et al., 2018). Apart from RovC, other factors 
such as RpoS, RovM, OxyR, ZntR and the two-component-system (TCS) OmpR/EnvZ have 
an effect on the regulation of the T6SS-4 (Guan et al., 2015; Gueguen et al., 2013; Knittel, 
2019; Song et al., 2015; Wang et al., 2017, 2015; Zhang et al., 2013). Therefore, it is assumed 
that the T6SS-4 plays an additional role in acid stress, pH homeostasis and oxidative stress 
response among others (Wang et al., 2015; Zhang et al., 2013). Furthermore, recent studies 
have found CsrA and other regulators such as Crp, Clp/Lon proteases and YmoA to be 
involved in the regulation of RovC (Figure 7 B) (Knittel, 2019, 2015; Seekircher, 2014).  
 

 
Figure 7. Simplified regulation scheme of the T6SS-4 and RovC.  
(A) Crystal structure of RovC (modified from (Sadana, 2017)). (B) Regulation of the type VI secretion system is dependent 
on RovC, RovM and other well-known regulators. RovC itself is regulated by CsrA. Transcriptional start sites are 
represented by blue arrows and indicated as +1 (Modified from (Knittel, 2019)).  
 
 
T6SSs were initially identified in pathogenic bacteria and described to translocate effectors 
in a one-step process into bacterial competitors or host cells (Brunet et al., 2013; Cianfanelli 
et al., 2016; Hood et al., 2010; MacIntyre et al., 2010; Mougous, 2006; Pukatzki et al., 2006). 
Expression and action of the T6SS in general is highly species specific and can occur in a 
defensive (e.g. Pseudomonas H1-T6SS) or offensive manner (e.g. Vibrio cholerea) as well 
as in response to various environmental signals. Besides targeting other bacteria, it can also 
play a role in the acquisition of nutrients, horizontal gene transfer, host-pathogen interaction 
and the ecology of bacteria (e.g. biofilms) (Basler et al., 2013; Borgeaud et al., 2015; 
Gallique et al., 2017; Lin et al., 2017; Ringel et al., 2017; Si et al., 2017; Silverman et al., 
2012; Wang et al., 2017; Weber et al., 2009; Yang et al., 2018; L. Zhang et al., 2011).  
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With a membrane spanning complex and two tube-like structures, of which the inner tube 
can penetrate the target cell upon contraction of the outer sheath-like structure, the make-up 
shows similarities to an inverted bacteriophage tail (Figure 8) (Basler et al., 2012; Brunet et 
al., 2014; Leiman et al., 2009; Pell et al., 2009). T6SSs are widely spread among Gram-
negative bacteria and besides Proteobacteria such as E. coli and Yersinia, also commensals 
of the gut microbiota frequently possess genes that are encoding for these nanomachines. 
This potentially serves as a measure to enhance fitness in the mammalian gut and to ensure 
colonisation resistance (Boyer et al., 2009; Coyne and Comstock, 2019). The thirteen core 
components of the T6SS can be divided into a membrane complex (TssM,J,L), a base-plate 
at the inner membrane (TssA,E,F,G,K) and two tube-like structures (Hcp and TssB,C). 
Additionally, a tip-complex (PAAR, VgrG) and the ATPase ClpV are needed for effector 
translocation and recycling. Secretion of effector proteins is then realised by repetitive cycles 
of assembly, contraction and disassembly of the contractile apparatus (Figure 8) (Basler et 
al., 2012; Cianfanelli et al., 2016).  
 

 
Figure 8. The schematic structure of the type VI secretion system (T6SS).  
(A) Extended state. The contractile apparatus is initially assembled in the cytoplasm and membrane. The membrane 
complex is made out of TssM (brown), TssJ (yellow) and TssL (red), which are connected to the contractile sheath (TssB 
and TssC, dark blue) via the baseplate structure (TssA,E,F,G,K). From VgrG in the baseplate structure (purple), the Hcp 
tube is enwrapped by TssB and TssC and elongated into the cytoplasm of the attacking cell. (B) Contraction. Effector 
delivery is conducted by contraction of the cytoplasmic tube which propels the Hcp-sheath towards the target cell. PAAR 
(pink) and VgrG are then used for membrane penetration. (C) Disassembly. After translocation of effector proteins (grey 
stars) into the target cells, the contractile sheath is disassembled by ClpV in an ATP-dependent manner. (Modified from 
(Cianfanelli et al., 2016)9). 
 
 
In addition to the core components of the T6SS, bacteria possess proteins that are involved 
in efficient T6S and manipulation of target cells. Among those are effector proteins that 
                                                
9Adapted from (Cianfanelli et al., 2016) by permission of Elsevier, Trends in Microbiology: Aim, Load, Fire: 
The Type VI Secretion System, a Bacterial Nanoweapon, Cianfanelli et al., Ó 2015 Elsevier Ltd. All rights 
reserved.  
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affect diverse cellular functions, such as the actin cytoskeleton and cell wall synthesis. 
Possible self-intoxication by these effector proteins is prevented by so-called immunity 
proteins (Cianfanelli et al., 2016; Russell et al., 2014). One protein, involved in effector 
translocation, is the hemolysin co-regulated protein (Hcp). Although this protein is forming 
the inner tail tube of the secretion apparatus (Figure 8), it is also secreted into the 
extracellular milieu and thought to play a role as an adaptor protein for secreted effectors. 
Therefore, it is often used to measure type VI secretion (Cianfanelli et al., 2016; Mougous 
et al., 2007; Pukatzki et al., 2006; Russell et al., 2014; Silverman et al., 2013, 2012; Wang 
et al., 2011; Wu et al., 2008).  
 
1.3  The ongoing infection phase 
 
 
1.3.1 The type III secretion system (T3SS) 
 
After passage through the epithelial cell barrier via M-cells, the bacteria encounter the host 
immune system in the underlying Peyer’s patches. This ongoing infection phase of 
Y. pseudotuberculosis is characterised by the utilisation of various defence mechanisms and 
anti-phagocytic/anti-inflammatory strategies to evade the immune response and establish an 
infection with an extracellular life-style. Many virulence-plasmid pIB1/pYV-encoded 
proteins (e.g. the type III secretion system (T3SS), Yersinia outer proteins (Yops), YadA) 
are crucial at this stage and especially the T3SS was found to be essential in many bacterial 
pathogens such as Pseudomonas, EPEC/EHEC, Shigella and Salmonella (Bölin et al., 1985; 
Cornelis et al., 1998; Deng et al., 2017; Sansonetti, 2004). The structural and functional 
components of the T3SS involve proteins that are widely conserved between different 
bacteria and have evolved from the bacterial flagellum (Abby and Rocha, 2012; Deng et al., 
2017; Rosqvist et al., 1995). While the T3SS is highly expressed at 37°C, Yersinia shows 
motility only at moderate temperatures. In accordance, production of flagellar proteins in 
Yersinia, as well as other pathogens, is dependent on the master regulator FhlDC and the 
sigma factor s28/FliA, which were also found to be involved in the regulation of the T3SS 
in Yersinia (Bleves et al., 2002; Erhardt and Dersch, 2015; Horne and Prüß, 2006; Liu and 
Matsumura, 1994; Young et al., 2000, 1999). 
 
Through the T3SS, which acts as molecular syringe, effectors can be translocated across the 
outer (OM) and inner (IM) membranes of bacteria and the plasma membrane of host cells 
into the cytosol of e.g. phagocytic cells. Although this is supposed to be the primary 
mechanism of Yop delivery, reports also suggest that some effectors of Yersinia might 
initially attach to the bacteria cell surface from where they get delivered to the host cells in 
an AB-toxin-like mechanism (Akopyan et al., 2011; Deng et al., 2017; Edgren et al., 2012). 
In Yersinia, the proteins forming the OM and IM ring (YscC, D, J, scaffold proteins) are part 
of the so-called basal body. This multi-protein structure also includes the export apparatus 
(YscR, S, T, U, V), the inner rod (YscI), the ATPase complex (YscN, K, L) and the C-ring 
(YscQ). Together, the ATPase complex and the C-ring form the sorting platform, which is 
involved in substrate selection and secretion. Finally, located mostly in the extracellular 
milieu, the hollow needle for Yop-delivery is formed by polymers of YscF, which ends in a 
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tip (LcrV). The so-called translocon or pore complex is formed in the eukryotic membrane 
and is composed out of multimers of YopB and YopD (Figure 9) (Deng et al., 2017; R. S. 
Dewoody et al., 2013).  
 

 
Figure 9. Structural components of the Ysc-type III secretion system of Yersinia.  
The basal body of the T3SS is consisting of the inner membrane (IM) and outer membrane (OM) proteins YscC, D and J 
(purple), the export apparatus (YscR, S, T, V, U in orange), the ATPase complex (YscN, K, L) and the C-ring (YscQ) (light 
blue). YscI is forming the inner rod while YscF polymers make up the extracellular needle-complex (in light and dark 
green). In order to penetrate targets cells of the host, LcrV together with YopB and D forms the tip and pore complex (in 
light and dark red) ((R. S. Dewoody et al., 2013)10). 
 
 
Assembly of the T3SS occurs in a two-step mechanism during which the formation of the 
basal body is followed by the assembly of the rod and needle complex. Secretion of early 
(needle and rod), middle (translocators YopB and YopD) and late substrates (Yop effectors) 
is orchestrated by different proteins of the T3SS (e.g. YscP/YscU and YopN/TyeA) and 
ensures proper functionality. Additionally, effectors are bound to their respective chaperones 
in the bacterial cytosol prior to secretion in order to keep them in a secretion-competent state 
(Cheng et al., 2001; Cornelis et al., 1998; Deng et al., 2017; Edqvist et al., 2003; Forsberg 
et al., 1991; Sory et al., 1995). The number of effector proteins can vary between bacterial 
species, with Yersinia encoding for at least six (YopT, YopP/J, YopO/YpkA, YopM, YopE, 
YopH). The clinical isolate YPIII, however, possesses a deletion in the gene for the effector 
YopT, which is rendering it inactive (Cornelis, 2002; Deng et al., 2017; Viboud et al., 2006). 
The targets of these effectors are involved in a range of cellular processes including 
inhibition of phagocytosis, apoptosis, the respiratory burst and the TNF-a/IFN-g response 
(Cornelis et al., 1998; Pha and Navarro, 2016). One example is YopE, which is a 23 kDa 
effector protein and is essential for virulence in Yersinia. It inhibits phagocytosis and renders 
professional phagocytes inactive due to a disruption of the host cytoskeleton via inactivation 
of Rho GTPases (Andor et al., 2001; Forsberg and Wolf-Watz, 1988; Lee et al., 1998; 
Rosqvist et al., 1991, 1990; Straley and Cibull, 1989; Von Pawel-Rammingen et al., 2002). 

                                                
10(R. S. Dewoody et al., 2013) is licensed under the terms of the Creative Commons Attribution License. 
Copyright Ó Dewoody, Merrit and Marketon. 
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Interestingly, delivery of YopE into host cells was found to be increased by the Yersinia 
CNFg toxin through the modulation of Rho GTPases such as RhoA, Rac1 and Cdc42 (Heine 
et al., 2018; Schweer et al., 2013; Wolters et al., 2013). The effector YopH (51 kDa) 
possesses tyrosine phosphatase activity, which results in the dephosphorylation of e.g. 
p130Cas and the focal adhesion kinase (FAK), and inhibits the efficient uptake and 
phagocytosis into host cells (Black et al., 2000; Cornelis et al., 1998; Persson et al., 1997; 
Rolán et al., 2013). YopD (33.3 kDa) is not only a component of the pore complex, which 
enables translocation of Yop effectors, but also important for the regulation of T3S-
associated proteins together with its chaperone LcrH (Chapter 1.3.2) (Anderson et al., 2002; 
Francis et al., 2001; Francis and Wolf-Watz, 1998; Kusmierek et al., 2019; Montagner et al., 
2011; Olsson et al., 2004). Additionally, also other proteins of the tip/translocon structure 
(YopB and LcrV) are important for effector translocation and host-contact-sensing 
(Armentrout and Rietsch, 2016; Håkansson et al., 1996; Hartland et al., 1994; Holmström et 
al., 2001; Iriarte and Cornelis, 1998; Rosqvist et al., 1994, 1991; Sory and Cornelis, 1994).  
 
Although invasin-mediated entry into host cells is described as the main invasion pathway, 
there are other proteins such as YadA and Ail that can mediate bacterial uptake into host 
cells and that are needed for colonisation of the Peyer’s patches (Bliska et al., 1993; Eitel 
and Dersch, 2002; Heesemann and Grüter, 1987; Marra and Isberg, 1997; Miller and 
Falkow, 1988; Yang and Isberg, 1993). In contrast to invasin, these adhesins are mainly 
induced at 37°C during growth in exponential phase in the two enteropathogenic Yersinia 
species (Bliska and Falkow, 1992; Eitel and Dersch, 2002; Hoiczyk, 2000; Pierson and 
Falkow, 1993; Skurnik et al., 1984; Skurnik and Toivanen, 1992). Yersinia adhesin A 
(YadA) forms a trimeric protein structure with each monomer (~45 kDa) composed of a 
membrane-bound C-terminus and an external N-terminus. This results in a so-called 
“lollipop”-shape that covers the whole bacterial surface (Figure 10) (Rosqvist et al., 1988; 
Skurnik et al., 1984; Skurnik and Wolf-Watz, 1989; Tahir and Skurnik, 2001).  
 
Ail (attachment and invasion locus), on the other hand, promotes invasion into only a small 
number of tissue culture cell lines and was classified as a more specific internalisation factor 
of Y. enterocolitica (Miller and Falkow, 1988). Binding of Ail was shown for several 
components of the ECM, including laminin and fibronectin (Kolodziejek et al., 2012). The 
monomeric, 17 kDa Ail protein is part of a conserved family of outer membrane proteins 
(e.g. Rck and OmpX) that affect virulence phenotypes in the Enterobacteriaceae. Its 
structure consists of eight amphipathic b-strands, which are embedded in the membrane and 
are connected by four extracellular loops (Figure 11) (Bancerz-Kisiel et al., 2018; Bliska and 
Falkow, 1992; Kirjavainen et al., 2008; Kolodziejek et al., 2012; Mikula et al., 2013). 
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Figure 10. Structure of the adhesin YadA of Y. enterocolitica. 
(A)  Electron microscopy showing that YadA is densely covering the surface of Y. enterocolitica (O:8). The upper panel is 
showing the surface of a strain harbouring the virulence-plasmid while the lower panel is showing a plasmid cured strain. 
Bar, 100 nm. (Modified from (Hoiczyk, 2000)11). (B)  Structure of YadA showing the topology and different functional 
parts of YadA, which can be divided into head, neck, stalk and anchor. The anchor YadA in the outer membrane is needed 
to integrate YadA into the OM. Binding regions for different interaction partners and cellular functions are highlighted. 
(Modified from (Mikula et al., 2013)12). 
 
 
While Ail is encoded on the chromosome, the gene encoding YadA (formerly called P1) is 
found on the virulence-plasmid (pIB1/pYV) and is under transcriptional control of 
LcrF/VirF. It is involved in close adherence of the bacteria and translocation of the Yop 
effector proteins into professional phagocytic cells, which is mediated by binding to 
extracellular matrix proteins such as fibronectin, collagen and b1 integrins. YadA was found 
not only to be regulated by temperature, but also by media composition and bacterial growth 
phase with a maximal expression in minimal medium during exponential phase (Bölin et al., 
1982; Eitel and Dersch, 2002; Kakoschke et al., 2016; Michiels et al., 1991; Miller et al., 
1990; Mühlenkamp et al., 2015; Rosqvist et al., 1990; Skurnik and Toivanen, 1992). 
Additionally, it confers serum resistance by inhibiting complement induced lysis and also 
allows autoagglutination in Yersinia (Bancerz-Kisiel et al., 2018; Bartra et al., 2008; Bliska 
and Falkow, 1992; Kirjavainen et al., 2008; Mühlenkamp et al., 2017; Pilz et al., 1992; 
Schindler et al., 2012; Skurnik et al., 1984; Tahir and Skurnik, 2001). Inhibition of 

                                                
11Adapted from (Hoiczyk, 2000) by permission of John Wiley and Sons: John Wiley and Sons, The EMBO 
Journal, Structure and sequence analysis of Yersinia YadA and Moraxella UspAs reveal a novel class of 
adhesins, Hoiczyk et al., Copyright ã 2000. 
12(Mikula et al., 2013) is licensed under the terms of the Creative Commons Attribution License. Copyright 
Ó 2013 Mikula, Kolodziejczyk and Goldman. 
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complement components was also shown to be mediated by Ail. Data from (Geyer, 2014) 
showed that this protein is further involved in autoagglutination in Y. pseudotuberculosis 
(YPIII). Importantly, these autoagglutination capabilities were associated with virulent 
rather than avirulent strains of Y. pestis, Y. pseudotuberculosis and Y. enterocolitica 
(Bancerz-Kisiel et al., 2018; Geyer, 2014; Kirjavainen et al., 2008; Laird and Cavanaugh, 
1980; Thomson et al., 2019).  
 

  
Figure 11. Structural properties of the Y. pestis Ail.  
The extracellular loops (L1-L4) are highlighted and the hydrophobic, intracellular part of the protein is roughly separated 
from the extracellular part by a black line. Residues D93 and F94 which are involved in serum resistance and invasion are 
located next to L2 in the extracellular part of the protein (Modified from (Mikula et al., 2013)13).  
 
 
1.3.2 Regulation of T3SS expression  
 
The expression of the T3SS and its associated effectors is a highly energy consuming 
process. Therefore, expression of those genes has to be tightly controlled and integrated into 
existing regulatory networks. This includes various environmental and host derived cues 
such as pH, oxygen levels and temperature (Deng et al., 2017; McNally et al., 2016). While 
transcription of most T3SS-related genes is already induced at elevated temperatures (37°C) 
in order to prepare for secretion, a strong induction of the T3SS with production and 
secretion of effectors occurs only when calcium is depleted from the medium (<100 µM) 
(-Ca2+) or host cell contact is established. This coincides with a typical growth arrest, known 
as Ca2+ dependency or low calcium response (LCR) (Anderson et al., 2002; Bölin et al., 
1985; Brubaker, 1983; Cornelis et al., 1987; Forsberg et al., 1987; Heesemann et al., 1986; 

                                                
13(Mikula et al., 2013) is licensed under the terms of the Creative Commons Attribution License. Copyright 
Ó 2013 Mikula, Kolodziejczyk and Goldman. 

L3

L1

L2

L4

extracellular

intracellular



Introduction 
 

 16 

Kupferberg and Higuchi, 1958; Michiels et al., 1990; Pettersson et al., 1996; Rosqvist et al., 
1994; Straley et al., 1993).  
 
Central for regulation of the T3SS in Y. pseudotuberculosis is the 30 kDa AraC-like low-
calcium-response regulator LcrF that was first described by (Yother et al., 1986). It is 
encoded on the virulence-plasmid in an operon together with yscW. At low temperatures 
(~25°C) expression of lcrF is repressed by binding of YmoA to the lcrF promoter region, 
possibly together with H-NS. This repression is abolished at elevated temperatures (37°C) 
as YmoA is degraded by Lon/Clp proteases (Böhme, 2010; Böhme et al., 2012; Jackson et 
al., 2004; Steinmann and Dersch, 2013). Additionally, the lcrF mRNA contains an RNA-
thermometer in the 5´-UTR that hides the ribosomal binding site (RBS) via imperfect base 
pairing with a ‘fourU’ element (Figure 12). While this intrinsic structure with two hairpins 
is closed under moderate temperatures, it gradually opens in response to elevated 
temperatures, which allows ribosomes to access the RBS. Therefore, LcrF is preferably 
synthesised at 37°C and is able to bind as a dimer to a common binding-motif in the promoter 
region of e.g. yop-genes, which leads to the activation of their expression (Böhme et al., 
2012; Cornelis et al., 1989; Cornelis and Wolf-Watz, 1997; de Rouvroit et al., 1992; Hoe 
and Goguen, 1993; King et al., 2013; Schwiesow et al., 2016; Skurnik and Toivanen, 1992; 
Wattiau and Cornelis, 1994; Yother et al., 1986). Yersinia virulence in vivo is therefore 
strongly dependent on LcrF and a functional lcrF RNA-thermometer (Böhme et al., 2012; 
Hoe and Goguen, 1993; Liu et al., 2009).  
 

 
Figure 12. Intrinsic structure of the lcrF RNA-thermometer. 
The 5´-UTR of lcrF in the intergenic region between yscW and lcrF forms a stem-loop with two hairpins at moderate 
temperatures that prevents translation of this regulator. In response to elevated temperatures the ‘fourU’ element can unfold 
in a zipper-like fashion and liberate the RBS which allows ribosome binding and translation (Modified from (Steinmann 
and Dersch, 2013)14). 
 
 
However, several negative feedback-loops prevent an excessive synthesis of T3S-associated 
proteins and their secretion without a host-contact signal or calcium depletion, even at 37°C. 
This involves YopD, which is being synthesised upon elevated temperatures and bound 

                                                
14Adapted from (Steinmann and Dersch, 2013) by permission of Future Medicine Ltd.: Future Medicine Ltd., 
Future Microbiology, Thermosensing to adjust bacterial virulence in a fluctuating environment,  Steinmann 
and Dersch, Copyright ã 2013. 
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intracellularly to its chaperone LcrH. In order to prevent further induction of T3S-proteins, 
however, this protein inhibits LcrF synthesis via different mechanisms. Firstly, this might 
include direct reduction of lcrF transcript stability by YopD. Additionally, in recent studies 
lcrF mRNA transcription and stability were found to be affected by CsrA (via RcsB) and 
the RNases PNPase and RNase E, respectively (Figure 13) (Hoßmann, 2017; Kusmierek et 
al., 2019; Li et al., 2015; Steinmann, 2013; Wattiau et al., 1994).  
 

 
Figure 13. Regulation of lcrF expression under non-secretion conditions.  
The complex regulation of lcrF expression involves the key regulators CsrA and YopD that control other proteins such as 
RcsB or RNases (PNPase and RNase E) in order to create a network with several feedback mechanisms, which allow 
precise regulation of this essential virulence factor. Additionally, YopD can downregulate the copy number of the 
virulence-plasmid (pYV/pIB1) on which lcrF is encoded.  
 
 
Cell contact and in vitro calcium-depletion were found to trigger an upregulation of the lcrF 
gene as well as excessive production, secretion and translocation of Yop effectors into host 
cells and into the growth medium (Bölin et al., 1985; Forsberg et al., 1987; Opitz, 2013; 
Persson et al., 1995; Pettersson et al., 1996; Rosqvist et al., 1994). This is thought to be 
linked to the secretion of YopD, thus abolishing the YopD-mediated feedback inhibition 
circuit. Furthermore, CsrA is able to exert a positive effect on lcrF translation under these 
conditions. This is realised not only by negatively affecting RNase E and PNPase, but also 
by binding and stabilisation of the opened thermo-loop in the 5´-UTR of the lcrF transcript 
(Figure 14) (Kusmierek, 2018; Kusmierek et al., 2019). An effect of CsrA on Yop secretion 
and expression was also previously observed in Y. enterocolitica (Ozturk et al., 2017). 
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Figure 14. Regulation of lcrF expression under secretion conditions. 
Upon induction of Yop secretion via host-cell contact or calcium-depletion, the negative feedback control mechanism via 
YopD is abolished. Together with the negative effect of CsrA on RNases (PNPase and RNase E) and the positive effect on 
lcrF translation and stability, this allows the precise and excessive production of LcrF-regulated virulence genes including 
the T3SS genes.  
 
 
Additionally, there are several other regulatory proteins described that can also control 
effector secretion by downregulation of Yop effector proteins, including YopK, YopN, 
TyeA, LcrQ, YtxR, LcrG and LcrH, the intracellular chaperone of YopD (Anderson et al., 
2002; Axler-DiPerte et al., 2009; Cornelis et al., 1998; R. Dewoody et al., 2013; Forsberg et 
al., 1991; Francis et al., 2000; Holmström et al., 1997; Li et al., 2014; Pettersson et al., 1996; 
Rimpiläinen et al., 1992; Steinmann, 2013; Sundberg and Forsberg, 2003; Wulff-Strobel et 
al., 2002). Factors such as IscR were shown to exert a positive effect on Yop secretion, which 
is dependent on oxygen and iron levels (Hooker-Romero et al., 2019; Mettert and Kiley, 
2014; Miller et al., 2014; Yeo et al., 2006). Intriguingly, additional mechanisms through 
which the T3SS is regulated are constantly discovered. Among others, are the ribonuclease 
YbeY in Y. enterocolitica and sRNAs such as Ysr141 (Leskinen et al., 2015; Nuss et al., 
2017b; Schiano et al., 2014).  
 
In addition to the previously mentioned transcriptional and post-transcriptional mechanisms 
that control LcrF abundance, also the copy number of the virulence-plasmid (pYV/pIB1) is 
modulated under secretion conditions to increase the LcrF amount in the bacterial cell. 
(Wang et al., 2016) observed that Y. pseudotuberculosis upregulates the plasmid copy 
number in response to temperature, T3SS-inducing conditions and during the infection mice. 
Control of the copy number involves the replicase RepA, which is negatively affected by its 
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antagonist CopB and the sRNA CopA (Light and Molin, 1982; Nordström, 2006; Riise and 
Molin, 1986; Stougaard et al., 1981). The regulator YopD acts negatively on the plasmid 
copy number under non-secretion conditions, while CsrA is presumably important for 
upregulation under secretion conditions (Figure 13, Figure 14) (Engling, 2019; Wang et al., 
2016).  
 
 
1.4 Ribonucleases (RNases) and RNA metabolism  
 
Ribonucleases (RNases) are essential enzymes that have different physiological roles in the 
bacterial cell such as turnover of bulk-mRNA, maturation of certain transcripts and which 
can possess specificity towards certain RNA types (e.g. sRNA/tRNA/mRNA/rRNA) and 
double-stranded or single stranded RNA. However, regulation of degradation by these 
enzymes can also depend on the intrinsic folding of the RNA, length of the transcript, bound 
ribosomes or regulatory proteins (Arraiano et al., 2010; Bechhofer and Deutscher, 2019; Hui 
et al., 2014; Lawal et al., 2011; Matos et al., 2017). While some RNases are highly conserved 
across different species, some are only present in certain bacteria and vary significantly in 
number between Gram-positive and Gram-negative. Generally, RNases can be divided into 
endoribonucleases and exoribonucleases, based on whether cleavage of their targets occurs 
internally or nucleotides are being removed stepwise from the 5’ or 3’ end respectively. 
RNases often work together with helper-proteins such as helicases or other components (e.g. 
DnaK, poly(A) polymerase or polyphosphate kinase), that can in a first step unwind or 
modify RNAs in order to make targets recognisable and accessible (Durand et al., 2015; Hui 
et al., 2014; Lawal et al., 2011; Matos et al., 2017). With E. coli possessing roughly 20 
RNases, it is not surprising that many of those are thought to play a role in a vast amount of 
cellular functions and virulence (Arraiano et al., 2010; Condon and Putzer, 2002; Hui et al., 
2014; Lawal et al., 2011; Leskinen et al., 2015; Matos et al., 2017). However, it was observed 
that the loss of some of these enzymes can be compensated to a certain degree by other 
RNases and that they can also be cross-regulated (Awano et al., 2008; Guarneros and Portier, 
1991; Lee et al., 2002; Oussenko et al., 2005; Zilhão et al., 1996). Considering their essential 
role in RNA homeostasis under various conditions, it is not astonishing that RNases are also 
tightly controlled by very sophisticated mechanisms. This includes autoregulation, enzyme 
modifications or regulatory proteins (Deutscher, 2015a). Additionally, subcellular 
localization of RNA-degrading enzymes was found to affect the overall transcriptomic 
landscape (Hadjeras et al., 2019; Khemici et al., 2015).   
 
Bulk RNA degradation was found to be dependent on a membrane-bound, multiprotein 
complex, called the degradosome. In E. coli and Yersinia, it is made up of the essential, 
homotetrameric endonuclease RNase E, which acts as the scaffold for binding of different 
auxiliary proteins such as PNPase, helicase RhlB and enolase (Figure 15). In 
Y. pseudotuberculosis the degradosome and its components were associated with the 
regulation of T3S, oxidative stress and growth during cold-shock (Bandyra et al., 2013; 
Carpousis et al., 1994; Henry et al., 2012; Khemici et al., 2008, 2005; Py et al., 1994; Vanzo 
et al., 1998; Yang et al., 2008). Initial cleavage of transcripts by this membrane-bound 
complex is thought to be conducted by RNase E, which prefers 5’ monophosphorylated, 
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unpaired and AU-rich RNA stretches. Degradation products can then be further processed 
by exoribonucleases (e.g. PNPase) (Mackie, 1998; McDowall et al., 1994). However, it was 
found that the composition of the degradosome can vary in response to changing 
environmental conditions such as cold-shock and also between different bacteria (Aguirre et 
al., 2017; Hui et al., 2014; Kaberdin and Lin-Chao, 2009; Lawal et al., 2011; Prud’homme-
Généreux et al., 2004). 
 

 
Figure 15. The degradosome components in E. coli. 
RNase E forms the scaffold for the assembly of the degradosome. While its N-terminus (NTD) shows catalytic activity and 
considerable homology to the catalytic domain of RNase G, the C-terminus (CTD) allows binding of several other proteins 
such as RhlB, enolase and PNPase and possesses the RNA binding (RBD, AR2) and membrane targeting sequence 
(Modified from (Bandyra et al., 2013)15.  
 
 
RNase III and PNPase (polynucleotide phosphorylase), are enzymes involved in different 
mechanisms related to virulence and cell homeostasis and have been studied extensively in 
different pathogens (Bonnin and Bouloc, 2015; Huntzinger et al., 2005; Kavalchuk et al., 
2012; Lawal et al., 2011; Lee and Groisman, 2010; Lim et al., 2015; Matos et al., 2017; 
Rosenzweig and Chopra, 2013; Saramago et al., 2014; Wu et al., 2018). In general, RNase III 
and PNPase are both highly conserved among prokaryotic and eukaryotic cells (Arraiano et 
al., 2010; Zuo and Deutscher, 2001). 
 
RNase III, encoded by the rnc gene, is a 52 kDa protein that consists of a symmetric dimer 
(25.6 kDa, 226 amino acids) and is able to cleave structured dsRNA in the presence of 
divalent metal ions. Depending on the organism, RNase III can possess different functional 
domains and the possible mechanism of dsRNA cleavage was extensively studied. Among 
others, the enzymes of this diverse protein family have shown to be involved in RNAi and 
other cellular functions. In E. coli, RNase III consists of a RNase III catalytic domain 
(RIIID) that is connected via a flexible linker sequence to a dsRBD domain for substrate 
recognition (Figure 16) (Blaszczyk et al., 2001; Court et al., 2013; Gan et al., 2006; MacRae 
and Doudna, 2007; Nicholson, 2014; Robertson et al., 1968; Wu et al., 2004; Zhang et al., 
2004). Cleavage of one or both RNA strands in RNase III-substrates occurs via the 
recognition of specific domains (proximal, distal and middle boxes) in the target e.g. RNA-
hairpin structures and can generate e.g. two-nucleotide overhangs at the 3’-end and a 
phosphomonoester at the 5’-end of the 10-18 nt long cleavage products (Court et al., 2013; 

                                                
15(Bandyra et al., 2013) is licensed under the terms of the Creative Commons Attribution License (CC BY 
3.0). Copyright Ó 2013 Elsevier B.V.  
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Gan et al., 2006; Nicholson, 2014, 1999; Pertzev and Nicholson, 2006; Robertson and Dunn, 
1975; Zhang and Nicholson, 1997). RNase III has a well-established role in the processing 
of different RNA species such as tRNA and rRNA into their mature forms, and in post-
transcriptional control of different T7 and l phage genes (Gegenheimer and Apirion, 1981; 
Gone et al., 2016; King et al., 1986, 1984; Malagon, 2013; Saito and Richardson, 1981; 
Schmeissner et al., 1984). Despite these important functions, RNase III is not required for 
survival in E. coli or Salmonella (Babitzke et al., 1993; Court et al., 2013; King et al., 1984; 
Sim et al., 2010; Takiff et al., 1989; Viegas et al., 2007). However, RNase III was found to 
be essential in Bacillus subtilis due to its interference with RNAs of toxins encoded on two 
prophages (Durand et al., 2012; Herskovitz and Bechhofer, 2000). 

 
 

Figure 16. Structure and domain organisation of ribonuclease III (RNase III).  
(A) Crystal structure of Ribonuclease III (RNase III) showing dimer formation without (left, Thermotoga maritima) and 
with RNA and Mg2+ ions (right, Aquifex aeolicus). The RNase III catalytic domain (RIIID) is shown in green and dsRBD 
domains displayed in orange. The flexible linker is shown in yellow while Mg2+ ions appear cyan. (B) Domain organisation 
of RNase III proteins from E. coli. (Modified from (Nicholson, 2014)16).  
 
 
In order to control the levels of the constitutively expressed RNase III, this enzyme is post-
transcriptionally autoregulated in E. coli through a self-cleavage step of an RNA stem-loop 
in the 5’UTR. This processing event decreases the half-life of the respective mRNA, which 
is not only encoding for rnc but also era and recO on this polycistronic transcript (Bardwell 
et al., 1989; Matsunaga et al., 1997, 1996; Takiff et al., 1989). Additionally, not only 
transcript abudance of rnc but also RNase III activity can up or downregulated. This can be 
influenced by growth phase and nutrients e.g. by covalent modification during phage 
infection and regulation by YmdB during cold-shock (Court et al., 2013; Kim et al., 2008; 
Mayer and Schweiger, 1983; Rahmsdorf et al., 1974).  
 
PNPase, encoded by the pnp gene, was initially found to be involved in the processing and 
regulation of the operons rplJL-rpoBC and S15 (rpsO-pnp) in E. coli  (Barry et al., 1980; 
Régnier and Portier, 1986; Robert-Le Meur and Portier, 1992; Takata et al., 1985). It is a 
phosphorolytic 3’- 5’ exoribonuclease, a well-known regulator of virulence in bacteria such 
                                                
16(Nicholson, 2014) is is licensed under the terms of the Creative Commons Attribution-NonCommercial-
NoDerivs License. Copyright Ó 2014 The Authors. WIREs RNA published by John Wiley & Sons, Ltd.    
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as EHEC, Salmonella or Campylobacter jejuni, and part of the degradosome in Gram-
negative bacteria. In addition to its role in the control of the T3SS in Yersinia, PNPase was 
seen to be vital for growth at low temperatures, during oxidative stress and to affect biofilm 
formation in E. coli and competence development in Bacillus subtilis. Depending on the 
phenotype, this can be dependent or independent of degradosome formation (Briani et al., 
2016; Carzaniga et al., 2012; Clements et al., 2002; Goverde et al., 1998; Haddad et al., 
2012; Henry et al., 2012; Hu and Zhu, 2015; Luttinger et al., 1996; Rosenzweig et al., 2007, 
2005; Wu et al., 2009; Yang et al., 2008; Ygberg et al., 2006). PNPase forms a ~80 kDa 
homotrimer with each monomer showing five functional domains. This includes two 
RNase PH domains, which form the catalytic channel and are connected by a a-helical 
domain, and two RNA-binding domains called KH and S1 at the C-terminus (Guarneros and 
Portier, 1991; Shi et al., 2008; Symmons et al., 2000) (Figure 17). In E. coli, regulation of 
this exoribonuclease involves a multi-layered, autoregulatory mechanism including negative 
regulation by CsrA, RNase III, RNase E and PNPase itself (Briani et al., 2016; Carzaniga et 
al., 2015; Jarrige, 2001; Park et al., 2015; Takata et al., 1987).  

 
 

Figure 17. Structure and domain organisation of polynucleotide phosphorylase (PNPase). 
(A) Crystal structure of E. coli PNPase. (B) Domain structure of full-length PNPase consists of two RNase PH domains, a 
a-helical domain (H) and two RNA-binding domains (KH, S1). (Modified from (Stone et al., 2017)17).  
 
 
Over the years, a vast amount of new sRNAs was identified in different organisms and many 
of those were found to be affected by PNPase and RNase III (Argaman et al., 2001; Cameron 
and De Lay, 2016; Koo et al., 2011; Vogel, 2003; Wassarman, 2001). This includes CRISPR 
RNA, MicA, CsrB and CsrC in Salmonella as well as its orthologues RsmY/Z in 
Pseudomonas (Andrade and Arraiano, 2008; R. Chen et al., 2016; Deltcheva et al., 2011; Le 
Rhun et al., 2016; Sesto et al., 2014; Viegas et al., 2007, 2011). The protein Hfq is often 
                                                
17(Stone et al., 2017) is is licensed under the terms of the Creative Commons Attribution License. Copyright 
Ó 2017. The Author(s). Published by Oxford University Press on behalf of Nucleic Acids Research. 
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needed for sRNA-mediated regulation and stable duplex formation to prevent the sRNA 
from being prematurely degraded. In accordance with this observation, this hexameric 
protein was found to dictate the faith of PNPase-mediated cleavage of sRNAs (Andrade et 
al., 2012; Cameron et al., 2019, 2018; Dutta and Srivastava, 2018). In order to gain a deeper 
insight into the cleavage rules, global targets and specificity of RNases, multiple 
transcriptomic approaches have been employed recently in E. coli, Salmonella enterica, 
Streptococcus pyogenes and Staphylococcus aureus. These studies provided further insight 
into the connections between the regulation of RNA degradation (rRNA, mRNA and sRNA) 
and associated biological pathways, the connection to regulatory RNAs and the overall 
impact on global RNA abundance (Altuvia et al., 2018; Chao et al., 2017; Clarke et al., 2014; 
Dressaire et al., 2018; Gordon et al., 2017; Lécrivain et al., 2018; Le Rhun et al., 2017; 
Lioliou et al., 2012; Lybecker et al., 2014; Stead et al., 2011).  
 
1.5 Aim of the study  
 
Previous results already revealed that RNase E and PNPase play a role in the regulation of 
the T3SS. These proteins are incorporated into a sophisticated negative feedback-loop that 
allows the precise expression of the T3SS translocon protein YopD. The aim of this study is 
to elucidate the role of PNPase and other RNases in the regulation of virulence in 
Y. pseudotuberculosis. Thus, deletion mutants of various ribonucleases (RNases) should be 
created and analysed with respect to their potential role in different virulence traits such as 
motility, growth under different infection-relevant conditions, acid tolerance, and especially 
type III secretion (T3S). The objective is to identify promising RNase-candidates and to 
analyse the phenotypes of deletion mutants in order to gain insight and deepen the 
understanding of versatile roles of these RNases in the early and ongoing infection phase. 
Therefore, RNAseq should be employed after initial phenotypic characterisation of these 
RNase deletion mutants, in order to determine the global changes in the transcriptome of 
promising RNase mutants.  
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2 Material and Methods 
 
2.1 Material 
 
2.1.1  Equipment and chemicals  
 
Technical equipment was obtained from the following companies, if not indicated otherwise: 
Abcam, Eppendorf, Thermo Scientific, Sigma, Peqlab, Biometra, Biorad, Consort, Sarstedt, 
Benchmark, Scientific industries, Amersham Biosciences, Qiagen, WLD TEC, Stratagene, 
Agilent, Greiner, Millipore, Schott, Hirschmann, Metrohm, Starlab, Roth and Braun. 
Chemicals were in general obtained from Applichem, Ambion, iba-lifesciences, BD 
Biosciences, Fisher Scientific, Macherey-Nagel, Promega, Qiagen, Sigma-Aldrich, Merck, 
VWR, Roche, Bioline, Carl Roth, New England Biolabs (NEB), Biochrom, Cell signalling 
technology and T.H. Geyer. 
 
2.1.2  Kits, antibodies and enzymes 
 
Commercially available kits, antibodies and enzymes used in this study are listed in Table 
1, Table 2, Table 3 and Table 4.  
 
Table 1. Kits 

Kits Manufacturer 
NucleoSpin® Plasmid Macherey-Nagel 
Qiagen Plasmid Mini Kit Qiagen 
Qiagen Plasmid Midi Kit Qiagen 
NucleoSpin® Gel and PCR Clean-up Macherey-Nagel 
QIAquickTM PCR purification Qiagen 
QIAquickTM Gel extraction Qiagen 
Dig DNA Labeling Mix Roche 
Dig luminescent detection Roche 
Mango MixTM Bioline 
SensiFASTTM SYBR No-ROX Kit Bioline 
SensiFASTTM SYBR No-ROX One-step Kit Bioline 
SV Total RNA isolation Promega 
NEBNext Ultra II Directional RNA Library Prep Kit - Bacteria NEB 
Luna Universal One-Step RT-qPCR Kit NEB 

 
Table 2. Primary antibodies  

Primary antibody Concentration  Secondary 
antibody 

Manufacturer 

Anti-H-NS 1:100000 in TBSTM Anti-rabbit Davids Biotech. 
Anti-LcrF 1:8000 in TBSTM Anti-rabbit Greg Plano 
Anti-CsrA 1:8000 in TBSTM Anti-rabbit Davids Biotech. 
Anti-all Yops 1:13333 in TBSTM Anti-rabbit Ake Forsberg 
Anti-b-lactamase   1:10000 in TBSTM Anti-mouse Abcam 
Anti-RovM 1:4000 in TBSTM Anti-rabbit Davids Biotech. 
Anti-YadA 1:6666 in TBSTM Anti-rabbit Davids Biotech. 
Anti-InvA (m3A2) 1:4000 in TBSTM Anti-mouse (Dersch and Isberg, 1999) 
Anti-Ail 1:13333 in TBSTM Anti-rabbit Davids Biotech. 
Anti-Crp HPLC purified 1:5714 in TBSTM Anti-rabbit Davids Biotech. 
Anti-Hfq 1:10000 in PBSTB Anti-rabbit Davids Biotech. 
Anti-RovC 1:2000 in TBSTM Anti-rabbit  Davids Biotech. 
Anti-YopD 1:6000 in TBSTM Anti-rabbit Davids Biotech. 
Anti-RNAP 1:1000 in TBSTM Anti-rabbit Abcam 
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Table 3. Secondary antibodies 
Secondary antibody Concentration Manufacturer 
Anti-rabbit immunoglobulin, HRP linked 1:8000 Cell Signaling 
Anti-mouse immunoglobulin, HRP linked 1:8000 Cell Signaling 

 
Table 4. Enzymes 

Enzyme Manufacturer 
Benzonase Sigma-Aldrich 
Mango TaqTM DNA Polymerase Bioline 
Phusion® High-Fidelity DNA Polymerase NEB 
Antarctic phosphatase NEB 
T4 DNA Ligase Promega 
Restriction enzymes NEB 
TurboTM DNase Ambion 
RiboLock RNase inhibitor Thermo Scientific  
Lysozyme Sigma-Aldrich 

 
 
2.1.3  Media and supplements 
 
All media were prepared with H2Odest. In order to prepare solid media for agar plates, 15 g 
agar were added per 1 litre of liquid medium. Heat sensitive supplements (e.g. antibiotics 
(Table 5)) were sterile filtered and added after autoclaving.  
 
LB medium (Luria-Bertani medium) (Green and Sambrook, 2012)  
Bacto yeast extract    5 g 
Bacto tryptone    10 g  
NaCl     5 g 
Fill up to 1 l with H2Odest 
 
BHI medium (Brain heart infusion medium)   
BHI (BD Biosciences, USA)  37 g  
Fill up to 1 l with H2Odest 
 
Table 5. Antibiotics 

Antibiotics Stock concentration Final concentration 
Kanamycin 50 mg/ml in H2O  50 µg/ml 
Carbenicillin 100 mg/ml in H2O  100 µg/ml 
Chloramphenicol 30 mg/ml in ethanol  30 µg/ml 
Triclosan 20 mg/ml in ethanol  20 µg/ml 
Rifampicin 30 mg/ml in ethanol 1 mg/ml 

 
 
2.1.4  Oligonucleotides 
 
Oligonucleotides used in this study were obtained from Metabion (100 µM in H2Odest) (Table 
6). 
 
Table 6. Oligonucleotides  

Name  Sequence 5´- 3´ Restriction 
site/target 

Deletion YPK_2129 (yoaB) 
VII310 GCGGCGGAGCTCCCAATGACTGCTGTTCAAGGC  SacI 
VII311 GAAGCAGCTCCAGCCTACACTTTTACTCCATTTTGTGAGGGTC  kan - pKD4 
VII312 ACTAAGGAGGATATTCATATGCGTTCATAAATGTAGCTAGTG  kan - pKD4 
VII313 GCGGCGGAGCTCGTCCCTGTTGTCAGTATTAGG  SacI 
VII314 CAATGTCTCACTGGCTAAATCC  
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VII315 CTTGCTGAAAATGTCAGATGGC  
 

 

Deletion YPK_2016 (rnb) 
VII322 GCGGCGGAGCTCGTAAGGGATCGTTCGGCAAC  SacI 
VII323 GAAGCAGCTCCAGCCTACACGTCCAGTGAATGGTGTAGTG  kan - pKD4 
VII324 ACTAAGGAGGATATTCATATGGATAGCCGTCGGAGGAATTC kan - pKD4 
VII325 GCGGCGGAGCTCCGGTCATCCAGTTCAAAGAC  SacI 
VII326 CAAGGTTTGGCGACACTGC   
VII327 GACCGTCATTGCGTCGTTC  

 
 

Deletion YPK_3683 (rraB) 
VII328 GCGGCGGAGCTCGAATGCCGTCATACATACGG  SacI 
VII329 GAAGCAGCTCCAGCCTACACTGCCATGCCTTTATCCTCAG  kan - pKD4 
VII330 ACTAAGGAGGATATTCATATGCTGTGTTAGCGGCACTCAC  kan - pKD4 
VII331 GCGGCGGAGCTCAGATTGCGAAGTGACGATGC  SacI 
VII332 CCGGCAAATTCTGCGAGTG   
VII333 GGTCTGTACGAAAGATTAGG  

 
 

Deletion YPK_4160 (rph) 
VII861 GCGGCGGAGCTCGGTGCTAATCGCATCCAAATC  SacI 
VII862 CAAGCCGGAGAAAGCCCATTTATTAGGCGACGGATAGTCG   
VII863 CGACTATCCGTCGCCTAATAAATGGGCTTTCTCCGGCTTG   
VII864 GCGGCGGAGCTCCATCATCCACTAGCATCACC  SacI 
VII865 GTATCTAGCGCCTGCATTAAC   
VII866 CCATTGATTCACGAATAGCGG  

 
 

Deletion YPK_1189 (rnc) 
VII879 GCGGCGGAGCTCCCCTTCTCAGCTGAGATTGGC  SacI 
VII880 CCAACAGCAGAACCAGTAATAGG   
VII881 CCTATTACTGGTTCTGCTGTTGG   
VII882 GCGGCGGAGCTCCGCTTCTGGGGTTTTGTACC  SacI 
VII366 CAGTGCAGATAGCCGCTTC   
VII367 CATATGCTTGCGCACAATGC  

 
 

Deletion YPK_0603 (tdcF-1) 
VII873 GCGGCGGAGCTCGATCGGTGGCACTATTACAG  SacI 
VII874 AATAGAGGATATATCTTTTTTAAATTAAAAT   
VII875 ATTTTAATTTAAAAAAGATATATCCTCTATT   
VII876 GCGGCGGAGCTCGAATGGTTGACCACATAGGTC  SacI 
VII877 CAATGGTAGAGTTTATCGCTC   
VII878 CAAATTGCGGCCAAATTCGC  

 
 

Deletion YPK_0604 (tdcF-2) 
VII350 GCGGCGGAGCTCCTGATACAGGGGATCTTGTTG  SacI 
VII351 GAAGCAGCTCCAGCCTACACGATGGACCGCCGTAGGTTTAC  kan - pKD4 
VII352 ACTAAGGAGGATATTCATATGTGAAGAGTAGCCGCTTGCG  kan - pKD4 
VII353 GCGGCGGAGCTCGTTGATTTCCCTTATACCGGC  SacI 
VII354 CTTCAGGGCAGATACCGATC   
VII355 GAAACTGGGCTGCGAGAGC  

 
 

Deletion YPK_0498 (tdcF) 
VII910 GCGGCGGAGCTCCTTTGTTGCCATCACCATTG   SacI 
VII911 GTAAATCAGGAGTCAACTCCCTCCCCCATCACC   
VII912 GGTGATGGGGGAGGGAGTTGACTCCTGATTTAC   
VII913 GCGGCGGAGCTCCCATATTCCAGCTCAAATCGGC  SacI 
VII914 CAGGTTGAAGCGATTAAATGCG   
VII915 CTATCCGGTCCCAGGCTG   
   
General Test-
primers 

  

I661 GTGTAGGCTGGAGCTGCTTC pKD4 
I662 CATATGAATATCCTCCTTAGTTCC pKD4 
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III981 TGAACGGCAGGTATATGTG  pAKH3 
III982 CACTTAACGGCTGACATGG pAKH3 
I305 CAGTCATAGCCGAATAGCCT  kan - pKD4 
I306 CGGTGCCCTGAATGAACTGC  

 
kan - pKD4 

Deletion pnp test 
primer 

  

VIII406 CTTCCCTGATCGAACGTTTAGG pnp 
VIII407 CTGCTGTAACGTTGGTTGC pnp 
   
qPCR 
VII918 AATTACCCAAGTGGGACACG  yscM 
VII919 TCACTATCACTTCCCCTGCCT  yscM 
VII920 TATCAAACTGAACGTAAGGCTC  repA 
VII921 AACGATAGCTTCAATGTCACG  repA 
VII922 GGCATGGATCCTGAGATGA  glnA 
VII923 CGTCAAAACATGTTCAGCGGAC  glnA 
VII924 AATCGTCAAGGTGTATCTGG  rpoB 
VII925 TCGTAAGGCATATCTTCGAT  rpoB 
VII926 ATCCACTGTTACCAGAATGC  YPK_3178 
VII927 AGAAGAAACAACGGTCAAAA  

 
YPK_3178 

pIVO13 
VIII193 GCGGCGCTCGAGTAGTATCTGGAATAGACAACGAAAGTTG  yopE, XhoI 
VIII194 GCGGCGGGATCCTTGCTGTGAGACTGAGCGC yopE, 

BamHI 
I984 TAAGAAACCATTATTATCATG pIVO13 
V824 CGTGCACCCAACTGATCT pIVO13 
   
qRT-PCR 
III393 CCGACGTAAAGCCGCGATAC  sopB 
III394 CCTCGTTCATAAGCACTCGTC  sopB 
VIII956 AAACTTTACTGCAGGTGTCG yadA 
VIII957 AAATGATGCGTTGTACATGAC yadA 
VIII798 CAGTGCCATCTTAAACACGC yopE 
VIII799 GTAATTTCTGCATCTGTTGCG yopE 
VIII818 GCGCAATGTGCATGAATGATA yopH 
VIII819 TAATAATGGTCGCCCTTGTC yopH 
VIII814 CGAGGTCAAAGAGAAAGAAG yopD 
VIII815 GCTTTCATGGCGTGAGTATG yopD 
   
Northern blots 
VIII255 CATCCAGATTACCGACAAACC  repA 
VIII256 CCGAAGGCTTCACATCTCG  repA 
III286 CGCGCGGTCGACCATATTCAACGCCGAATAATGC  rovC 
IV91 GCGCGAGCTCGCTCCTCTTTGCATTCCAC  rovC 
VIII568 GGAGTTCCTGGGTGACTC rnc 
VIII569 GCTTGAGCCAGTACCTATTAC rnc 
VII773 GCAGCTTTAGTCGATTACTTTC hcp 
VII774 CGGTTGTTCAATTTCAGATCG hcp 
555 CGGCGCGGATCCCTCTCACACCAGCTG csrB 
556 GGGGGCGTCGACGGCAAACTCAATATCCTG csrB 
I82 GCAATCAGCTAGTCAATTTG csrC 
583 GGGCGCGGATCCGATTGGGCCGGAATCTAGC csrC 
   
Complementation 
plasmid 

  

VIII385 GTAGCACCTGAAGTCAGCC pAKH85 
VIII388 CCCTTATGCGACTCCTGC pAKH85 
VIII365 GCGCCAAGCTTCGTTGATGTTGCAGTTAGGC pIVO20 
VIII387 GCGCCGCATGCTCATTCAAGCTCCAACTGTTTC pIVO20 
VIII636 GCGCCAAGCTTGTCTGCGAGTTTCGGGAG pIVO21 
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VIII637 GCGCCGGATCCTTACTCTGCTGCTGCTTCTG pIVO21 
   
lacZ-fusion 
plasmids 

  

VIII677 GCGCCGTCGACCGCAACTCTTCTTGCTGAG pIVO22 
VIII675 GCGCCGGATCCGTTATCGATCCGCTGACCG pIVO22/25 
VIII674 GCGCCGTCGACGTATGTTGACCATACTGGAAT pIVO23 
VIII672 GCGCCGGATCCCGAACGTTTAGGTCTGCGTC pIVO23/26 
VIII680 GCGCCGTCGACGTCAGTGCTTGCAGCAAGAG pIVO24 
VIII678 GCGCCGAATTCCCAAGCCGTTGATGTTGCAG pIVO24/27 
VIII676 GCGCCGTCGACGTTTATTATTCCACAAGTCTCTTGG pIVO25 
VIII673 GCGCCGTCGACCTAATGACAATCCTTAACTTTC pIVO26 
VIII679 GCGCCGTCGACCATACGGAACAGGTCTGACCG pIVO27 
II126 GAGGGGACGACGACAGTATC pTS02/03 

 
  
2.1.5  Strains 
 
E. coli and Y. pseudotuberculosis strains and eukaryotic cell lines used in this study are listed 
in Table 7, Table 8 and Table 9.  
 
Table 7. E. coli strains 

Strain  Genetic information Reference 
CC118λpir F-Δ(ara-leu)7697 Δ(lacZ)74 Δ(phoA)20 

araD139 galE galK thi rpsE rpoB arfE am recA1, 
λpir 

(Manoil and Beckwith, 
1986) 

S17-1λpir recA thi pro hsdR – M1+ (RP4-2 Tc::Mu-
Km::Tn7), λpir 

(Simon et al., 1983) 

 
Table 8. Y. pseudotuberculosis strains 

Strain  Genetic information Description Reference 
YPIII pIB1 wild-type (Bölin et al., 1982) 
YP12 YPIII, pIB1- plasmid-cured strain 

(“pIB1-”) 
(Kusmierek et al., 2019) 

YP53 YPIII, YPK_3372::KnR csrA deletion mutant 
(“ΔcsrA”) 

(Heroven et al., 2008) 

YP69 YPIII, ΔYsr179 BE sR003 csrB deletion mutant 
(“ΔcsrB”) 

(Heroven et al., 2008) 

YP72 YPIII, ΔYPK_1559 rovM deletion mutant 
(“ΔrovM”) 

(Heroven et al., 2012b) 

YP80 YPIII, ΔYPK_3799 hfq deletion mutant 
(“Δhfq”)  

(Heroven et al., 2012b) 

YP89 YPIII, ΔYPK_0248 crp deletion mutant 
(“Δcrp”) 

(Heroven et al., 2012b) 

YP91 YPIII, ΔpYV0054 yopD deletion mutant 
(“ΔyopD”) 

(Kusmierek et al., 2019) 

YP101 YPIII, ΔpYV0072 yscS deletion mutant 
(“ΔyscS”) 

(Schweer et al., 2013) 

YP126 YPIII, ΔYsr186 BE sR026 csrC deletion mutant 
(“ΔcsrC”) 

(Heroven et al., 2012b) 

YP137 YPIII, YPK_0469::KnR cafA/rng deletion 
mutant (“Δrng”) 

R. Steinmann 

YP139 YPIII, YPK_3726::KnR pnp deletion mutant 
(“Δpnp”) 

R. Steinmann 

YP142 YPIII, YPK_4106::KnR rraA deletion mutant 
(“ΔrraA”) 

R. Steinmann 

YP145 YPIII, ΔpYV0054 
YPK_3372::KnR 

yopD and csrA 
deletion mutant 
(“ΔyopDΔcsrA”) 

(Kusmierek et al., 2019) 
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YP154 YPIII, ΔYPK_3567 rovC deletion mutant 
(“ΔrovC”) 

S. Seekircher 

YP179 YPIII, ΔpYV0076 lcrF deletion mutant 
(“ΔlcrF”) 

R. Steinmann 

YP187 YPIII, YPK_1108::KnR rnhA deletion mutant 
(“ΔrnhA”) 

S. Seekircher 

YP189 YPIII, pYV0013::KnR yadA deletion mutant 
(“ΔyadA”) 

R. Geyer 

YP192 YPIII, ΔYPK_2429 invA deletion mutant 
(“ΔinvA”) 

R. Geyer 

YP211 YPIII, YPK_2124::KnR rnd deletion mutant 
(“Δrnd”) 

S. Seekircher 

YP218 YPIII, ΔpYV0054 
YPK_3726 

pnp and yopD 
deletion mutant 
(“ΔpnpΔyopD”) 

R. Steinmann 

YP221 YPIII, ΔYPK_3726 
YPK_3567::KanR 

rovC and pnp 
deletion mutant 
(“ΔrovCΔpnp”) 

S. Seekircher 

YP249 YPIII, Δail ail deletion mutant 
(“Δail”) 

R. Geyer 

YP341 YPIII, YPK_2446::KnR dbpA deletion mutant 
(“ΔdbpA”) 

M. Kusmierek 

YP342 YPIII, YPK_4036::KnR rhlB deletion mutant 
(“ΔrhlB”) 

M. Kusmierek 

YP348 YPIII, YPK_2129::KnR yoaB deletion mutant 
(“ΔyoaB”) 

This study  

YP349 YPIII, YPK_2016::KnR rnb deletion mutant 
(“Δrnb”) 

This study 

YP350 YPIII, YPK_3683::KnR rraB deletion mutant 
(“ΔrraB”) 

This study 

YP355 YPIII, ΔYPK_4160 rph deletion mutant 
(“Δrph”) 

This study 

YP356 YPIII, ΔYPK_1189 rnc deletion mutant 
(“Δrnc”) 

This study 

YP357 YPIII, ΔYPK_0603 tdcF-1 deletion 
mutant (“ΔtdcF-1”) 

This study 

YP358 YPIII, YPK_0604::KnR tdcF-2 deletion 
mutant (“ΔtdcF-2”) 

This study 

YP359 YPIII, ΔYPK_0498 tdcF deletion mutant 
(“ΔtdcF”) 

This study 

YP372  YPIII, ΔpYV0054 
ΔYPK_1189  

yopD and rnc 
deletion mutant 
(“ΔyopDΔrnc”) 

This study 

YP375 YPIII, YPK_3726::KnR 
ΔYPK_1189 

pnp and rnc deletion 
mutant 
(“ΔpnpΔrnc”) 

This study 

 
Table 9. Cell lines 

Eukaryotic cell line Description Reference 
HEp-2 Human cervix carcinoma cell line (Toolan, 1954) 

 
 
2.1.6  Plasmids 
 
Plasmids used in this study are indicated in Table 10.  
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Table 10. Plasmids 
Name  Genetic information Description Reference 
pACYC184 ori p15A, TetR, CmR Cloning vector (Chang and 

Cohen, 1978) 
pAKH3 pGP704, sacB+, ori R6K, AmpR Suicide plasmid 

backbone 
(Heroven et al., 
2012b) 

pAKH85 pACYC184, p15A, Dtet, CmR Complementation (Heroven and 
Dersch, 2006a) 

pAKH101 pHT124, csrB-lacZ(4)c, AmpR b-galactosidase assay (Heroven et al., 
2008) 

pAKH125 pHT124, csrC-lacZ(4)c, AmpR b-galactosidase assay (Heroven et al., 
2012b) 

pBAD30 ori p15A, AmpR Cloning vector (Guzman et al., 
1995) 

pFU50 pZS24*MCS, dsRed2, Plac, ori 
29807, KanR 

Cloning vector (Uliczka et al., 
2009) 

pFU98 pFU54, luxCDABE+RBS, pSC101* 
ori, CmR 

Cloning vector (Uliczka et al., 
2011a) 

pFU189 pFU98, luxCDABE+RBS, ColE1, 
CmR 

Cloning vector  (Pisano et al., 
2012) 

pGP20 ori pSC101, lacZ, TetR Promoter fusion cloning 
vector 

P. Gerlach 

pHT124 Promoter probe vector, lacZ+, AmpR b-galactosidase assay (Heroven et al., 
2008) 

pISN1 pFU189, MCS, TEM, ColE1, CmR Cloning vector for 
pPCH1 

I. Nitzel 

pIVO1 pAKH3, ΔYPK_2129 (yoaB), ori 
R6K, KanR, CbR 

Suicide plasmid for gene 
deletion 

This study 

pIVO4 pAKH3, ΔYPK_2016 (rnb), ori 
R6K, KanR, CbR 

Suicide plasmid for gene 
deletion 

This study 

pIVO5 pAKH3, ΔYPK_3683 (rraB), ori 
R6K, KanR, CbR 

Suicide plasmid for gene 
deletion 

This study 

pIVO7 pAKH3, ΔYPK_0604 (tdcF-2), ori 
R6K, KanR, CbR 

Suicide plasmid for gene 
deletion 

This study 

pIVO8 pAKH3, ΔYPK_0603 (tdcF-1), ori 
R6K, CbR 

Suicide plasmid for gene 
deletion 

This study 

pIVO9 pAKH3, ΔYPK_4160 (rph), ori 
R6K, CbR 

Suicide plasmid for gene 
deletion 

This study 

pIVO11 pAKH3, ΔYPK_1189 (rnc), ori 
R6K, CbR 

Suicide plasmid for gene 
deletion 

This study 

pIVO12 pAKH3, ΔYPK_0498 (tdcF), ori 
R6K, CbR 

Suicide plasmid for gene 
deletion 

This study 

pIVO13 pPCH1, PyopE-yopE´(34)d-blaM, 
ColE1 ori, CmR 

Reporter plasmid  This study 

pIVO20 pAKH85, Prnc, 5’UTR rnc, gene rnc 
until STOP, CmR 

Complementation 
plasmid 

This study 

pIVO21 pAKH85, Ppnp, 5’UTR pnp, gene 
pnp until STOP, CmR 

Complementation 
plasmid 

This study 

pIVO22 pTS02, rne(-646)b`-`lacZ(44)c, CbR b-galactosidase assay This study, 
(Kusmierek et 
al., 2019) 

pIVO23 pTS02, pnp(-288)b`-`lacZ(44)c, CbR b-galactosidase assay This study, 
(Kusmierek et 
al., 2019) 

pIVO24 pTS02, rnc(-403)b`-`lacZ(16)c, CbR b-galactosidase assay This study 
pIVO25 pTS03, rne(-332)a-lacZ, CbR b-galactosidase assay This study, 

(Kusmierek et 
al., 2019) 

pIVO26 pTS03, pnp(-199)a-lacZ, CbR b-galactosidase assay This study, 
(Kusmierek et 
al., 2019) 
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pIVO27 pTS03, rnc(-294)a-lacZ, CbR b-galactosidase assay This study 
pKB34 pTS02, yscW(-573)blcrF`-

`lacZ(25)d, AmpR 
b-galactosidase assay (Böhme et al., 

2012) 
pKB35 pTS02, yscW(-573)b`-`lacZ(5)d, 

AmpR 
b-galactosidase assay K. Böhme 

pKD4 Kanamycin cassette template  (Datsenko and 
Wanner, 2000) 

pPCH1 pISN1, PyopE-yopE-TEM, ColE1 ori, 
CmR 

yopE-TEM fusion 
plasmid 

P. Chaoprasid  

pRS1 pFU50, ori29807, CmR Empty vector for 
complementation 

(Kusmierek et 
al., 2019) 

pRS2 pFU50, ori29807, yopD+, CmR Complementation 
plasmid 

(Kusmierek et 
al., 2019) 

pRS15 pRS1, ori p15A, CmR Empty vector for 
complementation 

((Kusmierek et 
al., 2019) 

pRS16 pRS1, ori p15A, yopD+, CmR Complementation 
plasmid 

(Kusmierek et 
al., 2019) 

pTS02 pGP20, ori pSC101, lacZ, AmpR b-galactosidase assay 
translational fusion 

(Böhme et al., 
2012) 

pTS03 pGP20, ori pSC101, lacZ, AmpR b-galactosidase assay 
transcriptional fusion 

(Böhme et al., 
2012) 

pVK25 pBAD30, ori p15A, 5’UTR-rovC (-
39)b, CbR 

Overexpression plasmid 
rovC 

V. Knittel 

 

a relative to transcriptional start 
b relative to translational start 
c nucleotides of the corresponding gene fused to lacZ 
d amino acids 
 
 
2.1.7 Software and databases 
 
Programmes used for data analysis are listed in the following: A plasmid Editor (ApE), 
MicrosoftÒ ExcelÒ 16.36 (Microsoft), Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/)  
and GraphPad Prism 8 (Graphpad Software, Inc.) were used for data processing. Image J 
(Schneider et al., 2012) was used for quantifications, Image Lab 2.0.1 (BioRad), Rotor-Gene 
Q Series 2.0.2 (Qiagen), LI-COR Image StudioTM Quantification Software, BMG 
LABTECH Microplate Reader Software (BMG), LightCyclerâ 96 data analysis software 
and SkanIt Software 2.4.3 (Thermo Scientific) were used to acquire images and data. For 
sequence and pathway analysis the National Center for Biotechnology Information (NCBI) 
and Kegg (Kyoto Encyclopedia for Genes and Genomes) were employed. Additionally, 
MicrosoftÒ WordÒ 16.36 (Microsoft) was used.  
 
2.2 Methods 
 
2.2.1 Microbiological methods 
 
2.2.1.1 Sterilisation 
 
Sterilisation of solid and liquid material was conducted in an autoclave at 1 bar overpressure 
for 20 min at 121°C. Glassware was heat-sterilized at 180°C and non-autoclavable liquids 
were sterile filtered (pore diameter of 0.2 µm). 
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2.2.1.2 Growth conditions 
 
E. coli and Y. pseudotuberculosis cultures were grown aerobically in liquid LB medium 
(INFORS HT Multitron, 200 rpm) at 37°C or 25°C respectively. Growth on solid LB 
medium on petri dishes was generally performed for Y. pseudotuberculosis at 25°C (2 days) 
or 37°C for E. coli (1 day). Antibiotics were used for selection (Table 5).  
 
For most experiments, an Y. pseudotuberculosis O/D culture was prepared by diluting O/N 
cultures 1:50 in new LB medium if not stated otherwise. In order to determine a possible 
effect on type III secretion, O/D cultures were grown for 2 h at 25°C with a following shift 
to 37°C for 4 h if not indicated otherwise. Secretion was either induced (“-Ca2+”, secretion-
conditions) or not induced (“37°C” or “+Ca2+”, non-secretion conditions) upon the shift to 
37°C. For induction of secretion (“-Ca2+”), calcium was depleted from the medium before 
the shift to 37°C by addition of 20 mM MgCl2 and 20mM NaOx. For comparison, a bacterial 
culture was also grown for 6 h at 25°C.  
 
2.2.1.3 Cryo-stocks for storage of bacteria  
 
In order to be able to store bacterial strains in cryo-stocks, 1.25 ml of the respective O/N 
culture and 750 µl 80% glycerol were mixed in a CryoPure tube. Cryo-stocks were stored at 
-80°C and used to streak out bacteria on LB plates. 
 
2.2.1.4 Determination of cell density 
 
Cell density of bacterial cultures (OD600) was determined using the Ultrospec 3100 Pro 
UV/Visible Spectrophotometer (Amersham Biosciences). In order to ensure accurate 
measurements, cultures exceeding an OD600 of 1 were diluted in the respective medium. An 
OD600 of 1 is corresponding to 1x109 cells/ml (Green and Sambrook, 2012) and 150 µg 
protein (Miller, 1992). 
 
2.2.1.5 Bacterial growth curve 
 
In order to investigate the growth behaviour of different Yersinia deletion mutants in liquid 
culture, a 30 ml O/D culture was prepared from an O/N culture by adjusting the OD600 to 0.1 
in LB medium and was grown under standard conditions (2.2.1.2). Measurements were 
conducted at specific time points for approximately 8 to 10 h.   
 
2.2.1.6 Spotting assay 
 
O/N cultures were diluted 1:10 in fresh LB medium with the respective antibiotics. Bacteria 
were grown at 25°C for 1 h. The OD600 was adjusted to 0.45 in LB medium and serial 
dilutions from 101 - 10-7 were prepared. 10 µl of each dilution were spotted onto LB plates 
and incubated at either 25°C (2 days), 37°C (2 days), 4°C (10 days). 
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2.2.1.7 Acid survival assay 
 
The ability of different Yersinia deletion mutants to withstand acidic conditions was tested 
by investigating the growth in LB medium with either a pH of 7, 5 or 2.5. 5 ml of fresh LB 
medium with the respective pH was inoculated 1:50 from O/N cultures and incubated at 
25°C. After 6 h the OD600 was measured to determine the growth under different acidic 
conditions. From these O/D cultures new O/N cultures were prepared. Firstly, 5 ml LB 
medium of the same pH were inoculated 1:50 and secondly LB medium with a pH of 7. This 
served as a control to observe the ability to recover from acid shock. From these cultures the 
OD600 was measured the next day (Figure 18).   
 

 
Figure 18. Acid survival assay – Workflow. 
 
 
2.2.1.8 Motility assay 
 
In order to assess flagellar movement of different Yersinia strains, a motility assay was 
conducted. For this purpose, an O/N culture in stationary phase was adjusted to an OD600 of 
0.8 in LB medium and 5 µl were used to inoculate the middle of a motility agar plate (Table 
11). After incubation of 28 h at 25°C, the diameter of bacterial movement was measured and 
used to evaluate the swimming ability of these strains. 
 
Table 11. Motility agar 

Component Concentration 
Tryptone 1% (w/v) 
NaCl 1% (w/v) 
Yeast extract  0.5% (w/v) 
Agar 0.25% (w/v) 

  

2.2.2  General molecular biological methods – DNA 
 
2.2.2.1 Polymerase chain reaction (PCR) 
 
The specific amplification of DNA fragments was performed by polymerase chain reaction 
(PCR). Either a thermostable Taq or Phusion DNA polymerase was used together with two 
oligonucleotide primers (Primer A and B), a mixture of deoxynucleotide triphosphates 

Over night culture

Over day cultures, 6 h
pH 7 pH 5 pH 2.5

pH 7 pH 7pH 5 pH 2.5

Over night cultures, approx. 15 h



Material and Methods 
 

 35 

(dNTPs) and 5x reaction buffer. In the presence of the respective template DNA, the DNA 
polymerase is able to amplify the DNA fragment of interest after primer-annealing to the 
single stranded DNA. The annealing temperature of each primer was chosen depending on 
the G/C and A/T content according to the following formula (Suggs et al., 1981). 
 

𝑇#$$%&'($)(°𝐶) = 4 ∗ (𝐺 + 𝐶) + 	2 ∗ (𝐴 + 𝑇) 

 

For PCR amplification the T3000 Thermocycler (Peqlab) or the Mastercycler EP Gradient 
S (Eppendorf) were used and settings were adjusted depending on the length of the expected 
PCR product.  
 
Due to its proofreading activity, PhusionÒ High-Fidelity DNA Polymerase (New England 
Biolabs, NEB) was used for cloning techniques or sequencing of DNA fragments (Table 12 
and Table 13).  
 
Table 12. PCR components (Phusion polymerase) 

Component  Volume 
5x HF buffer (New England Biolabs, NEB) 10 µl 
dNTPs (10 mM) 1 µl 
Primer A (10 µM) 0.75 µl 
Primer B (10 µM) 0.75 µl 
Phusion Polymerase 0.5 µl 
Template DNA 0.5 µl 
Nuclease free water 36.5 µl 
 50 µl 

 
Table 13. PCR programme (Phusion polymerase) 

  Temperature Time 
 Initial Denaturation 98°C 1 min 
 Denaturation  98°C 30 sec 
30 – 40 cycles Annealing x°C 30 sec 
 Elongation 72°C x min 
 Final Elongation 72°C 10 min 
 Storage 14°C ∞ 

x = variable temperature/time depending on annealing temperature/fragment length 
 
Mango Taq polymerase (Bioline) was used for colony PCR to identify positive clones 
following mutagenesis, cloning or for other test PCRs. PCR was carried out according to 
Table 14 and Table 15 with a single colony or the respective amount of DNA.  
 
Table 14. PCR components (Taq polymerase) 

Component Volume 
5x Mango Taq buffer (Bioline) 4 µl  
MgCl2 (50 mM) 0.6 µl 
Primer A (10 µM) 0.8 µl 
Primer B (10 µM) 0.8 µl 
dNTPs (10 mM) 0.4 µl 
Mango Taq Polymerase 0.2 µl 
Template DNA Single colony or 0.5 µl  
Nuclease free water 13.7 µl 
 20,5 or 21 µl 
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Table 15. PCR programme (Taq polymerase) 
  Temperature Time 
 Initial Denaturation 95°C 10 min 
 Denaturation  95°C 30 sec 
30 – 40 cycles Annealing x°C 30 sec 
 Elongation 72°C x min 
 Final Elongation 72°C 10 min 
 Storage 14°C ∞ 

x = variable temperature/time depending on annealing temperature/fragment length 
 
LongAmp® Taq DNA Polymerase (NEB) was used to amplify longer PCR fragments for 
cloning and for test PCRs. The PCR was carried out according to Table 16 and Table 17. 
 
Table 16. PCR components (LongAmp) 

Component Volume 
5x LongAmp Taq reaction buffer 5 µl 
Primer A (10 µM) 1 µl 
Primer B (10 µM) 1 µl 
dNTPs (10 mM) 0.75 µl 
LongAmp Taq DNA Polymerase 1 µl 
Template DNA 0.5 µl 
Nuclease free water 15.75 µl 
 24 

 
Table 17. PCR programme (LongAmp) 

  Temperature Time 
 Initial Denaturation 94°C 5 min 
 Denaturation  94°C 30 sec 
30 – 40 cycles Annealing x°C 30 sec 
 Elongation 65°C x min 
 Final Elongation 65°C 10 min 
 Storage 14°C ∞ 

x = variable temperature/time depending on annealing temperature/fragment length 
 
 
2.2.2.2 Agarose gel electrophoresis (DNA) 
 
Agarose gel electrophoresis was used in order to separate DNA according to size in an 
electric field. Samples (e.g. PCR product) were diluted in 6x DNA loading dye (NEB) and 
loaded onto an agarose gel (0.8 – 2% agarose in 1x TAE buffer). 1x TAE buffer was used 
as running buffer (Table 18). The electrophoresis was performed at 120 V for around 45 
min. The gel was stained with EtBr (1 µg/ml in water) and the DNA was visualised by UV 
light (226 nm). Data were documented with the Gel DocTM XR+ system (Biorad). 
GeneRuler™ DNA Ladder Mix (Fermentas) was used to estimate the size of DNA fragments.  
 
Table 18. 1x TAE buffer 

Component Concentration 
Tris acetate pH 8.0 40 mM 
EDTA pH 8.0 1 mM 
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2.2.2.3 DNA isolation from agarose gels 
 
DNA of interest (e.g. after PCR or restriction digest) was isolated from agarose gels using 
the NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel) or the QIAquickTM Gel 
extraction Kit (Qiagen). Fragments were separated using gel electrophoresis and made 
visible using UV light (315 nm) after staining with ethidium bromide (1 µg/ml in water). 
The protocol was followed according to instructions by the manufacturer and the DNA 
eluted in 50 µl nuclease free water. 
 
2.2.2.4 PCR purification 
 
In order to purify DNA by minimising the amount of salts, free dNTPs and enzymes, the 
NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel) or the QIAquickTM PCR 
purification Kit (Qiagen) were used according to the manufacturer’s instructions. The DNA 
was eluted in 50 µl nuclease free water. 
 
2.2.2.5 Isolation of genomic DNA 
 
Bacterial DNA was isolated by mixing a sufficient amount of cultivated bacteria (about 200 
µl) 1:1 with Chloroform:Isoamylalcohol (24:1). The mixture was spun down for 2 min at 
13,000 rpm (Centrifuge 5417 R, Eppendorf) at 4°C. The supernatant was transferred to a 
new reaction tube and mixed with 100% EtOH (4x volume, ice cold). The mixture was 
centrifuged for 20 min at 13,000 rpm at 4°C and the supernatant was discarded. The pellet 
was washed two times with 70% EtOH (cold) for 5 min at 13,000 rpm. After drying at RT, 
the pellet was resuspended in 50 µl nuclease free water and stored at -20°C.  
 
2.2.2.6 Isolation of plasmid DNA  
 
Isolation of plasmids was carried out using the QIAGEN Plasmid Mini Kit (Qiagen), the 
Nucleo Spin® Plasmid Kit (Macherey-Nagel) or QIAGEN Plasmid Midi Kit (Qiagen) 
respectively. The instructions of the manufacturer were followed and the plasmid DNA 
eluted with nuclease free water. 
 
2.2.2.7 Determination of DNA concentration  
 
DNA concentration (ng/µl) was measured with the NanoDrop One Microvolume UV-Vis 
Spectrophotometer (Thermo Scientific). Purity was assessed via absorbance values at 230, 
260 and 280 nm. The value for the ratio of A260/280 represents the ratio between DNA and 
e.g. protein and should lie between 1.7 and 2.0. The ratio A260/230 indicates whether there is 
possible contamination with other substances such as phenol and should lie between 2.0 and 
2.2.    
 
2.2.2.8 DNA sequencing  
 
Sequencing of generated plasmids or other PCR products of interest was performed by the 
Microsynth AG (Balgach, Switzerland) via Sanger sequencing.  
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2.2.2.9 Quantitative real-time PCR (qPCR) 
 
The copy number of the Yersinia pseudotuberculosis virulence-plasmid was determined 
using quantitative real-time PCR (qPCR). Total DNA was isolated (2.2.2.5) and primers for 
the respective target genes were adapted from (Wang et al., 2016). Three primer pairs for 
chromosomally-encoded genes (glnA (VII922/VII923), rpoB (VII924/VII925), YPK_3178 
(VII926/VII927) and two primer pairs for plasmid genes (yscM (VII918/VII919), repA 
(VII920/VII921)) were chosen. The concentration of DNA was determined using the 
NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Scientific). DNA 
samples were diluted with nuclease free water to a concentration of 1 ng/µl. A mastermix 
(SensiFASTTM SYBR No-ROX, Bioline) was prepared according to Table 19. DNA (2.5 µl) 
was added and qPCR was carried out in technical duplicates according to Table 20 in the 
Rotor-Gene Q real-time PCR cycler (Qiagen). Reactions with nuclease free water were used 
as controls. A melting curve was employed to ensure specificity.  
 
Table 19. qPCR components 

Component Volume 
SensiFASTTM SYBR No-ROX Mix (Bioline)  6.25 µl 
Primer A (10 µM) 0.5 µl 
Primer B (10 µM) 0.5 µl 
Nuclease free water 2.75 µl 
 10 µl  

 
Table 20. qPCR programme 

 Temperature Time 
Hold 95°C 3 min 
 95°C 5 sec 
Cycling, 40 x 58°C 10 sec 
 72°C 15 sec 
 72°C  10 min 
Melting 58 - 95°C  

 
Calculation of virulence-plasmid copy number was conducted as described by (Wang et al., 
2016): 
 

n = 	
E89:;<=>	8?=<@?ABC

EDE?F<F;F<:9	8?=<@?ABC
 

n = plasmid copy number 
Eprimer = primer efficiency  
Ct = threshold cycle 
 
 
2.2.3 Cloning techniques 
 
2.2.3.1 Restriction digest 
 
In order to linearize plasmids and allow ligation of DNA fragments, type II restriction 
enzymes (NEB) were used. These enzymes generate specific ‘blunt’ or ‘sticky’ ends at a 
palindromic DNA sequence, which can be used to ligate DNA fragments which possess 
compatible 5’ and 3’ ends for re-ligation. Typically, high-fidelity (HF) enzymes were used 
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according to the manufacturer instructions. Restriction digests used in this work were 
typically consisting of the components listed in Table 21 and incubated at 37°C for around 
1 h. Restriction enzymes were either deactivated at 65°C for 25 min or the reaction was 
purified by gel extraction kits (2.2.2.3). Digested PCR products were purified using the PCR 
purification protocol (2.2.2.4).   
 
Table 21. Restriction digest components 

Component Volume 
Cutsmart buffer (10x) 5 µl 
Restriction enzyme A 1 µl 
Restriction enzyme B 1 µl 
BSA (10x) 2 µl 
Template DNA (around 1-2 µg) 30 µl 
Nuclease free water 11 µl  
 50 µl 

 
 
2.2.3.2 Dephosphorylation 
 
Dephosphorylation by Antarctic Phosphatase (NEB) was used in order to prevent re-ligation 
of the digested plasmid. This increases the efficiency of the ligation with the desired DNA 
fragment as the ligase requires the presence of a 5’-phosphate. Dephosphorylation was 
carried out according to Table 22 at 37°C for 1 – 2 h. Enzymes were deactivated at 65°C for 
25 min or the reaction was purified (2.2.2.4).   
 
Table 22. Dephosphorylation components 

Component Volume 
DNA (Restriction digest) 50 µl 
Antarctic Phosphatase Reaction Buffer (10x) 7.5 µl 
Antarctic Phosphatase 5 µl 
Nuclease free water 12.5 µl 
 75 µl 

 
 
2.2.3.3 Ligation 
 
After insert and plasmid were digested by restriction enzymes and the plasmid backbone 
was dephosphorylated, ligation was used to construct different plasmids with the desired 
DNA insert and plasmid backbone. Ligation was carried out according to Table 23 with T4 
DNA Ligase (Promega) and varying ratios of plasmid and insert (e.g. 3:1, 1:3, 1:1, 1:20). 
Incubation took place at either RT for 2 h, at 14°C O/N or at 4°C over the weekend. In order 
to remove salts and ions from the reaction for electroporation, dialysis with a 0.025-µm filter 
(VSWP) was performed. After 15 min the reaction was directly used for transformation of 
E. coli.  
 
Table 23. Ligation components 

Component Volume 
T4 DNA ligase buffer (10x) 1 µl 
T4 DNA Ligase 1 µl 
Plasmid 6 µl / 2 µl / 4 µl / 0.5 µl 
Insert (DNA fragment) 2 µl / 6 µl / 4 µl / 9.5 µl 
 10 µl 



Material and Methods 
 

 40 

2.2.4 Transformation 
 
2.2.4.1 Electrocompetent E. coli 
 
For the generation of electrocompetent E. coli, the strains CC118λpir and S17-1λpir were 
used. Bacteria were strictly kept on ice throughout preparation and all centrifugation steps 
carried out at 4°C. Electrocompetent cells were stored at -20°C. On the day of preparation, 
a sufficient amount of BHI or LB medium was inoculated 1:100 with an E. coli O/N culture 
and grown to an OD600 between 0.5 and 0.8. The bacterial culture was s cooled on ice for 10 
to 30 min and the cells ubsequently harvested by centrifugation using a Sigma 3-18 K 
centrifuge with the 19776-H rotor at 4,000 rpm for 7 min. The cells were washed with 30 ml 
ice cold 10% glycerol and centrifuged as described above. After repeating this washing step, 
the cells were resuspended in 1/100 of the original culture volume in 10% glycerol and 
aliquoted.  
 
2.2.4.2 Chemocompetent E. coli 
 
Preparation of chemocompetent E. coli (CC118λpir and S17-1λpir) was carried out using 
rubidium chloride. Therefore, LB medium was supplemented with 20 mM MgSO4 and 
inoculated 1:100 with a fresh E. coli O/N culture. Cells were grown to an OD600 between 0.5 
and 0.8 and centrifuged for 7 min at 4°C and 4,000 rpm (Sigma 3-18 K centrifuge with the 
19776-H rotor). Bacteria were strictly kept on ice during the preparation. For washing, the 
pellet was resuspended in 0.4 volumes of cold transformation buffer 1 (TFB1) (Table 24) 
and chilled on ice for 5 – 10 min. After a second centrifugation step as described above, cells 
were resuspended in 0.04 culture volumes of transformation buffer 2 (TFB2) (Table 25). 
After incubation on ice for 15 – 60 min, aliquots were prepared and stored at -20°C. 
 
Table 24. Transformation buffer 1 (TFB1) 

Component Concentration 
Kac 30 mM 
CaCl2 10 mM 
MnCl2 50 mM 
RbCl 100 mM 
Glycerol - pH 5.8 with acetic acid 15% 

 
 
Table 25. Transformation buffer 2 (TFB2) 

Component Concentration 
PIPES 10 mM 
CaCl2 75 mM 
RbCl 10 mM 
Glycerol - pH 6.5 with KOH 15% 

 
 
2.2.4.3 Electrocompetent Yersinia 
 
Electrocompetent Y. pseudotuberculosis strains were strictly kept on ice throughout the 
preparation. All centrifugation steps were performed at 4°C. An O/N bacterial culture was 
used to inoculate 10 ml BHI of an O/D culture (2.2.1.2). Bacteria were grown for 
approximately 3 h at 25°C (~ OD600 of 0.8) and were precooled on ice in 50 ml falcon tubes. 
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Bacteria were centrifuged at 4,000 rpm (Sigma 3-18 K centrifuge with the 19776-H rotor) 
for 10 min and the supernatant was discarded. 5 ml ice-cold, sterile-filtered Yersinia 
transformation buffer (Table 26) was used to wash the cell pellet. This washing step was 
repeated and the pellet was resuspended in 200 µl Yersinia transformation buffer. 40 µl of 
the cell suspension was directly used for electroporation. 
 
Table 26. Yersinia transformation buffer 

Component Concentration 
Sucrose 272 mM 
Glycerin 15% 

 
 
2.2.4.4 Electroporation 
 
Electroporation was used to transform bacteria with plasmids or ligation reactions (dialysed). 
Approximately 0.5 – 5 µl of the respective plasmid were added to an aliquot of 
electrocompetent cells, mixed and transferred into precooled 2 mm electroporation cuvettes. 
Electroporation was carried out using an eporator®. An electric pulse of 2.2 kV voltage, a 
resistance of 200 Ω and a capacity of 25 µF was applied. Thereafter, cells were resuspended 
in 1 ml pre-warmed LB or BHI medium and incubated for 1 h at 37°C (E. coli) or 2 h at 
25°C (Yersinia) at 800 – 900 rpm in a thermomixer (Eppendorf). Bacteria were streaked on 
LB agar plates with the respective antibiotics and incubated at either 25°C (Yersinia, 2 days) 
or 37°C (E. coli, 1 day).  
 
2.2.4.5 Chemical transformation 
 
Chemical transformation was used to introduce plasmids or ligation reactions into E. coli 
cells. For chemical transformation of E. coli, 10 – 100 ng of the respective plasmid were 
applied and the cells kept on ice for around 30 min. In the next step heat (42°C) was applied 
for 45 – 60 sec and the cells subsequently incubated on ice for 2 min. For incubation at 37°C, 
1 ml preheated BHI or LB medium was applied and cells cultivated at 800 – 900 rpm in a 
thermomixer (Eppendorf). After 1 h, bacteria were streaked on LB agar plates containing 
the respective antibiotics and the plates incubated at 37°C O/N.    
 

2.2.4.6 Generation of complementation plasmids for rnc and pnp 
 
For construction of complementation plasmids, the respective gene with its native promoter 
and upstream regulatory region (Figure 19) was amplified by PCR using VIII365 and 
VIII387 (pIVO20) or VIII636 and VIII637 (pIVO21), digested with either SphI and HindIII 
(pIVO20) or HindIII and BamHI (pIVO21) and ligated into pAKH85. Plasmids were 
sequenced using Sanger sequencing (Balgach, Microsynth). 
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Figure 19. Generation of the complementation plasmids pIVO20 and pIVO21.  
Genes are represented by coloured arrows. Actual gene length is not reflected by arrow size. mTSS: 
transcriptional start sites of mRNA. TSS were based on data from (Nuss et al., 2015). 
 
 
2.2.4.7 Generation of RNase-lacZ reporter plasmids 
 
Effects on transcription and translation of genes of interest (rne, pnp and rnc) were 
investigated in a b-galactosidase assay with plasmids harbouring a fusion of the gene of 
interest with b-galactosidase (lacZ). For construction of transcriptional fusions to lacZ, a 
region 300-400 nt upstream of the transcriptional start site (TSS) of the gene of interest was 
amplified. This resulted in a fusion which harboured the RBS and start codon of the lacZ but 
the promoter region of the desired gene. Translational fusions were generated using the same 
upstream primers but another downstream primer which was homologous to the coding 
sequence of the gene of interest (Figure 20).  
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Figure 20. Generation of the lacZ reporter plasmids pIVO22-27.  
Genes are represented by coloured arrows. The actual gene length is not reflected by arrow size. mTSS: 
transcriptional start sites of mRNA. TSS were based on data from (Nuss et al., 2015). 
 
 
Six transcriptional and translational reporter plasmids were constructed for RNase E (rne), 
PNPase (pnp) and RNase III (rnc). PCRs were carried out with the genomic DNA of the 
Y. pseudotuberculosis wild-type (YPIII) as template. The PCR-product as well as the 
plasmid backbones (pTS02/pTS03) were cut with SalI and either EcoRI or BamHI (Table 
27). Ligation and transformation took place as described above. The reporter plasmids were 
sequenced using Sanger sequencing (II126) (2.2.2.8). 
 

Table 27. Plasmids for lacZ reporter plasmids 
Name reporter 
plasmid 

PCR primers Restriction 
enzymes 

Plasmid backbone Gene of 
interest 

pIVO22 VIII677  
VIII675 

BamHI 
SalI 

pTS02 (translational) rne 

pIVO23 VIII674  
VIII672 

BamHI 
SalI 

pTS02 (translational) pnp 

pIVO24 VIII680  
VIII678 

EcoRI 
SalI 

pTS02 (translational) rnc 

pIVO25 VIII676  
VIII675 

BamHI 
SalI 

pTS03 (transcriptional) rne 
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pIVO26 VIII673  
VIII672 

BamHI 
SalI 

pTS03 (transcriptional) pnp 

pIVO27 VIII679  
VIII678 

EcoRI 
SalI 

pTS03 (transcriptional) rnc 

 
For selection of lacZ+ clones, sterile filtered X-Gal (10 mg/ml in DMF, -20°C) was added as 
substrate to the LB medium on agar plates (4 ml/1 litre). 
 

2.2.4.8 Generation of pIVO13 for Nitrocefin-based secretion assays 
 
Measuring secretion of a YopE-b-lactamase fusion protein into the supernatant was achieved 
using the plasmid pIVO13 (Figure 21), that encodes for a b-lactamase (blaM) fused to parts 
of the yopE gene. For the generation of pIVO13, an insert was generated that included the 
promoter region and the first 102 bp of yopE. The PCR product (VIII193, VIII194) and the 
original plasmid pPCH1 were digested using BamHI and XhoI, ligated and transformed as 
described above. The plasmid was sequenced using Sanger sequencing (2.2.2.8).  
 

 
Figure 21. Plasmid pIVO13. 
 
 
 
2.2.5 Construction of Y. pseudotuberculosis mutants 
 
Mutagenesis of genes of interest was conducted using homologous recombination and a 
suicide plasmid-based system (pAKH3).  
 
2.2.5.1 Construction of suicide plasmids 
 
Depending on the genomic context and the transcriptional start sites (Nuss et al., 2015) 
deletion mutants were constructed with or without a kanamycin cassette (the latter in order 
to avoid downstream effects on other genes in an operon). YP348, YP349, YP350, YP358 
were constructed with a kanamycin cassette replacing the gene of interest (Figure 22 A) 
while YP355, YP356, YP357, YP359, YP372 and YP375 were generated as full gene 
deletions (Figure 22 B). Construction of mutants/suicide plasmids was performed using a 
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three step PCR with overlapping 5’ and 3’ ends (overlap extension PCR). The first and 
second PCR were used to amplify approximately 500 – 700 bp up and downstream of the 
gene of interest (PCR1 “up” with primers A and B, PCR2 “down” with primers D and C), 
which is needed for homologous recombination. If a kanamycin resistance cassette was 
introduced, primers D and B possessed an additional sequence at the 5’ end overlapping with 
the PCR product of a kanamycin cassette. The PCR product encoding a kanamycin cassette 
was generated in a separate PCR in which the plasmid pKD4 served as template. If a full 
deletion was needed, these additional sequences in the primers B and D possessed 
overlapping regions with the corresponding up- or downstream fragment of the gene of 
interest. The outer primer pairs (primer A and primer C) were designed to introduce a SacI 
restriction site into the resulting DNA product. In the following overlap extension PCR, the 
product of PCR1 (“up”) and PCR2 (“down”) were used together with primers A and C and 
eventually the PCR product of the kanamycin cassette to generate the template for 
homologous recombination.  
 
A 

 
B 

 
 

Figure 22. Three step PCR with (A) or without (B) a kanamycin resistance cassette.  
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The generated PCR product were introduced into the SacI site of pAKH3. Mutagenesis 
plasmids, constructed strains in this work and the used primers are listed in Table 28.  
 
Table 28. Mutagenesis plasmids and respective strains 

Strain Parent 
strain 

Mutagenesis 
plasmid 

Primer A Primer B Primer C Primer D 

YP348 YPIII pIVO1 VII310 VII311 VII313 VII312 
YP349 YPIII pIVO4 VII322 VII323 VII325 VII324 
YP350 YPIII pIVO5 VII328 VII329 VII331 VII330 
YP355 YPIII pIVO9 VII861 VII863 VII864 VII862 
YP356 YPIII pIVO11 VII882 VII881 VII879 VII880 
YP357 YPIII pIVO8 VII873 VII875 VII876 VII874 
YP358 YPIII pIVO7 VII350 VII351 VII353 VII352 
YP359 YPIII pIVO12 VII913 VII912 VII910 VII911 
YP372 YP91 pIVO11 VII882 VII881 VII879 VII880 
YP375 YP139 pIVO11 VII882 VII881 VII879 VII880 

 
 
2.2.5.2 Conjugation and isolation of positive clones 
 
In order to transfer the respective suicide plasmids into Y. pseudotuberculosis, conjugation 
was performed. In a first step, E. coli with the ability to form mating pili (F-pili) and that 
contain the l-protein for stable replication of the suicide plasmid (e.g. S17-1λpir) was 
transformed with the suicide plasmid. From O/N cultures, 10 ml LB medium was inoculated 
1:50 with E. coli harbouring the mutagenesis plasmid and 10 ml BHI were inoculated 1:50 
with Y. pseudotuberculosis. E. coli was grown for 3 h at 37°C, 200 rpm and thereafter 
incubated statically at 37°C in order to allow the formation of pili. Yersinia was grown for 
3.5 h at 25°C and 200 rpm. Vacuum was applied to a system with an attached 0.22-µm 
(GSWP) filter and 1 ml of E. coli O/D culture was added. Thereafter, 2 ml LB medium were 
used to wash off residual antibiotics and 4 ml of Y. pseudotuberculosis were added to allow 
close proximity between E. coli and Yersinia for conjugation. The filter was placed on LB 
agar plates without antibiotics O/N at 25°C to allow optimal growth of Y. 
pseudotuberculosis. Bacteria were washed off the filter with 1 ml LB medium and spun 
down at 9,000 rpm, RT for 5 min (Microcentrifuge 5415 R, Eppendorf). 100 µl were streaked 
out on a LB agar plate with triclosan or on Yersinia selective agar (with Cb and +/- Kan) to 
prevent growth of E. coli. Single colonies were tested for the correct integration of the 
mutagenesis plasmid via colony PCR with primers E, F, I305 and I306 (Table 29). The 
primers I305 and I306 were binding in the Kan cassette and Primers E and F next to the 
upstream and downstream regions used for homologous recombination. Single colonies 
were then grown over night in liquid culture without Cb and 100 µl spread on agar plates 
with 10% sucrose (+/- Kan), which provides the selective pressure for the bacteria to loose 
the integrated mutagenesis plasmid. This is due to the sacB, the gene for levansucrase, which 
leads to the accumulation of a toxic product in the presence of sucrose (Gay et al., 1985). 
Single colonies were tested for growth on Cb and Kan. PCRs of single colonies were then 
used to identify correct mutations in Cb-sensitive clones.  
 
Table 29. Mutagenesis - test primer  

Strain  Primer E Primer F 
YP348 VII314 VII315 
YP349 VII326 VII327 
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YP350 VII332 VII333 
YP355 VII865 VII866 
YP356 VII366 VII367 
YP357 VII877 VII878 
YP358 VII354 VII355 
YP359 VII914 VII915 
YP372 VII366 VII367 
YP375 VII366 VII367 

 
 
2.2.6 General molecular biological methods – proteins 
 
2.2.6.1 Whole cell extracts 
 
Whole cell extracts were prepared in order to compare protein levels in different genetic 
backgrounds. For this purpose, bacterial cultures were adjusted to the same OD600 and 
harvested at 9,000 rpm for 3 – 5 min at cultivation temperatures (Microcentrifuge 5415 R, 
Eppendorf). The cell pellets were resuspended in 2x SDS sample buffer (Table 30). Usually 
50 µl 2x SDS sample buffer were added to 1 ml of culture of an OD600 of 1. After incubation 
with 0.5 – 2 µl Benzonase at 37°C for 1 h, samples were heated at 95°C for 5 – 10 min.  
 
Table 30. 2x SDS sample buffer 

Component  Volume 
1M Tris-HCl pH 6.8 3.1 ml 
100% Glycerol 10.0 ml 
20% SDS 7.5 ml 
b-Mercaptoethanol 8.2 ml 
Bromphenol blue one spatula 
Nuclease free water 21.2 ml 

 
 
2.2.6.2 Secretion assay - TCA precipitation 
 
For determination T3S bacteria were grown under secretion or non-secretion conditions 
(Chapter 2.2.1.2). Cells were adjusted to an OD600 of 0.8 in LB medium with a final volume 
of 18 ml and harvested by centrifugation for 10 min at 37°C and 4,000 rpm. The supernatant 
was sterile filtered with 0.2 µm filters (Sarstedt). For precipitation of total protein, 2 ml 100% 
TCA were added to the supernatant and was kept on ice for 20 – 30 min. Supernatants were 
centrifuged at 12,500 rpm and 4°C for 10 min (Thermo ScientificTM SorvallTM RC 6 Plus) 
and the supernatant was discarded. The protein pellet was resuspended in 2 ml Aceto-SDS 
solution (1.75 ml 100% Acetone, 0.25 ml 2% SDS), kept on ice in 2 ml reaction tubes for 
20 min and centrifuged at 13,200 rpm and 4°C for 10 min (Microcentrifuge 5415 R, 
Eppendorf). The pellet was washed with Acetone (500 µl) and thereafter dried at RT for 5 – 
15 minutes and resuspended in 50 µl 2x SDS sample buffer. Proteins were afterwards 
visualised on SDS gels.  
 
2.2.6.3 SDS gel/Tris-Tricine gel 
 
In order to be able to distinguish proteins of different molecular weight, SDS polyacrylamide 
gels and the PageRuler® Prestained Protein Ladder (Thermo Scientific) were used (Laemmli, 
1970). These gel systems are consisting of an upper stacking and a lower separating gel 
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(Table 31, Table 32 and Table 33). The stacking gel allows the formation of a sharp protein 
band and the reduced pore size of the separating gel leads to the migration of the molecules 
through a polyacrylamide matrix with a separation pattern according to the size of the 
proteins. The percentage of acryl/bisacrylamide was adjusted based on the size of the protein 
of interest and the desired resolution. Following polymerisation, the gel was transferred to 
the Mini-Protean II electrophoresis chamber (Biorad). After loading the samples, which 
were diluted in SDS sample buffer, a constant current of 30 mA/gel and maximum voltage 
was applied. The gel run was performed in 1x SDS running buffer (Table 34). 
 
Table 31. SDS gel BioRad System 

Solution Separating gel  Stacking gel  
 7% 10% 12% 15%  
Buffer A 2.5 ml 2.5 ml 2.5 ml 2.5 ml - 
Buffer B - - - - 2.5 ml  
30% Acryl/ 
bisacrylamide 

2.3 ml 3.3 ml 4.0 ml 5.0 ml 1.1 ml 

aqua bidest 5.2 ml 4.2 ml 3.5 ml 2.5 ml 6.5 ml 
TEMED 25 µl 25 µl 25 µl 25 µl 25 µl 
10% APS 100 µl 100 µl 100 µl 100 µl 100 µl 

 
Table 32. Buffer A  

Component  Concentration 
Tris-HCl pH 6.8 0.5 M 
SDS 4% 

 
Table 33. Buffer B  

Component  Concentration 
Tris-HCl pH 8.8 1.5 M 
SDS 4% 

 
Table 34. SDS running buffer (10x) 

Component  Concentration 
Tris-HCl pH 8.3 33 mM 
Glycine 192 mM 
SDS 0.1% 

 
Proteins smaller than 10 kDa were separated by electrophoresis with Tris-Tricine gels (Table 
35, Table 36 and Table 37) (Schägger, 2006). The buffer system during the gel run was 
composed of an anode buffer (surrounding the glass plates) and a cathode buffer (between 
the glass plates) and the run conducted at 35 mA per gel (Table 38 and Table 39). 
 
Table 35. Tris-Tricine gel (15%) BioRad System (0.75 mm spacer)  

Solution Separating gel  Stacking gel  
100% Glycerol 1.5 ml  - 
3x Gelbuffer 5 ml 2.3 ml  
30% Acrylamide 7.5 ml 1.2 ml  
aqua bidest 1.5 ml 5.7 ml  
10% APS 150 µl 100 µl 
TEMED 15 µl 10 µl 

 
Table 36. Tris-Tricine gel (20%) BioRad System (1.5 mm spacer)  

Solution Separating gel  Stacking gel  
100% Glycerol 1 ml - 
3x Gelbuffer 3 ml 1.6 ml 
30% Acrylamide 4.5 ml 0.8 ml 
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aqua bidest 0.5 ml 3.8 ml 
10% APS 60 µl 75 µl 
TEMED 6 µl 7.5 µl 

 
Table 37. 3x Gelbuffer 

Component Concentration 
Tris 3 M 
HCl (pH 8.45) 1 M 
SDS 0.3% 

 
Table 38. Anode buffer 

Component Concentration 
Tris 1 M 
HCl 0.225 M 
adjust to pH 8.9 

 
Table 39. Cathode buffer 

Component Concentration 
Tris 1 M 
Tricine 1 M 
SDS 1% 
adjust to pH 8.25  

 
After electrophoresis, proteins could be visualised by CoomassieTM Brilliant Blue G250 (60 
mg/ml CoomassieTM Brilliant Blue G250, 35 mM HCl), which binds to cationic and unipolar 
sidechains of amino acids. For this purpose, gels were incubated with the solution for 1 h, 
shaking at RT and afterwards destained with H2O. 
 
2.2.6.4 Western blot 
 
Western blotting was used to transfer proteins onto a membrane for specific identification 
with antibodies. After SDS gel run (2.2.6.3) Western blotting was carried out via Wet Blot 
using a hydrophobic Immuno-BlotÒ PVDF membrane (Biorad) and the Biorad system. The 
membrane was activated with methanol. Blotting was performed for 1 h at 100-120 V in 
transblot buffer (Table 40).  
  
Table 40. Transblot buffer 

Component Concentration 
Tris-HCl pH 8.3 15.6 mM 
Glycerol 120 mM 
Methanol 20% 
SDS 0.002% 

 
Depending on the primary antibody (Table 2), the membrane was blocked for at least 1 h or 
O/N at 4°C using 5% (w/v) non-fat dry milk or BSA in 1x TBST or 1x PBST (Table 41 and 
Table 42). Incubation with the primary antibody was adjusted depending on the specificity 
and signal (approx. 1 h). 
 
Table 41. 10x TBST 

Component Concentration 
Tris (pH 7.5) 20 mM 
NaCl 150 mM 
Tween-20 0.05% 
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Table 42. 1x PBST 
Component  Concentration 
NaCl 80 g/l 
KCl 2 g/l 
Na2HPO4 6.1 g/l 
KH2PO4 2 g/l 
Tween-20 0.05% 
adjust to pH 7.3 

 
Primary antibodies were recognised by a secondary antibody coupled to alkaline 
phosphatase (AP) or horseradish peroxidase (HRP) (Table 2 and Table 3). The secondary 
antibody was added for 1 h at RT while shaking. The used buffer (1xTBST or 1xPBST) was 
used for three washing steps after incubation with the primary and secondary antibody 
respectively. The resulting luminescent signal was achieved using the “Western Lightning 
ECL II Kit” and recorded via exposure on X-ray films (CL-Xposure, Thermo Scientific, 
USA) or the OdysseyÒ Fc Imaging system (LI-COR). 
 
2.2.6.5 Antibody purification 
 
Antibody purification was used in order to reduce unspecific interactionsof the sued anti-
sera. A 20 ml O/N culture of the strain that lacks the protein of interest was prepared and 
harvested the next day (8000 rpm, 10 min). The pellet was washed with 20 ml 0.9% NaCl 
and resuspended in 5 ml transblot buffer (Table 40). After incubation for 5 min and 
centrifugation, the pellet was resuspended in 1 ml transblot buffer. After another 
centrifugation step (8000 rpm, 5 min), the supernatant was discarded and 1 ml chloroform 
added. The samples were centrifugated for 5 min and the white precipitate in the supernatant 
was transferred to a new reaction tube where it was washed twice with 1 ml 0.9% NaCl. 200 
µl of the anti-serum were added to the pellet, pipetted up and down and incubated for 10 min 
at 37°C. After centrifugation the supernatant could be used for further analysis via western 
blot.  
 
 
2.2.7 General molecular biological methods – RNA 
 
2.2.7.1 RNA isolation (Promega Kit) 
 
For total RNA isolation, the SV Total RNA Isolation System Kit (Promega) was used if not 
stated otherwise. Bacteria were cultured under the condition of interest and 2-4 ml of the 
culture spun down at 9,000 rpm for 3 min at the respective cultivation temperature 
(Microcentrifuge 5415 R, Eppendorf). The supernatant was discarded and the pellet snap 
frozen in liquid nitrogen for at least 2 min. The pellet was resuspended in freshly-prepared 
lysozyme-TE buffer (50 mg/ml) (Table 43) and incubated at RT for 10-20 min.  
 
Table 43. TE buffer 

Component  Concentration 
Tris-HCl pH 7.5 100 mM 
EDTA pH 8.0 1 mM 
adjust to pH 7.5  
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The protocol was realised according to instructions of the manufacturer. Centrifugation steps 
were generally carried out with 11,000 rpm. RNA was eluted with RNase-free water (50-
150 µl) and RNA was stored at -20°C or -80°C. If necessary, a second DNA digestion step 
using TurboTM DNase (Ambion) was carried out (2.2.7.3). 
 
2.2.7.2 Hot-phenol RNA extraction 
 
In order to circumvent the size exclusion of small RNAs during Kit-based isolation methods, 
RNA isolation via hot-phenol was employed for RNAseq. Approximately 2 ml of a bacterial 
culture were spun down at 9,000 rpm for 1-3 min with the temperature set to the cultivation 
temperatures (safe-lock reaction tubes). The supernatant was discarded and the pellet was 
snap frozen in liquid nitrogen for at least 2 min. The pellet was either directly used or stored 
at -80°C. The pellet was resuspended in 250 µl RNA resuspension buffer on ice (Table 44). 
After addition of 250 µl lysis buffer (Table 45) and sufficient mixing, the solution was 
incubated at 65°C for 90 s. 500 µl pre-heated (~65°C) Roti® Aqua Phenol were added, mixed 
properly and incubated for 3 min at 65°C. The reaction tubes were subsequently frozen in 
liquid nitrogen for 30-60 s. Next, samples were centrifuged at 13,000 rpm for 10 min at RT. 
The aqueous upper layer was transferred carefully into a new safe-lock reaction tube on ice. 
Treatment with phenol and transfer of the supernatant was repeated twice. 400 µl 
chloroform/isoamyl-alocohol (24:1) were added and the solution was vortexed for at least 
30 s to extract phenol. Samples were centrifuged 3-10 min at 13,000 rpm, RT. The aqueous 
upper layer was transferred into new reaction tubes and this chloroform-purification step 
was repeated once. Precipitation of RNA took place by adding 1/10 volume of 3M NaOAc 
(pH 4.5) and 3 volumes of 95% EtOH. To increase RNA yield, 1-2 µl glycogen was added. 
Samples were mixed and placed at -20°C O/N or at -80°C for at least 1 h.   
 
Table 44. RNA Resuspension buffer 

Component Concentration 
Saccharose 0.3 M 
NaOAc 0.01 M 
adjust to pH 4.5 

 
Table 45. Lysis buffer 

Component  Concentration 
SDS 2% 
NaOAc 0.01 M 
adjust to pH 4.5 

 

Samples were centrifuged at 4°C for 30 min at 13,000 rpm. The supernatant was discarded 
and the pellet washed twice with 500 µl cold 70% EtOH (2 min, 13,000 rpm, 4°C). EtOH 
was properly removed and the pellet dried under the fume hood or clean bench for 5-30 min. 
The pellet was resuspended in 25-100 µl RNase-free water, depending on the size of the 
pellet. Finally, the RNA was stored at -20°C or -80°C.       
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2.2.7.3 DNase digestion 
 
Residual DNA was removed in the isolated RNA by using the TurboTM DNase (Ambion), 
the respective buffer and RiboLock (Thermo Scientific). For this purpose, the RNA solution 
was adjusted to 35 or 50 µg in 200 µl RNase-free water and the sample incubated for 1 h at 
37°C (Table 46).  
 
Table 46. DNase digest (TurboTM DNase) 

Component  Volume 
TurboTM DNase 2 µl 
10x DNase buffer 24 µl 
RiboLock  0.5 µl 
RNA (35-50 µg) 200 µl 
Nuclease free water 13.5 µl 

 

To purify the RNA and remove residual proteins, 60 µl RNase-free water (total 300 µl) and 
300 µl Roti® phenol/chloroform/isoamylalcohol (25:24:1) were added to the sample and 
vortexed for 15-30 s. The sample was centrifuged for 10 min at 4°C and 14,000 rpm. The 
supernatant, which contains RNA, was carefully transferred to a new reaction tube. 300 µl 
chloroform/isoamyl-alcohol (24:1) were added and used to cleanse the RNA and remove 
phenol. The extraction was performed twice and precipitated as described in 2.2.7.2.  
 
 
2.2.7.4 Determination of RNA concentration 
 
RNA concentration and purity were measured with the NanoDrop One Microvolume UV-
Vis Spectrophotometer (Thermo Scientific). Based on absorption levels at 260 and 280 nm 
(A260/280) the purity could be assessed. RNA itself shows a A260/280 ratio of 2.0.  
 
 
2.2.7.5 Quantitative real-time reverse transcription PCR (qRT-PCR) 
 
Relative gene expression was measured using quantitative real-time reverse transcription 
PCR (qRT-PCR). DNA-free RNA was diluted to 20 ng/µl or 25 ng/µl in RNase-free H2O. 
Primers amplifying approximately 150 bp of the target gene were designed. The sopB gene 
was used as reference. Biological triplicates were used and for each qRT-PCR run, 
duplicates of each sample were performed to account for variability. Either the 
SensiFASTTM SYBR No-ROX Kit (Bioline) or the Luna Universal One-Step RT-qPCR Kit 
(NEB) were used (Table 47, Table 48). The protocol was performed according to 
instructions of the manufacturer. Either the Rotor-Gene Q lightcycler (Qiagen) or the 
LightCyclerâ 96 (Roche) were employed (Table 49 and Table 50). Thresholds in order to 
determine the Ct (cycle threshold)-value of each sample were either set to 0.01 (Rotor-Gene 
Q lightcycler) or determined by the software provided by the manufacturer 
(LightCyclerâ 96).  
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Table 47. qRT-PCR reaction mix (SensiFASTTM SYBR No-ROX Kit) for 1 reaction 
Component Volume 
2x SensiFast SYBR no-ROX One-step mix 6.25 µl 
Primer Mix 1 µl 
RiboSafe RNase inhibitor 0.25 µl 
Reverse transcriptase  0.25 µl 
Nuclease free water  2.375 µl 
Template RNA (25 ng/µl) 2.5 µl 

 
 
Table 48. qRT-PCR reaction mix (Luna Universal One-Step RT-qPCR Kit) for 1 reaction 

Component Volume 
Luna Universal One-Step Reaction Mix (2x) 5 µl 
Luna Warmstart RT Enzyme Mix (20x) 0.5 µl 
Primer A (forward)  0.4 µl 
Primer B (reverse) 0.4 µl 
Nuclease free water  1.7 µl 
Template RNA (20 ng/µl) 2 µl 

 
 
Table 49. qRT-PCR programme (SensiFASTTM SYBR No-ROX Kit) 

 Temperature Time 
Reverse transcription 45°C 1.200 sec 
Polymerase activation 95°C 300 sec 

Amplification (40 cycles) 
95°C 10 sec 
x°C 20 sec 
72°C 10 sec 

Final elongation 72°C 600 sec 
x = variable temperature/time depending on annealing temperature/fragment length 
 
 
Table 50. qRT-PCR programme (Luna Universal One-Step RT-qPCR Kit) 

 Temperature Time 
Preincubation 55°C 600 sec 
Preincubation 95°C 300 sec 

Amplification (45 cycles) 
95°C 10 sec 
x°C 20 sec 
72°C 10 sec 

Preincubation 72°C 300 sec 

Melting 
95°C 10 sec 
x°C 60 sec 
95°C 1 sec 

Cooling 37°C 30 sec 
x = variable temperature/time depending on annealing temperature/fragment length 
 
 
To determine the relative expression the following calculation was used: 
 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 	
2S%&$	TU	VU	)%$%AS%&$	TU	SWU&$U	)%$%

2S%&$	TU	VU	XYZ[AS%&$	TU	SWU&$U	XYZ[ 
 
 
 
 
 
 



Material and Methods 
 

 54 

2.2.7.6 RNA stability assay 
 
For RNA stability assays, 30 ml LB were inoculated 1:50 with an O/N culture. O/D cultures 
were grown until the chosen growth phase was reached. Subsequently, 1 ml of a 30 mg/ml 
Rifampicin stock solution (à 1 mg/ml) was added to the cultures to inhibit transcription and 
the flasks were continuously stirred to ensure proper distribution. At specific timepoints after 
translation inhibition, 1.8 ml of the culture were mixed with 200 µl Stop solution (90% EtOH 
and 10% Aqua phenol) in 2 ml safe-lock reaction tubes and snap frozen in liquid nitrogen. 
After 15 min, samples were spun down at 13,000 rpm and 4°C for 15 min. The supernatant 
was discarded and the pellet used for RNA isolation via the PromegaTM SV Total RNA 
isolation System. Further analysis was performed using northern blotting. The ImageJ 
Software was used to determine the relative RNA concentrations with 23S and 16S rRNA 
as loading controls. A half-logarithmic scale and exponential regression was used to 
determine the half-life and decay rate of the RNA transcript of interest.  
 
 
2.2.7.7 Northern blot and agarose gel electrophoresis (RNA) 
 
Northern blot analysis with DIG-labelled DNA probes was conducted in order to detect RNA 
transcripts of interest. Therefore, hybridisation of a DNA probe with the corresponding RNA 
molecules was used. DNA probes were designed to be around 500-1,000 bp and synthesised 
via PCR with a Taq polymerase (NEB) (Table 51 and Table 52). The DIG Luminescent 
Detection Kit (Roche) was used for detection of RNA fragments.  
 
Table 51. Northern blot – PCR components (DNA probes) 

Component Volume 
ThermoPol® reaction buffer (10x) 10 µl  
PCR DIG Labeling Mix 10 µl 
Primer A 1 µl 
Primer B 1 µl 
Template DNA 3 µl 
Taq polymerase 1 µl 
MgCl2 (50 mM) 2.5 µl 
Nuclease free water 69 µl 

 
Table 52. Northern blot – PCR programme (DNA probes) 

  Temperature Time 
 Initial Denaturation 95°C 5 min 
 Denaturation  95°C 30 sec 
30 – 40 cycles Annealing x°C 30 sec 
 Elongation 72°C x min 
 Final Elongation 72°C 5 min 
 Storage 14°C ∞ 

x = variable temperature/time depending on annealing temperature/fragment length 
 
The amount of total RNA used in this experiment was between 2-30 µg depending on the 
transcript of interest. Samples were diluted to the desired concentration and mixed with 5x 
loading buffer (Table 53). DIG-labelled marker (RNA Molecular Weight Marker I, Roche) 
was used for size estimation. Samples were boiled at 70°C for 10 min with a following 2 
min incubation step on ice to prevent refolding of secondary structures. For separation of 
RNA, a MOPS agarose gel was prepared (1.2 g agarose, 5.5 ml 20% MOPS buffer (Table 
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54), filled up to 100 ml with distilled H2O) that allows the movement of negatively charged 
RNA in an electric field according to size. Following complete polymerisation, the gel was 
equilibrated in gel running buffer for approximately 15 min (Table 55). Agarose gel 
electrophoresis was realised for 1 h and 15 min at 120 V. Vacuum blotting was carried out 
at 5 bars for 1.5 h during which the gel was constantly covered in 10x SSC buffer (Table 
56). For blotting, a positively charged nylon membrane was used. The membrane was 
crosslinked with an UV-crosslinker (Stratagene, USA) using the autocrosslink-mode three 
times. The membrane was prehybridised for 1 h at 42°C in 20 ml of a prehybridization buffer 
(Table 57). The DNA probe was prepared by adding 200 µl H2O to 3 µl of the respective 
probe with a following series of heating and cooling steps and added to 20 ml of 
prehybridization buffer. 
 
 

1. 95°C  10 min 

2. ice  5 min 

3. 95°C  10 min 

4. ice  5 min 

5. 95°C  10 min 

 
Hybridisation was conducted at 42°C for about 18 h. The 10x blocking reagent was prepared 
by adding 20 g of blocking reagent to 200 ml maleic acid. 
 
Table 53. RNA loading buffer (5x) 

Component   
Formamide 31% 
Formaldehyde 2.7% 
EtBr 0.1 mg/ml 
EDTA pH 8.0 4 mM 
Bromphenol blue 0.03% 
Glycerol 20% 
In 4x MOPS buffer 

 
Table 54. MOPS buffer 

Component   
MOPS 41.86 g 
Sodium acetate 4.10 g 
EDTA 3.72 g 
adjust to pH of 7  
aqua bidest Fill up to 500 ml 
Sterile filtration and store in dark 

 
Table 55. Running buffer (MOPS gel) 

Component Volume 
20% MOPS buffer  50 ml 
aqua bidest 1 l 

 
Table 56. 20x SSC buffer 

Component  
3M NaCl 175.3 g 
0.3M NaCit 88.2 g 
aqua bidest Fill up to 1 l 
adjust to pH 7 and autoclave  
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Table 57. Prehybridization buffer 
Component Volume 
Formamide 20 ml 
20x SSC 10 ml 
10x blocking reagent 8 ml 
aqua bidest 2 ml 
N-Laurylsarcosinate (20 mg/ml) 2 ml 
20x SDS 40 µl 

 
The membrane was washed twice for 5 min at RT with washing buffer 1 and another two 
times for 15 min at 68°C with washing buffer 2 (Table 58 and Table 59). In the following 
the membrane was blocked with 1x blocking reagent in maleic acid buffer at RT for 1h. The 
blot was incubated for 1 h and 30 min with a α-Digoxygenin antibody (Anti-Digoxigenin-
AP (fab fragments), Roche) in 1x blocking reagent in maleic acid buffer (1:6000). Before 
developing the membrane, the membrane was washed twice with CDP* washing buffer 
(Table 61) for 15 min at RT and then equilibrated in detection buffer (Table 60) for 5 min. 
Detection was carried out by diluting CDP* (CDP-Star system, Roche) 1:100 in 1 ml 
detection buffer (Table 60) and adding the mixture to the equilibrated membrane. The 
resulting luminescent signal was recorded via exposure on X-ray films (CL-Xposure, 
Thermo Scientific, USA) or the OdysseyÒ Fc Imaging system (LI-COR). 
 
Table 58. Washing buffer 1 

Component Volume 
20x SSC 5.0 ml 
20% SDS 2.5 ml  
aqua bidest Fill up to 500 ml 

 
Table 59. Washing buffer 2 

Component Volume 
20x SSC 2.5 ml 
20% SDS 2.5 ml  
aqua bidest Fill up to 500 ml 

 
Table 60. CDP* detection buffer 

Component Concentration 
Tris-HCl pH 9.5 0.1 M 
NaCl 0.1 M 
aqua bidest Fill up to desired volume 
adjust to pH 9.5 and autoclave 

 
Table 61. CDP* washing buffer  

Component Concentration 
Maleic acid 0.1 M 
NaCl 0.15 M 
TWEEN-20 0.3% 
aqua bidest Fill up to desired volume 
adjust to pH 7.5 and autoclave 

 
 
2.2.7.8 Northern blot of short RNA fragments (acrylamide) 
 
In order to separate small RNA fragments (≤ 250 nt) according to size, an 8% acrylamide 
northern blot was used (Table 62, Table 63). Urea was added to prevent formation of 
secondary structures. 
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Table 62. Urea acrylamide gel 
Component Volume 
Urea 16.8 g 
10x TBE buffer 4 ml 
40% acrylamide  8 ml 
aqua bidest Fill up to 40 ml 

 
Table 63. 10x TBE buffer 

Component Concentration 
Tris 890 mM 
Boric acid 890 mM 
EDTA 25 mM 

 
After urea was completely dissolved, APS (120 µl) and TEMED (20 µl) were added to start 
polymerisation. Samples were prepared with an RNA concentration of 10 µg, mixed 1:1 
with formamide-urea (FU) (2x: 6000 mM urea, 80% (v/v) formamide, 10% (v/v) TBE buffer 
(Table 63)) mix and boiled for 10 min at 70°C. Upon complete polymerisation of the 
acrylamide gel (1 h, RT), the gel run was carried out at 300V for 2.5 h. Semi-dry blotting 
was done at 250 mA (2.5 h) with a positively charged nylon-membrane. The membrane was 
crosslinked with an UV-crosslinker (Stratagene, USA) using the autocrosslink-mode three 
times. Fluorophore-coupled DNA-oligonucleotide primers used for specific detection of 
target RNAs were purchased from Integrated DNA Technologies (IDT) (Table 64). 
 
Table 64. Oligonucleotides - acrylamide northern blot 

Oligonucleotide 
name  

5´ 
modification 

Sequence 5´- 3´ Final 
concentration 

CsrB 5'IDR700 CAATGTTATACACCATCCCGGCGTTAATCC 15 nM 
CsrC 5'IDR700 TTAGATAACGTCCCGGTTTCTCCCTCCTGC 15 nM 
5S rRNA 5'IRD800 CTCTCGCATGGGGAGACCCCACACTACCATC 5 nM 

 
Incubation of the membrane with oligonucleotide primers took place at 42°C in 20 ml church 
moderate buffer for at least 6 h (Table 65, Table 66).  
 
Table 65. Church moderate buffer 

Component Concentration 
BSA 10 mg/ml 
Sodium phosphate buffer 500 mM 
Formamide 15% (v/v) 
EDTA 1 mM 
SDS 7% (w/v) 

 
Table 66. 1M Sodium phosphate buffer 

Component Concentration 
Na2HPO4 500 mM 
H3PO4 0.34% (w/v) 
adjust to pH 7.2  

 
The membrane was washed with washing buffer I for 5 min (Table 58) and rinsed twice with 
water. RNA could be detected at either 700 nm (CsrB, CsrC) or 800 nm (5S rRNA) with the 
OdysseyÒ Fc Imaging system (LI-COR). Stripping buffer (0.1% SDS) was used to wash-off 
oligonucleotide primers in order to incubate the membrane with additional primers.  
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2.2.8 Cell viability assay 
 
Cell viability of bacterial cultures was measured using the BacTiter-GloTM Microbial Cell 
Viability Assay (Promega) by detection of present ATP. Bacterial cultures were cultivated 
under indicated conditions and the OD600 of the cultures were adjusted to 0.8. The cultures 
were mixed 1:1 with the BacTiter-GloTM substrate in a transparent 96-well plate. After 5 min 
incubation on a tilting table at RT, luminescence was measured using the Varioskan® Flash 
(Thermo Scientific). Cell viability was determined in duplicates by calculating the ratio 
between luminescence of the sample and plain medium: 
 

Cell	viabilty:				
L	(sample)

j(L	(medium; replicate	1) + L	(medium; replicate	2))2 q
 

	 𝐿 = 	𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑣𝑎𝑙𝑢𝑒 
 
 
2.2.9 Secretion assay (Nitrocefin) 
 
In order to estimate the secretion ability of generated mutants, a secretion assay using 
nitrocefin (Merck) was used. For this purpose, different Yersinia strains were transformed 
with pIVO13. If the yopE`-`b-lactamase encoded fusion protein is secreted, the b-lactamase 
is able to use nitrocefin as a substrate, which leads to a colour reaction. Bacterial cultures 
were grown under the indicated conditions (Chapter 2.2.1.2) and adjusted to an OD600 of 0.8 
in 1 ml LB medium. Cell viability was determined and the remaining cells spun down at 
13,000 rpm for 10 min at RT. 95 µl of the supernatant was added in duplicates into a 
transparent 96-well plate. 5 µl of a 2 mmol Nitrocefin solution was added to the supernatant 
and absorption was measured at 486 nm (red) and 390 nm (yellow) at specific time points 
using the Varioskan® Flash (Thermo Scientific). The Nitrocefin stock solution was prepared 
with DMSO. For the specific b-lactamase activity, the relationship between the values at 
486 nm and 390 nm of each replicate were calculated and divided by the average value of 
the duplicates containing LB medium: 
 

Specific	b− lactamase	activity:	
ja	(sample)b	(sample)q

y
ja	(medium; replicate	1)b	(medium; replicate	1) +	

a	(medium; replicate	2)
b	(medium; replicate	2)q

2 z

 

𝑎 = 	𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛	𝑣𝑎𝑙𝑢𝑒	𝑎𝑡	486	𝑛𝑚; 𝑏 = 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛	𝑣𝑎𝑙𝑢𝑒	𝑎𝑡	390	𝑛𝑚 
 
 
 
2.2.10 b-galactosidase assay 
 
b-galactosidase assays were used in order to analyse gene expression of lacZ reporter-
fusions. Enzyme activity of b-galactosidase results in a colour switch of the substrate ONPG 
from white to yellow. The intensity of this reaction reflects the enzyme concentration and 
expression of the gene of interest.  
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Bacteria, which harboured the plasmid with the b-galactosidase (lacZ) reporter-fusion or the 
empty vector respectively, were grown over night at 25°C. The next day, cultures were 
diluted 1:50 in LB medium and grown for 2 h at 25°C. After shifting the cultures to 37°C 
for 4 h, the cultures were diluted 1:10 in LB medium and the OD600 was measured. 200 µl 
of the 1:10 dilution was directly taken from the cuvettes and added to glass tubes. For cell 
lysis, 50 µl 0.1% SDS and 50 µl chloroform were added and the tubes were mixed. After a 
10 min incubation period, 1.8 ml 1x Z-buffer (Table 67) was added. To start the enzymatic 
reaction, 400 µl ONPG (4 mg/ml) was added and the incubation was realised until a 
sufficiently clear colour shift was visible. Reaction times were noted and kept uniformly for 
every sample. Termination of the reaction was achieved with 1 ml of a 1 M Na2CO3 solution. 
After 1-2 min, 200 µl were transferred to a 96 well-plate and absorption measured at 415 nm 
on an Elisa reader (Biorad, USA) or the CLARIOstar Plus (BMG). b-galactosidase activity 
was calculated as follows:  
 

b − 𝑔𝑎𝑙𝑎𝑐𝑡𝑜𝑠𝑖𝑑𝑎𝑠𝑒	𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 	
𝑂𝐷415 × 	6.75

𝑂𝐷600 × 	𝑡	 × 	𝑉
 

 

OD600  optical density of the bacterial culture 

OD415  optical density after the reaction 

V  used culture volume (ml) 

t  reaction time (min) 

6.75  extinction coefficient of cleaved OPNG (mol/min/mg protein) 

 

 
Table 67. 5x Z-buffer 

Component Concentration 
Na2HPO4 300 mM 
NaH2PO4  100 mM 
KCl 50 mM 
MgSO4  5 mM 
adjust pH to 7 

 
 
2.2.11 Negative staining and scanning electron microscopy (SEM) 
 
In order to analyse potential type III secretion systems on the bacterial surface, negative 
staining was used. Bacterial cultures were grown under experiment relevant conditions (e.g. 
under secretion conditions in 100 ml flasks). Three independent cultures were pooled and 2 
ml mixed in a 15 ml falcon tube with 160 µl glutaraldehyde (GA) (4°C) and 400 µl 
formaldehyde (PFA) (RT) by inverting the tube. End concentrations were 2% for GA and 
5% for PFA. Samples were stored 4°C until further use. Negative staining or scanning 
electron microscopy (SEM) were done by Manfred Rohde at the Helmholtz Centre for in 
Infection Research in Braunschweig (Germany).  
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2.2.12 RNA sequencing (RNAseq)  
 
RNA sequencing (RNAseq) was used to determine the global transcriptome of several 
strains grown under different conditions. For this purpose, cells were grown O/D for 2 h at 
25°C with a subsequent shift to 37°C (2.2.1.2). Samples were taken in triplicates before and 
at different time points after the shift to 37°C and total RNA was isolated using hot-phenol 
RNA extraction. A first set of samples was taken after 2 h at 25°C (T0) before the shift to 
37°C. The second and third sample were taken 1 h (T1) and 4 h (T2) after the shift to 37°C, 
either with (“-Ca2+”) or without (“37°C”) induction of secretion. Five independent cultures 
(10 ml each) were prepared from independent O/N cultures in LB medium for each sample 
and pooled for RNA extraction. Harvesting of the cultures took place at 4,000 rpm for 3 min 
(Centrifuge 5417 R, Eppendorf) with the centrifuge set to the respective cultivation 
temperature. Triplicates for all time points were prepared for the wild-type (YPIII), YP139 
(PNPase-deficient mutant) and YP356 (RNase III-deficient mutant) (Table 68).  
 
Table 68. Samples for RNA sequencing 

Sample Strain Condition 
1 YPIII 2h 25°C 
2 YP139 2h 25°C  
3 YP356 2h 25°C  
4 YPIII 2h 25°C à 1h 37°C  
5 YP139 2h 25°C à 1h 37°C  
6 YP356 2h 25°C à 1h 37°C  
7 YPIII 2h 25°C à 1h 37°C -Ca2+ 
8 YP139 2h 25°C à 1h 37°C -Ca2+ 
9 YP356 2h 25°C à 1h 37°C -Ca2+ 
10 YPIII 2h 25°C à 4h 37°C  
11 YP139 2h 25°C à 4h 37°C  
12 YP356 2h 25°C à 4h 37°C  
13 YPIII 2h 25°C à 4h 37°C -Ca2+ 
14 YP139 2h 25°C à 4h 37°C -Ca2+ 
15 YP356 2h 25°C à 4h 37°C -Ca2+ 

 

Concentration and quality of RNA samples were measured and remaining DNA was 
digested using TurboTM DNase (Ambion) (2.2.7.3). Quality and purity (RNA integrity 
number, RIN) of RNA was assessed using Qubit (Thermo Scientific) and Agilent 2100 
Bioanalyzer (Agilent) and performed by the in-house facility Genome Analysis (GMAK, 
Helmholtz Centre for Infection Research Braunschweig (Germany)). Samples with a RIN of 
>8 were considered for further sample preparation. Further processing included rRNA 
depletion (Ribo-ZeroTM, Illumina), fragmentation and cDNA library preparation (NEBNext 
Ultra II Directional RNA Library Prep Kit - Bacteria, NEB) according to the manufacturer’s 
instructions. Multiplex oligos for Illumina-sequencing (#E6440L) were obtained from NEB 
and used as indices that allow uniqueness in both directions. Illumina-sequencing took place 
with the NovaSeq 6000 sequencing system (S1 flow cell) (Illumina) with 100 cycles and 
paired end reads (PE50, 2x50 bp reads). ERCC spike-ins (external RNA controls consortia 
Mix 1 and Mix 2) were added before rRNA depletion as a mean to control for sequencing 
and platform performance. All processing steps were performed by the in-house facility 
GMAK (Helmholtz Centre for Infection Research Braunschweig (Germany)). Downstream 
analysis, which included assessment of the general quality of sequencing output (FastQC 
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(Babraham Bioinformatics)) and mapping to the reference genomes (YPIII chromosome and 
virulence plasmid pYV) (NC_010465.1 and NC_006153.2) (Bowtie2 with default 
parameters (Langmead and Salzberg, 2012)) was performed by Michael Beckstette (DESeq2 
R-package)(Nuss et al., 2015). Uniquely mapped reads (annotation in supplementary data 
S6 on separate storage medium) were obtained using SAMtools (Li et al., 2009). 
 
2.2.12.1 Identification of RNase specific cleavage positions 
 
Sequencing results were used to determine potential RNase specific cleavage position 
(SCPs). Bioinformatic analysis was performed by Rina Ahmed-Begrich (Max Planck 
Institute for Infection Biology, Berlin) according to the analysis described in (Lécrivain et 
al., 2018). In this study, however, no unique molecular identifiers (UMIs) and deduplication 
were used during library preparation. Mapping to the reference genome (chromosome: 
NC_010465.1 and plasmid pIB1: NZ_CP032567.1) was performed using STAR (v2.5.2b). 
The annotation used in 2.2.12 for the virulence plasmid pYV was transfered to the virulence 
plasmid pIB1 (NZ_CP032567.1) based on homology (Rina Ahmed-Begrich). 
 
 
2.2.13 Cell biology methods 
 
2.2.13.1 Cell culture and determination of cell counts 
 
HEp-2 cells (human cervix carcinoma cells) were used in order to study host-pathogen 
interactions such as invasion and adhesion. This b1 integrin-expressing human epithelial cell 
line is well established and was used in previous studies to investigate Yersinia interactions 
with host cells (Eitel and Dersch, 2002; Isberg et al., 1987).  
 
Cells were grown in cell culture flasks (75 cm3) in RPMI 1640 Medium with GlutaMAXTM 
Supplement (Gibco) with 7.5% NCS as a growth factor at 37°C with 5% CO2 in humidified 
atmosphere (HERA cell 150 incubator, Thermo Scientific). Cell splitting was performed 
when the cells were growing confluently on the bottom of the flask. For this, cells were 
washed with 10 ml PBS (modified Dulbecco’s Phosphate Buffered Saline without calcium 
chloride and magnesium chloride suitable for cell culture, sterile filtered, Sigma) and 
afterwards 2 ml trypsin was added in order to detach the cells. After incubation for around 
5 min at 37°C, the cells were resuspended in 8 ml of fresh medium. About 2.5 ml of this 
suspension was used to start a new subculture in 20 ml fresh medium. On the other hand, 10 
µl of this suspension was used to count the cells in a hemocytometer (Neubauer counting 
chamber).    
 
2.2.13.2 Adhesion and invasion/ gentamycin protection assay  
 
To perform a gentamycin protection assay, 1x105 (in 1 ml) HEp-2 cells were seeded into a 
24-well cell culture plate and incubated over night. The next day, around 100 µl of a bacterial 
O/N culture were spun down at 11,000 rpm for 60 sec (Centrifuge 5417 R, Eppendorf) and 
the pellet was washed with PBS. The pellet was resuspended in 1 ml PBS and was used as 
10-1 dilution. Subsequently, dilutions from 10-2 to 10-7 were prepared in PBS and 25 µl plated 
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onto LB plates with the respective antibiotics in order to determine the bacterial input. The 
HEp-2 cells were washed once with PBS. 1 ml binding buffer (0.4% BSA and 20mM HEPES 
(Biochrom) pH 7.0 in RPMI 1640 Medium with GlutaMAXTM Supplement (Gibco), sterile 
filtrated) with bacterial cells of the 10-1 dilution (5 µl/well) was added per well. The 24-well 
cell culture plates were spun down at 1,000 rpm and 20°C for 5 min. The first plate, which 
was used to determine the adhesion rate, was subsequently incubated at 25°C for 30 min. A 
second plate was used to determine invasion levels and was incubated at 37°C for 1 h. The 
wells of the adhesion-plate were washed four times with PBS. 0.2 ml 0.1% triton (in PBS) 
was added to one row at a time in order to lyse the cells. The solution was pipetted up and 
down 10 times in order to allow sufficient lysis. The suspension was diluted 1:5, 1:25, 1:125 
and 1:625 in 1x PBS and 25 µl plated onto LB plates to determine adhesion rates.  
 
For the invasion-plate, a gentamycin-solution in binding buffer (250 µg/ml) was prepared.  
The wells of the invasion-plate were washed once with PBS and 1 ml of the gentamicin-
solution was added for 1 h at 37°C. In the following the wells were washed and lysed by 
triton as described for the adhesion-plate. Adhesion and invasion rates were determined in 
duplicates for each replicate. After two days colonies were counted and the relative adhesion 
and invasion levels were determined by calculating the CFU obtained after infection relative 
to the number of cells used for the initial infection at the start point. 
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3 Results 
 
Enteropathogenic bacteria encounter diverse environments during their life cycle within the 
human host. In order to overcome associated obstacles, they have to ensure a smooth and 
rapid transition and adaptation to microenvironments. It is commonly known that in addition 
to the regulation of transcription, also the controlled and targeted degradation of transcripts 
is essential in this process. Ribonucleases (RNases) have been shown to have an impact on 
different virulence-related traits. The aim of this study was to elucidate a possible role of 
RNases and other helper proteins (helicases, regulators) during the infection process of the 
enteropathogen Yersinia pseudotuberculosis.  
 
3.1 Characterisation of different RNase deletion mutants  
 
Potentially interesting RNases, which differ in their target specificity, cleavage mechanism 
and roles in physiology (Bechhofer and Deutscher, 2019; Matos et al., 2017), were chosen 
based on known effects in other bacteria and RNA sequencing (RNAseq) data from Nuss et 
al. (2015) and Kusmierek et al. (2018) (Table 69, Table 70). Exemplary, four genes that are 
encoding for putative L-PSP (rat liver perchloric acid soluble protein) RNases were shown 
to be differentially-regulated in the RNAseq data. While some showed higher mRNA 
abundance at 37°C in a CsrA-dependent manner (tdcF-1), an extraordinary high number of 
reads could be mapped to the L-PSP RNase YoaB (yoaB) at 25°C during stationary phase 
(Table 69). Based on these RNAseq data and further criteria, several RNases (RNase II, 
RNase PH, YbeY, RNase P, YoaB, TdcF-1, TdcF-2, TdcF and RNase III) and a RNase E-
regulator (RraB) were chosen (Figure 23).  
 

 
Figure 23. Ribonuclease (RNase) mutants used for characterisation. 
RNase mutants were generated using a suicide-based vector system. Listed are the corresponding YPK-
numbers and the short name of the genes, the name of the enzymes and the respective YP-numbers of generated 
strains. Information about the different enzymes is based on the website Yersy (http://www.yersy.tu-bs.de).  

Gene Short name Name
Knockout
strain No.

RNase G YPK_0469 rng Ribonuclease, Rne/Rng family YP137

PNPase YPK_3726 pnp Polyribonucleotidenucleotidyltransferase YP139

RraA YPK_4106 rraA Regulator of ribonucleaseactivity A YP142

RNase HI YPK_1108 rnhA Ribonuclease H YP187

RNase D YPK_2124 rnd Ribonuclease D YP211

DbpA YPK_2446 dbpA DEAD/DEAHbox helicase domain proten YP341

RhlB YPK_4036 rhlB ATP dependent RNA helicase rhlB YP342

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease L-PSP YP348

RNase II YPK_2016 rnb Exoribonuclease 2 YP349

RraB YPK_3683 rraB Putative uncharacterisedprotein YP350

RNase PH YPK_4160 rph Ribonuclease PH YP355

RNase III YPK_1189 rnc Ribonuclease III YP356

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease L-PSP YP357

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease L-PSP YP358

L-PSP (TdcF) YPK_0498 tdcF Endoribonuclease L-PSP YP359
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RNase deletion mutants of Y. pseudotuberculosis YPIII wild-type (wt) were constructed 
using a suicide-plasmid derived system. Attempts to construct YbeY and RNase P deletion 
mutants were unsuccessful, indicating an essential role of these RNases under the used 
standard growth conditions. Some RNase (Drng, Dpnp, DrnhA, Drnd), helicase (DdbpA, 
DrhlB) and RNase E-regulator (DrraA) deletion mutants were constructed previously and 
included also in this study (Figure 23) (A. Heroven, unpublished). In the following chapters 
the deletion mutants were characterised based on growth defects, acid survival, motility and 
the secretion of Yop effector proteins into the supernatant.  
 
 
3.1.1 Growth behaviour of RNase mutants under infection relevant conditions 
 
RNase mutants were tested for possible growth defects in liquid medium and in a spotting 
assay at low (4°C), moderate/environmental (25°C) and infection relevant (37°C) 
temperatures (Figure 24, Figure 77, Figure 78).  
 
The most striking defects during growth in liquid medium could be observed for the DrhlB 
strain at 37°C and the Dpnp and Drnc strains at 25°C as well as 37°C (Figure 24 A, Figure 
77). All three mutants showed strong delay in growth at 37°C. Endpoint OD600 

measurements for the Drnc strain at this temperature rarely reached a value above 0.8, 
whereas an early growth plateau for the Dpnp and the DrhlB mutants was reached at around 
an OD600 of 2 to 3. Other tested mutants showed no significant growth defects in liquid 
culture at tested temperatures (Figure 77). In order to test whether this pronounced growth 
defect at 37°C was due to a decrease in cell viability at elevated temperatures, a cell viability 
assay was performed (Figure 24 B). Interestingly, cell viability was shown to be strongly 
decreased only in the DrhlB strain and not in the Drnc or Dpnp mutant (Figure 24 B).  
 
Using a spotting assay, growth defects could mainly be confirmed (Figure 24 C). In addition, 
the Drng strain exhibited a strong growth defect at 37°C in this assay (Figure 78). As during 
growth in liquid culture, growth differences at 25°C were only minor for all mutants (Figure 
24 C, Figure 78). Furthermore, the essential function of PNPase (pnp) and the helicase DbpA 
(dbpA) at cold temperatures (4°C) could be confirmed (Figure 24, Figure 78) (Rosenzweig 
2005, Jiang 2019). The Drnc, DrnhA and Drnd strains also showed a clear defect in growth 
at 4°C and a mild negative effect at this temperature was seen for the strains lacking genes 
for the L-PSP RNase YoaB and RNase II (Figure 78). In general, while for example Drnc 
strain exhibited growth deficiencies under all three tested conditions, the growth defect of 
the Dpnp strain was only severe at low temperatures in this assay.  
 

 



Results 
 

 65 

 
 

Figure 24. Deletion of RNases affects growth under different conditions.  
(A) Bacterial growth of the wild-type (wt) and Drnc, Dpnp and DrhlB mutants at different temperatures (25°C 
and 37°C) in LB liquid medium was followed for 10 h (As described in chapter 2.2.1.5). (B) Cell viability of 
the wt, Drnc, Dpnp and DrhlB strains grown for 2 h at 25°C and a following 4 h at 37°C (non-secretion 
conditions, “37°C”, chapter 2.2.1.2) was determined (As described in chapter 2.2.8). (C) Representative results 
of spotting assays of the wt, Drnc, Dpnp and DrhlB strains on LB agar plates (As described in chapter 2.2.1.6) 
at different temperatures (4°C, 25°C, 37°C). In general, data are shown as mean values and with standard 
deviation. Significant differences were determined using a 2-way ANOVA significance test (A) or Student’s 
t-test (B) in GraphPad Prism 8. Experiments were carried out in biological triplicates. Asterisks indicate results, 
which were significantly different from the wild-type (wt) (**P<0.01, ***P<0.001, ****P<0.0001). 
 
 
The ability to tolerate acidic environments is considered a critical virulence-associated trait 
as it is essential for survival during the passage of the stomach, but also the acidic 
environment in professional phagocytic cells (Cotter and Hill 2003). Therefore, further 
characterisation was conducted by testing the acid tolerance of all strains. Acid resistance 
and recovery of the mutants in comparison to the wild-type were tested by growing the 
bacteria in LB medium at different pH. Bacterial cultures were initially grown at either pH 7, 
pH 5 or pH 2.5 to test survival in acidic conditions. Thereafter, the potential to recover from 
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the pH-shock was evaluated by growing the bacteria O/N in LB medium with a pH of 7. 
Long-term growth (O/N) at acidic pH was monitored additionally (Figure 25).  
 

 

Figure 25. Acid survival ability of the tested RNase deletion mutants is not affected. 
Different deletion mutant strains were diluted from O/N cultures and grown in LB at 25°C with different pH 
(pH 7, pH 5, pH 2.5). Subsequently, bacteria were grown O/N at the respective lower pH and were additionally 
cultivated O/N in LB with pH 7 in order to test recovery from pH-shock (As described in chapter 2.2.1.7). 
Numbers shown are mean values of OD600 measurements of the bacterial cultures grown in biological 
triplicates at the respective time points. Red colour indicates high while blue colour represents low values. The 
heatmap was created using GraphPad Prism 8.   
 
 
In general, growth for 6 h or O/N at a pH of 5 or 2.5 was detrimental and independent of the 
investigated strain. While all strains were shown to recover O/N at pH 7 after a pH-shock of 
5, this was not the case for a pH of 2.5. Therefore, precultivation at a pH of 2.5 lead to an 
irreversible loss of growth. In agreement with previous results in this study (Figure 24 A), 
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the Dpnp as well as the Drnc strain showed slower growth at a pH of 7 after 6 h and also O/N 
after pre-culturing at pH 7 or pH 5. Therefore, the tested RNases did not seem to have a 
significant impact on the ability of Y. pseudotuberculosis to recover from a pH-shock.  
 
 
3.1.2 Motility is altered in RNase mutants  
 
Motility is used by bacteria to facilitate their movement in the environment, attach to host 
cells and was also shown to affect biofilm formation (Kim 2008, Giron 2002, O’Tolle 1998). 
In order to assess differences in their motility, a motility assay was performed with all 
deletion strains. A DflhDC mutant, which lacks an essential motility regulator, was used as 
negative control (Figure 26, Figure 79, Figure 80, Figure 81) (Bleves et al., 2002; Liu and 
Matsumura, 1994).  
 

 
Figure 26. Effect of RNase deletions on motility.   
Representative sections (A) and swimming diameters (B) of motility assay plates of the wild-type (wt) and 
several mutants (Dpnp, Drnd and Drnc), which show the effect of different RNase knockouts on swimming 
ability. Motility assay plates were prepared with 5 µl diluted O/N culture (OD600 of 0.8) and incubated at 25°C 
(As described in chapter 2.2.1.8). Results of biological triplicates (Drnd) or sextuplicates (wt, Dpnp, Drnc) are 
shown. The DflhDC strain was used as a negative control. The data are shown as mean values and with standard 
deviation. Significant differences were determined using a Student’s t-test. Asterisks indicate results, which 
were significantly different from the wild-type (wt) (**P<0.01, ****P<0.0001).  
 
 
Results showed that the bacterial spread of the Drnc as well as the Drnd strain on a motility 
agar plate was significantly reduced compared to the wild-type. The abolished swimming 
ability of DflhDC mutant was previously reported (Bleves et. al 2002). Although the Dpnp 
mutant showed no significant difference to the wild-type, there was a slight tendency 
towards increased motility. Motility of the remaining strains, apart from the Drng mutant, 
was shown to be unaffected by the loss of the respective genes (Figure 26, Figure 79, Figure 
80, Figure 81).  
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3.1.3 Type III secretion was impacted by RNases  
 
Finally, the secretion of Yop effector proteins into the supernatant was analysed in order to 
identify mutants with altered type III secretion (T3S). Therefore, a Yop secretion assay was 
performed, followed by TCA precipitation of the secreted proteins. The protein levels in the 
supernatant were then compared to those of the wild-type (YPIII). In the following 
experiments throughout this study, non-secretion (“37°C”) and secretion (“-Ca2+”) 
conditions will be distinguished (as described in chapter 2.2.1.2). Secretion-induction via 
calcium depletion was previously reported and used in this study to mimic conditions that 
allow expression and secretion via the type III secretion system (T3SS) (Michiels et al., 
1990; Straley et al., 1993). The DyscS strain was used as a negative control as the yscS-
encoded protein is known to be essential for Yop effector secretion (Bergman 1994, 
Steinmann 2013).  
 
When wild-type cultures were grown under secretion conditions, multiple bands were 
detectable after proteins were separated on an SDS-gel and stained with Coomassie (Figure 
27 A - C). The observed protein bands matched the reported sizes for the different secreted 
Yop effector proteins (Table 94, Figure 28 C). These proteins are usually not visible when 
the wild-type is grown under non-secretion conditions (“37°C”) or at environmental 
temperatures (“25°C”) (Figure 27 D, Figure 28 A and B). For all deletion strains, the typical 
pattern of Yop proteins was visible under secretion conditions (Figure 27 A - C). However, 
some mutants showed a changed extent of Yop secretion. Among others, the Drng, Dpnp, 
DrraA, Drph as well as the Drnc strain showed an increase of secreted proteins while the 
DrnhA and Drnb variants showed slightly less protein in the supernatant under secretion 
conditions. Interestingly, when grown under non-secretion conditions, the DrhlB strain 
exhibits a smear on the SDS-gel while the Drnc mutant showed a typical Yop protein pattern 
(Figure 27 D) comparable in size to those proteins observed under secretion conditions 
(Figure 27 A - C). Therefore, the phenotype of the DrhlB strain together with previous cell 
viability results (Figure 24 B) indicates cell lysis.  
 
A DyopD strain, which lacks the negative regulator YopD of the T3SS, also displayed an 
increase of secreted proteins under non-secretion conditions in comparison to the wild-type, 
which was similar to the effect of the Drnc mutant under these conditions (Figure 83). In 
comparison, DcsrA and DlcrF mutants, which lack critical positive T3SS regulators, showed 
decreased Yop secretion (Figure 83).  
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Figure 27. Analysis of Yop secretion in RNase deletion mutants. 
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TCA-precipitated supernatant samples (As described in chapter 2.2.6.2) of O/D cultures grown at 37°C under 
secretion (“-Ca2+”) (A - C) or non-secretion (“37°C”) (D) conditions (Growth conditions as described in 
chapter 2.2.1.2). The secretion-deficient mutant DyscS was used as negative control. Samples from three 
independent experiments were pooled and loaded onto 12% SDS gel. SDS-gels were stained with CoomassieTM 
Brilliant Blue G250. PageRuler® Prestained Protein Ladder was used for size-determination. Proteins were 
quantified using ImageJ and are shown relative to the wild-type (wt). The data are shown as mean values and 
with standard deviation. Significant differences were determined using Student’s t-test. Asterisks indicate 
results, which were significantly different from the wild-type (wt) (*P <0.05, **P<0.01, ***P<0.001, ns = not 
significant).  
 
 
 
3.2 Impact of rnc and pnp deletion mutants on virulence traits of the 
ongoing infection 
 
 
3.2.1 RNase III and PNPase have an effect on type III secretion  
 
Based on results from initial characterisation experiments in chapter 3.1, the PNPase (Dpnp) 
and the RNase III (Drnc) mutant were chosen as promising candidates to have an impact on 
virulence associated traits of Y. pseudotuberculosis and were hence further analysed under 
the same non-secretion (“37°C”) and secretion (“-Ca2+”) conditions as described in chapter 
3.1.3 and chapter 2.2.1.2.  
 
First, analysis of the Yop secretion pattern via Yop secretion assay by TCA-precipitation 
was compared with equivalent supernatant samples of cultures that were grown at 25°C. 
While no secreted proteins could be observed in the supernatant at 25°C, visualisation of 
proteins via SDS-gel and Coomassie-staining revealed a calcium-dependent induction of 
secretion in the wild-type as well as in the Drnc and the Dpnp strains (Figure 28 A and B). 
Significantly more protein than in the wild-type could be detected in the supernatant of the 
Drnc variant at non-secretion as well as at secretion conditions (Figure 28 B). Secreted 
proteins could even be observed as white precipitate in the culture medium under non-
secretion conditions in this mutant (Figure 28 D). The possibility of an increased amount of 
proteins in the supernatant due to cell death of the deletion-strains was previously ruled out 
using a cell viability assay (Figure 24 B, Figure 28 F). Growth behaviour under secretion 
conditions showed, similar to non-secretion conditions (Figure 24 A), a clear growth defect 
of the Dpnp and Drnc strains compared to the wild-type (Figure 28 E). However, Yop 
secretion was not altered in the Dpnp mutant (Figure 28 A).  
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Figure 28. Yop secretion under non-secretion conditions is increased in the Drnc strain.  
(A+B) O/D cultures were grown at 37°C under conditions that either induces (“-Ca2+”) or does not induce 
(“37°C”) T3S. An additional culture was grown at 25°C throughout the experiment (“25°C”) (Growth 
conditions as described in chapter 2.2.1.2). SDS-gels (12%) of TCA-precipitated supernatant samples (As 
described in chapter 2.2.6.2) from the wild-type (wt) compared to the Dpnp (A) or the Drnc (B) strain are 
shown. Samples were pooled from three independent experiments and gels stained with CoomassieTM Brilliant 
Blue G250. PageRuler® Prestained Protein Ladder was used for size-determination. The secretion-deficient 
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mutant DyscS was used as negative control and proteins were quantified using ImageJ. The data is shown as 
mean values relative to the wt at 25°C and with standard deviation. (C) Photographic picture of the wt and 
Drnc cultures grown at 37°C under non-secretion conditions (“37°C”, chapter 2.2.1.2). (D) Size of different 
T3SS-proteins. (E) Growth curves (As described in chapter 2.2.1.5) of different RNase mutants in LB liquid 
medium at 37°C under secretion conditions (“-Ca2+”, chapter 2.2.1.2) were carried out in biological triplicates. 
(F) Cell viability of bacteria grown at 37°C under secretion conditions (“-Ca2+”, chapter 2.2.1.2) was 
determined via a cell viability assay (As described in chapter 2.2.8). Significant differences were determined 
using a Student’s t-test (A, B, F) or a 2-way ANOVA significance test (E). Asterisks indicate results 
significantly different from each other (A+B) or different from the wild-type (wt) (E+ F) (*P<0.05, **P<0.01, 
****P<0.0001, ns = not significant).  
 
 
In order to test, whether the intracellular amount or solely secretion of Yop proteins is 
affected, whole cell extracts of bacteria grown under secretion or non-secretion conditions 
were analysed in a western blot using an antibody against all secreted Yops (Figure 29 A 
and B).  
 

 
Figure 29. Yop protein synthesis is altered in the Drnc and Dpnp mutants. 
O/D cultures were grown at 37°C under conditions that either induces (“-Ca2+”) or does not induce (“37°C”) 
T3S (Growth conditions as described in chapter 2.2.1.2). Representative western blots showing intracellular 
Yop proteins of the wild-type (wt) compared to the Dpnp (A) or the Drnc (B) strain with an all Yops antibody. 
H-NS protein was used as loading control. PageRuler® Prestained Protein Ladder was used for size-
determination and the secretion-deficient mutant (DyscS) as negative control. Proteins were quantified using 
ImageJ. The data are shown as mean values of triplicates and relative to the wt at 37°C with standard deviation. 
Experiments were done in biological triplicates. Significant differences were determined using Student’s t-test. 
Asterisks indicate results, which were significantly different from each other (*P<0.05, ****P<0.0001, 
ns = not significant). 
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The size of the three obtained protein bands matched the reported sizes for the Yop effectors 
YopH (51 kDa), YopD (33.3 kDa) and YopE (23 kDa) (Kauppi 2003, Sundberg and 
Forsberg 2003, Cornelis 1998). A clear induction of Yop expression was visible under 
secretion conditions in the wild-type when compared to non-secretion conditions (Figure 29 
A and B). In agreement with the secretion pattern (Figure 28), the total amount of 
intracellular Yop proteins was strongly increased in the Drnc strain (Figure 29 B) but not 
significantly in the Dpnp variant (Figure 29 A) when protein levels were compared to the 
wild-type under non-secretion conditions. However, differences between the wild-type and 
the Dpnp strain became apparent when single protein bands were examined. This was 
especially striking for the protein band corresponding to YopE. In the Dpnp strain, this 
protein was already present under non-secretion conditions in contrast to the wild-type 
(Figure 29 A). Interestingly, this protein band was only present in low amounts in the Drnc 
strain (Figure 29 B). For both mutants, there was no further significant induction of Yop 
protein expression when calcium was depleted and therefore secretion induced. In the DyscS 
mutant, very low amounts of the Yop proteins could be detected under both conditions.  
 
Further experiments were carried out to test altered secretion in the Drnc strain. For this 
purpose, a nitrocefin assay to follow specific secretion of a YopE-b-lactamase fusion protein 
(“YopE´-TEM”) was used. To do so, a plasmid expressing a yopE´-blaM (b-lactamase) 
fusion (33 kDa) under its own promoter was used to quantify YopE´-TEM protein secretion 
into the supernatant (Figure 30). This plasmid harbours the first 102 bp of yopE including 
the N-terminal signal sequence for secretion of this effector, fused to the b-lactamase gene 
(blaM) (Anderson, 1997; Cheng et al., 1997; Lloyd et al., 2001) (Figure 30 A). In order to 
ensure that general secretion was unaffected when bacteria were expressing this fusion 
protein, TCA secretion assays were employed (Figure 84). Secretion of the YopE´-TEM 
fusion protein was then measured 2 h and 4 h after the shift to 37°C (Growth conditions as 
described in chapter 2.2.1.2) in order to analyse temporal changes. At 2 h after the 37°C-
shift under secretion conditions, secretion of the fusion protein was increased in the Drnc 
strain in contrast to the wild-type (Figure 30 B). After 4 h this observed difference under 
secretion conditions became negligible. However, at the later timepoint, significant 
difference in secretion of YopE´-TEM compared to the wild-type was detectable for the Drnc 
mutant under non-secretion conditions (Figure 30 C). Simultaneous analysis of intracellular 
YopE´-TEM levels at this timepoint showed less of the fusion protein in the Drnc strain 
compared to the wild-type (Figure 30 D). This corresponds to the reduced amount of YopE 
protein detected using an all-Yop antibody (Figure 29 B, Figure 30 D).  
 
These results showed that Yop secretion as well as Yop synthesis is altered in the Drnc 
mutant and that this phenotype is more severe than in a Dpnp strain. Further, possible reasons 
for this altered phenotype were investigated in the following chapters. 
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Figure 30. Nitrocefin secretion assay showing altered YopE-TEM secretion in the Drnc strain. 
Bacterial cultures of the Y. pseudotuberculosis wild-type (wt) and two mutants (Drnc and DyscS) harbouring 
the plasmid pIVO13 were grown at 37°C under either non-secretion (“37°C”) or secretion conditions (“-Ca2+”) 
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(Growth conditions as described in chapter 2.2.1.2). (A) Schematic overview of the plasmid pIVO13. (B+C) 
Nitrocefin assay results showing YopE´-TEM secretion and bacterial cell viability (As described in 2.2.8 and 
2.2.9) 2 h (B) or 4 h (C) after the shift from 25°C to 37°C (Chapter 2.2.1.2). Secretion levels are shown as 
mean values with standard deviation relative to the wild-type at 37°C under non-secretion conditions (“37°C”). 
(D) Representative western blot showing intracellular TEM and all Yop levels 4 h after the shift from 25°C to 
37°C. H-NS protein was used as loading control. The secretion-deficient mutant DyscS was used as a negative 
control in (B) and (C) and a sample of the wild-type grown at 25°C for 6 h was used as a negative control in 
(D). PageRuler® Prestained Protein Ladder was used for protein size-determination. Experiments were done in 
biological triplicates. Significant differences were determined using Student’s t-test. Asterisks indicate results, 
which were significantly different from each other (B and C, left panel) or different from the wild-type (wt) at 
non-secretion conditions (“37°C”) (B+C, right panel) (*P<0.05, ***P<0.001, ****P<0.0001, ns = not 
significant).  
 
 
3.2.2 Effect of RNase III and PNPase on LcrF and the Csr-system 
 
The plasmid-encoded protein LcrF as well as CsrA are known regulators of the T3SS in 
Y. pseudotuberculosis (Böhme et al., 2012; Kusmierek et al., 2019; Yother et al., 1986). In 
order to test whether these regulators are affected under secretion (“-Ca2+”) or non-secretion 
(“37°C”) conditions in the Drnc or the Dpnp strain, western blotting was used to detect 
intracellular levels of these proteins (Figure 31, Figure 33). Samples collected after 
continuous cultivation at 25°C for 6 h are not shown as LcrF protein (data not shown) and 
Yop secretion (Figure 28) are not detectable under these conditions.  
 
Results showed that the Drnc but not the Dpnp mutant displayed a considerable increase of 
LcrF protein under non-secretion conditions compared to the wild-type, which was 
complemented in trans (Figure 31 A, B and C). Although not statistically significant, an 
upregulation in comparsion to the wild-type was also detectable under secretion conditions 
in the Drnc strain. The amount of LcrF protein, however, was not increased further upon 
calcium depletion (Drnc “37°C” vs. “-Ca2+”) in this mutant (Figure 31 B). In contrast to the 
Drnc strain, secretion-induction led to a significant increase of LcrF levels in the wild-type 
(wt “37°C” vs. “-Ca2+”) as well as the Dpnp mutant (Dpnp “37°C” vs. “-Ca2+”) compared to 
non-secretion conditions (Figure 31 A and B). The DyscS variant showed no induction of 
LcrF protein synthesis under all tested conditions. Overall, the impact of PNPase on LcrF 
levels seemed to be less severe compared to the Drnc mutant. Therefore, the impact of 
RNase III on the regulation of T3S was investigated further.  
 
Next, lcrF mRNA levels were investigated by northern blotting in order to determine 
whether the increase of LcrF protein in Drnc stemmed from an increase of its mRNA under 
non-secretion conditions (Figure 31 D). In coherence with protein levels, lcrF mRNA was 
significantly upregulated in the Drnc strain, which could be complemented in trans. This 
indicates that RNase III has a negative effect on lcrF mRNA levels via an unkown 
mechanism. 
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Figure 31. Effect of RNase III and PNPase on LcrF levels. 
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(A+B) O/D cultures of the wild-type (wt) and the Drnc mutant were grown at 37°C under conditions that either 
induces (“-Ca2+”) or does not induce (“37°C”) T3S. (C+D) Cultures were grown under non-secretion 
conditions (“37°C”) with addition of 0.05 mM CaCl2 (Growth conditions as described in chapter 2.2.1.2). 
Representative western and northern blots showing the effect of the Dpnp (A) and the Drnc (B-D) mutant on 
LcrF protein or lcrF mRNA levels. Plasmid pAKH85 (“pV”) was used as an empty vector and pIVO20 
(“prnc+”) for complementation of the rnc deletion. The DlcrF mutant was used as a negative control for LcrF 
protein and the DyscS variant was used as a mutant defective for secretion. H-NS (A+B) and RNAP (C) protein 
or 23S and 16S rRNA (D) were used as loading controls and the DlcrF mutant was used as a negative control. 
Proteins and RNA were quantified using ImageJ. The data are shown as mean values with standard deviation. 
Experiments were carried out in biological triplicates and significant differences were determined using a 
Student’s t-test. Asterisks indicate results significantly different from each other (A+B) or from the wild-type 
(wt pV) (D) (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns = not significant).  
 
 
In order to unravel the RNase III-mediated regulation of LcrF, effects on transcription, 
translation as well as mRNA stability have to be considered. For this purpose, plasmid 
constructs were used, which harbour the promoter region of the yscW-lcrF transcript with 
either the start of the yscW gene (17 nt, pKB35) or the full yscW-gene together with the 
intergenic region between yscW and lcrF and the first nucleotides of the lcrF gene (74 nt, 
pKB34) fused to the gene for b-galactosidase (lacZ) (Figure 32 A). Hence both constructs 
should be feasible to detect effects on the promoter region and 5’UTR of the yscW-lcrF 
transcript while effects that stem from the intergenic region between yscW and lcrF can only 
be detected with pKB34. b-galactosidase (lacZ) assays were used to quantify expression of 
these different lacZ-fusions (Figure 32 B and C). 
 
In agreement with previous results in this study, an increase of b-galactosidase activity 
compared to the wild-type was seen for the Drnc mutant harbouring the pKB34 plasmid, 
which in addition to the yscW gene and intergenic region also encodes for the first codons 
of the lcrF gene. This phenotype was detected at non-secretion conditions but not under 
secretion conditions and could be complemented in trans (Figure 32 B). This further 
indicated that the impact of RNase III on T3S and LcrF levels is more pronounced when 
secretion is not induced by calcium depletion. Additionally, there was no effect on b-
galactosidase activity in strains with pKB35, which only encodes for the start of the yscW 
gene. This indicates that the regulatory effect may derive at least in parts from an effect on 
the region between yscW and lcrF and is not the result of transcriptional activation of lcrF 
transcription from the PyscW/lcrF promoter (Figure 32 C). 
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Figure 32. The intergenic region of yscW-lcrF is involved in the RNase III-dependent control of LcrF.  
O/D cultures of the wild-type (wt) and Drnc were grown at 37°C under conditions that either induces (“-Ca2+”) 
or does not induce (“37°C”) T3S (Growth conditions as described in chapter 2.2.1.2). 1 mM CaCl2 was added 
to the O/D culture in addition. b-galactosidase (lacZ) assays of different reporter fusions (pKB34 and pKB35) 
were performed in order to determine the region important for RNase III-dependent regulation of LcrF (As 
described in chapter 2.2.10). Plasmid pAKH85 (“pV”) was used as an empty vector and pIVO20 (“prnc+”) for 
complementation of the rnc deletion. pTS02 represents the empty vector with the gene for b-galactosidase. (A) 
Schematic overview of the pKB34 and pKB35 plasmids harbouring the gene for b-galactosidase (lacZ). (B) 
Results for plasmid pKB34 and (C) pKB35 are presented with mean and standard deviation (Graphpad Prism 
8). Significant differences were determined using Student’s t-test and experiments were carried out in 
biological triplicates. Asterisks indicate results, which were significantly different from the wild-type (wt pV) 
(*P<0.05).  
 
 
Therefore, as CsrA is known to have an positive impact on the translation-initiation of LcrF 
as well as transcript stability (Kusmierek et al., 2019), the impact of RNases on the Csr-
system was investigated. Additionally, Crp and Hfq are known to be involved in the 
regulation of the Csr-system and to affect T3S in Y. enterocolitica and Y. pseudotuberculosis 
(Petersen and Young, 2002; Schiano et al., 2010). Therefore, the Crp and Hfq protein levels 
were also analysed in the Dpnp and Drnc strains. Protein levels of CsrA, Hfq and Crp, 
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however, were not affected in either mutant under any of the tested conditions (Figure 33 A, 
B, D). A northern blot to detect CsrB and CsrC levels in the Drnc mutant showed slightly 
less CsrB and CsrC in this strain, which presumably leads to more active CsrA in the 
bacterial cell (Liu et al., 1997; Weilbacher et al., 2003) (Figure 33 C). This could partially 
explain the positive effect of the rnc deletion on LcrF protein and mRNA levels and 
expression of yscW-lcrF´-´lacZ in a b-galactosidase (lacZ) assay (Figure 31 B, C and D, 
Figure 32 B).   

 

 
 
Figure 33. Effect of RNase III and PNPase on the Csr-system, Crp and Hfq. 
O/D cultures of the wild-type (wt) and both mutants (Drnc and Dpnp) were grown at 37°C under conditions 
that either induces (“-Ca2+”) or does not induce (“37°C”) T3S (Growth conditions as described in chapter 
2.2.1.2). Representative western blots showing the effect of (A) the Drnc and (B) the Dpnp mutant on CsrA, 
(D) Crp and Hfq protein levels. The DcsrA, Dhfq and Dcrp mutants were used as negative controls and the 
DyscS variant was used as a strain defective for secretion. H-NS protein was used as a loading control. 
Experiments were carried out in biological triplicates. (C) Representative acrylamide northern blot showing 
CsrB and CsrC levels under non-secretion conditions (“37°C”) with 0.05 mM CaCl2. Strains were harbouring 
pAKH85 (“pV”) or pIVO20 (“prnc+”) for complementation. 5S rRNA was used as loading control. 0.05 mM 
Ca2+ was added to O/D cultures. The experiment was carried out in biological duplicates and RNA was purified 
using hot phenol. RNA was quantified using ImageJ. Significant differences were determined using Student’s 
t-test. Asterisks indicate results, which were significantly different from the wild-type (wt pV) (**P<0.01).  
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3.2.3 Interplay between YopD and RNases 
 
YopD is an RNA-binding protein that is known to have a significant effect on the expression 
of T3S Yop-components. It is a regulator of a negative feedback loop that prevents an 
excessive production of T3SS-related genes via RNases under non-secretion conditions, in 
order to ensure a precise expression of this virulence factor (Chen and Anderson, 2011; 
Hoßmann, 2017; Kusmierek et al., 2019; Steinmann, 2013) (Figure 13). Therefore, the 
connection between YopD and RNase III was investigated in the following chapter. 
 
YopD was previously seen to be affected by RNase III (Figure 29 B) Complementation 
experiments further showed that YopD could be detected under all relevant conditions 
(“25°C”, “37°C”, “-Ca2+”) and that increased expression of YopD in the Drnc mutant could 
be complemented in trans in both, environmental temperatures (“25°C”) and non-secretion 
conditions at elevated temperatures (“37°C”) (Figure 34). This confirmed that the 
upregulation of YopD under these conditions stems from the loss of RNase III. 
 

 
Figure 34. Effect of RNase III on Yop expression can be complemented in trans.   
O/D cultures of the wild-type (wt) and the Drnc mutant were grown at 37°C under conditions that either induces 
(“-Ca2+”) or does not induce (“37°C”) T3S and 1 mM CaCl2 was added to the medium. An additional culture 
was grown at 25°C throughout the experiment (“25°C”) (Growth conditions as described in chapter 2.2.1.2). 
Representative western blots showing intracellular YopD protein in the wild-type (wt) compared to the Drnc 
strain. H-NS was used as loading control. PageRuler® Prestained Protein Ladder was used for size-
determination and the DyopD mutant was used as control. Protein was quantified using ImageJ. The data is 
shown as mean values with standard deviation relative to the wt at each condition. Experiments were done in 
biological triplicates. Significant differences were determined using Student’s t-test. Asterisks indicate results, 
which were significantly different from the wild-type (wt pV) at the respective condition (25°C, 37°C or -Ca2+) 
(**P<0.01, ***P<0.001).   
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It is already known that YopD has a positive effect on RNase E (rne) and PNPase (pnp) 
mRNA levels under non-secretion conditions (Hoßmann, 2017; Kusmierek, 2018; 
Kusmierek et al., 2019; Steinmann, 2013). However, it is still to be determined whether 
YopD has an effect on RNase E and PNPase on the transcriptional and/or translational level. 
In order to address this question, a DyopD strain, which harboured either a transcriptional or 
translational b-galactosidase (lacZ)-fusion of the rne or pnp genes, was analysed in a b-
galactosidase assay under non-secretion conditions during which YopD is usually present in 
the bacterial cell (Hoßmann, 2017; Kusmierek, 2018; Straley et al., 1993). Additionally, the 
DyopD strain was complemented in trans via introduction of the pRS16 plasmid harbouring 
the yopD gene under the control of a lac-promoter (pyopD+) (Figure 35).  
 

 
Figure 35. Effect of YopD on rne (RNase E) and pnp (PNPase) transcription and translation.  
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Bacterial cultures of the wild-type (wt) and DyopD mutant were grown at 37°C under non-secretion conditions 
(“37°C”) (Growth conditions as described in chapter 2.2.1.2). The plasmid pyopD+ (pRS16) and the respective 
empty vector pV (pRS15) were used to complement the DyopD mutant. Bacteria were additionally transformed 
with the respective empty vector of the transcriptional (pTS03) and translational fusions (pTS02) as a control.  
Effects of YopD on rne and pnp transcription and translation were tested using a b-galactosidase transcriptional 
fusion (pIVO25, rne-lacZ) (A) or a translational fusion of rne (pIVO22, rne´-´lacZ) (B), as well as a b-
galactosidase transcriptional (pIVO26, pnp-lacZ) (C) or translational fusion of pnp (pIVO23, pnp´-´lacZ) (D) 
in an b-galactosidase (lacZ) assay (As described in chapter 2.2.10). Significant differences were determined 
using Student’s t-test and experiments were carried out in biological triplicates. Mean and standard deviation 
were calculated using Graphpad Prism 8. Asterisks indicate results, which were significantly different from 
the wild-type (wt pV) (****P<0.0001). 
 
 
Results show that translational fusions (rne´-´lacZ (pIVO22) and pnp´-´lacZ (pIVO23)) 
were less expressed in the DyopD mutant in contrast to the wild-type, which was successfully 
complemented in trans (Figure 35 B and D). The same effect was observed for the 
transcriptional fusion of rne (rne-lacZ, pIVO25) (Figure 35 A) indicating that the impact on 
rne expression via YopD also takes place at the transcriptional level. The transcriptional 
fusion of pnp (pnp-lacZ, pIVO26) was not expressed under the tested conditions (Figure 35 
C). Therefore, no conclusions can be made for the effect of YopD on the transcription of 
pnp alone.  
 
In order to investigate whether there is also an effect of YopD on RNase III, mRNA 
abundance of RNase III (rnc) and transcriptional or translational b-galactosidase (lacZ) 
fusions (pIVO27, rnc-lacZ and pIVO24, rnc´-´lacZ) of rnc were analysed in the wild-type 
and the DyopD strain (Figure 36, Figure 37). Analysis of rnc-lacZ (pIVO27) and rnc´-´lacZ 
(pIVO24) expression in a b-galactosidase (lacZ) assay indicated that YopD might have a 
positive effect on rnc transcription (Figure 36 A, upper panel) and translation (Figure 36 B, 
upper panel), similarly to what was observed for rne and pnp (Figure 35). Introduction of a 
plasmid-encoded copy of the yopD gene via pRS16 (pyopD+) into the DyopD mutant resulted 
in a reversed phenotype that resembled the wild-type. Detection of YopD-protein via 
western blotting confirmed successful complementation of yopD in trans (Figure 36 A and 
B, lower panel). 
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Figure 36. Effect of YopD on rnc (RNase III) transcription and translation.  
Bacterial cultures of the wild-type (wt) and the DyopD mutant were grown at 37°C under non-secretion 
conditions (“37°C”) (Growth conditions as described in chapter 2.2.1.2) with addition of 1 mM CaCl2. The 
plasmid pyopD+ (pRS16) and the respective empty vector pV (pRS15) were used to complement the DyopD 
strain. Bacteria were additionally transformed with the respective empty vector of the transcriptional (pTS03) 
and translational fusions (pTS02) as a control. Potential effects of YopD on RNase III transcription and 
translation were tested using a b-galactosidase transcriptional fusion (pIVO27, rnc-lacZ) (A) and a translational 
fusion of RNase III (pIVO24, rne`-´lacZ) (B) in an b-galactosidase (lacZ) assay (As described in chapter 
2.2.10). Western blot was used to ensure YopD complementation. PageRuler® Prestained Protein Ladder was 
used for size-determination and the DyopD mutant was used as negative control. H-NS protein was used as 
loading control. Significant differences were determined using Student’s t-test and experiments were carried 
out in biological triplicates. Mean and standard deviation were calculated using Graphpad Prism 8. Asterisks 
indicate results, which were significantly different from the wild-type (wt pV) (****P<0.0001). 
 
 
Northern blotting was then employed to determine the abundance of rnc mRNA in the 
DyopD strain (Figure 37). rnc mRNA levels were somewhat increased in this mutant (Figure 
37 A). However, this was shown not to be significant when statistical tests were applied 
(Figure 37 B). Accordingly, RNAseq (DESeq) results obtained from a comparison between 
wild-type and the DyopD strain under non-secretion conditions were pointing towards no or 
a rather mild effect of YopD on rnc transcript levels and indicates a possible feedback control 
(Table 70, Kusmierek thesis 2018).  

wt p
V

Δy
op

D pV

wt p
yo

pD
+

Δy
op

D py
op

D
+

wt p
TS02

Δy
op

D pT
S02

0.0

0.2

0.4

0.6

0.8

1.0

ß-
ga

la
ct

os
id

as
e 

ac
tiv

ity
 

(μ
m

ol
/m

in
*m

g-1
)

rnc'-'lacZ 

****

wt p
V

Δy
op

D pV

wt p
yo

pD
+

Δy
op

D py
op

D
+

wt p
TS03

Δy
op

D pT
S03

0.0

0.2

0.4

0.6

0.8

1.0

ß-
ga

la
ct

os
id

as
e 

ac
tiv

ity
 

(μ
m

ol
/m

in
*m

g-1
)

rnc-lacZ 

****

△y
op
D

wt
 p

V

wt
 p
yo
pD

+

△y
op
D

pV
△y
op
D

py
op
D
+

YopD

control

B

△y
op
D

wt
 p

V

wt
 p
yo
pD

+

△y
op
D

pV

△y
op
D

py
op
D
+

YopD

control

A



Results 
 

 84 

 
Figure 37.  RNase III transcript abundance in the DyopD strain. 
Bacterial cultures of the wild-type (wt) and the DyopD mutant were grown at 37°C under non-secretion 
conditions (“37°C”) (Growth conditions as described in chapter 2.2.1.2) with addition of 1 mM CaCl2. The 
plasmid pyopD+ (pRS16) and the respective empty vector pV (pRS15) were used to complement the DyopD 
mutant. (A) Representative northern blot showing the amount of rnc mRNA and western blot showing YopD 
expression in the respective strain. The DyopD and the Drnc strain were used as a negative control. H-NS 
protein and 16S/23S rRNA were used as loading controls. (B) rnc RNA levels were quantified using ImageJ. 
The data are shown as mean values relative to the wild-type (wt) and with standard deviation. Experiments 
were done in biological triplicates. Significant differences were determined using Student’s t-test and was not 
significant. 
 
 
Further, it was investigated whether double deletions of genes for YopD, RNase III and 
PNPase have an additive effect on expression of the Yop proteins or/and LcrF, which is 
responsible for regulation of T3SS genes (Figure 38). Double-mutants of rnc, yopD and pnp 
were generated and their effect on protein levels (all Yops, LcrF, YopD) was compared to 
single mutants. Results show that deletion of rnc alone or in combination with yopD 
(DyopDDrnc) or pnp (DpnpDrnc) led to an increase of Yop protein synthesis when bacterial 
cultures were continuously grown at 25°C (Figure 38 A). The amount of Yop proteins was 
also increased under non-secretion conditions when either yopD or rnc were missing. 
Interestingly, the LcrF amount seemed to be not only elevated in the the DyopD and the Drnc 
mutant, but increased even further in a DyopDDrnc double mutant (Figure 38 B). In contrast, 
the DpnpDrnc double mutant exhibited lower LcrF, YopD (“37°C”, Figure 38 B) and Yop 
protein levels (“25°C” and “37°C”, Figure 38 A) than the Drnc single mutant. This further 
confirmes that RNase III plays a crucial role in the regulation of the T3SS and that PNPase 
is also involved. Additionally, YopD and RNase III most likely act independent of each other 
as they have an additive effect on T3SS-associated genes.  
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Figure 38. Yops, LcrF and YopD protein levels in RNase single and double deletion mutants. 
O/D cultures of the wild-type (wt) several knockout mutants were grown at 37°C under conditions that either 
induces (“-Ca2+”) or does not induce (“37°C”) T3S. An additional culture was grown at 25°C for 6 h throughout 
the experiment (“25°C”) (Growth conditions as described in chapter 2.2.1.2). (A+B) Representative western 
blots showing intracellular Yop protein, LcrF and YopD levels in the wild-type (wt) and single or double 
mutants of RNase III (rnc), PNPase (pnp) and YopD (yopD). H-NS protein was used as a loading control. 
DlcrF was used as negative control. PageRuler® Prestained Protein Ladder was used for protein size-
determination. (C) Cell viability of the bacterial cultures was determined (As described in chapter 2.2.8). The 
data are shown as mean values and with standard deviation. All experiments were carried out in biological 
triplicates. Significant differences were determined using Student’s t-test. Asterisks indicate results, which 
were significantly different from the wild-type at each condition (25°C, 37°C, -Ca2+) (*P<0.05, **P<0.01).  
 
 
3.2.4 Electron microscopy suggests the presence of T3SSs on the bacterial surface 
 
Surface exposed structures such as adhesins and secretion systems can be visualised using 
electron microscopy or other microscopical tools. Here, it was investigated whether the 
increase of intracellular Yop proteins and LcrF and the increased secretion rate at non-
secretion conditions (“37°C”) of mutants described in chapter 3.2.1 - 3.2.2 also coincides 
with visible T3SSs on the bacterial surface (Figure 39).  
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Figure 39. Negative stain and Scanning electron microscopy (SEM) of the Drnc, Dpnp, DyopD, DyopDDrnc 
and DpnpDrnc strains compared to the wild-type. 
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O/D cultures of the wild-type (wt) and several mutants (Drnc, Dpnp, DyopD, DyopDDrnc and DpnpDrnc) were 
grown at 37°C under conditions that either induces (“-Ca2+”) or does not induce (“37°C”) T3S (Growth 
conditions as described in chapter 2.2.1.2). Representative sections obtained by (A) negative staining or (B) 
scanning electron microscopy from pooled triplicates. White bars indicate 200 nm. Negative staining and 
electron microscopy were performed by Ina Schleicher and Manfred Rohde. Images courtesy of Manfred 
Rohde. 
 
 
Bacteria were grown under conditions that should either allow (“-Ca2+”) or restrict the 
formation of T3SS (“25°C” and “37°C”) in the wild-type. Negative staining and scanning 
electron microscopy of the wild-type, pIB1- and several single and double mutants visualised 
surface-exposed structures in some of these strains (Figure 39 A and B, Figure 85 - Figure 
91). The wild-type showed the appearance of surface-exposed needle structures of roughly 
between 60 and 200 nm upon growth under secretion conditions. These structures were not 
visible in all strains when they were grown at 25°C (Figure 85 - Figure 90). While the wild-
type as well as the Dpnp strain showed none of these structures when grown under non-
secretion conditions, they were visible under these conditions in the Drnc and DyopD single 
mutants. Additionally, these protrusions could be visualised in DyopDDrnc and DpnpDrnc 
double mutants. As a control, a virulence-plasmid cured strain (pIB1-) was used, which even 
under secretion conditions showed no formation of these protrusions (Figure 91). Whether 
these structures represent assembled T3SSs will have to be confirmed in future studies. The 
length of these surface-exposed structures was determined but showed no significant 
difference between the different strains (Figure 40).  

 
Figure 40. Length determination of surface protrusions identified by negative staining.  
Length of protrusions visualised via negative staining was analysed in ImageJ. Analysis was performed by 
Lino Greune (Institute for Infectiology, Münster, Germany).  
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Taken together, PNPase and RNase III are both be involved in the regulation of T3SS-related 
gene expression and Yop secretion. RNase III seems to play a more significant role as a Drnc 
mutant shows a more severe dysregulation of Yop secretion and synthesis.  
 
3.2.5 The virulence-plasmid copy number is altered in DyopD and Drnc mutants 
 
Expression of the T3SS and T3SS-related genes can be manipulated at different levels 
including the regulation of the virulence-plasmid (pIB1) copy number, which when 
upregulated results in a higher amount of Yop proteins, which was proven to be important 
for virulence (Wang 2016 paper). In order to identify a potential effect of RNase III or 
PNPase on the virulence-plasmid copy number, qPCR was employed.  
 

 
Figure 41. The Drnc and DyopD mutant show changes in virulence-plasmid copy number. 
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O/D cultures of the wild-type and the respective mutants were grown at 37°C under conditions that either 
induces (“-Ca2+”) or does not induce (“37°C”) T3S. An additional culture was grown at 25°C throughout the 
experiment (“25°C”)(Growth conditions as described in chapter 2.2.1.2). Virulence-plasmid (pIB1) copy 
number was determined via qPCR (chapter 2.2.2.9). (A-D) Relative virulence-plasmid copy numbers in the 
Drnc, Dpnp, DyopD and DyopDDrnc mutants (A-D) were calculated compared to the wild-type at 25°C. Data 
are shown as mean values relative to the wild-type at 25°C and with standard deviation. Experiments were 
done in biological triplicates and significant differences were determined using a Student’s t-test. Asterisks 
indicate results, which were significantly different from each other (*P<0.05, ***P<0.001).  
 
 
Results show that neither in the Drnc nor in the Dpnp mutant the pIB1 copy number was 
affected under non-secretion conditions (“37°C”) (Figure 41 A and B). However, the Drnc 
strain showed a higher copy number than the wild-type under secretion conditions while the 
DyopD as well as the DyopDDrnc mutant showed a significant increase in copy number of 
pIB1 under non-secretion conditions but not under secretion conditions (Figure 41 C and D). 
This confirmed previous results by Wang et. al (2016). Other mutants (DlcrF, Drng, DrnhA, 
Drnb, Drph) tested for an increase in copy number under the relevant conditions showed no 
significant difference compared to the wild-type (Figure 82). According to these results, the 
increased expression of Yop genes as well as Yop secretion, especially in Drnc at non-
secretion conditions, can not be explained by an increase in the pIB1 copy number of the 
virulence-plasmid.  
 
 
3.3 Transcriptome analysis (RNAseq) of rnc and pnp mutants 
 
In this work and other studies, RNase III and PNPase were shown to affect virulence-
associated pathways, such as the T3SS (Kusmierek et al., 2019). Therefore, transcriptomic 
profiling via strand-specific RNA sequencing (RNAseq) and differential expression analysis 
(DESeq) was employed in order to analyse global changes in RNA abundance. This will 
help to understand the underlying mechanisms and the global impact on virulence-associated 
pathways in the Drnc and the Dpnp mutant. Initially, the dynamics of T3SS-expression and 
copy number regulation (repA) of the virulence-plasmid were evaluated in order to identify 
timepoints for RNAseq analysis. repA encodes for the protein that is responsible for 
replication of this plasmid (Nordström, 2006). Therefore, the wild-type was grown for 2 h 
at 25°C and RNA as well as protein samples were taken at specific timepoints (15, 30, 60, 
120, 240 min) after the shift to 37°C. Secretion was either induced (“-Ca2+”) or not induced 
(“37°C”) and repA RNA as well as all-Yops and LcrF protein levels were analysed (Figure 
42).  
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Figure 42. Yops, LcrF protein and repA mRNA levels at different timepoints after induction of T3S. 
O/D cultures of the wild-type (wt) were grown at 37°C under conditions that either induce (“-Ca2+”) or don’t 
induce (“37°C”) T3S (Growth conditions as described in chapter 2.2.1.2). The amount of repA mRNA (A) and 
level of Yop proteins (B) as well as LcrF (C) was tested via northern and western blotting in duplicates (A+C) 
or triplicates (B) to determine changes in their amount in response to induction of secretion at the defined 
timepoints. Total RNA was prepared and repA mRNA was visualised using a DIG-labelled DNA probe. In 
parallel whole cell extracts were prepared and LcrF as well as Yop proteins were detected by western blotting. 
PageRuler® Prestained Protein Ladder was used for protein size-determination. H-NS protein (B+C) and 
16S/23S rRNAs (A) were used as respective loading controls. The DlcrF mutant was used as a negative control 
(C).  
 
 
Results showed an increased induction of Yop protein and LcrF synthesis over time during 
growth under secretion conditions (Figure 42 A and B). The maximal induction was seen 
after 4 h (“240 min”). In general, an increase was also observed in response to temperature 
shift alone (Figure 42 B, left panel), however, to a far less extend. A faster response to the 
temperature shift was seen for levels of the repA mRNA, which increased after 15 min 
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(Figure 42 A). Additionally, there were greater amounts of repA mRNA visible under non-
secretion (“37°C”) in contrast to secretion conditions. A second, higher band detected with 
the repA probe was visible after 2 h (“120 min”). 
 
For the RNAseq analysis, a first sample of the culture at 25°C before the temperature shift 
to 37°C (T0) was taken. The immediate transcriptional response 10 min after the shift to 
37°C has already been analysed in a previous work and has revealed only a limited number 
of affected transcripts (Kusmierek, 2018). Based on these results and initial testing (Figure 
42), total RNA samples of the wild-type and both mutants (Drnc and Dpnp) were taken 1 h 
(T1) after the shift to 37°C under secretion (“-Ca2+”) or non-secretion (“37°C”) conditions, 
respectively, in order to gain insights into the early transcriptional changes. Additionally, a 
sample at each condition was taken after 4 h (T2), which was the sampling timepoint used 
in previous results mentioned in chapters above (Chapter 2.2.12).  
 
After RNA isolation and digestion of residual DNA, further sample preparation and 
sequencing was conducted by the in-house sequencing platform GMAK. Mapping statistics 
for the generated libraries showed between ~ 0.19 and ~ 16 million reads uniquely mapped 
to the plasmid and between ~ 12 and ~ 58 million reads uniquely mapped to the 
chromosome, indicating a good coverage to ensure robust analysis. Appropriate quality of 
RNA samples was determined prior to library preparation (Figure 67) and downstream 
processing included several quality and sample-to-sample distance calculations 
(supplementary data S1 on separate storage medium), which determined the reliability of 
sequencing results. For example, analysis via PCA blot and Euclidian sample distances 
showed clustering of the majority of the respective replicates and therefore little variability 
(Figure 43 A and B). The gene expression profiles at different timepoints were clearly 
different for each strain (Figure 43 A). At timepoint T1, samples collected under secretion 
and non-secretion conditions of the same strain showed close proximity to each other while 
samples from different strains were clearly distinct. At timepoint T2 this still holds true for 
the Drnc mutant and was also confirmed using Euclidian sample distances (Figure 43 B). 
However, this was not the case for the wild-type or the Dpnp strain. Induction of secretion 
in these two strains led to distinct clustering of the samples from the replicates at non-
secretion conditions. Interestingly, samples of the wild-type at T2 and under non-secretion 
conditions (“wt T2 37°C”) were clustering together with samples of the Dpnp strain grown 
under secretion conditions (“Dpnp T2 -Ca2+”) (Figure 43 A). One replicate of the wild-type 
and the Drnc mutant at T2 as well as one sample of the Drnc strain at T1 were most likely 
representing outliers, which needs to be assessed by additional experiments.  
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Figure 43. RNAseq quality control. 
O/D cultures of the wild-type (wt) and both mutants (Dpnp and Drnc) were grown at 37°C under conditions 
that either induces (secretion conditions, “-Ca2+”) or does not induce (non-secretion conditions, “37°C”) T3S 
(Growth conditions as described in chapter 2.2.1.2). Strains were cultivated for either 1 h (T1) or 4 h (T2) after 
the shift from 25°C to 37°C. After RNA sample preparation and sequencing, in silico analysis and quality 
control was performed in order to analyse differential expression via DESeq2. The experiment was carried out 
in biological triplicates. (A) Three-dimensional PCA plot showing clustering of different replicates of the 
different samples. (B) Euclidian sample-to-sample distances. III: wt, pnp: Dpnp, rnc: Drnc, T0: sample after 
2 h at 25°C, T1: sample collected 1 h post shift to 37°C, T2: sample collected 4 h post shift to 37°C.  
 
 
3.3.1 Global impact of PNPase and RNase III on gene expression 
 
In order to gain a global overview over changes in the transcriptome of the Drnc and the 
Dpnp strain, the distributions of sequencing reads, which were either mapped uniquely to the 
chromosome or to the virulence-plasmid (pYV), were assessed at each condition and 
timepoint. (Figure 44 A - D, Table 72) (supplementary data S5 on separate storage medium). 
Thereby, increased read coverage indicates increased RNA abundance. As the pYV plasmid 
was better annotated in comparison to pIB1, it was used in this analysis. The RNAseq 
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analysis of the wild-type clearly showed a shift from reads that were almost exclusively 
mapping to the chromosome at T0, to a nearly equal distribution between chromosome and 
plasmid (pYV) when secretion was induced (“-Ca2+”) for 4 h (T2). Although slightly less 
reads were mapped to the chromosome, this shift to a higher transcriptional activity on the 
virulence plasmid (pYV) couldn’t be observed under non-secretion conditions (“37°C”) in 
the wild-type (Figure 44 A and B). At T1 on the other hand, only slightly more reads were 
mapped to the plasmid under secretion in contrast to non-secretion conditions in this strain 
(Figure 44 A and B). In general, the same could be observed for the Dpnp mutant (Figure 44 
A and C). However, the read distribution in the Drnc strain under non-secretion conditions 
almost resembled the situation in the wild-type under secretion conditions at each timepoint 
(Figure 44 A and D). In addition, the number of reads mapping to the plasmid at T1 was 
further increased in the Drnc strain under secretion conditions. At T2, the read distribution 
in this mutant was independent of the calcium concentration in the medium (Figure 44 A 
and D). This was especially striking when considering that the plasmid encodes only 99 
genes, compared to the 4,250 encoded on the chromosome. 
 

 
Figure 44. RNAseq read distribution on the chromosome and the virulence-plasmid pYV.  
O/D cultures of the wild-type (wt) and both mutants (Dpnp and Drnc) were grown at 37°C under conditions 
that either induce (“-Ca2+”) or don’t induce (“37°C”) T3S (Growth conditions as described in chapter 2.2.1.2). 
RNAseq reads which mapped uniquely to the chromosome (chr.) and the virulence-plasmid (pYV) were used 
to determine read distributions for the wild type (wt), the Drnc and the Dpnp strains under each condition. (A) 
Combined graph showing results for wt, Dpnp and Drnc. (B-D) Graphs showing uniquely mapped read 
distribution for single strains. T0: sample after 2 h at 25°C, T1: sample collected 1 h after shift from 25°C to 
37°C, T2: sample collected 4 h after shift to 37°C (Growth conditions as described in chapter 2.2.1.2).  
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In order to get an idea which global pathways might be affected in the analysed strains, genes 
up- or downregulated (log2-fold change (log2FC) ≥ +/- 2, p-value ≤ 0.05) in the different 
DESeq comparisons were summarised in groups based on their association with certain 
pathway categories found in the KEGG Orthology data base (supplementary data S4 on 
separate storage medium). Genes found in the category “Human diseases” were summed up 
under the term “Virulence”. Genes that could be assigned to multiple categories were 
counted several times. As there were the most striking differences in the read distributions 
when secretion was uninduced, this analysis was conducted for samples collected under this 
condition at timepoint T1 and T2 (Figure 45, Table 77 - Table 82).    
 

 
 
Figure 45. Influence of RNase III and PNPase on global pathways.  
Differentially-expressed genes between wild-type (wt) and the Dpnp and Drnc strains with a log2FC cut-off of 
-2/+2 and a p-value of ≤0.05 were used for the analysis of global biological pathways. Data was assessed at 
timepoints T1 (1 h) or T2 (4 h) after the shift from 25°C to 37°C under non-secretion conditions (“37°C”) 
(Growth conditions as described in chapter 2.2.1.2) and the comparisons (A) wt vs. Drnc, (B) wt vs. Dpnp and 
(C) Dpnp vs. Drnc were used. Categories used for this analysis were established according to the KEGG 
database. The pie-chart diagram shows all differentially-expressed genes whereas the two bars on the right-
hand side shows a segmentation into up and down regulated genes.  
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Results show that while the total number of differentially-expressed genes increased from 
226 (T1) to 295 (T2) over time between the wild-type (wt) and the Drnc strain, it dropped 
from 180 to 72 in the Dpnp mutant. In general, more genes were up- than downregulated in 
all comparisons, which indicates a negative effect of RNases on most transcripts under these 
conditions. Results showed that in general many of those genes differentially-expressed 
could be categorised as “hypothetical proteins” or “others”. At T1, most genes 
downregulated in the two RNase deletion mutants compared to the wild-type belonged to 
the categories of “hypothetical proteins” and “genetic information processing”. The 
comparison between the Dpnp and the Drnc mutant also showed striking differences between 
these strains. Upregulated genes at T2 for each comparison seemed to fall into the same 
categories and showed the same distribution as at T1. Down-regulated genes, however, were 
more evenly distributed among the different categories at T2 in comparison to T1. Notably, 
in contrast to the Dpnp mutant (1 - 2 %), 8 - 10 % of genes affected in the Drnc strain 
compared to the wild-type are associated with virulence.  
 
Genes associated with the categories used in this analysis included proteins involved in e.g. 
amino acid, nucleotide or lipid metabolism (“Metabolism”), sRNAs, RNases, ribosomal 
genes or transcription factors (“Genetic information processing”), transporters and two-
component systems (“Environmental information processing”) and toxin-antitoxin systems, 
motility or quorum sensing (“Cellular processes”). In order to better classify the differences 
between these three strains, genes were further grouped into functional protein families such 
as transporters, secretion systems, RNA degradation, two component systems, motility or 
sRNAs if possible (Figure 70, Figure 71, Table 83 - Table 88). Results at T1 showed that in 
the Drnc as well as the Dpnp mutant, a similar proportion of those genes, which were 
significantly affected, belonged to the same protein families. However, slight deviations 
could be seen for genes belonging to the category of transporters, secretion systems and 
putative transposase/phage-related proteins that were even more pronounced at T2. Proteins 
associated with secretion systems represented one of the most affected categories in the Drnc 
mutant, while transporter- and putative transposase/phage-related genes were among the 
most represented in the Dpnp strain. It also became apparent that many sRNA genes were 
differentially regulated in the comparison between both mutants and the wild-type, which 
will be addressed further in the upcoming sections (Figure 70, Figure 71).  
 
 
3.3.2 RNase III and PNPase deletions affect genes under different conditions 
 
In order to further elucidate the transcriptomic differences obtained by differential 
expression analysis (DESeq) (Love et al., 2014) between the wild-type and both mutants 
(supplementary data S1 and S2 on separate storage medium), the affected genes were 
assigned to either of three categories. Depending on where the gene is located in the genome, 
they were either assigned to the chromosome, the plasmid or were declared as sRNA. In 
Y. pseudotuberculosis 162 sRNAs are known or predicted (Nuss et al., 2015) and were 
included in the analysis as many were shown to play an important role in gene regulation 
(Koo et al., 2011). If not stated otherwise, only genes with a log2FC ≥ +2/- 2 (p-value ≤ 0.05) 
were considered. Initially, transcriptomic differences between non-secretion and secretion 
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conditions (“37°C vs. -Ca2+”) in the different strain backgrounds were investigated to further 
analyse reprogramming of gene expression upon secretion-induction (Figure 46).  
 

 
 

Figure 46. Quantitative analysis of differentially-expressed genes upon secretion induction.  
Differentially expressed genes at 37°C between non-secretion (“37°C”) and secretion conditions (“-Ca2+”) in 
the wild-type (wt), the Drnc and the Dpnp strain (Growth conditions as described in chapter 2.2.1.2). Genes 
included in the analysis showed a log2FC of at least -2/+2 and an expression significantly differing from each 
other in the compared strains (p-value ≤0.05). (A) Bar plot showing the absolute number of differentially-
expressed genes compared between 37°C and -Ca2+ conditions for each strain at timepoint T1 and T2. (B) Table 
showing the number of differentially-regulated genes in different comparisons. Genes were categorised as 
sRNAs (“sRNAs”), chromosomal-encoded (“Chromosome”) or virulence-plasmid-encoded (“Plasmid”). 
Timepoints and conditions are indicated as T1 or T2 and 37°C or -Ca2+ respectively (Figure 43). T1: sample 
collected 1 h post shift to 37°C, T2: sample collected 4 h post shift to 37°C.   
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The differentially-regulated genes in response to secretion-induction at T1 seemed to be 
mainly restricted to some genes on the virulence-plasmid and sRNAs, which therefore 
represent the rather early adaptation process. Affected genes shifted to a significant number 
of chromosomally-encoded genes being upregulated in the wild-type in response to 
secretion-induction at T2. Notably, significantly fewer genes were affected in Drnc and Dpnp 
deletion mutants at this timepoint. Of those, most chromosomally-encoded genes were 
downregulated. In all strains, genes of the virulence-plasmid were almost exclusively 
upregulated in response to calcium depletion. However, there were no plasmid-encoded 
genes upregulated in response to the low-calcium signal in the Drnc strain. In general, results 
indicate that the transcriptomic difference between secretion and non-secretion conditions 
in both mutants was not as pronounced as in the wild-type. In order to investigate whether 
moderate differences in the Drnc and the Dpnp mutant resulted from premature induction of 
secretion-induced genes at non-secretion conditions or a lack of induction upon calcium 
depletion, further analyses were performed.  
 
First, strains were compared pairwise at the respective timepoints under either non-secretion 
or secretion conditions (Figure 47 A, B and C). Generally, chromosomally-encoded genes 
represent the majority of differentially-regulated genes and loss of either RNase had a great 
impact on gene expression (Figure 47 B).  
 
The timepoint T0 was used as reference. Results show that while loss of PNPase at T0 had 
an impact on a significant number of protein- and sRNA-encoding genes (171), the influence 
of RNase III was rather moderate (33). Especially striking was the downregulation of almost 
all sRNA genes that were differentially regulated in the Dpnp strain at this timepoint. 
However, when cultures of the wild-type and the Dpnp mutant were shifted to 37°C, less 
genes were differentially affected (Figure 47 C, left panel). Especially under non-secretion 
conditions, the number of affected genes compared to the wild-type was continuously 
declining over time (T1: 150, T2: 59). Under secretion-inducing conditions at T2, the Dpnp 
strain even showed downregulation of most genes compared to the wild-type, which 
indicates a positive effect of PNPase on those genes (Figure 47 C, left panel). On the 
contrary, the loss of RNase III lead to an increase of affected genes under non-secretion 
conditions (37°C - T1: 194, T2: 252), which was especially striking when compared to the 
differential gene regulation at T0 (Figure 47 C, right panel). However, during growth at 
secretion conditions at T2, the difference to the wild-type was lower (-Ca2+ - T1: 193, T2: 
144). During elevated temperatures many sRNA genes showed higher expression in Drnc 
and most of the remaining genes were up- instead of downregulated, which indicates a 
negative effect on those genes (Figure 47 C, right panel). Additionally, comparison between 
these mutants (Dpnp vs. Drnc) also showed high transcriptomic differences (Figure 47 A, B 
and C). Together, this indicated a restricted overlap of RNase III and PNPase-mediated 
transcriptomic changes and an importance of these RNases at different conditions.  
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Figure 47. Quantitative analysis of differentially-expressed genes in the wild-type and the Dpnp and Drnc 
strains.   
Differentially expressed genes between the wild-type (wt), the Drnc and the Dpnp strain at 37°C under either 
non-secretion (“37°C”) or secretion conditions (“-Ca2+”) (Growth conditions as described in chapter 2.2.1.2). 
Genes included in the analysis showed a log2FC of at least -2/+2 and an expression significantly differing from 
each other in the compared strains (p-value ≤0.05). (A) Bar plot showing the absolute number of differentially-
expressed genes compared between two strains at the given conditions. Genes were categorised as sRNAs 
(“sRNAs”), chromosomally-encoded (“Chromosome”) or virulence-plasmid-encoded (“Plasmid”). (B) Table 
showing the number of differentially-regulated genes in different comparisons. Timepoints and conditions are 
indicated as T0, T1 or T2 and 37°C (non-secretion) or -Ca2+ (secretion) respectively (Figure 43). (C) Bar plots 
showing the absolute number of differentially-expressed genes for each mutant (Drnc and Dpnp). T0: sample 
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after 2 h at 25°C before the shift to 37°C, T1: sample collected 1 h post shift to 37°C, T2: sample collected 4 h 
post shift to 37°C.  
 
 
Therefore, the impact of these two RNases at different temperatures and timepoints was 
analysed in more detail. Initially, in order to analyse the gene expression before the shift to 
37°C, genes differentially-regulated at T0 (“25°C”) were examined more closely (Figure 48, 
Table 90, Table 91).  
 

 
 

Figure 48. PNPase has a strong impact on gene expression at moderate temperatures (T0).  
Differentially expressed genes between the wild-type (wt), the Drnc and the Dpnp strain at T0 (25°C) (Growth 
conditions as described in chapter 2.2.12). (A) Venn diagram showing total number of differentially-regulated 
genes at T0 and 25°C between the wild-type (wt) and deletion mutants (Dpnp, Drnc). (B) Genes differentially-
regulated in the Drnc and the Dpnp strain. (C) Significantly affected sRNA genes in Drnc and Dpnp mutants. 
Only genes with a log2FC-change of at least -2/+2 and a p-value of ≤ 0.05 were considered (Table 90, Table 
91). Venn diagram was prepared using the online tool Venny 2.1. Arrows either indicate upregulation (green) 
or downregulation (red). 
 
 
Of the affected genes at T0 (Table 90, Table 91) only five were differentially-regulated in 
both RNase mutants (Figure 48 A and B). Among those, four were encoded on the 
chromosome and one on the virulence-plasmid. The chromosomally-encoded genes include 
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yjdC, a transcriptional regulator putatively involved in copper tolerance, dgt, which is 
involved in thymine utilisation, and the ribosomal protein L23 encoding gene rplW 
(Colclough et al., 2019; Itsko and Schaaper, 2011; Kramer et al., 2002). In addition to rplW, 
27 other genes involved in ribosome biogenesis were downregulated in the Dpnp strain. This 
also applied to genes involved in other translation-related features e.g. synthesis of 
pseudouridine (ymfC/rluE), methyltransferase (trmD), elongation factor (fusA) and tRNAs 
(tRNA-Leu) (Table 90). Additionally, genes such as rovM, rovC, flhD and fliA, which are 
known to be involved in virulence-associated traits that are preferentially expressed under 
moderate temperatures, were affected (Figure 49). Among the sRNA genes that were 
extensively downregulated Dpnp were the ones encoding for the sRNAs CsrC, HmsB, RnpB 
(catalytic subunit of RNaseP) and tmRNA/SsrA (Figure 48 C, Table 89). However, also four 
genes on the virulence-plasmid were upregulated (e.g. lcrG and lcrR) in the Dpnp mutant. 
However, while PNPase exerts its effect mostly on chromosomally protein encoding genes 
and sRNAs, several genes encoded on the virulence-plasmid were affected in the Drnc strain. 
This included T3S-associated genes such as yscA, yscW and lcrV (Figure 49) and the sRNA 
Ysr298 (virG/yscW) (Figure 48). The expression of the lcrF gene, which is encoded in an 
operon together with yscW, was also slightly upregulated, however, the result was not 
significant (log2FC: 1.14, p-value: 0.069) (data not shown, supplementary data on separate 
storage medium). Other plasmid-encoded virulence relevant genes such as yopD, yopK, 
yopP and yscL were regulated with a log2FC between 1 and 2 (data not shown, 
supplementary data on separate storage medium). In addition, transcript abundance of 
chromosomally-encoded genes such as ymoA and rovC was increased in the Drnc mutant 
(Figure 49). dinB, the gene encoding for DNA polymerase VI, was also significantly 
downregulated in this strain (Table 91). Interestingly, loss of PNPase also led to a striking 
upregulation of RraA, which is a regulator of RNase E in E. coli (Gorna et al., 2010; Lee et 
al., 2003) (Figure 72 B). These results indicate that PNPase might be important for gene 
regulation at moderate temperatures while RNase III has only moderate effects under these 
conditions. However, of those genes, which are affected by RNase III are genes on the 
virulence plasmid. 
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Figure 49. Selected virulence-related genes differentially-regulated between wild-type and the Drnc and 
Dpnp mutants at T0. 
Heatmap of virulence-associated genes at T0 and 25°C (Growth conditions as described in chapter 2.2.12) 
between wild-type (wt) and deletion mutants (Dpnp and Drnc). Log2FC values from DESeq analysis were used 
(Table 90, Table 91). Colours indicate the respective log2FC for each gene. T0: sample after 2 h at 25°C before 
the shift to 37°C. 
 
 
Next, the early response to calcium-depletion (LCR) (T1 37°C vs. -Ca2+) was investigated 
(Figure 50 A and B). Among the 14 genes upregulated in the wild-type were virulence-
plasmid-encoded genes such as lcrV, yopD, the regulator tyeA and other Yop-encoding 
genes. Also sRNAs binding antisense to the respective features were upregulated (e.g. 
Ysr293 – lcrV/lcrG, Ysr292 - lcrH, sycD/lcrV) (Figure 50 B) (Nuss et al., 2015). While all 
nine affected genes in the Dpnp mutant were either overlapping with the wild-type or the 
Drnc strain, more than half of the 23 differentially-regulated genes in the Drnc mutant could 

T0 2
5°

C w
t/Δ
pn
p

T0 2
5°

C w
t/Δ
rnc

YPK_3372 (csrA)

Ysr179_BE_sR003 (csrB)

Ysr186_BE_sR026_YA (csrC)

YPK_0464 (csrD, yhdA)

YPK_1876 (rovA)

YPK_1559 (rovM)

YPK_3799 (hfq)

YPK_0248 (crp)

YPK_3214 (ymoA)

YPK_2074 (hns)

YPK_2429 (inv)

YPK_3567 (rovC)

YPK_1745 (flhD)

YPK_2380 (fliA)

pYV0075 (virG, yscW)

pYV0076 (lcrF)

pYV0057 (lcrV)

pYV0077 (yscA)

pYV0088 (yscL)

pYV0082 (yscF)

pYV0058 (lcrG)

pYV0059 (lcrR)

pYV0064 (tyeA)

pYV0054 (yopD)

pYV0040 (yopK, yopQ)

pYV0098 (yopP, yopJ)

pYV0094 (yopH)

pYV0025 (yopE)

YPK_2615 (cnfy) -2

0

2



Results 
 

 103 

be assigned exclusively to this strain. Out of the total 32 genes, five were upregulated in 
response to calcium depletion independently of the introduced mutations. These were two 
sRNAs (Ysr292 and Ysr293) and three plasmid-encoded genes (pYV0026, pYV0046, 
pYV0093). Genes for ribosomal proteins (rpsO, rpmE, rplU, rpsU) were highly affected 
during the LCR in Drnc, as well as the sRNAs Ysr291 (encoded antisense to yopD) and 
Ysr285-Ysr287 (encoded antisense to ypkA) (Nuss et al., 2015).  
 

 
Figure 50. Genes affected 1 h (T1) after secretion-induction (37°C vs. -Ca2+). 
Differentially expressed genes at 37°C between non-secretion (“37°C”) and secretion conditions (“-Ca2+”) in 
the wild-type (wt), the Drnc and the Dpnp strain at T1 (Growth conditions as described in chapter 2.2.1.2 and 
2.2.12). (A) Venn diagram showing genes that are significantly (p-value ≤ 0.05) differentially-regulated in 
response to calcium depletion (“37°C vs. -Ca2+”) with a log2FC of at least +2/- 2 and (B) the 32 genes used for 
generation of Venn diagram. T1: sample collected 1 h post shift to 37°C. 
 
 
Previous results in this study indicated that genes, which are differentially regulated in 
response to secretion-induction in the wild-type, might be already induced under non-
secretion conditions in the Drnc mutant. Therefore, heatmaps with secretion-induced genes 
in the wild-type (“wt 37°C vs. wt -Ca2+”), that are either counted as plasmid-encoded or 
sRNAs, were generated for T1 and T2 and compared to different pairwise comparisons of 
the Drnc and Dpnp mutants (Figure 51 A and B). As changes in gene expression were rather 
moderate at T1 (Figure 46 A), genes affected in the comparison “wt 37°C vs. wt -Ca2+” with 
a log2FC ranging from ≥ -2/+2 to -1/+1 were also included. 
 

Gene affected in

pYV0050 △rnc

Ysr287 △rnc

Ysr286 △rnc

YPK_3727 rpsO △rnc

YPK_4098 rpmE △rnc

YPK_3757 rplU △rnc

YPK_0636 rpsU △rnc

pYV0093 wt, △pnp, △rnc

pYV0046 wt, △pnp, △rnc

pYV0026 wt, △pnp, △rnc

Ysr293 wt, △pnp, △rnc

Ysr292 wt, △pnp, △rnc

pYV0051 △pnp, △rnc 

pYV0052 △pnp, △rnc 

pYV0043 △pnp, △rnc 

pYV0064 tyeA wt, △pnp 

Gene affected in

pYV0040 yopK, 
yopQ wt 

pYV0056 lcrH,
sycD wt

pYV0054 yopD wt

pYV0098 yopP,
yopJ wt

pYV0057 lcrV wt

pYV0094 yopH wt

YPK_0781 wt

Ysr245_NU wt

pYV0041 yopT △rnc

pYV0092 △rnc

pYV0095 △rnc

Ysr285 △rnc

Ysr291 △rnc

pYV0033 △rnc

pYV0044 △rnc

pYV0053 △rnc

△rnc 37°C vs. -Ca2+

wt 37°C vs. -Ca2+

△pnp 37°C vs. -Ca2+

A B

8
25 %

15
46.9 %

0
0 %

3
9.4 %

1
3.1 %

5
15.6
%

0
0 %

T1

Total 32 genes



Results 
 

 104 

 
 
Figure 51. Virulence-plasmid(pYV)- and sRNA genes, which are significantly affected upon secretion-
induction (-Ca2+).  
Plasmid-encoded and sRNA genes showing a significant (p-value ≤ 0.05) log2 fold change (log2FC) based on 
DESeq analysis upon secretion-induction (“37°C vs. -Ca2+”) (Growth conditions as described in chapter 
2.2.1.2) in the wild-type (wt) were compared in other pairwise comparisons with the Drnc and Dpnp mutants. 
Either a log2FC of +/- 1 (T1, A) or +/-2 (T2, B) was used as cut-off. Colours indicate the respective log2FC 
for each gene. Heatmap for T1 was generated with 41 genes and for T2 with 81 genes. T1: sample collected 
1 h post shift to 37°C, T2: sample collected 4 h post shift to 37°C.  
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At T1 (Figure 51 A) it was noticeable that most of the 41 genes (cut-off log2FC -1/+1) 
showed a reduction or no difference in gene expression in the Dpnp strain, compared to the 
wild-type (wt 37°C vs. Dpnp 37°C and wt -Ca2+ vs. Dpnp -Ca2+). Notably, sRNAs were 
downregulated under non-secretion as well as secretion conditions, and plasmid-encoded 
genes mostly under secretion conditions. In contrast, when comparing the wild-type to the 
Drnc strain under either secretion (wt -Ca2+ vs. Drnc -Ca2+) or non-secretion 
(wt 37°C vs. Drnc 37°C) conditions, many genes were upregulated. This was especially 
noticeable for genes such as yopK, lcrH, yopP, yscW, yscL, as well as for the sRNA Ysr299, 
which is encoded antisense to a gene (pYV0078) downstream of the region encoding for 
yscW/lcrF/yscA (Nuss et al., 2015). At T2, secretion-induction led to a significant 
upregulation of 81 plasmid-encoded and sRNA genes in the wild-type. It became apparent 
that these LCR-dependent transcriptomic changes highly resembled gene expression pattern 
of the Drnc mutant under non-secretion conditions (wt 37°C vs. Drnc 37°C) (Figure 51 B). 
The transcriptomic differences that could be observed upon secretion-induction in the wild-
type (wt 37°C vs. wt -Ca2+) and the Dpnp strain (Dpnp 37°C vs. Dpnp -Ca2+) were also 
minor in the Drnc variant (Drnc 37°C vs. Drnc -Ca2+). Similar to timepoint T1, many genes 
were downregulated in the Dpnp mutant under secretion conditions in contrast to the wild-
type (wt -Ca2+ vs. Dpnp -Ca2+) while there was a more heterogeneous pattern for the Drnc 
mutant (wt -Ca2+ vs. Drnc -Ca2+). Therefore, consistent with previous results, the Drnc 
mutant showed an upregulation of genes under non-secretion conditions that were induced 
under secretion conditions in the wild-type. 
 
As already the transcriptomic changes for selected genes (plasmid-encoded, sRNAs) in 
response to secretion-induction in the wild-type strongly resembled the transcriptomic 
response to the loss of RNase III at non-secretion conditions (Figure 51), global changes in 
gene expression were determined and compared (Figure 52). Of all significantly affected 
protein- and sRNA-encoding genes with a log2FC of at least -2/+2 at T1, only nine were 
upregulated in response to secretion induction in the wild-type (grey circle) and also to the 
loss of RNase III (red circle) (37°C vs. -Ca2+ (wt): 14 and 37°C , wt vs. Drnc (37°C): 194 
genes) (Figure 52 A). Among those were genes for the T3SS effector protein YopP (yopP), 
structural proteins of the T3SS (lcrV) but also T3SS regulators (tyeA, yopK and yopD with 
its chaperone lcrH) (Figure 52 C). In contrast to that, the comparison of the Dpnp mutant 
with the wild-type under non-secretion conditions (wt vs. Dpnp 37°C, 150 genes) showed 
only one gene overlapping with secretion induced genes in the wild-type. At T2 more genes 
were overall affected after calcium depletion in the wild-type (wt 37°C vs. -Ca2+, 211 genes) 
and under non-secretion conditions (“37°C”) in the Drnc mutant (wt vs. Drnc 37°C, 252 
genes) (Figure 69, Table 76). Interestingly, almost half of genes regulated by calcium 
depletion in the wild-type were also regulated in response to the loss of RNase III (104 
genes). Of those, most genes (45.2%) could be assigned to the virulence-plasmid (Figure 52 
D). Therefore, this confirms that many of those genes, which are differentially regulated 
during secretion-induction in the wild-type, overlapped with the transcriptomic changes in 
the Drnc mutant. However, a significant number of genes is specific to the loss of RNase III. 
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Figure 52. Differentially-regulated genes in RNase mutants and calcium depletion-induced 
transcriptomic responses in the wild-type.  
Venn diagram showing the number of differentially-regulated genes in the wild-type (wt) in response to 
calcium depletion and therefore secretion-inducing conditions (grey, wt 37°C vs. -Ca2+) with overlaps 
indicating genes in the two deletion mutants (Dpnp (blue), Drnc (red)) that are already upregulated under non-
secretion conditions (wt vs. Drnc 37°C and wt vs. Dpnp 37°C) at T1 (A) and T2 (B). Only genes with a log2FC-
change of at least -2/2 and a p-value of ≤ 0.05 were chosen. Venn diagram was prepared using the online tool 
Venny 2.1. (C) Genes differentially-regulated in “wt 37°C vs. -Ca2+” and “wt vs. Drnc 37°C” at T1. (D) Genes 
differentially-regulated in “wt 37°C vs. -Ca2+” and “wt vs. Drnc 37°C” at T2 in %. T1: sample collected 1 h 
post shift to 37°C, T2: sample collected 4 h post shift to 37°C (Growth conditions as described in chapter 
2.2.1.2) 
 
 
Based on the prior analyses, it was hypothesised that secretion relevant genes in the Drnc 
mutant are either induced faster or are already induced prior to the shift to 37°C. Therefore, 
significantly upregulated plasmid-encoded genes in the wild-type in response to secretion 
(“-Ca2+”) at T2, when vast remodulation of the transcriptome is occurring (Figure 43, Figure 
46), were compared with transcriptomic changes in the Drnc strain at T1 under non-secretion 
conditions (“37°C”) and at T0 (Figure 53). Results show that roughly half of virulence 
plasmid-encoded genes (27 of 59) upregulated in response to calcium depletion at T2 in the 
wild-type are already altered at T1 in the the Drnc strain. Additionally, six genes were 
already differentially-regulated at T0 in this mutant (Figure 53 A). Only one gene 
(pYV0082, yscF) was solely upregulated in the Drnc mutant at 37°C while yscA (pYV0077) 
was differentially-expressed independently of the temperature (Figure 53 B).  
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Figure 53. Early induction of virulence plasmid-encoded genes in the Drnc mutant.  
(A) Venn diagram showing the number of differentially-regulated genes in the wild-type (wt) in response to 
calcium depletion at T2 (grey) with overlaps indicating genes in the RNase III mutant (Drnc) that are already 
upregulated under non-secretion conditions at T1 (T1 wt vs. Drnc 37°C, red) and at T0 (T0 wt vs. Drnc 25°C, 
pink). Only genes with a log2FC-change of at least -2/+2 and a p-value of ≤ 0.05 were chosen. Venn diagram 
was prepared using the online tool Venny 2.1. (B) Genes overlapping in the different comparisons used for 
panel (A). T0: sample after 2 h at 25°C before the shift to 37°C, T1: sample collected 1 h post shift to 37°C, 
T2: sample collected 4 h post shift to 37°C. (Growth conditions as described in chapter 2.2.1.2 and 2.2.12) 
 
 
Therefore, changes occurring in the Drnc strain under non-secretion (“37°C”) and 
environmental (“25°C”) conditions with an emphasis on known regulators and virulence 
genes were further evaluated (Figure 54). In general, most T3SS-related genes in the Drnc 
mutant (wt 37°C vs. Drnc 37°C) were affected to the same magnitude as in response to 
calcium depletion (wt 37°C vs. wt -Ca2+). Especially, this was observed for Yop effector 
proteins (yopT, yopP/J, yopM, yopH) and the translocator proteins (yopD and yopB). Gene 
expression of ypkA/yopO and yopE was only moderately affected in the wild-type after 
secretion-induction and yopE showed no altered expression in the Drnc strain compared to 
the wild-type. Loss of RNase III under non-secretion conditions in some cases led to an even 
higher expression than in response to calcium depletion (e.g. yscL, yscA, lcrV, yscV). 
Noticeably, the genes for the regulator ymoA and yscA showed low changes in expression in 
response to calcium depletion in the wild-type. They were, however, highly affected in the 
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Drnc mutant. While, in the case of ymoA, lcrV, yscA, yscL and yscV, these differences 
between the wild-type and the Drnc mutant remained high after secretion-induction 
(wt -Ca2+ vs. Drnc -Ca2+), others were negligible (e.g. yopH, lcrF, yopB, yopD, yopN-tyeA, 
yopk). These results showed that there were no differences in expression of the latter genes 
under calcium depletion in the Drnc strain compared to the wild-type. An especially high 
early upregulation in the Drnc mutant was seen for yscA, yscL, yopK, virG/yscW and ymoA 
(logFC ≥ 3 at T1). While effector proteins and other T3SS-proteins were highly induced 
upon calcium depletion in the wild-type, many structural genes of the basal body, export 
apparatus and sorting platform were only moderately or largely un-affected in response to 
calcium depletion or RNase III deletion. In addition to proteins of the T3SS, adhesins and 
proteins important for gene regulation and the infection process, were affected. Here, results 
indicate that CsrB, psaA, ailA and cnfY are downregulated while yadA is upregulated in the 
Drnc mutant.  
 
Additionally, as RNases are known to be cross-regulated, the impact of RNase III and 
PNPase on the expression of other RNases compared to the wild-type at either secretion or 
non-secretion conditions was investigated (Figure 72 A, B) (Takata et al., 1987; Zilhão et 
al., 1996). While the loss of RNase III had a moderate impact on the expression of other 
RNases in general, it led to a significant upregulation of pnp transcript levels under non-
secretion conditions at T1 and T2 (p-value ≤ 0.05). Impact on other RNase genes could be 
mostly neglected due to low expression or a non-significant p-value (≥ 0.05). Solely 
expression of genes encoding for RNase D, RNase E and RNase T appeared to be 
moderately differentiating after 4 h at 37°C (T2) between the wild-type and the Drnc mutant 
(Figure 72 A). In the Dpnp strain, especially the regulator of RNase E, RraA, was 
differentially regulated in comparison to the wild-type (Figure 72 B).  
   
Over all, RNase III showed upregulation of many genes under non-secretion conditions that 
are usually affected only after a secretion signal is provided. These results also confirm 
observations of the Drnc strain in previous chapters. Additionally, results indicated that 
PNPase might have a greater impact on gene regulation at 25°C (T0) than later timepoints 
at elevated temperatures, and the opposite is true for RNase III. In the Dpnp mutant, the 
downregulation of sRNAs was especially striking. The potential impact of PNPase on genes 
expressed at low temperatures will be further addressed in the following chapters.   
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Figure 54. Selected virulence-associated genes and their regulation in the Drnc mutant. 

wt 37°C -Ca2+ wt 37°C -Ca2+
37°C wt wt 37°C wt wt

-Ca2+ �rnc �rnc -Ca2+ �rnc �rnc

csrA YPK_3372 0.846 0.160 1.046 0.172 -0.932

csrB Ysr179_BE_sR003 0.814 0.039 -0.316 -1.830 -2.625

csrC Ysr186_BE_sR026_YA 0.934 0.014 -0.252 -0.949 -0.429

ymoA YPK_3214 3.909 3.484 0.697 6.011 5.627

yadA pYV0013 1.231 1.611 1.157 1.759 2.197 0.372

psaA YPK_2759 1.170 1.788 -0.924 -1.438 -1.389

cnfY YPK_2615 0.601 0.046 -0.566 -1.936 -1.784 -0.659

ailA YPK_1268 0.966 -1.588 -2.606 -1.544 -2.100 -1.711

virG, yscW pYV0075 1.561 3.214 2.293 3.144 4.475 1.983

lcrF, virF pYV0076 0.903 2.879 2.060 2.807 3.011 0.623

yscA pYV0077 0.856 7.115 5.764 1.588 7.341 6.038

yscM, lcrQ pYV0089 1.287 1.548 0.804 2.844 2.033 -0.579

lcrR pYV0059 0.813 0.129 1.516 1.167 -0.199

yscJ, ylpB pYV0086 0.995 0.939 1.153 2.261 2.140 0.014

yscD pYV0080 0.321 1.106 1.193 0.773 1.229 0.261

yscC pYV0079 0.197 0.706 0.328 0.250 0.909 1.100

lcrD, yscV pYV0060 1.150 1.837 1.239 1.899 4.131 2.887

yscR pYV0071 -0.348 0.332 0.307 0.004 0.263 0.771

yscS pYV0072 1.089 0.892 1.066 1.369 0.988

yscT pYV0073 0.621 0.943 1.413 1.063 -0.132

yscU pYV0074 0.488 0.750 0.494 1.591 2.073 1.251

yscL pYV0088 1.239 5.204 4.331 4.510 7.763 3.383

sctN/yscN pYV0067 1.853 1.952 0.825 2.056 1.757 0.350

yscO pYV0068 1.044 0.517 2.775 2.365 -0.129

yscK pYV0087 -0.178 0.186 -0.483 -0.214 -0.931 -0.197

yscQ pYV0070 -0.638 -0.835 -1.395 -0.441 -0.302 -0.228

yscH, yopR pYV0084 1.677 0.618 0.765 1.630 0.787

yscF pYV0082 2.102 0.969 1.232 2.230 1.241

yscI, lcrO pYV0085 1.199 1.169 0.473 1.213 0.918 -0.241

yscP pYV0069 -0.437 0.061 -0.350 -0.099 -0.116 0.057

yscX pYV0062 -0.336 -0.587 -0.848 -0.893 -1.387

lcrV pYV0057 2.264 4.205 2.476 4.566 5.679 1.704

yopD pYV0054 2.697 2.819 1.668 5.544 5.104 -0.382

yopB pYV0055 1.625 1.895 1.641 4.259 4.070 -0.343

yopN, lcrE pYV0065 1.740 1.437 0.174 2.377 2.183 -0.170

tyeA pYV0064 2.651 2.128 0.463 2.935 2.979 0.661

yopP, yopJ pYV0098 2.408 3.175 2.199 5.809 5.641 1.147

yopH pYV0094 2.118 1.972 1.067 4.587 4.639 0.337

yopM pYV0047 1.182 2.441 2.063 5.000 5.084 1.049

yopT pYV0041 1.472 3.409 4.443 5.285 1.592

ypkA/yopO pYV0001 0.483 0.855 0.813 1.647 1.206 0.073

yopE pYV0025 -0.284 -0.225 -0.575 1.391 0.392 -0.615

yopK, yopQ pYV0040 3.301 4.449 2.526 7.530 7.220 0.966

yscG pYV0083 2.187 0.630 2.486 2.588 -0.231 chaperone YscF
yscE pYV0081 0.863 -0.266 -1.004 -0.953 0.118 chaperone YscF
lcrG pYV0058 0.917 1.407 4.472 3.324 -0.204 chaperone LcrV
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basal body
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Heatmap showing the log2FC for expression of selected genes in the wild-type (wt) or the Drnc strain at 37°C 
under non-secretion (“37°C”) or secretion conditions (“-Ca2+”) (Growth conditions as described in chapter 
2.2.1.2). Coloured numbers indicate the respective log2FC for each gene. T3SS proteins of the outer and inner 
membrane (purple), the export apparatus (dark orange), the ATPase complex (YscNKL) and the cytoplasmic 
ring (YscQ) (blue), the needle (YscF) and inner rod (YscI) (green), the LcrV-tip (orange), the pore complex 
(red) and effectors (dark red) are highlighted. 
 
 
 

 3.4 Impact of rnc and pnp deletion mutants on virulence traits of the 
early infection 
 
 
3.4.1 RNase III and PNPase affect Yersinia adhesins 
 
Although the life style of Yersinia is thought to be mainly extracellularly, 
Y. pseudotuberculosis and Y. entercolitica have shown to invade cells in tissue culture. The 
ability to adhere to and invade different tissues is essential during infection establishment 
and niche recognition. This is generally mediated by the major adhesins invasin, YadA and 
Ail (Mikula 2013, Bovallius and Nilsson 1975, Pepe and Miller 1993, Dersch and Isberg 
1999, Swanson and Baer 1995, Marra and Isberg 1997, Mohammadi and Isberg 1999, Yang 
1996) and the RNAseq analysis in this study revealed a possible impact of RNase III and 
PNPase on the adhesins (Figure 49, Figure 54).  
 
Protein levels of the major Yersinia adhesins were determined and revealed that while 
RNase III has a strong impact on the level of YadA (Figure 55 A), there was neither a 
significant impact on Ail (Figure 55 B) nor on Invasin (InvA) (Figure 55 C). However, 
despite the missing significance when statistical tests were applied, there was a slight 
decrease in the amount of Ail protein. YadA is known to be positively regulated by LcrF 
(Skurnik and Toivanen, 1992) and was strongly upregulated at non-secretion (“37°C”) but 
also secretion conditions (“-Ca2+”) in the Drnc mutant compared to the wild-type. 
Additionally, YadA levels were also upregulated in the Dpnp mutant at non-secretion 
conditions. An induction of YadA levels upon the secretion signal, however, was visible for 
both, the Dpnp as well as the Drnc mutant (Figure 55 A).  
 
Invasin (InvA) is known to be upregulated in stationary phase at 25°C and is controlled by 
the Csr-system via RovM and RovA (Badger and Miller, 1998; Heroven et al., 2008, 2012a; 
Heroven and Dersch, 2006a; Nagel et al., 2001; Pepe et al., 1994). Invasin protein levels in 
the Dpnp strain were significantly reduced when compared to either the wild-type or the 
Drnc mutant (Figure 55 C). In agreement with these findings, protein levels of RovM, which 
is a negative regulator of invasin, showed the opposite trend in the Dpnp strain (Figure 6, 
Figure 49, Figure 55 C). While RovM and Invasin were generally less abundant at 37°C 
during exponential phase (non-secretion conditions) compared to 25°C during stationary 
phase, PNPase mediated regulation of these proteins was still visible (Figure 55 C).  
 
 



Results 
 

 111 

 
 

Figure 55. Adhesins are affected in the Drnc and Dpnp mutant.  
(A+B) For Ail and YadA western blots, O/D cultures of the wild-type (wt) and both mutants (Drnc and Dpnp) 
were grown at 37°C under conditions that either induces (“-Ca2+”) or does not induce (“37°C”) T3S (Growth 
conditions as described in chapter 2.2.1.2). (C) Samples for InvA and RovM detection were taken from cultures 
grown O/N at 25°C (stationary phase, “stat.”) or 37°C at non-secretion conditions (exponential phase, “exp.”). 
H-NS protein (B) or unspecific bands (A+C) were used as loading controls. The DyadA, DinvA and Dail mutants 
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were used as a negative control. Protein levels were quantified using ImageJ. Proteins were quantified using 
ImageJ and calculated relative to the wt. The data are shown as mean values and with standard deviation. 
Experiments were carried out in biological triplicates. Significant differences were determined using Student’s 
t-test. Asterisks indicate results, which were significantly different from each other (*P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001, ns = not significant). 
 
 
3.4.2 Invasin and the Csr-system are regulated by PNPase 
 
Invasion into host cells is essential for Yersinia in order to establish an infection and was 
shown to be dependent on invasin (InvA) (Marra and Isberg, 1997). As there was a strong 
downregulation of InvA protein levels and simultaneous upregulation of RovM protein in 
the Dpnp strain that could also be complemented in trans when PNPase (pnp) was expressed 
from a plasmid under its own promoter (Figure 56 A), this phenotype was further 
investigated. Therefore, the ability of this mutant to invade HEp-2 cells was analysed (Figure 
56 B and C).  

 
Figure 56. The invasion rate into HEp-2 is affected by PNPase.  
(A) Representative western blot showing InvA as well as RovM levels in different strains, which were grown 
to stationary phase O/N at 25°C. An unspecific band was used as loading control. The experiment was carried 
out in biological triplicates. (B+C) HEp-2 cells were infected with wild-type (wt) and the Dpnp or DinvA strains. 
Adhesion (B) as well as invasion (C) rates were determined (As described in chapter 2.2.13.2). Experiment 
was carried out in biological quintuplicates. Results were calculated in Graphpad Prism 8 and are displayed as 
mean with standard deviation (SD). Significant differences were determined using Student’s t-test. Asterisks 
indicate results, which were significantly different from the wild-type (wt) (**P<0.01, ****P<0.0001). 
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Invasion was completely abolished in an invasin (InvA) deletion strain (DinvA). Adhesion 
was not significantly affected in the PNPase nor the invasin mutant but showed an overall 
lower adhesion rate compared to the wild-type (Figure 56 B). Therefore, results indicate that 
the Dpnp strain not only showed lower InvA protein levels but also that this leads to a 
decreased ability to invade human-derived target host cells (Figure 56 C).  
 
Together with other factors, the Csr-system is involved in the regulation of invasin via RovM 
(Figure 56 A, Figure 57 A). Therefore, a possible impact of PNPase on this regulatory circuit 
including CsrA, CsrC and CsrB was investigated (Figure 57). Possible effects of PNPase or 
RNase III on Crp and Hfq, which are known to affect CsrC and CsrB respectively, were also 
studied in this context  (Böhme, 2010; Heroven et al., 2012b).   

 
Figure 57. Effect of RNase III and PNPase on regulatory elements of the early infection phase. 
Bacterial cultures were grown at 25°C O/N. (A) Schematic regulation of the Csr-system. (B+C) Representative 
western and northern blots showing levels of regulatory proteins and sRNAs important during the early 
infection phase. (B) Western blot showing CsrA, Crp and Hfq protein levels. The DcsrA, Dcrp and Dhfq mutants 
were used as a negative and H-NS protein as a loading control. (C) Northern blot showing CsrC and CsrB 
levels in several deletion mutants compared to the wt. 16S and 23S rRNA were used as loading controls and 
normalised to the wt. RNAs were quantified using ImageJ. The data are shown as mean values and with 
standard deviation. Experiments were performed in biological triplicates. Significant differences were 
determined using Student’s t-test. Asterisks indicate results significantly different from the wild-type (wt) 
(*P<0.05, ***P<0.001, ****P<0.0001). 
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Results show that while there was no effect in the Dpnp mutant on CsrA protein levels 
(Figure 57 B), loss of PNPase led to significantly lower CsrC levels (Figure 57 C, right 
panel). A significant upregulation of CsrC expression was seen in the Drnc strain under these 
conditions (Figure 57 C, right panel). The impact of all mutations on CsrB was shown to be 
moderate and solely significant in a Crp mutant (Dcrp) (Figure 57 C, left panel). However, 
somewhat lower amounts of CsrB could be seen in the Dpnp strain. A second band, that was 
running below the predicted size of CsrB, became visible in this mutant, which might 
represent a processing product of CsrB. Again, as for CsrC, there was a slight upregulation 
of CsrB in the Drnc strain.  
 
The amount of CsrC was not only less in the Dpnp strain but also significantly less in the 
Dcrp and the Dhfq mutant (Figure 57 C, right panell). As PNPase had no effect on Crp and 
Hfq protein levels (Figure 57 B, lower panel), the Dcrp and the Dhfq strain were 
complemented with the pnp gene on an external plasmid in order to rule out the possibility 
that PNPase is acting down- and not upstream of Crp and Hfq. Invasin levels were monitored 
in the different strain backgrounds (Figure 58). However, while it was shown that expression 
of the pnp gene in trans could complement the phenotype of the Dpnp strain, this was not 
the case for the Dcrp and the Dhfq mutant. 
 

 
Figure 58. The effect of Crp and Hfq on invasin can’t be complemented by the gene for PNPase.  
Representative western blot showing InvA levels in the Dhfq, Dcrp and Dpnp mutants, which were grown to 
stationary phase O/N at 25°C. The plasmid pAKH85 (“pV”) was used as empty vector and plasmid pIVO21 
(“ppnp+”) was used for complementation. RNA polymerase (RNAP) was used as loading control. The DinvA 
mutant was used as negative control. The experiment was carried out in biological duplicates. Results were 
calculated in Graphpad Prism 8 and are displayed as mean with standard deviation (SD). Significant differences 
were determined using Student’s t-test. Asterisks indicate results, which were significantly different from the 
wild-type (wt pV) (*P<0.05, **P<0.01, ***P<0.001). 
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YopD is also known to positively regulate CsrC at elevated temperatures (Kusmierek et al., 
2019). As YopD was seen to be already present at 25°C (Figure 34), the effect of this 
regulator on CsrC and CsrB was investigated (Figure 59). 
 

 
 

Figure 59. The effect of PNPase on CsrC and CsrB levels can be complemented in trans. 
Northern blot showing CsrC and CsrB levels in the wild-type (wt), the Dpnp and DyopD strains and the 
DyopDDpnp double mutant. Bacteria were either transformed with an empty vector pV (pRS15 or pAKH85) 
or with a complementation plasmid for either yopD (pRS16, pyopD+) or pnp (pIVO21, ppnp+). 16S and 23S 
rRNA were used as loading controls. Experiments were conducted in biological duplicates (CsrB) or in 
triplicate (CsrC) and cultures were grown to stationary phase O/N at 25°C. 
 
 
While the impact of PNPase on these two sRNAs could be reversed by complementation in 
trans (ppnp+), there was no effect of YopD on CsrC or CsrB levels. Complementation of a 
mutant deficient in YopD and PNPase (DyopDDpnp) with the pnp gene but not the yopD 
gene showed sRNAs levels similar to the wild-type. Interestingly, the double mutant 
exhibited reduced levels of CsrC as well as CsrB when yopD was introduced in trans 
(pyopD+) compared to the empty vector (pRS15). This indicates that YopD is not involved 
in the regulation of CsrB and CsrC under the tested conditions.   
 
In order to further show whether this effect of PNPase occurs at the transcriptional or post-
transcriptional level, b-galactosidase (lacZ) assays with transcriptional csrC-lacZ (Figure 
60 B) or csrB-lacZ (Figure 60 A) fusions were employed in the wild-type and and several 
mutants (Dpnp, DrovC, DrovCDpnp). In previous studies an impact of RovC on CsrC was 
shown (Seekircher, 2014). Therefore, the DrovC mutant and the DrovCDpnp double mutant 
were included in these experiments.  
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Figure 60. PNPase affects transcription of CsrB and CsrC.  
Bacteria were cultivated O/N at 25°C (stationary phase). Transcriptional fusions of (A) CsrB (pAKH101, csrB-
lacZ) and (B) CsrC (pAKH125, csrC-lacZ) were tested in the wild-type (wt), the Dpnp and the DrovC mutant 
and the DpnpDrovC double mutant in a b-galactosidase (lacZ) assay (As described in chapter 2.2.10). The 
empty vector pHT124 (pV) was used as a control. Northern blots (right panel) show CsrB and CsrC sRNA 
levels. 16S and 23S rRNA were used as loading controls. Significant differences were determined using 
Student’s t-test and experiments were carried out in biological triplicates. Mean and standard deviation were 
calculated using Graphpad Prism 8. Asterisks indicate results, which were significantly different from the wild-
type (wt) (**P<0.01, ***P<0.001, ****P<0.0001).  
 
 
Results show that the loss of PNPase led to an increase of csrB-lacZ (pAKH101) and csrC-
lacZ (pAKH125) expression. As seen in previous results in this study, loss of PNPase led to 
a decrease in CsrC levels and the appearance of a second band for CsrB in a northern blot 
(Figure 59, Figure 57 C). Expression of csrB-lacZ and csrC lacZ as well as CsrB and CsrC 
RNA levels in the DrovC strain were similar to the wild-type and in the DrovCDpnp double 
mutant similar to the Dpnp strain (Figure 60). Therefore, the impact of PNPase on CsrC 
doesn’t occur via RovC. It is possible that PNPase has either a direct or indirect effect via 
an unidentified factor on CsrB/C stability, which has to be tested further. 
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3.4.3 PNPase is regulating expression of the T6SS-4 cluster 
 
Among others, the T6SS is used by several Gram-negative bacteria to defend themselves 
against other bacteria (Jani and Cotter, 2010; Ringel et al., 2017). The T6SS-4 is one of four 
T6SS clusters in Y. pseudotuberculosis and is expressed under similar conditions as invasin 
(InvA) (Heroven and Dersch, 2006a) and was shown to be positively regulated by RovM 
(Knittel, 2019; Song et al., 2015). As RovM is affected by PNPase (Figure 55, Figure 56) 
the question was asked whether PNPase could also influence the second crucial regulator of 
the T6SS-4, RovC. In order to address this, the amount of RovC protein as well as rovC 
mRNA levels were analysed in Dpnp and strains lacking known regulators of RovC (Knittel, 
2019, 2015; Seekircher, 2014) (Figure 61 A).  

 

 
 

Figure 61. mRNA levels of rovC and hcp are affected by PNPase and can be complemented in trans. 
Bacterial cultures of the wild-type and several mutants (Drnc, DrovC, Dcrp, DcsrA, DyopD, Dpnp and 
DyopDDpnp) were grown at 25°C O/N to stationary phase. (A) Western and northern blots showing RovC 
protein and rovC mRNA in several deletion mutants. The DrovC mutant was used as a negative control while 
H-NS protein and 16S/23S rRNA served as loading controls. (B) Northern blot showing hcp mRNA levels in 
several deletion mutants compared to the wild-type (wt). Both experiments were carried out in biological 
triplicates. (C) Northern blot showing the effect of several mutations on rovC mRNA levels. Bacteria were 
either transformed with an empty vector pV (pRS15 or pAKH85) or with a complementation plasmid for either 
yopD (pRS16, pyopD+) or pnp (pIVO21, ppnp+). 16S and 23S rRNA served as loading controls and experiment 
was carried out in duplicates.  
 
 
Results showed that while there was a striking induction of RovC protein as well as rovC 
mRNA levels in the Dpnp strain in contrast to the wild-type, this was not the case for the 
Drnc mutant. Additionally, loss of either CsrA (DcsrA) or Crp (Dcrp) also led to similarly 
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elevated levels, which was confirming previous studies (Knittel, 2019, 2015; Seekircher, 
2014). In agreement with these findings, the abundance of hcp mRNA, which encodes a 
component of the T6SS-4 that is often used to measure T6S, were upregulated in the Dpnp 
as well as the DcsrA strain (Figure 61 B) (Knittel, 2019; Mougous et al., 2007; Pukatzki et 
al., 2006). The upregulation of rovC RNA in the Dpnp mutant at 25°C was also observed in 
the previous RNAseq experiment in this study (Table 71, Figure 49). Additionally, results 
from a previous RNAseq analysis suggested a possible impact of YopD on rovC mRNA 
levels (data not shown) (Kusmierek, 2018). While no influence on rovC mRNA was 
observed through the deletion of the yopD gene alone, the impact of PNPase on rovC 
expression could be complemented in trans (Figure 61 C).  
 
In order to test whether the effect of PNPase on RovC is indirect (via e.g. CsrA) or direct, 
stability assays of rovC mRNA were conducted in the wild-type and the Dpnp strain (Figure 
62 B and C). As expression of rovC in the wild-type was previously shown to be negligible 
under the used growth conditions, the plasmid pVK25 was used to overexpress rovC 
(provC+) (Figure 62 A).   
 

 
 

Figure 62. Stability of rovC mRNA is affected by PNPase.  
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RovC was overexpressed from the plasmid pVK25 (provC+) in the wild-type and the Dpnp mutant. rovC 
expression was induced in an O/D culture (growth conditions described in chapter 2.2.1.2) after 2 h at 25°C by 
the addition of 20% arabinose (à 0.1%). Samples were collected from bacterial cultures grown for a total of 
6 h at 25°C. Whole cell extracts were prepared, a stability assay was performed (As described in chapter 
2.2.7.6) and total RNA isolated from samples, which were collected at fixed timepoints.  (A) The representative 
western blot is showing RovC protein levels. The DrovC strain was used as a negative control and H-NS protein 
was detected as loading control. (B) Representative northern blot showing rovC mRNA levels. 16S/23S rRNAs 
served as loading controls. (C) Northern blots of stability assays were quantified using the ImageJ software. 
Relative rovC concentration is plotted against the timepoints were samples were taken. Significant differences 
were determined using Student’s t-test and calculated in Graphpad Prism 8. Asterisks indicate results 
significantly different from the wild-type (wt) (**P<0.01). Shown are representative images of biological 
triplicates.  
 
 
Western blots to detect RovC protein (Figure 62 A) showed that rovC was successfully 
expressed in trans in the wild-type and that protein levels are comparable between both 
analysed strains. Although stability assays (Figure 62 B and C) showed no significant 
increase in the stability of rovC mRNA in the Dpnp mutant (Figure 62 C, dark blue) in 
contrast to the wild-type (Figure 62 C, black) when taking the whole course of the time-
curve into consideration, it was found that the stability of rovC mRNA was increased in 
absence of PNPase. This was especially apparent when statistical significance was 
determined for single timepoints. At 2.5 min and 5 min, this analysis showed significantly 
different levels of rovC mRNA between the two strains (Figure 62 C).  
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4 Discussion 
 
Owing to the life style of pathogenic bacteria, they are confronted with changing 
environments inside as well as outside the host. These obstacles require fast adaptation of 
the bacterial metabolism and the precise expression of virulence factors to ensure an 
effective colonisation. In Yersinia pseudotuberculosis, the early (colonisation) and the 
ongoing (host-defense) infection phase can be distinguished. Different sets of virulence 
factors ensure the survival of the bacteria during each infection phase. They are controlled 
by sophisticated regulatory networks, which include for example the Csr-system and LcrF 
(de Rouvroit et al., 1992; Kusmierek and Dersch, 2018; Skurnik and Toivanen, 1992). LcrF 
is the regulator of the type III secretion system (T3SS), an essential virulence factor that 
allows bacteria to inject effector proteins (Yops) into host cells and therefore defend 
themselves against a mounting host immune response (Böhme et al., 2012; Schwiesow et 
al., 2016; Yother et al., 1986). The Csr-system, which includes the protein CsrA as well as 
the regulatory RNAs CsrB and CsrC, is a global regulator with pleiotropic effects in the 
bacterial cell (Heroven et al., 2012a; Kusmierek, 2018; Potts et al., 2017; Vakulskas et al., 
2015). While invasin and the type VI secretion system (T6SS) are important during the early 
colonisation phase and in the environment, the T3SS and the adhesin YadA are crucial 
during the ongoing infection phase in order to evade the immune system.  
 
Ribonucleases (RNases) are essential in bacteria in order to rapidly turnover RNA and adapt 
gene expression to changing conditions and environmental cues. These enzymes are not only 
responsible for global RNA turnover, but also allow the targeted redirection of gene 
expression via specific degradation or even stabilisation of mRNAs and regulatory RNAs. 
Not surprisingly, these enzymes play a crucial role in post-transcriptional gene regulation in 
many bacteria (Bechhofer and Deutscher, 2019; Lawal et al., 2011). Notably, RNases such 
as PNPase and RNase E in Y. pseudotuberculosis and YbeY in Y. enterocolitica were found 
to affect both, the global virulence regulator LcrF and the T3SS (Kusmierek, 2018; 
Kusmierek et al., 2019; Leskinen et al., 2015; Rosenzweig et al., 2005; Steinmann, 2013; 
Yang et al., 2008).  
 
Therefore, the present study investigated the potential role of different RNases in the 
regulation of crucial virulence-associated traits of Y. pseudotuberculosis. It was shown that 
RNase III is involved in the regulation of the T3SS and YadA. PNPase also affects these 
virulence factors, however, to a lesser extend. On the other hand, virulence factors of the 
early colonisation phase (invasin and the type VI secretion system (T6SS)) were especially 
regulated by PNPase.  
 
4.1 Deletions of different RNase genes and their impact on virulence-
relevant phenotypes 
 
In Escherichia coli, more than 21 RNases were previously identified (Deutscher, 2015b; 
Mackie, 2013). However, different Gram-negative as well as Gram-positive bacteria can 
possess a completely different set of RNases that exhibit diverse functions in the bacterial 



Discussion 
 

 122 

cell (Bechhofer and Deutscher, 2019; Vercruysse et al., 2014). For example, instead of 
RNase E, which is present in Gram-negative bacteria, Gram-positives employ RNases such 
as RNase Y and RNase J1/J2 (Bechhofer and Deutscher, 2019). Most information on the 
structure and function of these RNases stemmes from studies in E. coli and Bacillus subtilis 
respectively. However, in other bacteria such as Streptococcus sp., knowledge about these 
enzymes constantly increases and unraveled the complex regulation of RNA metabolism in 
different bacteria (Bechhofer and Deutscher, 2019; Broglia et al., 2020; Lécrivain et al., 
2018). RNases often exhibit global and pleiotropic effects depending on the localization in 
the bacterial cell, environmental signals and the association with other helper proteins, which 
can together form multiprotein complexes such as the degradosome. The degradosome is 
made up from the major components RNase E, PNPase, RhlB and enolase in E. coli, which 
together allow the local unfolding and efficient, controlled breakdown of RNAs (R. Chen et 
al., 2016; Chen et al., 2015; DeLoughery et al., 2018; Lawal et al., 2011; Matos et al., 2017; 
Vercruysse et al., 2014). Studies on several components of the RNA degradosome in 
Yersinia (RNase E, PNPase, RhlB) revealed an impact on important features such as type III 
secretion (T3S) and cold growth (Henry et al., 2012; Kusmierek, 2018; Kusmierek et al., 
2019; Rosenzweig et al., 2007, 2005).  
 
Therefore, in this study several RNases were chosen as candidates and tested for an impact 
on virulence relevant traits such as growth at different temperatures, motility and especially 
T3S. RNase candidates were selected based on current knowledge in other bacteria 
(Bechhofer and Deutscher, 2019; Lawal et al., 2011) and RNAseq data from Nuss et al. and 
Kusmierek et al. (Kusmierek, 2018; Nuss et al., 2015). While it was possible to delete most 
of these RNase genes, generation of mutants deficient of YbeY or RNase P were 
unsuccessful (data not shown). The highly conserved RNase YbeY was initially identified 
to be involved in rRNA maturation and quality control of ribosomes (Davies et al., 2010; 
Davies and Walker, 2008; Jacob et al., 2013). In Y. pseudotuberculosis, ybeY could be part 
of the repertoire of essential genes as it was also postulated to be part of the minimal bacterial 
genome and was found to be essential in other bacteria such as Vibrio cholerae (Akerley et 
al., 2002; Gil et al., 2004; Kobayashi et al., 2003; Vercruysse et al., 2014). Despite growth 
defects and increased sensitivity to various stresses, ybeY was successfully deleted in 
Sinorhizobium meliloti, E. coli and Y. enterocolitica (Davies et al., 2010; Davies and 
Walker, 2008; Leskinen et al., 2015; Rasouly et al., 2009). Although they are belonging to 
the same genus, Y. pseudotuberculosis and Y. enterocolitica can exhibit substantial 
differences in gene expression and difference in the presence of certain genomic elements. 
Even strains within the same species of Y. entercolitica can show striking differences 
(McNally et al., 2016; Schmühl et al., 2019; Uliczka et al., 2011b). Therefore, deletion of 
genes not essential in Y. entercolitica could still be detrimental in Y. pseudotuberculosis. 
 
Growth experiments in this study revealed that PNPase and RNase III in particular affect 
growth at different temperatures (Figure 24 A and C). While growth defects of RNase 
mutants were generally rather moderate at 25°C, several mutants showed impaired growth 
at 37°C and 4°C. A mutant defective for the helicase RhlB showed a growth defect solely at 
37°C (Figure 24 A and C, Figure 77, Figure 78), which coincided with reduced cell viability 
(Figure 24 B). In agreement with these results, precipitation of protein in the supernatant of 
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a DrhlB mutant at 37°C showed a smear on an SDS-gel, which indicates lysis (Figure 27 D). 
Similarly, it was reported that the deletion of the binding region for RhlB in the C-terminal 
part of RNase E led to reduced growth at 37°C in E. coli (Leroy et al., 2002). Besides the 
Dpnp and DrhlB strains, the Drnc mutant exhibited the most striking effect at 37°C (Figure 
24, Figure 77, Figure 78). In agreement with these findings, deletion of the rnc and pnp 
genes in Salmonella was previously shown to result in impaired growth at 37°C (Viegas et 
al., 2007). Especially for the Drnc strain, growth was not only impaired in liquid medium 
but also on LB plates (Figure 24 A and C) where this mutant forms smaller colonies than the 
wild-type (data not shown). As RNase III was found to be important for rRNA processing, 
the growth defects of this mutant might also stem from inefficient processing of these RNAs. 
In a RNase III knockout strain processing is then realised by alternative RNases, however, 
not as efficient (Court et al., 2013; Gegenheimer and Apirion, 1981; King et al., 1986, 1984). 
However, in RNase III mutants of Staphylococcus aureus, Streptococcus pyogenes or 
Corynebacterium glutamicum no growth defect was detected at elevated temperatures in rich 
media (Le Rhun et al., 2017; Liu et al., 2011; Maeda et al., 2016). In E. coli, RNase III and 
RNase E are also involved in the regulation of metabolic enzymes and can have an impact 
on growth capabilities in minimal medium (Gordon et al., 2017). Together with results in 
this study, these reports indicate that the growth defect of the RNase III-deficient mutant 
might depend on the used growth conditions and media and that RNase III is strongly linked 
to metabolism. Additionally, while other Yersinia mutants show a growth defect solely at 
certain temperatures, the Dpnp and especially the Drnc strain seemed to exhibit a general 
growth defect at all temperatures in this study (Figure 24, Figure 77, Figure 78).  
 
A role for PNPase and the helicase DbpA during adaptation to cold temperatures was 
previously reported for Y. pseudotuberculosis, Y. enterocolitica and E. coli and was 
confirmed in this study (Goverde et al., 1998; Henry et al., 2012; Jiang et al., 2019; Keto-
Timonen et al., 2016; Phadtare, 2012). In E. coli, the 3´-5´exoribonucleases PNPase and 
RNase R are necessary for bacteria to resume growth after cold-shock and are induced at 
low temperatures. While PNPase participates in the degradation of mRNA of small cold 
shock proteins (Csp), which are initially needed for adaptation to low temperatures, RNase R 
is involved in the maturation of the SsrA/tmRNA, which is involved in RNA degradation 
and rescue of ribosomes (Cairrão et al., 2003; Hong et al., 2005; Keto-Timonen et al., 2016; 
Mathy et al., 2001; Neuhaus et al., 2003; Yamanaka and Inouye, 2001). Interestingly, in the 
Dpnp mutant SsrA/tmRNA was 4-fold downregulated (log2FC: -2.21, p-value: 5x10-7) at 
25°C (Table 90), indicating a role of also PNPase in quality control and RNA metabolism at 
moderate temperatures. In agreement with these results, it was reported that bacteria lacking 
a functional SsrA/tmRNA exhibit slower growth, especially under stress conditions (Gillet 
and Felden, 2001), and that tmRNA was also downregulated in E. coli when PNPase was 
deleted (Dressaire et al., 2018). PNPase regulates mRNA levels of the other major 
exoribonucleases RNase II and RNase R in E. coli (Cairrão et al., 2003; Zilhão et al., 1996). 
Interestingly, although RNase II but not RNase R is able to complement PNPase effects 
during cold growth, loss of RNase II alone does not result in a severe cold-sensitive 
phenotype in E. coli (Awano et al., 2008), which was also found for Y. pseudotuberculosis 
in this study (Figure 78). Further studies will have to investigate the interplay of these 
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exoribonucleases in Y. pseudotuberculosis to further elucidate their role in cold growth and 
their interplay under different growth conditions. As it was already reported that the 
degradosome associates with another DEAD-box helicase, RhlE, in response to cold 
temperatures in Caulobacter crescentus (Aguirre et al., 2017), a possible association 
between PNPase and DbpA should be examined. Growth effects in liquid medium were 
complemented for the Dpnp as well as the Drnc strain and the PNPase-dependent defect in 
cold growth could be reversed by expression of pnp from a plasmid in trans (data not shown, 
Vollmer et al. unpublished, unpublished data from T. Moesser). 
 
In addition to growth at different temperatures, other stresses and challenges are also 
overcome with the help of RNases (Bechhofer and Deutscher, 2019; Luttinger et al., 1996; 
Pobre and Arraiano, 2015; Wu et al., 2009). Acid tolerance is needed by bacteria in order to 
survive low pH not only in the gastric juice and in endosomes in phagocytic cells, but also 
in the acidic environment of certain food (Cotter and Hill, 2003). Growth of Y. entercolitica 
was found to require a pH of at least 4.5 and RNase E was found to contribute to resistance 
against acidic stress in E. coli (Brackett, 1986; Kanda et al., 2020; Keto-Timonen et al., 
2018). In this study, growth after 6 h at 25°C was similarly impaired for all strains at a pH 
of 5 and 2.5. However, cells were only able to recover O/N at a neutral pH when they were 
previously grown at a pH of 5 or above (Figure 25). Therefore, in accordance with previous 
studies, growth at very low pH was detrimental for Y. pseudotuberculosis (Brackett, 1986). 
Under the tested conditions none of the tested RNases played a significant role or conferred 
an advantage in acid tolerance in response to growth in media of different pH (Figure 25).  
 
Motility was described to be important in the life cycle and virulence of several bacteria 
(Guttenplan and Kearns, 2013; Josenhans and Suerbaum, 2002). The swimming-abitily is 
dependent on the transcriptional hetero-oligomeric regulator FlhDC (Erhardt and Dersch, 
2015) and Yersinia becomes non-motile at high temperatures (37°C)(Badger and Miller, 
1998). However, motility was shown to play a role during invasion of intestinal cells in the 
very early phases of infection (Young et al., 2000, 1999). In this study, the Drnc and the 
Drnd mutant showed reduced spreading in a motility assay (Figure 26, Figure 80, Figure 81). 
As the Drnc mutant exhibits only a small growth defect at 25°C it is likely that the effect of 
the Drnc mutant on motility is not a result from decreased growth (Figure 24 C). 
Interestingly, electron microscopy of the Drnc mutant in comparison to the wild-type 
suggests the absence of flagella in the RNase III-deficient strain (data not shown, Figure 86). 
Therefore, a possible impact of RNase III on FlhDC and other components of the flagellar 
apparatus should be tested. On the other hand, PNPase as well as RNase II and RNase R 
were already reported to be important for motility in E. coli (Pobre and Arraiano, 2015) and 
overexpression of RovM was shown to positively regulate motility in Y. pseudotuberculosis 
(Heroven and Dersch, 2006a; Zhao et al., 2017). Despite these results and the observed 
upregulation of RovM protein levels in the Dpnp mutant in this study (Figure 55, Figure 56), 
no significant difference in swimming ability to the wild-type was observed (Figure 26, 
Figure 80, Figure 81). This could potentially be due to a downregulation of flhD expression 
in the Dpnp mutant, which was detected in the RNAseq analysis at 25°C in the early 
exponential phase (Table 90). Motility and biofilm formation are phenotypes that are 
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inversely regulated (Guttenplan and Kearns, 2013). The sRNA HmsB, which induces 
biofilm formation in Y. pestis (Fang et al., 2014; Liu et al., 2016; Yan et al., 2013) was 
significantly downregulated in the Dpnp strain (Table 90). In accordance with these results, 
an PNPase mutant did not form biofilms in E. coli (Pobre and Arraiano, 2015). These results 
indicate that PNPase is involved in the switch between motility and a sessile lifestyle in 
bacteria.   
 
4.2  RNase III is a negative regulator of the T3SS 
 
Generally, enteric Yersinia use different virulence factors during the two phases of infection 
(early and ongoing) that allow the bacteria to invade and survive in the underlying tissue of 
the Peyer’s patches. The type III secretion system (T3SS) is especially important during the 
ongoing infection phase and is used by many bacteria in order to inject effector proteins 
(Yops) into the cytosol of the host, which counteract host defense mechanisms (Büttner, 
2012; Cornelis, 2002). Activation of the T3SS is strictly regulated by the AraC-like regulator 
LcrF and different environmental signals such as host cell contact or elevated temperatures 
(R. S. Dewoody et al., 2013; Rohde et al., 1999; Steinmann and Dersch, 2013; Yother et al., 
1986). As RNase E and PNPase were previously reported to contribute to the LcrF-mediated 
regulation of this nanomachine (Figure 13) (Hoßmann, 2017; Kusmierek, 2018; Kusmierek 
et al., 2019; Steinmann, 2013), the impact of other RNases on T3S behaviour was tested. As 
results for the Drnc as well as the Dpnp mutant in this (Figure 27) and earlier studies 
(Kusmierek et al., 2019; Rosenzweig et al., 2007, 2005) point towards altered secretion 
behaviour and synthesis of LcrF, this study especially focused on the impact of the 
exoribonuclease PNPase (pnp) and the double-strand specific endoribonuclease RNase III 
(rnc) on the T3SS. Results obtained in this work support the hypothesis that both are 
involved in the regulation of the T3SS, however, to different extends.  
 
First, type III secretion (T3S) into the supernatant of bacterial cultures was investigated in 
the different strain backgrounds. Secretion of Yop effector proteins can be visualised by 
precipitation and is usually only detectable in the wild-type when secretion is induced by 
calcium depletion (“-Ca2+”, secretion-conditions) (Figure 27) (Forsberg et al., 1987; 
Kupferberg and Higuchi, 1958; Kusmierek, 2018; Michiels et al., 1990; Straley et al., 1993). 
However, the Drnc mutant showed clear protein bands in the supernatant at non-secretion 
conditions when calcium was not depleted (“37°C”) (Figure 27 D, Figure 28 B). These 
protein bands corresponded to the known sizes for Yop proteins (Cornelis et al., 1998; 
Francis et al., 2001) (Figure 27, Figure 28, Table 94). This premature secretion was further 
confirmed for YopE in a Nitrocefin secretion assay, as a YopE´-´b-lactamase (TEM) fusion 
was highly secreted under non-secretion conditions in the Drnc mutant (Figure 30), which 
was not a result of decreased cell viability and therefore involuntary release of proteins 
(Figure 24 B, Figure 28 F, Figure 30 B and C).  
 
Although the wild-type showed no secretion of effector proteins at non-secretion conditions  
(Figure 27, Figure 28), a low amount of these Yop proteins (YopH, YopD and YopE) was 
already detectable intracellularly (Figure 29). Synthesis of these Yop proteins was further 
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induced under secretion conditions (Figure 29) as previously described (Bölin et al., 1985; 
Francis et al., 2001, 2000). It was shown in this study, that the Drnc strain not only displayed 
increased Yop secretion, but also exhibits elevated, intracellular levels of Yop proteins 
(YopD and YopH) at non-secretion conditions (“37°C”) compared to the wild-type (Figure 
29 B). However, YopE was often not detectable in the Drnc mutant and was the only Yop 
protein whose mRNA was not upregulated in this strain (37°C - wt vs. Drnc) (Figure 29 B, 
Figure 30 D, Figure 54). As the secretion rate was increased at secretion as well as non-
secretion conditions in the Drnc mutant (Figure 28 B, Figure 30 B), this could explain 
depletion of YopE protein from the bacterial cell. In accordance with these results, different 
T3S-dynamics between the wild-type and the Drnc mutant were also detected in the YopE-
Nitrocefin assay. Under secretion conditions (“-Ca2+”) at an early timepoint of the 
experiment (2 h after the shift to 37°C “-Ca2+”), the Drnc mutant secreted more YopE-TEM 
protein than the wild-type (Figure 30 B). However, at the endpoint of the experiment (4 h 
after the shift to 37°C “-Ca2+”) total secretion of YopE-TEM protein was comparable 
between these strains (Figure 30 C), which indicates that the Drnc mutant is able to induce 
T3S solely faster than the wild-type. On the other hand, under non-secretion conditions, the 
difference between these strains was only visible at the endpoint of the experiment (4 h after 
the shift to 37°C, “37°C”). Based on the observed dysregulation of T3S, the striking growth 
arrest of the Drnc strain at elevated temperatures (Figure 24 A) could stem from an induction 
of the T3SS and the low calcium response (LCR) as this vast cellular response to calcium 
depletion was already reported in previous studies to reduce growth capabilities (Brubaker, 
1983; Cornelis et al., 1987; Forsberg et al., 1987; Fowler and Brubaker, 1994; Heesemann 
et al., 1986; Kupferberg and Higuchi, 1958).  
 
Preliminary results from scanning electron microscopy (SEM) and negative staining further 
suggested the presence of built-up T3SSs on the surface of the wild-type solely at secretion 
conditions (“-Ca2+”) (Figure 39), which agreed with observations from Yop secretion assays. 
In support of these observations, none of these protrusions were visible in a plasmid-cured 
strain (DpIB1) (Figure 91), which does not harbour genes encoding for the T3SS. However, 
in strains lacking yopD or rnc, they were also visible under non-secretion conditions 
(“37°C”), which coincided with premature upregulation and secretion of T3SS-associated 
proteins in these mutants (Figure 38, Figure 39, Figure 83, Figure 85 - Figure 91). This 
further indicates that effector proteins are likely secreted in a T3S-dependent manner into 
the supernatant in these mutants (Dohlich et al., 2014). The length of the putative T3SSs in 
this study was determined to be between 100 and 150 nm in all strains, which roughly 
corresponds to the reported size for T3SS in Yersinia entrocolitica (40 nm-100 nm) (Agrain 
et al., 2005; Ho et al., 2017; Journet, 2003), and did not significantly deviate from the wild-
type (Figure 40). However, in order to specifically quantify and identify these structures as 
T3SSs, either T3SS immunogold labelling or other microscopical methods or membrane 
proteomics could be used in addition (Lombardi et al., 2019; Park et al., 2018; Schraidt et 
al., 2010; Soufi and Macek, 2015; Sueki et al., 2019; Zhang et al., 2017). Together, these 
results indicated that RNase III negatively regulates the T3SS at non-secretion conditions in 
order to prevent premature secretion of effector proteins.  
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Next, it was investigated how RNase III could have an impact on T3SS-regulation. It is 
known that Yop proteins and the T3SS are induced by the regulator LcrF, which is encoded 
on a polycistronic transcript together with the gene for the pilotin yscW (Figure 63) (Böhme 
et al., 2012; Steinmann and Dersch, 2013; Yother et al., 1986). As LcrF protein and its 
mRNA were upregulated in the Drnc mutant (Figure 31, Figure 32 B), this provides a 
possible explanation as to why the T3SS is prematurely induced in this mutant. Therefore, 
the regulatory circuits and proteins through which LcrF levels are controlled were analysed 
in order to further elucidate the impact of RNase III. Among those are the copy number of 
the virulence plasmid (pIB1), YopD and the Csr-system (Figure 13, chapter 1.3.2). 
 
Synthesis of LcrF, but also other virulence plasmid-encoded proteins, are increased by an 
upregulation of the virulence plasmid (pIB1) copy number (Wang et al., 2016). This ability 
to increase the plasmid copy number is essential for virulence in Y. pseudotuberculosis and 
is controlled by a basic replicon (CopA, repA) (Nordström, 2006; Wang et al., 2016). YopD 
was reported to downregulate the plasmid copy number at non-secretion conditions 
(“37°C”), which was confirmed in this study (Figure 41 C). In addition, the double-strand 
specific RNase III was previously reported to have an effect on the plasmid copy number of 
several plasmids by degradation of a complex that is formed by the regulatory sRNA CopA 
and its cognitive mRNA repA (Binnie et al., 1999; Blomberg et al., 1990). However, as 
neither the virulence plasmid copy number (Figure 41) nor the expression levels of the genes 
of the basic replicon were found to be differentially regulated at non-secretion conditions in 
Drnc (Figure 74, supplementary data on separate storage medium) other possibilities were 
tested.  
 
The growth and T3SS-related phenotype displayed by the Drnc mutant at non-secretion 
conditions, shows similarities to the previously described “Ca2+-blind” phenotypes of e.g. a 
YopD mutant (Chen and Anderson, 2011; Fowler et al., 2009; Francis et al., 2001; 
Kusmierek, 2018; Kusmierek et al., 2019; Yother and Goguen, 1985). In 
Y. pseudotuberculosis, deletion of YopD led to premature Yop secretion (Figure 83) and 
synthesis of T3SS-related proteins and LcrF at 37°C without secretion-induction (“37°C”) 
(Hoßmann, 2017; Kusmierek, 2018; Kusmierek et al., 2019; Steinmann, 2013). Negative 
regulation of LcrF by YopD is due to PNPase and RNase E, which are positively regulated 
by YopD and downregulate lcrF mRNA levels (Francis et al., 2001; Kusmierek, 2018; 
Kusmierek et al., 2019; Steinmann, 2013). Therefore, a possible connection between YopD- 
and RNase III-mediated negative regulation of T3S was investigated in order to test whether 
these two proteins are functionally linked. First, it was tested whether YopD could have an 
impact on RNase III levels similarly to the effect of YopD on RNase E and PNPase (Figure 
35) (Kusmierek et al., 2019). Indeed, expression of a transcriptional and a translational lacZ-
fusion of rnc, which both harbour the promoter of this gene, was significantly reduced in 
DyopD, which indicates a positive impact of YopD on rnc gene expression (Figure 35, Figure 
36). However, mRNA levels of rnc were not significantly different from the wild-type in a 
northern blot and showed a slight tendency towards an increased expression of rnc (Figure 
37, Table 70), which was also seen in a previous RNAseq analysis (Kusmierek, 2018). 
Additionally, analysis of intracellular protein levels revealed that a DyopDDrnc double 
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mutant has additive effects on LcrF and Yop protein levels. The single mutants also 
exhibited upregulation of these proteins, however, to a lesser extent (Figure 38 A and B). 
Taken together, results indicate that both proteins likely act independent from each other in 
the regulation of the T3SS/Yop genes and that YopD does not control rnc transcript levels. 
 
The protein CsrA, which is part of the Csr-system, is a global regulator and its deletion 
causes pleiotropic, global effects in Yersinia (Baker et al., 2007, 2002; Kusmierek and 
Dersch, 2018; Liu et al., 1995; Ozturk et al., 2017; Potts et al., 2017; Romeo and Babitzke, 
2018; Wang et al., 2005). Among others, CsrA is involved in the regulation of the T3SS 
(Avican et al., 2015; Heroven et al., 2012a; Kusmierek, 2018; Kusmierek et al., 2019). CsrA 
was reported to aid translation of the lcrF transcript by binding to the lcrF 5´-UTR upstream 
region (Figure 63) (Kusmierek, 2018; Kusmierek et al., 2019). Results in this study indicate 
that the deletion of RNase III leads to a only small downregulation of CsrB and CsrC, which 
normally sequester and therefore counteract the activity of CsrA (Liu et al., 1997; 
Weilbacher et al., 2003) (Figure 33). The resulting higher amount of active CsrA might 
therefore explain the slightly increased signal of an yscW-lcrF´- but not the yscW´- reporter 
fusion, which lacks the 5´-upstream region of lcrF (Figure 32). However, as the increased 
signal is only minor, this observation does not fully explain the strong upregulation of LcrF 
protein levels in the Drnc mutant (Figure 31 B). CsrA might therefore play a rather secondary 
role in the RNase III-mediated post-transcriptional control of LcrF. As a transcriptional b-
galactosidase fusion (yscW´-lacZ), which only harbours the promoter of the polycistronic 
yscW-lcrF transcript and the start of the yscW gene, showed the same activity in the wild-
type as in the Drnc mutant (Figure 32 C), a transcriptional effect of RNase III on lcrF 
expression (e.g. via YmoA or RcsB) is unlikely.  
 
Nevertheless, despite the numerous regulators that can control LcrF in different ways (Figure 
13 , Figure 14, Figure 64), the lcrF transcript and LcrF protein are highly abundant in the 
Drnc mutant in comparison to the wild-type (Figure 31). Therefore, RNase III might be 
responsible for downregulation of the lcrF mRNA via e.g. destabilisation of the lcrF 
transcript. Among others, degradation studies (Kusmierek et al., 2019) should be employed 
to further investigate this possibility. RNase III is a double-strand specific endoribonuclease, 
which is known to target intramolecular stem-loops as well as intermolecular RNA-duplexes 
(e.g. sRNA-mRNA) (Court et al., 2013). Its action can interestingly lead to either 
stabilisation or destabilisation of its target-RNA (Calin-Jageman, 2003; Court et al., 2013). 
For example, processing by RNase III not only leads to degradation, but can also be 
necessary for maturation and activation of sRNAs and other transcripts (Bardwell et al., 
1989; Boisset et al., 2007; Deltcheva et al., 2011; Faubladier et al., 1990; Fröhlich et al., 
2016; Huntzinger et al., 2005; Lioliou et al., 2012; Stead et al., 2011; Tomasini et al., 2014; 
Viegas et al., 2011). One example are the mRNAs of hu and cspA in S. aureus. While the hu 
mRNA gets degraded through the concerted action of an sRNA and RNase III, cspA mRNA 
stability and translation increases after a RNase III cleavage event in a stem-loop at the 
transcript 5’ end (Lioliou et al., 2012). Indeed, two features, which might be potential targets 
of RNase III, are present in the upstream region of the lcrF transcript (Figure 63). This 
includes an internal stem-loop, which occludes the Shine-Dalgarno sequence of the lcrF 
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transcript and melts open at 37°C (Böhme et al., 2012), as well as a predicted antisense 
sRNA (Ysr298) (Nuss et al., 2015). 
 

 
 

Figure 63. The yscW-lcrF operon with predicted regulatory elements and binding sites of regulators. 
Schematic overview of the yscW-lcrF operon. Binding sites of regulatory proteins (IscR, RcsB and YmoA), 
the thermoloop in the 5’UTR of lcrF and putative sRNAs on the antisense strand (Ysr298 and Ysr299) are 
shown.  
 
Generally, sRNAs and the sRNA-binding protein Hfq were hypothesized to play a role in 
the fine-tuning of various cellular functions and gene expression e.g. in the regulation of the 
T3SS (Dutta and Srivastava, 2018; Geng et al., 2009; Han et al., 2019; Schiano et al., 2014, 
2010; Vogel and Luisi, 2011). Among others, the two hypothetical, antisense sRNAs Ysr298 
and Ysr299 were strongly upregulated in the Drnc mutant (Figure 63, Table 91, Table 92, 
Table 93) and are predicted on the opposite strand of yscW (Ysr298) and yscA (Ysr299), 
respectively (Nuss et al., 2015). A RNAseq experiment in this study generally revealed that 
sRNA-encoding genes and their targets (Nuss et al., 2015) were often upregulated together 
(e.g. Ysr293 – lcrV/lcrG, Ysr292 – lcrH, sycD/lcrV) (Table 90 - Table 93). The higher 
abundance of these RNAs in the Drnc mutant initially indicates that RNase III is responsible 
for their degradation. However, sRNA-mRNA duplex formation was also shown to not only 
trigger degradation, but can also have a positive impact on its target mRNA (Chen et al., 
2004; Dutta and Srivastava, 2018). For example in this study, Ysr298 and lcrF expression 
were both upregulated together in the wild-type under secretion conditions (Figure 51, Table 
91 - Table 93) (Kusmierek, 2018), which indicates that Ysr298 is important during secretion 
conditions when lcrF expression is also upregulated. Among others, stabilisation of mRNA 
via sRNAs was hypothesised to occur by masking of RNase cleavage sites or activation of 
translation initation (Dutta and Srivastava, 2018). Such a positive regulation was previously 
proposed for Ysr141, an sRNA able to bind to the untranslated region upstream of yop genes, 
which positively influences several T3SS proteins (Schiano et al., 2014). As Hfq binds to 
several sRNAs and therefore ensures close interaction between an sRNA and its cognate 
mRNA, Hfq is essential for their activity (Vogel and Luisi, 2011). However, as Hfq levels 
were not changed in Drnc (Figure 33 D), there might also not be enough Hfq to facilitate the 
interaction between some sRNAs and their targets (Stead et al., 2011). Therefore, the role of 
sRNAs still has to be determined. Especially, the influence of type I toxin-antitoxin systems 
should be considered as the sRNA(antitoxin)-mRNA(toxin) duplex usually gets degraded 
by RNase III. If the toxin is not cleaved, this can lead to growth arrest and membrane 
disruption (Altuvia et al., 2018; Page and Peti, 2016). In general, it has to be determined in 
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future experiments whether the impact of RNase III on the T3SS solely depends on LcrF or  
also from direct effects on proteins related to the T3SS (Figure 64). 
 
Although the Dpnp mutant was previously shown to exhibit elevated LcrF levels (Kusmierek 
et al., 2019; Steinmann, 2013) and a tendency towards increased levels of intracellular Yop 
proteins, especially YopE, at non-secretion conditions (“37°C”) (Figure 29 A) (Rosenzweig 
et al., 2007), there was no significantly different secretion in either a TCA- (Figure 27 D, 
Figure 28 A) or a Nitrocefin-secetion assay in comparison to the wild-type (data not shown). 
Therefore, these results together with RNAseq data in this study indicated a limited effect of 
PNPase on T3SS in comparison to RNase III (Chapter 3.3, Figure 51). However, this was 
contrary to previous reports in Y. pseudotuberculosis where a PNPase mutant was shown to 
be deficient in Yop protein secretion (Rosenzweig et al., 2007, 2005).  
 

 
 

Figure 64. Proposed regulation of T3S by RNase III at non-secretion conditions. 
The figure displays the proposed mechanism of the T3SS-regulation via RNase III and PNPase under 
conditions that do not induce T3S (“37°C”). Question marks indicate effects that still need to be specified and 
tested whether they are direct or indirect. Autoregulation of PNPase and RNase III is known for E. coli 
(Bardwell et al., 1989; Carzaniga et al., 2015; Robert-Le Meur and Portier, 1992). Arrows and T-lines indicate 
positive or negative regulation respectively. For YopD, the negative regulation on the T3SS is indicated 
schematically.  
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However, in contrast to the RNase III-deficient strain, PNPase exerts its regulatory function 
at different conditions and mainly via the Csr-system (Chapter 3.4), which is the main 
regulatory system of virulence factors of the early infection phase (Kusmierek and Dersch, 
2018) and will be addressed in the following chapter. 
 
 
4.3 PNPase regulates virulence factors of the early infection phase 
 
Virulence factors of the early infection phase (invasin and T6SS) are regulated by the Csr-
system (CsrA, CsrB and CsrC) as well as RovM/RovA and are preferentially expressed at 
25°C in stationary phase (Heroven et al., 2008, 2007; Isberg et al., 1988; Knittel, 2019; Nagel 
et al., 2001; Pepe et al., 1994) (Figure 6, Figure 66).  
 
Results in this study showed that PNPase is regulating invasin via members of the Csr-
system (Figure 57 C), which are acting upstream in this regulatory cascade and control 
RovM as well as invasin in Y. pseudotuberculosis (Figure 6) (Heroven et al., 2012a, 2008; 
Heroven and Dersch, 2006b; Kusmierek and Dersch, 2018). In this network, the regulatory 
RNAs CsrB and CsrC antagonise CsrA function by sequestration of this global regulator 
(Liu et al., 1997; Weilbacher et al., 2003). Firstly, levels of the regulatory RNA CsrC were 
strongly downregulated in the Dpnp mutant (Figure 57). These results were rather 
unexpected as deletion of an RNase is intuitively thought to lead to stabilisation of RNAs. 
Nevertheless, this agrees with the multiple roles described for PNPase, which not only 
encompasses degradation but also protection of sRNAs (Cameron et al., 2019, 2018; 
Cameron and De Lay, 2016; Dressaire et al., 2018). Secondly, also levels of CsrB were 
slightly downregulated in the Dpnp mutant in this study (Figure 57). Additionally, a second, 
smaller band became visible when CsrB was detected in a northern blot, which could 
represent a processing product (Figure 57, Figure 59). An explanation might be that this 
putative processing product is not degraded in the absence of PNPase, as this RNase is 
responsible for the breakdown of small RNA products that have previously been cut by 
endoribonucleases (Bechhofer and Deutscher, 2019; Donovan and Kushner, 1986). In 
agreement with this data, abundance and processing products of full length CsrB and CsrC 
were also altered when PNPase was deleted in Salmonella (Viegas et al., 2007). Indeed, it 
was proposed that PNPase in this bacterium is responsible for degradation after 
endonucleolytic cleavage by RNase E, which leads to the accumulation of smaller 
degradation intermediates in the PNPase mutant (Viegas et al., 2007). Interestingly, a 
stabilising effect of PNPase on other sRNAs (e.g. CyaR and RyhB) has also been reported 
previously in E. coli (De Lay and Gottesman, 2011). This exoribonuclease was proposed to 
generally have a negative effect on the stability of sRNAs that are not associated with Hfq, 
while it promotes the stability of Hfq-depenent sRNAs (Andrade et al., 2012; Bandyra et al., 
2016; Cameron et al., 2019; Cameron and De Lay, 2016). Supposably, this is realised 
through the formation of a non-destructive complex with Hfq (Bandyra et al., 2016; Mohanty 
et al., 2004). 
 
Crp and Hfq have a positive impact on CsrC, and Hfq has a positive effect on CsrB in 
Y. pseudotuberculosis (Figure 6) (Böhme, 2010; Heroven et al., 2012b). As the Dhfq as well 
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as the Dcrp strain showed a similar downregulation of CsrC as the Dpnp mutant (Figure 
57 C) and the crp transcript was shown to be affected by PNPase in E. coli (Wu et al., 2018), 
it was tested whether PNPase is functionally linked to Crp or Hfq. However, results indicate 
that PNPase has neither an impact on levels of Crp or Hfq proteins (Figure 57 B) nor are the 
phenotypes of the Dcrp and the Dhfq mutants complementable by expression of pnp from a 
plasmid (Figure 58). Therefore, downregulation of CsrB and CsrC is not due to decreased 
levels of Hfq or Crp. To test the mode of action of PNPase on the stability of both sRNAs, 
binding studies (EMSAs) and stability assays (R. Chen et al., 2016; Lin et al., 2012; 
Regonesi et al., 2004) should be done. Interestingly, such a direct interaction between 
PNPase and RsmY and RsmZ, the functional homologues of the Csr sRNAs in 
Pseudomonas, was previously shown in P. aeruginosa (R. Chen et al., 2016). However, 
RsmY and RsmZ were upregulated and stabilised in a mutant that lacks the RNA-binding 
domains KH-S1 of PNPase (R. Chen et al., 2016). Interestingly, PNPase was reported to 
affect its own transcript solely through binding via these KH and S1 RNA-binding domains 
and independently of its phosphorolytic activity (Carzaniga et al., 2015; Wong et al., 2013). 
Although the deletion of solely the RNA-binding domain of an RNase can not be directly 
compared with a full knockout of the respective RNase gene, this might indicate that action 
of PNPase can be significantly different between bacteria. 
 
Although CsrA levels did not change in response to temperature or growth phase in the Dpnp 
strain (data not shown), altered levels of CsrC and CsrB are able to reduce the amount of 
“free” CsrA that is able to execute gene regulation (Heroven et al., 2012a; Liu et al., 1997; 
Weilbacher et al., 2003). In E. coli, it was reported that CsrA has a negative effect on the 
translation of PNPase, but not transcription (Park et al., 2015; Potts et al., 2017). However, 
RNAseq data from Nuss et al. (2015) showed increased pnp transcript abundance in a DcsrA 
mutant of Y. pseudotuberculosis at 25°C in stationary phase (Table 69). A negative 
regulation of pnp but also rne transcript levels by CsrA in Y. pseudotuberculosis was 
confirmed by Kusmierek (2018, PhD thesis), however, under different conditions (Figure 
65). As PNPase has a positive effect on CsrC as well as CsrB (Figure 57) this might lead to 
a positive amplification of CsrC and CsrB levels via sequestration of CsrA (Figure 65). 
However, exceeding amounts of these proteins and sRNAs might be prevented by PNPase- 
as well as CsrA-autoregulation, which was also reported in E. coli, and the negative 
regulation of CsrB on CsrC and vice versa (Heroven et al., 2008; Jarrige, 2001; Kusmierek 
et al., 2019; Robert-Le Meur and Portier, 1992; Yakhnin et al., 2011) (Figure 65). In E. coli, 
autoregulation of the transcript level can be dependent or independent (via translational 
repression) of the action of RNase III, which cuts a stem-loop in the pnp leader sequence. 
This mechanism likely explains the upregulation of pnp transcript in the Drnc mutant (Figure 
72, Table 92) (Jarrige, 2001; Robert-Le Meur and Portier, 1992).  
 
RovM is a negative regulator of invasin (Heroven et al., 2008, 2007) (Figure 6). In 
accordance with previous data, the growth phase was found to have a significant impact on 
invasin levels and upregulation of RovM in the Dpnp strain led to striking downregulation 
of invasin levels (Figure 55 C, Figure 56 A)  (Heroven et al., 2007; Nagel et al., 2001; Nuss 
et al., 2015; Pepe et al., 1994). In line with previous findings (Isberg et al., 1987; Isberg and 
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Falkow, 1985; Pepe and Miller, 1993; Simonet and Falkow, 1992), the downregulation of 
invasin via RovM in this study led to significantly decreased invasion rates of the Dpnp 
mutant by roughly 40% compared to the wild-type (Figure 56 C). Although invasin is 
described as the main invasion factor, YadA alone is able to mediate adhesion and invasion 
in cultured cells (HEp-2) (Eitel and Dersch, 2002) and the concerted actions of low amounts 
of invasin together with YadA (Eitel and Dersch, 2002) might account for the residual 
invasion of the Dpnp mutant into HEp-2 cells (Figure 56 C).  
 

 
Figure 65. Proposed model for PNPase-mediated control of invasin during exponential and stationary 
growth. 
The figure shows the proposed role of PNPase during the exponential phase at 37°C, when invasin levels are 
downregulated, and during stationary phase at 25°C. Levels of both the sRNAs CsrB and CsrC are significantly 
higher at 25°C in stationary phase. Arrows and T-lines indicate positive or negative regulation respectively. 
Dashed lines represent indirect effects. 
 
 
In addition to its role in invasion, RovM is also a regulator of one of the four T6SSs in 
Y. pseudotuberculosis (T6SS-4). This T6SS-4 is also preferably expressed at moderate 
temperatures (Knittel, 2019; Song et al., 2015). However, not only RovM but also the 
transcription factor RovC is an activator of this virulence factor (Knittel, 2019; Seekircher, 
2014). RovC is essential for the expression of the T6SS-4 in Y. pseudotuberculosis and is 
able to bind DNA via defined amino acids on its surface (Knittel, 2019; Sadana, 2017) 
(Figure 7).  
 
Initially, studies have identified RovC as a negative regulator of CsrC (Seekircher, 2014). 
As RovC protein is strongly upregulated in the Dpnp mutant (Figure 61 A), PNPase might 
regulate CsrC levels via downregulation of RovC (Figure 66). The effect of PNPase on CsrB 
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and CsrC, however, was not altered by an additional loss of RovC (DrovCDpnp), as the levels 
of both RNAs in the DrovCDpnp double mutant were similar to those in the Dpnp strain 
(Figure 60, right panel). Therefore, the positive effect of PNPase on CsrC seems to be rather 
independent of RovC and a direct, stabilising interaction of PNPase and CsrC should be 
investigated. However, as these results were obtained from bacterial cultures that harboured 
a lacZ-fusion plasmid of CsrB and CsrC respectively (Figure 60), this experiment should be 
repeated in the native genetic background. Interestingly, b-galactosidase activity from 
transcriptional csrC-lacZ and csrB-lacZ fusions were inversely regulated compared to the 
CsrB and CsrC sRNA levels (Figure 60). As more “free” CsrA is supposedly present in the 
Dpnp strain and CsrA has a positive impact on CsrC and CsrB (Böhme, 2010; Heroven et 
al., 2012a), this might lead to the observed upregulated transcription of csrC-lacZ and csrB-
lacZ fusions (Figure 65). Furthermore, although YopD could also be detected at low levels 
at 25°C in the wild-type (Figure 38) and was previously shown to positively affect CsrC and 
CsrB at elevated temperatures (37°C) (Kusmierek et al., 2019), YopD did not have an effect 
on either CsrC, CsrB nor rovC RNA at 25°C under the tested conditions (Figure 59), which 
might be due to different experimental conditions used in those studies (Kusmierek et al., 
2019).  
 
In the Dpnp mutant, the upregulation of RovC protein as well as rovC mRNA coincides with 
the increased abundance of RovM protein (Figure 56, Figure 61) and both proteins were 
shown to exert a positive effect on T6S (Knittel, 2019; Seekircher, 2014; Song et al., 2015). 
The possible induction of the T6SS through RovC and RovM was confirmed by the 
increased expression of hcp (Figure 61 B), which indicates the possible formation of the tube 
structure of the T6SS (Figure 8). However, to also show the functionality of the T6SS, 
secretion assays that confirm transport of Hcp across the membrane and into the growth 
medium should be conducted as this protein is often used to investigate the secretion 
capabilities through the T6SS (Cianfanelli et al., 2016; Knittel, 2019; Mougous et al., 2007; 
Pukatzki et al., 2006; Silverman et al., 2013, 2012). Indeed, preliminary data of the Dpnp 
mutant already showed increased secretion of a chromosomally integrated Hcp-Flag fusion 
protein into the supernatant (data not shown, unpublished data from Anne-Sophie Stolle). 
Interestingly, as RNA from hcp of a different cluster (hcp-1) was significantly upregulated 
in the RNaseq data (Table 71), the potential of the different T6SS clusters to interchange 
components of different clusters should be investigated. Results obtained in this study 
further indicated that negative regulation of RovC by PNPase most likely stems from altered 
rovC mRNA stability (Figure 62). Whether the increased stability of this mRNA in the Dpnp 
mutant is a result of an direct interaction and degradation by PNPase or rather an indirect 
effect via an unidentified factor will have to be determined in the future, for example by 
using electrophoretic mobility shift assays (EMSAs) (R. Chen et al., 2016; Regonesi et al., 
2004). In accordance with the presumably critical role of PNPase in T6S regulation, the 
T6SS in Pseudomonas aeruginosa was also upregulated when the RNA-binding domains of 
PNPase were deleted (R. Chen et al., 2016). 
Generally, results in this study confirm previous analyses in E. coli where PNPase was 
proposed to have a significant impact on abundance of transcripts during stationary growth. 
Under these conditions PNPase was found to be the main exoribonuclease in E. coli, which 
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shapes the transcriptomic landscape (Andrade et al., 2012; Dressaire et al., 2018). Although 
there are overlapping roles between the exoribonucleases RNase II, RNase R and PNPase, 
deletion of any of those in combination with PNPase in E. coli led to non-viable cells, which 
additionally highlights the importance of PNPase in bacteria (Cheng et al., 1998; Donovan 
and Kushner, 1986). As a general concept, PNPase seems to be responsible for the regulation 
or fine-tuning of the T6SS and invasin in Y. pseudotuberculosis (Figure 66), which might 
control the transition from environmental conditions to the early infection phase and 
colonisation in the host.  

 
 

Figure 66. Proposed regulatory model of virulence factors of the early infection phase. 
This figure shows the proposed role of PNPase in the control of virulence factors, which are expressed at 
moderate temperatures (T6SS, invasin). PNPase-mediated regulation stems from the concerted action of 
PNPase on the T6SS-regulator RovC and the sRNAs CsrC and CsrB, which control levels of invasin. Arrows 
and T-lines indicate positive or negative regulation respectively. Dashed lines indicate indirect regulation and 
red lines represent effects found in this study and which need to be specified and tested whether they are direct 
or indirect. 
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4.4 Global impact of RNase gene deletions on the transcriptome 
 
The substancial difference between the effect of RNase III and PNPase on the regulation of 
virulence factors was also analysed in an RNAseq experiment (supplementary data on 
separate storage medium). The wild-type as well as the Drnc and Dpnp mutants were grown 
under secretion (“-Ca2+”) or non-secretion (“37°C”) conditions and samples were taken after 
the initial 2 h at 25°C (T0) as well as 1 h (T1) and 4 h after the shift to 37°C (chapter 3.3).  
 
In general, results further supported the hypothesis that RNase III and PNPase are important 
for the regulation of virulence associated traits during distinct infection phases. For the 
PNPase-deficient strain, it was even shown that many secretion-induced genes in the wild-
type are downregulated in this mutant (Figure 51), which confirmed the limited impact of 
PNPase on T3S and T3SS-related proteins (Figure 27 - Figure 29). On the other hand, 
expression of genes involved in regulatory networks of the early infection phase (e.g. csrC 
and rovM) at T0 (25°C, early exponential phase) (Figure 49, Table 90) confirmed other 
results in this study (chapter 3.4). However, potential differences in gene expression between 
different growth phases have to be considered when comparing the RNAseq data at T0 to 
results from stationary phase at 25°C as the growth phase can have vast effects on gene 
expression (Liu et al., 2011; Nuss et al., 2015). On the contrary, the total uniquely mapped 
reads to the virulence plasmid in the Drnc at non-secretion conditions (“37°C”) strongly 
resembled the transcriptomic lanscape in the wild-type when secretion was induced 
(“-Ca2+”) (Figure 75, chapter 3.3). In accordance with this, many genes, which are 
upregulated in response to secretion-induction in the wild-type (wt: 37°C vs. -Ca2+) were 
also upregulated in response to the loss of RNase III (37°C: wt vs. Drnc). (Figure 51, Figure 
52). Therefore, not only LcrF and several Yop proteins are affected by deletion of rnc, but 
also the majority of gene expression in the RNase III deficient strain shows a response that 
mimicks secretion-induction. However, as secretion but not synthesis of Yop effector 
proteins could still be induced by calcium depletion (“-Ca2+”) (Figure 28, Figure 30), the 
T3SS might still not be fully active under non-secretion conditions in this mutant.  
 
The T3SS assembly and secretion is regulated at different stages (Deng et al., 2017; R. S. 
Dewoody et al., 2013). The moderate secretion in the Drnc mutant, despite strong 
upregulation of T3SS associated proteins, could be attributed to genes of negative regulators 
(e.g. LcrG, TyeA, YopN) that are also upregulated and still prevent excessive secretion 
(Table 92, Table 93). In Yersinia, TyeA and YopN are involved in the formation of a so-
called “calcium plug”, which prevents premature secretion of Yop effectors, while LcrG is 
thought to control T3S through binding of the T3SS tip protein LcrV (R. S. Dewoody et al., 
2013; Forsberg et al., 1991; Matson and Nilles, 2001; Yother and Goguen, 1985). In 
accordance with this, deletion of tyeA, yopN or lcrG caused a calcium-blind phenotype in 
Y. enterocolitica with premature Yop secretion into the supernatant (DeBord et al., 2001; 
Forsberg et al., 1991; Iriarte et al., 1998; Sarker et al., 1998; Skryzpek and Straley, 1993). 
Increasing levels of LcrV and LcrF in Drnc might also be able to titrate their negative 
regulators LcrQ/YscM and LcrG through direct binding, which has been hypothesised for 
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Y. enterocolitica and Y. pseudotuberculosis respectively (DeBord et al., 2001; Li et al., 2014; 
Nilles et al., 1998). 
 
Results in the transcriptome analysis even showed that the RNase III-deficient strain is 
prematurely upregulating T3SS-related genes at 25°C, even before the shift to 37°C (Figure 
53). Among others, this includes yscW of the yscW-lcrF operon and genes for T3SS 
components such as YscF and LcrV (Figure 53). Additionally, Yop effector proteins such as 
YopD, YopH and YopE were upregulated in the Drnc mutant at moderate temperatures 
(25°C) (Figure 34, Figure 38). However, lcrF is usually not highly expressed and no LcrF 
protein is made at moderate temperatures (25°C) (data not shown). This is due to the negative 
regulation by e.g. YmoA and a stable thermo-loop in the 5’UTR of lcrF, which melts open 
upon a shift to 37°C and therefore makes the hidden ribosomal binding site accessible 
(Böhme et al., 2012). LcrF protein synthesis and lcrF mRNA in the wild-type are usually 
not observed until one to two hours after the shift to 37°C under secretion conditions (“-
Ca2+”) (Figure 42 C, data not shown, supplementary data on separate storage medium). As 
many secretion-induced genes are already upregulated in the Drnc mutant at an early 
timepoint (T0 25°C and T1 37°C: wt vs. Drnc) when LcrF is usually not highly expressed, 
it is likely that RNase III has an impact on other regulatory circuits that influence the 
secretion-relevant genes such as those encoding for the T3SS (Figure 53). Some of those 
mechanisms might even not be discovered yet. On the other hand, as LcrF was shown to 
bind with a even higher affinity to promoters of T3SS related genes than its homologue ExsA 
(King et al., 2013), it might also be that only a small amount of the regulator LcrF, which 
could not be detected in this analysis, is sufficient to upregulate the T3SS.  
 
However, PNPase as well as RNase III also had global effects on the transcriptome in this 
study (Figure 45, Figure 47, Figure 70, Figure 71). Apart from the aforementioned gene 
expression changes with a focus on T3S-induced alterations, Drnc shows a wide 
transcriptomic response of up to 250 genes (Figure 47). These do not only include genes 
located on the virulence plasmid and the chromosome, but also sRNA encoding genes. 
Previous RNAseq analysis of RNase III mutants in E. coli and S. aureus also underlined the 
importance of this enzyme in global RNA-turnover and different pathways (Gordon et al., 
2017; Lasa et al., 2011; Stead et al., 2011). Clustering of affected genes based on catagories 
in the KEGG database found both, RNase III and PNPase, to have an impact on genes across 
all categories (e.g. metabolism, virulence, genetic/environmental information processing 
and many hypothetical genes) (Figure 45) and shows their importance on gene regulation in 
different cellular pathways in Y. pseudotuberculosis. In this study, most genes with a log2FC 
of at least -2/+2 were upregulated in the Drnc mutant compared to the Y. pseudotuberculosis 
wild-type (Figure 47). In contrast to these findings, many genes were found to be 
downregulated in an RNase III mutant in E. coli as well as in Streptococcus pyogenes, and 
RNase III was hypothesised to generally have a limited impact on gene expression in the 
latter (Le Rhun et al., 2017; Stead et al., 2011). This suggests that the impact of RNase III 
on gene regulation varies between different bacteria (Gordon et al., 2017; Stead et al., 2011). 
However, differing growth conditions or criteria used for e.g. RNAseq, also influence these 
results.  
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Notably, different environmental factors, redundant decay mechanisms, enzyme 
modifications and inhibitors influence the impact of many RNases and other proteins on 
RNA (Bechhofer and Deutscher, 2019; Bonnin and Bouloc, 2015; Deutscher, 2015a; 
Grangeasse et al., 2015; Kim et al., 2008; Lawal et al., 2011; Lee et al., 2003). As some of 
those regulatory principles are not detectable in an RNAseq experiment, the results in this 
study should therefore be complemented with e.g. proteomic analysis. Also, possible indirect 
effects of RNase III and PNPase deletion have to be considered as expression and activity 
of different metabolic enzymes (7 - 14 %) were altered in these mutants (Figure 45, Table 
77 - Table 88) and a connection between metabolism and virulence was already shown for 
Y. pseudotuberculosis (Nuss et al., 2015). Additionally, indirect effects of Drnc and Dpnp in 
the RNAseq analysis might be the result from altered levels or activity of RNases or their 
helper proteins, as previously reported for other bacteria (Le Rhun et al., 2017; Park et al., 
2015; Robert-Le Meur and Portier, 1992; Stead et al., 2011). For example, mRNA levels of 
PNPase (log2FC: 2.29) and TdcF-1 L-PSP (log2FC: 2.38) in the Drnc mutant and the mRNA 
of the RNase E-regulator RraA (log2FC: 3.21) in the Dpnp strain were highly upregulated 
(Figure 72). As it was reported that a cleavage event by RNase III can be followed by the 
processive degradation by PNPase and that these RNases can affect similar targets, they 
might be functionally linked (Andrade and Arraiano, 2008; Jarrige, 2001; Takata et al., 1987; 
Viegas et al., 2011). Interestingly, targets that were previously reported to be affected by 
RNase III (tmRNA, rnpB) in S. aureus (Lioliou et al., 2012), were differentially expressed 
in the Dpnp mutant in this study. Although this additionally hints at a possible dependency 
between these RNases, regulation in S. aureus might differ significantly from 
Y. pseudotuberculosis. 
 
Besides temperature, the T3SS is regulated by multiple environmental signals such as iron 
availability, oxygen levels, osmolarity and membrane stress (S. Chen et al., 2016; Deng et 
al., 2017; R. S. Dewoody et al., 2013; Flores-Kim and Darwin, 2012; Hooker-Romero et al., 
2019; Li et al., 2015; Miller et al., 2014). As RNase III seemes to have far-reaching effects 
on genes involved in the response to secretion induction, pathways involved in sensing 
environmental signals upstream of LcrF might also play a role and should be investigated in 
the future. For example, the response to membrane stress, which involves proteins such as 
RpoE, RcsB, OmpR/EnvZ and CpxR, is proposed to a play a role in T3SS regulation 
(Csonka, 1989; Flores-Kim and Darwin, 2012; Kusmierek, 2018; Mizuno and Mizushima, 
1990). Those regulators do not necessarily have to be affected at the transcript level but can 
rather be modulated by post-translational modifications such as phosphorylation (Flores-
Kim and Darwin, 2012; Grangeasse et al., 2015) and would therefore not come up as 
differentially regulated in the RNAseq experiment. Previous studies in 
Y. pseudotuberculosis found RcsB and OmpR/EnvZ to be involved in the response to cell 
contact and calcium depletion (Opitz, 2013; Pimenova, 2014). For example, expression of 
the gene encoding for OmpF is induced in the Drnc mutant at non-secretion conditions 
(wt_T1_37°C vs. Drnc_T1_37°C) and OmpF is known to be upregulated in response to 
environmental stresses (Dupont et al., 2007). Additionally, the sRNA OmrA/B, which is 
involved in controlling OmpR levels (Brosse et al., 2016), is highly upregulated in the Drnc 
strain in this study (Table 92, Table 93). As sRNAs are often incooperated in negative 
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feedback loops of regulators in the different stress responses (e.g. membrane stress) (Klein 
and Raina, 2017; Mizuno et al., 1984; Udekwu et al., 2005; Waters and Storz, 2009), the 
effect of RNase III on the T3SS could partly be due to indirect effects. 
 
In order to further analyse the impact and exact mechanism of RNase III and PNPase on the 
transcriptome, several tools could be exploited. Among others these tools can help to predict 
target sites and find direct interaction partners of RNases on a global scale (Altuvia et al., 
2018; Broglia et al., 2020; Gordon et al., 2017; Lécrivain et al., 2018; Le Rhun et al., 2017; 
Lioliou et al., 2012). Previous studies used for example immunoprecipitation of RNase III 
and PNPase via a C-terminal Flag-tag in order to identify interaction partner such as sRNAs 
(Bandyra et al., 2016; Lioliou et al., 2012). Predictions of cutting sites, as performed for 
E. coli and S. pyogenes, can confirm and complement such an analysis (Altuvia et al., 2018; 
Gordon et al., 2017; Lécrivain et al., 2018; Le Rhun et al., 2017).  
 
A study of S. pyogenes predicted so-called specific cleavage positions (SCPs) of RNase III 
(Le Rhun et al., 2017). Application of a comparable pipeline (Lécrivain et al., 2018; Le Rhun 
et al., 2017) to the RNAseq data obtained in this study revealed considerably more RNase 
target sites predicted for the Dpnp mutant at timepoint T0 at 25°C while the Drnc strain 
showed more target sites at 37°C at T1 and especially T2 (Figure 76). This seems in 
agreement with the number of affected genes (log2FC ≥ -2/+2) in these two mutants (Figure 
47). However, these predicted target sites are not necessarily direct and can be the results of 
the action of another RNase in the absence of RNase III or PNPase (Broglia et al., 2020; 
Lécrivain et al., 2018; Le Rhun et al., 2017). The principle of reduncancy was previously 
shown to an extend for the exoribonucleases PNPase, RNase R and RNase II as well as for 
RNase E and RNase G in e.g. E. coli (Awano et al., 2008; Bechhofer and Deutscher, 2019; 
Guarneros and Portier, 1991; Lee et al., 2002; Matos et al., 2017; Oussenko et al., 2005; 
Zilhão et al., 1996). Additionally, RNases such as RNase E and RNase III show overlapping 
effects on several transcripts while PNPase was proposed to be responsible for degradation 
of RNase III-derived RNA fragments (Lécrivain et al., 2018; Stead et al., 2011). In 
accordance, several processing (SCP) as well as alternative processing (subSCP) sites were 
predicted in the region of the yscW-lcrF transcript in this study, which could hint at the 
involvement of additional RNases (Figure 73, data not shown). Interestingly, processing 
sites were found in the 5’UTR of yscW as well as the 5’ and 3’UTR of lcrF. Therefore, is is 
possible that regulatory elements such as hairpin structures/thermoloops or sRNA-mRNA 
(Ysr298) interactions could be the target of RNases (Figure 63) (Böhme et al., 2012; Ren et 
al., 2017). Although the copy number of the virulence plasmid was not affected under non-
secretion conditions (“37°C”) in study (Figure 41 A), there were several cleavage sites 
predicted in CopA for RNase III (Figure 74). However, these cleavage sites will have to be 
confirmed and not necessarily lead to downregulation of the respective sRNA (Court et al., 
2013; Dutta and Srivastava, 2018). As these are preliminary results, parameters and criteria 
of the analysis will have to be specified further to ensure a good prediction of target sites. 
Due to filter-criteria and limitations of this method, some target sites might therefore be lost 
or have been falsely predicted. Aditionally, in order to be able to detects target sites, 
fragments should be stable and expression in the wild-type and the mutant sufficiently high 
(Lécrivain et al., 2018; Le Rhun et al., 2017).  



Discussion 
 

 140 

RNase III is able to cause RNA double-strand breaks as well as single nicks and the outcome 
of these events could be investigated in the future(Calin-Jageman, 2003; Gan et al., 2007; 
Pertzev, 2006). All potentially direct targets and potential cleavage sites will also have to be 
confirmed by in vitro cleavage assays, primer extension analysis and RACE experiments 
(Gordon et al., 2017; Le Rhun et al., 2017; Stead et al., 2011). Studies on a minimal substrate 
of RNase III in E. coli proposed a consensus sequence that includes a distal, middle und 
proximal box, which promote binding and catalytic reactivity of RNase III (Pertzev and 
Nicholson, 2006). Based on the transcriptomic data and target site analysis, the consensus 
sequence of RNase III in Y. pseudotuberculosis could be analysed in the future. 
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5 Outlook 
 
It was shown in the present study that RNase III as well as PNPase are important for the 
control of virulence associated traits in Y. pseudotuberculosis. However, while RNase III 
seems to play a major role in the regulation of type III secretion (T3S), PNPase has an impact 
on invasin and the type VI secretion system (T6SS). Both RNases have been implicated in 
the regulation of several cellular processes in different bacteria, but seem to vary in their 
major targets. 
 
In order to further analyse the impact of PNPase on factors of the early infection phase, a 
RNAseq approach with cultures in stationary phase at 25°C could be used. Transcriptomic 
data at 25°C in this study stemmed from cultures in early exponential phase, which are not 
the favourable conditions for expression of invasin and the T6SS. As PNPase, independently 
or in the context of the degradosome, has a wide-reaching effect on cellular processes, such 
an analysis could help to elucidate the global transcriptomic changes that contribute to this 
phenotype. Additionally, it should be tested whether PNPase also directly impacts CsrC 
stability and is able to bind this regulatory RNA. PNPase was also shown to negatively affect 
RovC and the T6SS structural component and effector protein Hcp. Therefore, it should be 
confirmed that this also leads to increased T6SS-activity and the killing of other bacteria. 
Among others, different microscopy methods were used in previous studies for this purpose 
and could be employed for further analysis of the Dpnp mutant. In addition, as 
Y. pseudotuberculosis possesses four T6SS clusters and showed upregulated expression of a 
hcp that is encoded outside of T6SS-4, it should be investigated whether the components of 
the different clusters can be used interchangeably and whether they are crossregulated. 
 
Regarding the impact of RNase III on the T3SS during the ongoing infection phase, further 
experiments will have to be conducted in order to determine exactly how this enzyme is 
downregulating T3SS-related proteins. This could be either via downregulation of LcrF or a 
direct effect on downstream proteins of the T3SS such as Yop effectors. Eventually, a 
combined effect is contributing to this phenotype and should be tested. In order to unravel 
the regulation and negative effect on LcrF, direct binding to its mRNA and putative RNase 
target sites should be confirmed with e.g. RNA stability assays and a refined RNAseq 
approach. Additionally, as the T3SS is essential in vivo and is negatively regulated by 
RNase III, animal experiments could help to determine whether excessive production of this 
virulence factor is either detrimental or beneficial.  
 
In the future, pulldown assays and other experiments could be done with both RNases in 
order to identify potential protein interaction partners or globally bound target RNAs. As 
different RNases and auxiliary proteins can act together to govern RNA turnover in the 
bacterial cell, the complex interaction between RNases as well as regulation of RNases 
themselves should be taken into consideration.  
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6 Summary 
 
Yersinia pseudotuberculosis and other Gram-negative pathogens use many different 
virulence factors in order to survive and establish an infection. In general, 
Y. pseudotuberculosis has to withstand obstacles both outside in the environment and also 
inside the host, and the route of infection can be separated into an early and an ongoing 
infection phase. During these phases, different sets of virulence factors are employed by the 
bacteria. Expression of those is linked to environmental signals such as temperature, host 
cell contact or certain metabolites. Since upregulation of these virulence factors is 
energetically costly for the cell and has to be precisely activated, they are tightly controlled 
by diverse, sophisticated mechanisms. Ribonucleases (RNases) are crucial for global RNA 
turnover, processing of RNAs and posttranscriptional gene regulation. Previous studies have 
shown that RNases such as RNase E and PNPase (pnp) can have a great impact on type III 
secretion (T3S), but also other virulence associated traits. These RNases are positively 
regulated by YopD, an RNA binding protein and a structural component of the pore complex 
of the Yersinia type III secretion system (T3SS). To gain further knowledge in the role of 
RNases in Y. pseudotuberculosis, the impact of different knockout mutations on growth, 
motility, acid resistance, T3S, invasion and type VI secretion (T6S) were investigated.  
 
The present study revealed several RNase deletions to have an impact on growth capabilities 
of Y. pseudotuberculosis, especially at low and high temperatures. Several phenotypes 
observed in previous analyses, such as the growth defect of Dpnp at low temperatures, could 
be confirmed in this study. However, the impact of RNase III (rnc) on motility as well as on 
T3S was especially striking. RNAseq confirmed initial results showing the T3SS and other 
genes, which are normally upregulated upon secretion induction, to be increasingly 
expressed in the Drnc mutant. In accordance with this, synthesis of the global T3SS-regulator 
LcrF, was also induced in this mutant. Preliminary data hint towards a direct effect of 
RNase III on the lcrF RNA, which was independently of YopD. The exact mode of action 
will have to be confirmed in additional experiments. While RNase III was implicated in the 
regulation of the T3SS during conditions that are permissive for T3S, results in this study 
further indicated that PNPase is regulating gene expression of virulence factors that are 
important in the early infection phase. Downregulation of the small RNAs CsrC and CsrB 
as well as invasin coincided with the upregulation of RovM in the Dpnp mutant. While RovM 
is known to induce the T6SS, it inhibits synthesis of invasin via RovA. Not surprisingly, 
invasion was therefore impaired in this strain. In addition, another essential inducer of the 
T6SS-4, RovC, was highly upregulated and rovC mRNA showed an increased stability in 
the Dpnp mutant. Therefore, PNPase was shown to be a key regulator in the switch between 
competition in the environment and the invasion into target host cells. Together with 
previous data, it is likely that the action and impact of RNases on the transcriptional 
landscape varies significantly depending on environmental conditions. Additionally, results 
in this study revealed essential roles of RNases in the regulation of crucial virulence factors 
in Y. pseudotuberculosis. 
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8 Supplementary material 
 
 
8.1 Regulation of RNases (RNAseq) 
 
Table 69. Regulation of different RNases in response growth phase, temperature and deletion of csrA 
and crp in Yersinia - DESeq analysis. 
 
Name  GenbankAcc GeneSymbol Type Stat. 25°C  

wt vs. △csrA 
log2FC (p-
value) 

DESeq 
normalised 
mean reads 
wt  

DESeq 
normalised 
mean reads 
△csrA 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease 0.64 (0.01) 49.3 74.80 

RNase P YPK_4248  rnpA Endoribonuclease 0.12 (0.86) 17.7 17.60 

RNase HII YPK_1080  rnhB Endoribonuclease 0.16 (0.80) 8.9 11.20 

RNase III YPK_1189 rnc Endoribonuclease 0.13 (0.71) 39.9 45.70 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease -2.07 (0.00) 3.298.10 763.20 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease -0.62 (0.42) 5.5 3.50 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease -0.28 (0.78) 3.2 2.80 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -0.21 (0.63) 132.2 113.00 

RNase E YPK_1677 rne Endoribonuclease 1.13 (0.00) 272.7 578.90 

RNase HI YPK_1108 rnhA Endoribonuclease -1.04 (0.05) 16.28 7.60 

RNase G YPK_0469 rng Endoribonuclease 1.1 (0.00) 18.1 46.40 

PNPase YPK_3726 pnp Exoribonuclease 1.12 (0.00) 260.7 562.80 

RNase R YPK_3791 rnr Exoribonuclease 0.59 (0.00) 270.8 413.20 

RNase PH YPK_4160 rph Exoribonuclease -0.78 (0.01) 38.4 21.50 

RNase D YPK_2124 rnd Exoribonuclease 0.17 (0.73) 22.8 26.40 

RNase II YPK_2016 rnb Exoribonuclease 1.27 (0.00) 24.4 53.70 

RNase T YPK_1868 rnt Exoribonuclease 0.26 (0.29) 69.8 87.10 

Oligoribonuclease YPK_3808 orn Exoribonuclease -0.16 (0.78) 15.7 15.60 

RNase BN YPK_4186 rbn Endo/Exoribonuclease 2.68 (0.00) 15.1 99.70 

RraA YPK_4106 rraA. menG RNaseE regulator -0.64 (0.00) 95.6 60.70 

RraB YPK_3683 rraB RNaseE regulator -0.16 (0.67) 130.3 116.70 

DbpA YPK_2446 dbpA Helicase -0.24 (0.66) 15.07 12.63 

RhlB YPK_4036 rhlB Helicase 0.9 (0.00) 140.4 263.99 

Name  GenbankAcc GeneSymbol Type Stat. 37°C  
wt vs. △csrA 
log2FC 
(p-value) 

DESeq 
normalised 
mean reads 
wt  

DESeq 
normalised 
mean reads 
△csrA 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease -0.02 (0.97) 41.5 40.90 

RNase P YPK_4248  rnpA Endoribonuclease 2.21 (0.06) 0 9.50 

RNase HII YPK_1080  rnhB Endoribonuclease 0.68 (0.50) 7.1 10.40 

RNase III YPK_1189 rnc Endoribonuclease 0.2 (0.75) 29.4 34.80 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease -1.66 (0.00) 313.3 101.40 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease -3.65 (0.00) 103.8 7.70 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease -0.05 (0.96) 11.4 10.20 
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L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -0.5 (0.43) 31.5 22.50 

RNase E YPK_1677 rne Endoribonuclease 0.32 (0.10) 362.5 447.10 

RNase HI YPK_1108 rnhA Endoribonuclease 0.58 (0.56) 9.5 12.7 

RNase G YPK_0469 rng Endoribonuclease 0.84 (0.14) 21.7 39.90 

PNPase YPK_3726 pnp Exoribonuclease 0.46 (0.09) 174.2 243.10 

RNase R YPK_3791 rnr Exoribonuclease 0.49 (0.06) 153.9 220.10 

RNase PH YPK_4160 rph Exoribonuclease 0.64 (0.40) 12.3 19.20 

RNase D YPK_2124 rnd Exoribonuclease 0.71 (0.36) 12.7 20.80 

RNase II YPK_2016 rnb Exoribonuclease 0.7 (0.27) 16.8 30.20 

RNase T YPK_1868 rnt Exoribonuclease 0.1 (0.83) 56.4 60.60 

Oligoribonuclease YPK_3808 orn Exoribonuclease 0.4 (0.65) 10.5 15.80 

RNase BN YPK_4186 rbn Endo/Exoribonuclease -0.08 (0.93) 9.4 10.10 

RraA YPK_4106 rraA. menG RNaseE regulator 0.69 (0.02) 79.6 132.90 

RraB YPK_3683 rraB RNaseE regulator -0.13 (0.80) 65.6 60.90 

DbpA YPK_2446 dbpA Helicase 0.42 (0.62) 12.35 16.37 

RhlB YPK_4036 rhlB Helicase 0.62 (0.09) 67.09 109.87 

Name  GenbankAcc GeneSymbol Type wt stat.  
25°C vs. 37°C 
log2FC 
(p-value) 

DESeq 
normalised 
mean reads 
wt 25°C 

DESeq 
normalised 
mean reads wt 
37°C 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease -0.21 (0.84) 13.59 11.77 

RNase P YPK_4248  rnpA Endoribonuclease -Inf (0.04) 4.86 0.00 

RNase HII YPK_1080  rnhB Endoribonuclease -0.27 (0.81) 2.43 2.02 

RNase III YPK_1189 rnc Endoribonuclease -0.42 (0.63) 11.21 8.36 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease -3.3 (0.00) 902.08 91.37 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease 4.29 (0.00) 1.50 29.33 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease 1.87 (0.30) 0.88 3.24 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -2.03 (0.00) 36.33 8.91 

RNase E YPK_1677 rne Endoribonuclease 0.45 (0.27) 75.18 102.55 

RNase HI YPK_1108 rnhA Endoribonuclease -0.72 (0.52) 4.46 2.70 

RNase G YPK_0469 rng Endoribonuclease 0.32 (0.94) 4.93 6.13 

PNPase YPK_3726 pnp Exoribonuclease -0.54 (0.27) 71.46 49.31 

RNase R YPK_3791 rnr Exoribonuclease -0.77 (0.09) 74.31 43.53 

RNase PH YPK_4160 rph Exoribonuclease -1.59 (0.10) 10.53 3.50 

RNase D YPK_2124 rnd Exoribonuclease -0.8 (0.46) 6.25 3.58 

RNase II YPK_2016 rnb Exoribonuclease -0.49 (0.87) 6.70 4.76 

RNase T YPK_1868 rnt Exoribonuclease -0.26 (0.62) 19.11 16.01 

Oligoribonuclease YPK_3808 orn Exoribonuclease -0.53 (0.86) 4.30 2.97 

RNase BN YPK_4186 rbn Endo/Exoribonuclease -0.65 (0.80) 4.14 2.63 

RraA YPK_4106 rraA. menG RNaseE regulator -0.18 (0.92) 26.18 23.10 

RraB YPK_3683 rraB RNaseE regulator -0.94 (0.20) 35.63 18.58 

DbpA YPK_2446 dbpA Helicase -0.2 (0.93) 4.1 3.5 

RhlB YPK_4036 rhlB Helicase -1 (0.09) 38.5 19.0 
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Name  GenbankAcc GeneSymbol Type wt exp. 
25°C vs. 37°C 
log2FC 
(p-value) 

DESeq 
normalised 
mean reads 
wt 25°C 

DESeq 
normalised 
mean reads wt 
37°C 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease 0.36 (0.38) 27.04 34.62 

RNase P YPK_4248  rnpA Endoribonuclease -1.45 (0.00) 262.85 96.33 

RNase HII YPK_1080  rnhB Endoribonuclease -0.74 (0.20) 42.50 25.48 

RNase III YPK_1189 rnc Endoribonuclease -0.74 (0.03) 109.64 65.43 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease 0.6 (0.08) 134.13 202.89 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease 0.69 (0.52) 20.05 32.26 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease 2.1 (0.01) 2.61 11.21 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -0.24 (0.73) 269.11 227.41 

RNase E YPK_1677 rne Endoribonuclease -0.32 (0.28) 731.87 584.33 

RNase HI YPK_1108 rnhA Endoribonuclease -1.58 (0.04) 14.21 4.75 

RNase G YPK_0469 rng Endoribonuclease 0.31 (0.36) 72.30 89.69 

PNPase YPK_3726 pnp Exoribonuclease -1.01 (0.00) 1229.25 611.38 

RNase R YPK_3791 rnr Exoribonuclease 0.19 (0.48) 345.10 394.37 

RNase PH YPK_4160 rph Exoribonuclease -0.92 (0.00) 188.19 99.51 

RNase D YPK_2124 rnd Exoribonuclease 0 (0.88) 50.32 50.49 

RNase II YPK_2016 rnb Exoribonuclease 0.11 (0.61) 276.41 297.76 

RNase T YPK_1868 rnt Exoribonuclease -0.42 (0.16) 71.88 53.85 

Oligoribonuclease YPK_3808 orn Exoribonuclease 0.05 (0.81) 29.04 30.11 

RNase BN YPK_4186 rbn Endo/Exoribonuclease -0.36 (0.84) 9.38 7.29 

RraA YPK_4106 rraA. menG RNaseE regulator 0.08 (0.92) 40.66 43.06 

RraB YPK_3683 rraB RNaseE regulator 0.24 (0.43) 180.32 213.64 

DbpA YPK_2446 dbpA Helicase -0.59 (0.08) 99.4 66.2 

RhlB YPK_4036 rhlB Helicase -1.03 (0.00) 393.9 192.8 

Name  GenbankAcc GeneSymbol Type wt 25°C  
exp. vs. stat. 
log2FC 
(p-value)  

DESeq 
normalised 
mean reads 
wt exp.  

DESeq 
normalised 
mean reads wt 
stat. 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease 0.81 (0.16) 19.73 34.48 

RNase P YPK_4248  rnpA Endoribonuclease -3.96 (0.00) 192.21 12.38 

RNase HII YPK_1080  rnhB Endoribonuclease -2.33 (0.00) 31.09 6.18 

RNase III YPK_1189 rnc Endoribonuclease -1.49 (0.00) 80.11 28.52 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease 4.55 (0.00) 97.92 2289.71 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease -1.92 (0.25) 14.53 3.83 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease 0.24 (0.96) 1.91 2.25 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -1.1 (0.19) 197.40 92.18 

RNase E YPK_1677 rne Endoribonuclease -1.49 (0.00) 534.84 190.92 

RNase HI YPK_1108 rnhA Endoribonuclease 0.13 (0.96) 10.39 11.36 

RNase G YPK_0469 rng Endoribonuclease -2.08 (0.00) 52.82 12.52 

PNPase YPK_3726 pnp Exoribonuclease -2.31 (0.00) 899.07 181.46 

RNase R YPK_3791 rnr Exoribonuclease -0.42 (0.40) 252.36 188.72 

RNase PH YPK_4160 rph Exoribonuclease -2.36 (0.00) 137.61 26.73 
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RNase D YPK_2124 rnd Exoribonuclease -1.21 (0.02) 36.73 15.87 

RNase II YPK_2016 rnb Exoribonuclease -3.57 (0.00) 202.19 17.02 

RNase T YPK_1868 rnt Exoribonuclease -0.11 (0.98) 52.48 48.55 

Oligoribonuclease YPK_3808 orn Exoribonuclease -0.96 (0.27) 21.22 10.93 

RNase BN YPK_4186 rbn Endo/Exoribonuclease 0.61 (0.29) 6.87 10.51 

RraA YPK_4106 rraA. menG RNaseE regulator 1.16 (0.01) 29.68 66.51 

RraB YPK_3683 rraB RNaseE regulator -0.55 (0.39) 132.11 90.35 

DbpA YPK_2446 dbpA Helicase -2.79 (0.00) 72.76 10.50 

RhlB YPK_4036 rhlB Helicase -1.56 (0.00) 287.86 97.58 

Name  GenbankAcc GeneSymbol Type △crp  
25°C vs. 37°C 
log2FC 
(p-value) 

DESeq 
normalised 
mean reads 
△crp 25°C 

DESeq 
normalised 
mean reads 
△crp 37°C 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease 0.65 (0.12) 40.97 64.42 

RNase P YPK_4248  rnpA Endoribonuclease -1.22 (0.08) 21.59 9.27 

RNase HII YPK_1080  rnhB Endoribonuclease -0.64 (0.18) 22.61 14.48 

RNase III YPK_1189 rnc Endoribonuclease -0.3 (0.68) 93.06 75.49 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease -3.57 (0.00) 1306.01 109.88 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease -0.03 (0.69) 4.51 4.43 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease 1.09 (0.44) 2.65 5.64 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -1.13 (0.08) 86.41 39.45 

RNase E YPK_1677 rne Endoribonuclease -0.58 (0.08) 794.75 531.42 

RNase HI YPK_1108 rnhA Endoribonuclease -0.03 (0.66) 15.71 15.38 

RNase G YPK_0469 rng Endoribonuclease 0.47 (0.41) 52.65 72.71 

PNPase YPK_3726 pnp Exoribonuclease -0.13 (0.39) 593.26 542.79 

RNase R YPK_3791 rnr Exoribonuclease -0.66 (0.02) 579.85 367.07 

RNase PH YPK_4160 rph Exoribonuclease -1.04 (0.28) 27.95 13.62 

RNase D YPK_2124 rnd Exoribonuclease -0.21 (1.00) 21.80 18.88 

RNase II YPK_2016 rnb Exoribonuclease -0.85 (0.13) 70.35 39.12 

RNase T YPK_1868 rnt Exoribonuclease -0.62 (0.10) 146.63 95.38 

Oligoribonuclease YPK_3808 orn Exoribonuclease -1.11 (0.32) 20.96 9.69 

RNase BN YPK_4186 rbn Endo/Exoribonuclease -3.06 (0.00) 175.17 21.02 

RraA YPK_4106 rraA. menG RNaseE regulator 1.11 (0.01) 90.87 195.68 

RraB YPK_3683 rraB RNaseE regulator 0.35 (0.19) 116.53 148.03 

DbpA YPK_2446 dbpA Helicase 1.13 (0.01) 18.23 40.03 

RhlB YPK_4036 rhlB Helicase -0.51 (0.14) 338.49 236.91 

Name  GenbankAcc GeneSymbol Type Stat. 25°C  
wt vs. △crp 
log2FC 
(p-value) 

DESeq 
normalised 
mean reads 
wt  

DESeq 
normalised 
mean reads 
△crp 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease -0.52 (0.34) 60.74 42.27 

RNase P YPK_4248  rnpA Endoribonuclease 0.04 (0.66) 21.63 22.28 

RNase HII YPK_1080  rnhB Endoribonuclease 1.09 (0.30) 10.93 23.35 

RNase III YPK_1189 rnc Endoribonuclease 0.94 (0.07) 50.19 96.05 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease -1.59 (0.01) 4053.35 1346.97 
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L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease -0.54 (0.53) 6.75 4.64 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease -0.53 (0.72) 3.96 2.73 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -0.86 (0.12) 162.43 89.32 

RNase E YPK_1677 rne Endoribonuclease 1.29 (0.00) 335.40 820.57 

RNase HI YPK_1108 rnhA Endoribonuclease -0.3 (0.88) 19.90 16.19 

RNase G YPK_0469 rng Endoribonuclease 1.29 (0.11) 22.18 54.38 

PNPase YPK_3726 pnp Exoribonuclease 0.94 (0.00) 319.22 612.73 

RNase R YPK_3791 rnr Exoribonuclease 0.85 (0.03) 332.74 598.69 

RNase PH YPK_4160 rph Exoribonuclease -0.71 (0.21) 47.06 28.84 

RNase D YPK_2124 rnd Exoribonuclease -0.31 (0.57) 27.97 22.50 

RNase II YPK_2016 rnb Exoribonuclease 1.29 (0.00) 29.81 72.66 

RNase T YPK_1868 rnt Exoribonuclease 0.82 (0.10) 85.66 151.35 

Oligoribonuclease YPK_3808 orn Exoribonuclease 0.16 (0.76) 19.31 21.64 

RNase BN YPK_4186 rbn Endo/Exoribonuclease 3.29 (0.00) 18.52 180.86 

RraA YPK_4106 rraA. menG RNaseE regulator -0.32 (0.46) 117.03 93.83 

RraB YPK_3683 rraB RNaseE regulator -0.4 (0.56) 159.33 120.35 

DbpA YPK_2446 dbpA Helicase 0.03 (0.98) 18.44 18.81 

RhlB YPK_4036 rhlB Helicase 1.02 (0.01) 172.20 349.42 

Name  GenbankAcc GeneSymbol Type Stat. 37°C  
wt vs. △crp 
log2FC 
(p-value) 

DESeq 
normalised 
mean reads 
wt  

DESeq 
normalised 
mean reads 
△crp 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease 0.31 (0.66) 11.42 14.17 

RNase P YPK_4248  rnpA Endoribonuclease Inf (0.31) 0.00 2.05 

RNase HII YPK_1080  rnhB Endoribonuclease 0.71 (0.70) 1.95 3.21 

RNase III YPK_1189 rnc Endoribonuclease 1.03 (0.14) 8.14 16.59 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease -1.87 (0.01) 88.75 24.23 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease -4.88 (0.00) 28.47 0.96 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease -1.34 (0.42) 3.14 1.24 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease 0.01 (1.00) 8.65 8.69 

RNase E YPK_1677 rne Endoribonuclease 0.23 (0.46) 99.50 116.88 

RNase HI YPK_1108 rnhA Endoribonuclease 0.36 (0.63) 2.62 3.37 

RNase G YPK_0469 rng Endoribonuclease 1.43 (0.07) 5.95 16.03 

PNPase YPK_3726 pnp Exoribonuclease 1.32 (0.00) 47.87 119.75 

RNase R YPK_3791 rnr Exoribonuclease 0.94 (0.03) 42.25 80.87 

RNase PH YPK_4160 rph Exoribonuclease -0.18 (1.00) 3.40 2.99 

RNase D YPK_2124 rnd Exoribonuclease 0.26 (0.80) 3.47 4.14 

RNase II YPK_2016 rnb Exoribonuclease 0.9 (0.40) 4.62 8.60 

RNase T YPK_1868 rnt Exoribonuclease 0.43 (0.44) 15.57 21.00 

Oligoribonuclease YPK_3808 orn Exoribonuclease -0.44 (0.76) 2.89 2.12 

RNase BN YPK_4186 rbn Endo/Exoribonuclease 0.87 (0.73) 2.55 4.65 

RraA YPK_4106 rraA. menG RNaseE regulator 0.95 (0.10) 22.40 43.21 

RraB YPK_3683 rraB RNaseE regulator 0.85 (0.12) 18.05 32.55 



Supplementary Material 
 

 183 

DbpA YPK_2446 dbpA Helicase 1.37 (0.13) 3.40 8.77 

RhlB YPK_4036 rhlB Helicase 1.5 (0.00) 18.42 52.15 

From Nuss et al. (2015) and unpublished data from Aaron Nuss. 
 
 
Table 70. Regulation of different RNases in response to deletion of csrA and yopD in Yersinia – DESeq 
analysis. 
 
Name  GenbankAcc GeneSymbol Type Exp. 37°C  

wt vs. △csrA 
log2FC 

p-
value 

DESeq 
normalised 
mean reads 
wt  

DESeq 
normalised 
mean reads 
△csrA 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease 0.52 0.31 47.69 72.47 

RNase P YPK_4248  rnpA Endoribonuclease 1.64 0.01 7.64 27.48 

RNase HII YPK_1080  rnhB Endoribonuclease 0.36 0.44 47.10 62.35 

RNase III YPK_1189 rnc Endoribonuclease -0.03 0.95 76.50 74.52 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease -0.27 0.59 82.28 67.01 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease 0.14 0.86 7.98 9.88 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease -0.42 0.49 16.37 11.11 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -0.19 0.79 15.11 13.33 

RNase E YPK_1677 rne Endoribonuclease -0.27 0.32 565.13 467.65 

RNase HI YPK_1108 rnhA Endoribonuclease -0.71 0.30 8.73 5.33 

RNase G YPK_0469 rng Endoribonuclease 1.18 0.00 243.26 563.15 

PNPase YPK_3726 pnp Exoribonuclease 0.07 0.84 644.82 675.28 

RNase R YPK_3791 rnr Exoribonuclease -0.79 0.00 683.48 388.34 

RNase PH YPK_4160 rph Exoribonuclease 0.54 0.37 20.68 31.92 

RNase D YPK_2124 rnd Exoribonuclease -0.68 0.07 33.11 20.15 

RNase II YPK_2016 rnb Exoribonuclease 0.79 0.09 37.62 66.98 

RNase T YPK_1868 rnt Exoribonuclease 0.66 0.40 67.18 111.81 

Oligoribonuclease YPK_3808 orn Exoribonuclease -0.16 0.82 20.73 18.92 

RNase BN YPK_4186 rbn Endo/Exoribonuclease -1.01 0.02 45.50 21.91 

RraA YPK_4106 rraA. menG RNaseE regulator -0.19 0.77 422.09 365.28 

RraB YPK_3683 rraB RNaseE regulator 0.22 0.70 156.68 181.83 

DbpA YPK_2446 dbpA Helicase 0.47 0.29 10.93 15.61 

RhlB YPK_4036 rhlB Helicase -0.28 0.56 129.12 104.91 

Name  GenbankAcc GeneSymbol Type Exp. -Ca2+  
wt vs. △csrA 
log2FC 

p-
value 

DESeq 
normalised 
mean reads 
wt  

DESeq 
normalised 
mean reads 
△csrA 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease 0.85 0.06 46.62 86.20 

RNase P YPK_4248  rnpA Endoribonuclease 1.59 0.01 12.33 39.49 

RNase HII YPK_1080  rnhB Endoribonuclease -0.07 0.90 54.66 53.20 

RNase III YPK_1189 rnc Endoribonuclease -0.11 0.74 85.86 79.12 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease -0.24 0.61 69.44 57.36 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease 1.10 0.05 6.49 16.10 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease 0.81 0.12 7.59 13.99 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease 0.04 0.96 14.58 14.83 
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RNase E YPK_1677 rne Endoribonuclease -1.15 0.00 1265.08 566.63 

RNase HI YPK_1108 rnhA Endoribonuclease -0.62 0.34 8.67 5.02 

RNase G YPK_0469 rng Endoribonuclease 1.30 0.00 170.69 430.59 

PNPase YPK_3726 pnp Exoribonuclease 0.04 0.89 758.11 779.58 

RNase R YPK_3791 rnr Exoribonuclease -0.15 0.48 403.66 357.04 

RNase PH YPK_4160 rph Exoribonuclease 1.48 0.00 18.21 48.56 

RNase D YPK_2124 rnd Exoribonuclease -0.05 0.91 25.56 22.96 

RNase II YPK_2016 rnb Exoribonuclease 0.99 0.02 42.53 86.91 

RNase T YPK_1868 rnt Exoribonuclease 0.27 0.75 101.91 124.90 

Oligoribonuclease YPK_3808 orn Exoribonuclease 0.63 0.20 16.66 27.38 

RNase BN YPK_4186 rbn Endo/Exoribonuclease -0.16 0.78 18.38 17.68 

RraA YPK_4106 rraA. menG RNaseE regulator 0.44 0.40 318.96 440.42 

RraB YPK_3683 rraB RNaseE regulator 0.41 0.39 112.61 150.30 

DbpA YPK_2446 dbpA Helicase 0.07 0.90 14.51 16.27 

RhlB YPK_4036 rhlB Helicase 0.32 0.46 112.84 141.78 

Name  GenbankAcc GeneSymbol Type Exp. 37°C  
wt vs. △yopD 
log2FC 

p-
value 

DESeq 
normalised 
mean reads 
wt  

DESeq 
normalised 
mean reads 
△yopD 

YbeY YPK_3007 ybeY, yqfG Endoribonuclease -0.77 0.18 47.69 27.75 

RNase P YPK_4248  rnpA Endoribonuclease 0.51 0.58 7.64 12.10 

RNase HII YPK_1080  rnhB Endoribonuclease 0.41 0.44 47.10 63.66 

RNase III YPK_1189 rnc Endoribonuclease 0.53 0.10 76.50 110.25 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease -0.40 0.46 82.28 61.49 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease -1.32 0.08 7.98 2.94 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease 0.78 0.20 16.37 25.66 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -0.15 0.86 15.11 12.54 

RNase E YPK_1677 rne Endoribonuclease 0.44 0.11 565.13 773.90 

RNase HI YPK_1108 rnhA Endoribonuclease -0.83 0.32 8.73 4.35 

RNase G YPK_0469 rng Endoribonuclease 0.22 0.65 243.26 283.41 

PNPase YPK_3726 pnp Exoribonuclease -0.04 0.93 644.82 627.64 

RNase R YPK_3791 rnr Exoribonuclease -0.58 0.00 683.48 448.12 

RNase PH YPK_4160 rph Exoribonuclease -0.35 0.66 20.68 17.79 

RNase D YPK_2124 rnd Exoribonuclease -0.04 0.96 33.11 34.71 

RNase II YPK_2016 rnb Exoribonuclease 0.65 0.25 37.62 63.12 

RNase T YPK_1868 rnt Exoribonuclease 2.60 0.00 67.18 495.53 

Oligoribonuclease YPK_3808 orn Exoribonuclease -0.39 0.57 20.73 15.61 

RNase BN YPK_4186 rbn Endo/Exoribonuclease -1.46 0.00 45.50 15.82 

RraA YPK_4106 rraA. menG RNaseE regulator 0.81 0.15 422.09 764.98 

RraB YPK_3683 rraB RNaseE regulator -0.02 0.98 156.68 155.58 

DbpA YPK_2446 dbpA Helicase 0.42 0.46 10.93 14.95 

RhlB YPK_4036 rhlB Helicase 0.09 0.89 129.12 133.93 

Name  GenbankAcc GeneSymbol Type Exp. -Ca2+ 
wt vs. △yopD 
log2FC 

p-
value 

DESeq 
normalised 
mean reads 
wt  

DESeq 
normalised 
mean reads 
△yopD 
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YbeY YPK_3007 ybeY, yqfG Endoribonuclease 0.23 0.72 46.62 50.72 

RNase P YPK_4248  rnpA Endoribonuclease -1.20 0.14 12.33 5.95 

RNase HII YPK_1080  rnhB Endoribonuclease -0.48 0.34 54.66 40.79 

RNase III YPK_1189 rnc Endoribonuclease -1.04 0.00 85.86 36.58 

L-PSP (YoaB) YPK_2129 yoaB Endoribonuclease 0.74 0.10 69.44 111.70 

L-PSP (TdcF-1) YPK_0603 tdcF-1 Endoribonuclease 0.16 0.87 6.49 7.17 

L-PSP (TdcF-2) YPK_0604 tdcF-2 Endoribonuclease 0.92 0.14 7.59 14.86 

L-PSP (TdcF) YPK_0498 ridA. tdcF Endoribonuclease -0.64 0.35 14.58 11.50 

RNase E YPK_1677 rne Endoribonuclease -0.45 0.08 1265.08 925.54 

RNase HI YPK_1108 rnhA Endoribonuclease -0.25 0.79 8.67 6.75 

RNase G YPK_0469 rng Endoribonuclease -0.16 0.74 170.69 148.04 

PNPase YPK_3726 pnp Exoribonuclease -0.54 0.03 758.11 513.23 

RNase R YPK_3791 rnr Exoribonuclease 0.01 0.97 403.66 408.50 

RNase PH YPK_4160 rph Exoribonuclease -0.11 0.90 18.21 16.36 

RNase D YPK_2124 rnd Exoribonuclease 0.22 0.68 25.56 29.88 

RNase II YPK_2016 rnb Exoribonuclease -1.52 0.00 42.53 13.70 

RNase T YPK_1868 rnt Exoribonuclease 1.63 0.02 101.91 356.40 

Oligoribonuclease YPK_3808 orn Exoribonuclease -0.57 0.39 16.66 9.47 

RNase BN YPK_4186 rbn Endo/Exoribonuclease 0.40 0.52 18.38 23.69 

RraA YPK_4106 rraA. menG RNaseE regulator 1.15 0.02 318.96 731.09 

RraB YPK_3683 rraB RNaseE regulator 0.62 0.23 112.61 176.94 

DbpA YPK_2446 dbpA Helicase 0.46 0.36 14.51 19.89 

RhlB YPK_4036 rhlB Helicase -0.33 0.52 112.84 87.24 

From Kusmierek (2018, PhD thesis) 
 
 
Table 71. Expression of T6SS-associated genes (RNAseq analsis) 
 

  wt stat.  
25°C vs. 37°C 

wt 25°C exp. vs. stat.  Stationary 25°C  
wt vs. DcsrA 

T0 25°C wt vs. Dpnp 

  Log2FC p-value Log2FC p-value Log2FC p-value Log2FC p-value 
YPK_3548      5.64 4.82E-07 -1.57 0.004 
YPK_3549    0.16 3.90E-01 7.54 4.06E-98 0.38 0.681 
YPK_3551  0.10 1.00E+00 -1.02 3.56E-01 9.54 3.68E-52 0.12 0.762 

YPK_3553 vasD-4, 
lip-4 -Inf 9.53E-01 -0.93 1.00E+00   2.55 2.73E-04 

YPK_3555  -Inf 6.39E-01 1.62 2.21E-01 7.58 1.72E-53 0.83 0.335 
YPK_3562 impF-2 -Inf 3.70E-01 1.84 1.14E-01 7.93 2.50E-97 -0.86 0.162 
YPK_3563 hcp-5 -4.22 1.17E-11 2.99 8.16E-13   -0.48 0.449 
YPK_3564 impC-4 -4.11 6.33E-04 2.22 3.29E-03   0.68 0.228 
YPK_3567 rovC -2.94 1.58E-04 2.21 1.31E-06 5.14 9.79E-55 1.87 0.068 
          
Hcp 
proteins          

YPK_0385 hcp-1 0.4 1.00 1.06 0.23 4.21 2.62E-27 2.85 9.3E-10 
YPK_0803 hcp-2 -Inf 0.38 -Inf 0.42 2.86 0.019 0.82 0.036 
YPK_1481 hcp-3 -0.5 1.00 0.51 0.67 3.03 2.48E-09 1.78 0.104 
YPK_2701 hcp-4 2.1 0.03 0.76 0.59 0.46 0.408 0.45 0.196 
  (Nuss et al., 2015) (Nuss et al., 2015) Unpublished data This study 
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8.2 RNAseq results and quality assessments 
 

 
 

Figure 67. Exemplary graph showing quality assessment of RNA samples (Agilent 2100 Bioanalyzer). 
Shown ist the Bioanalyzer profile for the sample 1_ivo16 (wild-type T0 25°C). Samples with an RNA integrity 
number (RIN) of ≥ 8 were considered for further RNA sequencing sample preparation. Major peaks 
representing 16S and 23S rRNA.  
 
 
Table 72. RNAseq – Number of mapped reads to the chromosome and plasmid 
 

Sample group  Total mapped 
reads 

Total 
uniquely 
mapped reads  

Uniquely mapped 
to chromosome 

Uniquely 
mapped to 
plasmid pYV 

Total 
uniquely 
mapped to 
genes 

wt T0 1 22790492 22161199 43180749 190570 347408 
2 28580236 27974902 54585062 269938 438101 
3 25914510 25352870 49484541 230180 385602 

Dpnp T0 1 32095829 29697800 57936298 285219 994662 
2 26232328 24571117 47920107 268158 819505 
3 26307640 24579558 47916222 262620 850722 

Drnc T0 1 32410288 30226733 58368323 703660 539259 
2 26407504 24030413 46251244 587119 461011 
3 29169484 27451158 52974331 630430 516767 

wt T1 37°C 1 29264784 28617242 53831974 822254 403900 
2 26044432 25667015 48272694 832762 383386 
3 27482247 26877128 50517957 900144 416538 

wt T1 -Ca2+ 1 28875246 28461786 48616529 3471694 683736 
2 23777673 23446712 40306723 2704219 534177 
3 28972091 28600402 49830983 3012022 628046 

Dpnp T1 37°C 1 25153661 23973434 44668188 1052943 650513 
2 27145668 25764974 47609816 1351223 750965 
3 28588793 26166327 48558936 1301781 919363 

Dpnp T1 -Ca2+ 1 27527993 25896956 43524437 3564132 1010600 
2 28493293 26848694 46066054 3257510 971418 
3 27040334 25840221 42924786 3727890 985247 

Drnc T1 37°C 1 26791148 26043978 45052684 2995317 840093 
2 26274867 25210168 43320112 2941370 739596 
3 23387793 22637467 39664425 2268596 614257 

Drnc T1 -Ca2+ 1 24532079 23834805 29925345 8323318 1262824 
2 25964199 25313158 30967484 9268822 1380489 
3 28451765 27904197 35656177 9553407 1470386 
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wt T2 37°C 1 23749011 23092671 42671666 492497 333500 
2 21936831 21084226 38206016 535106 329937 
3 26003108 24947087 46203727 566018 383468 

wt T2 -Ca2+ 1 25421678 25147166 21833539 13580302 1330067 
2 24726836 24163507 20481356 12984064 1218249 
3 22313757 21994434 16570785 12936484 1140485 

Dpnp T2 37°C 1 27259406 26351915 48163053 1330131 603302 
2 24107179 23471461 42832540 1207313 548843 
3 22558372 21848411 38982223 1300663 604638 

Dpnp T2 -Ca2+ 1 21824616 21395388 17733858 12047629 1239889 
2 24949344 24597684 20353051 13900615 1497334 
3 23002531 21937898 18086560 12255847 1276889 

Drnc T2 37°C 1 25060920 24596914 23866073 11954596 1175493 
2 21796735 21384140 22598353 9337208 937382 
3 25515044 25150638 24203093 12137486 1197084 

Drnc T2 -Ca2+ 1 24883083 24543794 23278982 12221394 1648973 
2 25007748 24325173 14686420 16310457 1584173 
3 20631832 20167655 12591542 13183329 1260933 

 
 
Table 73. Up and downregulated genes in response to calcium depletion 
 

   Chromosome 
upregulated 

Chromosome  
downregulated 

Plasmid  
upregulated 

Plasmid 
downregulated 

sRNA 
upregulated 

sRNA 
downregulated 

T1 
wt  37°C vs. -Ca2+ 1 0 10 0 2 1 
Dpnp 37°C vs. -Ca2+ 0 0 7 0 2 0 
Drnc 37°C vs. -Ca2+ 0 4 13 0 6 0 

T2 
wt  37°C vs. -Ca2+ 117 13 58 1 17 4 
Dpnp 37°C vs. -Ca2+ 14 21 31 1 16 2 
Drnc 37°C vs. -Ca2+ 2 29 0 0 1 4 

 
 
Table 74. Differentially-regulated genes between different strains  
 

   Chromosome 
upregulated 

Chromosome  
downregulated 

Plasmid  
upregulated 

Plasmid 
downregulated 

sRNA 
upregulated 

sRNA 
downregulated 

T0 
  wt vs. Dpnp 89 57 4 0 1 18 

wt vs. Drnc 21 3 7 0 2 0 
Dpnp vs. Drnc 49 39 7 1 20 2 

T1 37°C 
wt vs. Dpnp 104 34 1 0 1 9 
wt vs. Drnc 145 10 29 0 8 2 
Dpnp vs. Drnc 135 69 24 1 15 2 

T1 -Ca2+ 
wt vs. Dpnp 89 31 2 0 4 3 
wt vs. Drnc 138 19 28 0 8 0 
Dpnp vs. Drnc 75 67 27 0 19 1 

T2 37°C 
wt vs. Dpnp 40 12 5 0 1 1 
wt vs. Drnc 135 32 54 0 26 5 
Dpnp vs. Drnc 112 55 42 0 25 2 

T2 -Ca2+ 
wt vs. Dpnp 26 72 1 5 1 3 
wt vs. Drnc 66 58 6 1 9 4 
Dpnp vs. Drnc 106 67 14 0 7 2 

 
 
Table 75. Differentially-regulated genes compared to T0 
 

  Chromosome 
upregulated 

Chromosome  
downregulated 

Plasmid  
upregulated 

Plasmid 
downregulated 

sRNA 
upregulated 

sRNA 
downregulated 

 
T0 vs. T1 37°C 

wt 41 92 5 0 17 3 
Dpnp 15 53 8 0 17 2 
Drnc 55 37 24 0 15 5 

T0 vs. T1 -Ca2+ 
wt 54 80 31 0 19 5 
Dpnp 25 48 20 0 19 2 
Drnc 36 30 50 0 22 4 

T0 vs. T2 37°C 
wt 178 305 13 2 15 24 
Dpnp 142 261 14 1 26 15 
Drnc 106 174 51 0 18 13 

T0 vs. T2 -Ca2+ 
wt 208 242 76 0 18 30 
Dpnp 116 318 48 0 23 23 
Drnc 121 249 64 0 22 21 
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Table 76. Differentially-expressed genes between T1 and T2 
 

  Chromosome 
upregulated 

Chromosome  
downregulated 

Plasmid  
upregulated 

Plasmid 
downregulated 

sRNA 
upregulated 

sRNA 
downregulated 

T1 vs. T2 37°C 
wt 102 154 1 1 3 31 
Dpnp 238 301 10 10 18 23 
Drnc 212 306 28 3 7 20 

T1 vs. T2 -Ca2+ 
wt 188 157 35 1 7 27 
Dpnp 48 139 20 0 7 17 
Drnc 39 151 4 2 3 23 

 
 

 
 

Figure 68. Genes differentially-regulated compared to T0. 
O/D cultures of the wild-type (wt) and both mutants (Dpnp and Drnc) were grown at conditions that either 
induces (secretion conditions, “-Ca2+”) or does not induce (non-secretion conditions, “37°C”) T3S. An 
additional sample was taken after the initial 2 h at 25°C (T0) (Growth conditions as described in chapter 2.2.1.2 
and 2.2.12). Strains were cultivated for either 1 h (T1) or 4 h (T2) after the shift from 25°C to 37°C. Genes 
included in the analysis showed a log2FC of at least -2/+2 and an expression significantly differing from each 
other in the two strains (p-value ≤ 0.05). Raw data Table 75.  
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Figure 69. Genes differentially-regulated between T1 and T2. 
O/D cultures of the wild-type (wt) and both mutants (Dpnp and Drnc) were grown at conditions that either 
induces (secretion conditions, “-Ca2+”) or does not induce (non-secretion conditions, “37°C”) T3S (Growth 
conditions as described in chapter 2.2.1.2 and 2.2.12). Strains were cultivated for either 1 h (T1) or 4 h (T2) 
after the shift from 25°C to 37°C. Genes included in the analysis showed a log2FC of at least -2/+2 and an 
expression significantly differing from each other in the two strains (p-value ≤ 0.05). Raw data Table 76. 
 
 
Table 77. Up and down regulated genes (T1 37°C) KEGG categories wt vs. Dpnp 

Category total [%] up [%] down [%] 
Metabolism 11.66667 12.9771 8.163265 
Genetic information processing 18.88889 11.45038 38.77551 
Environmental Information Processing 15.55556 19.08397 6.122449 
Cellular processes 14.44445 17.55725 6.122449 
Virulence 1.666667 1.526718 2.040816 
Hypothetical Protein  23.88889 19.08397 36.7347 
Others 13.88889 18.32061 2.040816 
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Table 78. Up and down regulated genes (T1 37°C) KEGG categories wt vs. Drnc 
Category total [%] up [%] down [%] 
Metabolism 7.079646 7.476636 0 
Genetic information processing 17.69912 15.88785 50 
Environmental Information Processing 11.9469 12.61682 0 
Cellular processes 9.292035 9.813084 0 
Virulence 7.964602 8.411215 0 
Hypothetical Protein  28.31858 27.57009 41.66667 
Others 17.69912 18.2243 8.333333 

 
Table 79. Up and down regulated genes (T1 37°C) KEGG categories Dpnp vs. Drnc 

Category total [%] up [%] down [%] 
Metabolism 11.53846 10.94527 12.94118 
Genetic information processing 24.12587 28.35821 14.11765 
Environmental Information Processing 11.53846 9.950249 15.29412 
Cellular processes 10.13986 6.467662 18.82353 
Virulence 8.041958 11.44279 0 
Hypothetical Protein  20.62937 20.89552 20 
Others 13.98601 11.9403 18.82353 

 
Table 80. Up and down regulated genes (T2 37°C) KEGG categories wt vs. Dpnp 

Category total [%] up [%] down [%] 
Metabolism 13.88889 14.28571 13.33333 
Genetic information processing 12.5 12.5 13.33333 
Environmental Information Processing 12.5 14.28571 6.666667 
Cellular processes 13.88889 14.28571 6.666667 
Virulence 1.388889 1.785714 0 
Hypothetical Protein  23.61111 25 20 
Others 22.22222 17.85714 40 

 
Table 81. Up and down regulated genes (T2 37°C) KEGG categories wt vs. Drnc 

Category total [%] up [%] down [%] 
Metabolism 6.52921 6.477733 6.818182 
Genetic information processing 15.12028 14.5749 18.18182 
Environmental Information Processing 13.05842 12.95547 13.63636 
Cellular processes 8.247422 6.477733 18.18182 
Virulence 10.30928 11.74089 2.272727 
Hypothetical Protein  24.05498 25.91093 13.63636 
Others 22.68041 21.86235 27.27273 

 
Table 82. Up and down regulated genes (T2 37°C) KEGG categories Dpnp vs. Drnc 

Category total [%] up [%] down [%] 
Metabolism 8.988764 5.970149 18.18182 
Genetic information processing 14.23221 16.41791 7.575758 
Environmental Information Processing 10.11236 8.955224 13.63636 
Cellular processes 7.490637 4.975124 15.15152 
Virulence 8.988764 11.44279 1.515152 
Hypothetical Protein  26.96629 29.35323 19.69697 
Others 23.22097 22.88557 24.24242 

 
Table 83. Up and down regulated genes (T1 37°C) wt vs. Dpnp 

Category total [%] 
Drug resistance 1.234568 
Adhesins 1.234568 
Transporters 23.45679 
Secretion System  4.938272 
Motility/Quorum sensing  7.407407 
RNA degradation (RNases/Degradosome) 2.469136 
Ribosomes (rRNAs/tRNAs) 6.17284 
sRNAs 13.58025 
Outer membrane 7.407407 
Two component system 1.234568 
Putative transposase/phage related proteins 13.58025 
Prokaryotic defense system 1.234568 
Toxin/Antitoxin 3.703704 
Transcription 9.876543 
Chaperones/Stress response 2.469136 
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Table 84. Up and down regulated genes (T1 37°C) wt vs. Drnc 
Category total [%] 
Drug resistance 2.912621 
Adhesins 0 
Transporters 11.65049 
Secretion System  17.47573 
Motility/Quorum sensing  1.941748 
RNA degradation (RNases/Degradosome) 1.941748 
Ribosomes (rRNAs/tRNAs) 11.65049 
sRNAs 9.708738 
Outer membrane 6.796116 
Two component system 0.9708738 
Putative transposase/phage related proteins 10.67961 
Prokaryotic defense system 4.854369 
Toxin/Antitoxin 4.854369 
Transcription 11.65049 
Chaperones/Stress response 2.912621 

 
Table 85. Up and down regulated genes (T1 37°C) Dpnp vs. Drnc 

Category total [%] 
Drug resistance 2.702703 
Adhesins 0.6756757 
Transporters 13.51351 
Secretion System  11.48649 
Motility/Quorum sensing  3.378378 
RNA degradation (RNases/Degradosome) 1.351351 
Ribosomes (rRNAs/tRNAs) 14.86487 
sRNAs 11.48649 
Outer membrane 8.783784 
Two component system 2.027027 
Putative transposase/phage related proteins 9.459459 
Prokaryotic defense system 3.378378 
Toxin/Antitoxin 3.378378 
Transcription 9.459459 
Chaperones/Stress response 4.054054 

 
Table 86. Up and down regulated genes (T2 37°C) wt vs. Dpnp 

Category total [%] 
Drug resistance 3.448276 
Adhesins 0 
Transporters 27.58621 
Secretion System  0 
Motility/Quorum sensing  3.448276 
RNA degradation (RNases/Degradosome) 3.448276 
Ribosomes (rRNAs/tRNAs) 10.34483 
sRNAs 6.896552 
Outer membrane 6.896552 
Two component system 3.448276 
Putative transposase/phage related proteins 31.03448 
Prokaryotic defense system 0 
Toxin/Antitoxin 0 
Transcription 3.448276 
Chaperones/Stress response 1e-009 

 
Table 87. Up and down regulated genes (T2 37°C) wt vs. Drnc 

Category total [%] 
Drug resistance 2.173913 
Adhesins 2.173913 
Transporters 11.5942 
Secretion System  20.28986 
Motility/Quorum sensing  3.623189 
RNA degradation (RNases/Degradosome) 0.7246377 
Ribosomes (rRNAs/tRNAs) 2.898551 
sRNAs 22.46377 
Outer membrane 4.347826 
Two component system 2.898551 
Putative transposase/phage related proteins 13.76812 
Prokaryotic defense system 2.173913 
Toxin/Antitoxin 3.623189 
Transcription 7.246377 
Chaperones/Stress response 0 
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Table 88. Up and down regulated genes (T2 37°C) Dpnp vs. Drnc 

Category total [%] 
Drug resistance 3.90625 
Adhesins 0 
Transporters 12.5 
Secretion System  17.96875 
Motility/Quorum sensing  3.90625 
RNA degradation (RNases/Degradosome) 1.5625 
Ribosomes (rRNAs/tRNAs) 2.34375 
sRNAs 19.53125 
Outer membrane 6.25 
Two component system 3.125 
Putative transposase/phage related proteins 16.40625 
Prokaryotic defense system 3.125 
Toxin/Antitoxin 2.34375 
Transcription 7.03125 
Chaperones/Stress response 0 

 
 
 

 
 

Figure 70. Influence of RNase III and PNPase on specific pathways at T1.  
O/D cultures of the wild-type (wt) and both mutants (Dpnp and Drnc) were grown at non-secretion conditions 
(“37°C”) that don’t induce the T3SS (Growth conditions as described in chapter 2.2.1.2 and 2.2.12). 
Differentially-expressed genes with a log2FC cut-off of 2 and a significant p-value (≤ 0.05) were used for the 
analysis of global biological pathways. Data was assessed for timepoint T1 (1 h post-induction) at 37°C without 
induction of secretion and the comparisons (A) wt vs. Drnc, (B) wt vs. Dpnp and (C) Dpnp vs. Drnc. Categories 
used for this analysis were established based on descriptions in the KEGG database. Genes categorised as 
“hypothetical proteins” or “others” in previous analysis (Figure 45) were neglected.  
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Figure 71. Influence of RNase III and PNPase on specific pathways at T2. 
O/D cultures of the wild-type (wt) and both mutants (Dpnp and Drnc) were grown at non-secretion conditions 
(“37°C”) that don’t induce the T3SS (Growth conditions as described in chapter 2.2.1.2 and 2.2.12). 
Differentially-expressed genes with a log2FC cut-off of 2 and a significant p-value (≤ 0.05) were used for the 
analysis of global biological pathways. Data was assessed for timepoint T2 (4 h post-induction) at 37°C without 
induction of secretion and the comparisons (A) wt vs. Drnc, (B) wt vs. Dpnp and (C) Dpnp vs. Drnc. Categories 
used for this analysis were established based on descriptions in the KEGG database. Genes categorised as 
“hypothetical proteins” or “others” in previous analysis (Figure 45) were neglected.   
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Figure 72. Impact of RNase III and PNPase on expression of RNases and associated proteins.  
O/D cultures of the wild-type (wt) and both mutants (Dpnp and Drnc) were grown at conditions that either 
induces (secretion conditions, “-Ca2+”) or does not induce (non-secretion conditions, “37°C”) T3S. An 
additional sample was taken after the initial 2 h at 25°C (T0) (Growth conditions as described in chapter 2.2.1.2 
and 2.2.12). Strains were cultivated for either 1 h (T1) or 4 h (T2) after the shift from 25°C to 37°C. Heatmap 
showing the log2FC for the expression of genes encoding for different RNases, helicases and degradosome 
components. (A) The wild-type is compared to the Drnc mutant under either secretion (“-Ca2+”) or non-
secretion conditions (“37°C”) and to (B) the Dpnp mutant at T0. Colours indicate the respective log2FC for 
each gene.  
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A

37°C -Ca2+ 37°C -Ca2+
RNase E rne YPK_1677 -0.16 -0.43 -0.03 -1.06
PNPase pnp YPK_3726 2.29 1.13 1.86 0.48
RhlB rhlB YPK_4036 -0.01 -0.49 -0.26 0.09
Enolase eno YPK_3446 0.78 -1.39 -0.39 -0.38
RNase G rng YPK_0469 0.42 -0.53 1.42 0.25
RraA rraA, menG YPK_4106 -0.38 -0.71 -0.34 -0.31
RNase HI rnhA YPK_1108 -0.72 -0.64 -0.48 0.32
RNase D rnd YPK_2124 0.56 1.00 1.29 0.99
DbpA dbpA YPK_2446 0.23 0.00 1.29 -0.71
RhlB rhlB YPK_4036 -0.01 -0.49 -0.26 0.09
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RraB rraB YPK_3683 0.16 -0.17 -0.05 -1.42
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L-PSP yoaB YPK_2129 0.05 0.42 0.66 -1.04
L-PSP tdcF-1 YPK_0603 2.38 -2.16 0.11 -2.01
L-PSP tdcF-2 YPK_0604 -0.02 0.25 0.06 0.44
L-PSP ridA, tdcF YPK_0498 0.78 1.48 0.33 -0.78
YbeY ybeY, yqfG YPK_3007 0.67 -1.26 -0.19 -0.51
RNase P rnpA YPK_4248 -0.28 -1.19 -1.72 -1.02
RNase HII rnhB YPK_1080 -0.72 0.04 0.05 0.43
RNase R rnr YPK_3791 -0.23 -0.41 -0.61 -0.63
Oligoribonuclease orn YPK_3808 0.05 -1.24 -0.18 -0.62
RNase T rnt YPK_1868 -0.60 -0.48 -0.07 1.05
RNase BN rbn YPK_4186 -0.99 -0.74 -0.32 -0.14

0.5

wt vs. �pnp

T0 25°C
RNase E rne YPK_1677 0.38
PNPase pnp YPK_3726 -6.45
RhlB rhlB YPK_4036 -0.41
Enolase eno YPK_3446 -1.27
RNase G rng YPK_0469 -0.38
RraA rraA, menG YPK_4106 3.21
RNase HI rnhA YPK_1108 -0.51
RNase D rnd YPK_2124 1.45
DbpA dbpA YPK_2446 0.19
RhlB rhlB YPK_4036 -0.41
RNase II rnb YPK_2016 0.87
RraB rraB YPK_3683 0.89
RNase PH rph YPK_4160 -0.13
RNase III rnc YPK_1189 -1.31
L-PSP yoaB YPK_2129 -0.24
L-PSP tdcF-1 YPK_0603 -0.81
L-PSP tdcF-2 YPK_0604 0.46
L-PSP ridA, tdcF YPK_0498 -0.16
YbeY ybeY, yqfG YPK_3007 0.60
RNase P rnpA YPK_4248 -1.09
RNase HII rnhB YPK_1080 0.56
RNase R rnr YPK_3791 0.12
Oligoribonuclease orn YPK_3808 -0.16
RNase T rnt YPK_1868 0.05
RNase BN rbn YPK_4186 -0.61
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Table 89. sRNAs significantly affected in the Dpnp mutant at T0  
Accession 
ID 

sRNA ID sRNA  Genetic 
location/antisense 
feature 

Gene description  

NC_010465 Ysr42  trans-
encoded cspC-1, dsrB 

cold-shock DNA-binding 
domain protein, hypothetical 
protein 

 

NC_010465 Ysr192_NU  trans-
encoded uppP(bacA), cca 

undecaprenyl pyrophosphate 
phosphatase, multifunctional 
tRNA nucleotodyl tramsferase 

¯ 

NC_010465 Ysr151_BE_sR007_YA RnpB trans-
encoded rsmI, yhaK uroporphyrin-III C/tetrapyrrole 

methyltransferase 
¯ 

NC_010465 Ysr186_BE_sR026_YA CsrC trans-
encoded yihI, engB 

hypothetical protein, ribosomal 
biogenesis GTP-binding protein 
YsxC 

¯ 

NC_010465 sR022_YA tmRNA, 
SsrA 

trans-
encoded smpB, YPK_2981 SsrA binding protein, phage 

integrase family protein 
¯ 

NC_010465 Ysr190_NU  trans-
encoded aroQ. yedZ 

3-dehydroquinate dehydratase, 
putative sulfite oxidase subunit 
YedZ 

¯ 

NC_006153 Ysr300  antisense yscC putative type III secretion protein ¯ 

NC_010465 Ysr252  antisense yecS 
polar amino acid ABC 
transporter, inner membrane 
subunit 

¯ 

NC_010465 Ysr265  antisense secD protein-export membrane protein 
SecD 

¯ 

NC_010465 Ysr104_KO_sR035_YA HmsB antisense YPK_3614 ATPase, P-type (transporting), 
HAD superfamily, subfamily IC 

¯ 

NC_006153 Ysr294  antisense lcrD, yscV putative membrane-bound Yop 
protein 

¯ 

NC_010465 Ysr272  antisense ilvI acetolactate synthase, large 
subunit, biosynthetic type 

¯ 

NC_010465 Ysr276  antisense pepA leucyl aminopeptidase ¯ 

NC_006153 Ysr293  antisense lcrV/lcrG putative V antigen, antihost 
protein/putative Yop regulator 

¯ 

NC_006153 Ysr291  antisense yopD putative Yop negative 
regulation/targeting component 

¯ 

NC_010465 Ysr237_NU  antisense  putative DNA-binding protein 
(Roi) 

¯ 

NC_010465 Ysr233_NU  antisense tccC insecticidal toxin complex 
protein TccC 

¯ 

NC_010465 Ysr254  antisense 

yphD-6, ytfT-6, 
yjfF-6/not 
annotated/not 
annotated 

monosaccharide-transporting 
ATPase/hypothetical 
protein/hypothetical protein 

¯ 

NC_006153 Ysr292  antisense lcrH, sycD/lcrV 
low calcium response protein 
H/putative V antigen, antihost 
protein/regulator 

¯ 

NC_010465 Ysr114  antisense trxB thioredoxin reductase ¯ 
NC_010465 sR094  antisense tdh L-threonine 3-dehydrogenase ¯ 

Data from Nuss et al. (2015). 
 
Table 90. Genes differentially-regulated (log2FC of at least +2/-2, p-value ≤ 0.05) between wild-type (wt) 
and the Dpnp mutant at T0 25°C 

GenebankAcc GeneSymbol T0 wt vs. Dpnp log2FC p-value 
YPK_0382 malM 4.43533614 4.6837E-41 
YPK_1504 ccmI 3.92479962 1.8406E-21 
YPK_1808 yniC 3.74157693 2.9142E-25 
YPK_1948 yrfG-2, yigB-2, yihX-2 3.44935258 8.5155E-14 
YPK_3877 terZ 3.39641554 1.6113E-15 
YPK_2760 psaF 3.3774178 1.6967E-12 
YPK_1827  3.36944243 0.00013911 
YPK_2687 trxB 3.35203629 1.283E-23 
pYV0039  3.27367695 1.4594E-28 
YPK_4106 rraA, menG 3.20853131 4.0743E-44 
YPK_0381 lamB-1 3.08450309 2.4359E-13 
pYV0097  3.07330883 1.0247E-12 
YPK_0693 chiC 3.06971477 4.6369E-20 
YPK_0888 dam-2 3.04720072 1.5668E-09 
YPK_0383  2.93868697 1.423E-06 
YPK_1630  2.92355074 5.1497E-05 
YPK_0385 hcp-1 2.85309967 9.2958E-10 
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YPK_0053 fimC-1 2.81309024 4.2105E-05 
YPK_0822 yggL 2.73895097 0.00854317 
YPK_0755  2.73352593 0.00741824 
YPK_0754  2.72343206 7.3101E-25 
YPK_2876 phnE1 2.69183929 0.01435881 
YPK_R0081 tRNA-Met 2.68631768 0.01567866 
YPK_0728 flaA-2 2.6496182 0.00127772 
YPK_2298  2.62758854 1.5437E-05 
YPK_3832 yjdC 2.60134681 0.00049033 
YPK_2866 sseA, ynjE 2.5986924 1.2151E-25 
YPK_2909 zraP 2.58767356 0.00526577 
YPK_3971 livG 2.56784636 0.0107838 
YPK_4120 galB 2.56727507 7.737E-24 
YPK_3553 vasD-4, lip-4 2.55450671 0.00027294 
YPK_3324 allC 2.54829739 0.00843449 
YPK_2812  2.53649035 0.00526546 
YPK_2038 btuR, cobO 2.51981739 3.3542E-10 
YPK_0797  2.50094125 0.01928024 
YPK_1810  2.45515894 3.3106E-14 
YPK_1444 glk 2.43506298 0.00119459 
YPK_3030 crcB-3 2.41029207 1.172E-05 
YPK_0579  2.39988158 0.02102784 
YPK_2602 fabD-2 2.39568024 0.00589819 
YPK_1768  2.3449755 6.2952E-23 
YPK_0599  2.31013552 4.4532E-05 
YPK_2672 yadC 2.30637199 0.00107932 
YPK_3089  2.30478251 0.01759664 
YPK_0166  2.30218391 0.02367743 
YPK_2607  2.29631424 0.0026872 
YPK_0795 insA-1 2.29062339 0.02130034 
YPK_1789 fimA-4 2.27964971 1.4471E-08 
YPK_0091 dppD 2.27598325 0.00028028 
Ysr42  2.27349148 1.5516E-37 
YPK_1809 yfeE 2.27311129 4.8905E-06 
YPK_1613 rbsC-3 2.26401261 0.02284654 
YPK_1639  2.25969952 0.01274166 
YPK_3260  2.2518363 0.00085167 
YPK_2840  2.246428 5.3917E-10 
YPK_2251  2.22603432 0.03137044 
YPK_2491 thuR 2.22471356 1.0969E-09 
YPK_2983  2.2175785 7.5638E-11 
YPK_2857 ompC-3 2.21661852 0.00250448 
YPK_1828 btuC 2.20881383 0.01113541 
YPK_3397 fucR 2.18882268 5.618E-13 
YPK_1628  2.18069823 9.2855E-06 
YPK_2803  2.17883266 1.443E-10 
YPK_3577  2.17120787 0.03699401 
YPK_1638  2.17053072 0.00806689 
YPK_1764 alr-1 2.16171015 5.7178E-09 
pYV0058 lcrG 2.15972572 0.00068944 
YPK_3479 hpt 2.15770273 2.2096E-06 
YPK_1636 ycjP-2 2.14030025 0.04205261 
pYV0059 lcrR 2.13895714 2.1754E-07 
YPK_3531 ilvI 2.12261039 6.6591E-17 
YPK_1958 tauA-2 2.10781909 0.00061817 
YPK_2435 yebY 2.10638355 6.7877E-08 
YPK_1305  2.09244508 0.03323659 
YPK_2287  2.09175478 0.05581917 
YPK_3109  2.07773506 0.00238162 
YPK_0631  2.07648734 3.0173E-06 
YPK_0612  2.07567414 0.03310796 
YPK_2362 nanM, yjhT 2.0733153 2.756E-05 
YPK_3836  2.07216583 0.0222883 
YPK_0379  2.06912922 0.00434314 
YPK_3486 yacL 2.06293705 0.00310052 
YPK_1465  2.06182349 0.02948491 
YPK_0998  2.05873819 3.7297E-16 
YPK_1496 ccmA 2.05170661 0.00030701 
YPK_2863 yehX, opuA 2.04814444 0.00124601 
YPK_3453 dgt 2.03078282 0.01892234 
YPK_1242  2.02952768 0.05182857 
YPK_2807  2.02754776 9.1113E-08 
YPK_2869 urtE, livF 2.01288036 4.2088E-06 
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YPK_3807  2.00735905 3.7877E-15 
YPK_3429 truD 2.00723127 1.0807E-13 
YPK_2224 ompC-1 2.00502925 0.00037235 
YPK_4085 hasA 2.00215311 7.1243E-21 
YPK_3726 pnp -6.4537255 5.5215E-18 
YPK_0674  -3.6280946 9.3794E-34 
Ysr114  -3.1207104 2.3576E-56 
YPK_1849 sufC -3.0842673 1.5662E-05 
YPK_4223 atpH -3.0799407 3.5974E-06 
YPK_3756 rpmA -3.0035063 1.361E-06 
YPK_0276 rpsG -2.7104063 0.00045549 
YPK_0337 rplJ -2.7070844 1.2715E-08 
YPK_0374  -2.6607591 4.9614E-29 
YPK_1365  -2.576577 5.5523E-21 
YPK_0338 rplL -2.5457748 9.7212E-06 
YPK_4222 atpF -2.5416444 3.5986E-06 
Ysr292  -2.5012815 2.014E-21 
YPK_3594 dnaK -2.4128489 1.4994E-08 
Ysr190_NU  -2.3778073 0.01700574 
YPK_3822 groEL -2.3771336 9.3336E-09 
YPK_4249 rpmH -2.3670618 0.01492617 
Ysr186_BE_sR026_YA CsrC -2.3631079 0.02689553 
YPK_3364 rpsP -2.3422262 0.02255004 
YPK_1823 rplT -2.3364975 6.3745E-06 
Ysr254  -2.332108 1.0684E-21 
Ysr151_BE_sR007_YA RnpB -2.3049682 4.0023E-13 
YPK_1722 ymfC, rluE -2.2728302 1.908E-11 
YPK_2418 flgI -2.2719028 0.01384007 
YPK_R0074 tRNA-Leu -2.2692826 0.05315258 
YPK_0290 rplP -2.2580072 1.172E-05 
YPK_3002  -2.250997 2.6028E-05 
YPK_0335 rplK -2.2460036 7.9143E-06 
Ysr233_NU  -2.2370862 1.1191E-09 
YPK_0285 rplW -2.230782 1.0455E-07 
Ysr237_NU  -2.2245805 0.00011288 
sR022_YA tmRNA, SsrA -2.2186459 5.0699E-07 
YPK_1369  -2.2167382 1.6691E-19 
YPK_2230  -2.211361 6.5653E-05 
YPK_2380 fliA -2.2106926 0.00280937 
YPK_0636 rpsU -2.2064549 0.00183113 
YPK_3820  -2.202373 7.3456E-19 
YPK_2651  -2.2022874 2.0469E-10 
YPK_0300 rpsE -2.1949226 3.0734E-07 
Ysr291  -2.1863864 3.8228E-18 
YPK_0309 rplQ -2.1720401 7.0051E-07 
Ysr293  -2.1629857 6.2952E-23 
YPK_0282 rpsJ -2.1594595 5.7696E-05 
YPK_0289 rpsC -2.1587178 1.4215E-09 
Ysr276  -2.1564273 9.5916E-13 
Ysr192_NU  -2.1457 9.0331E-16 
YPK_2668 rpsA -2.1379046 6.3662E-05 
YPK_3363 rimM -2.1351824 0.00250361 
YPK_0524 rplM -2.1323422 0.00411515 
Ysr272  -2.1293464 1.2087E-14 
YPK_0295 rplE -2.1243891 5.7244E-07 
YPK_3784 rpsF -2.0962685 0.00016582 
YPK_0305 rpsM -2.0922336 0.00326677 
YPK_0298 rplF -2.0919108 0.00017702 
YPK_1066 rpsB -2.0882269 0.00010788 
YPK_4226 atpD -2.0848622 3.2854E-05 
Ysr294  -2.0847568 2.5009E-12 
YPK_3362 trmD -2.0842418 1.6916E-06 
YPK_0735  -2.078957 4.3921E-12 
YPK_0277 fusA -2.0648147 0.00015414 
YPK_0099  -2.0630664 3.5291E-22 
YPK_0283 rplC -2.0554003 6.8573E-05 
Ysr104_KO_sR035_YA HmsB -2.0539656 1.4594E-08 
YPK_1745 flhD -2.0525262 0.00041308 
YPK_3268  -2.0506393 4.957E-25 
Ysr265  -2.0501756 8.2253E-06 
YPK_0297 rpsH -2.0468043 0.00199269 
sR094  -2.046159 5.1783E-05 
YPK_3315  -2.0355246 0.03257868 
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YPK_0284 rplD -2.0353278 0.00055285 
Ysr252  -2.0280258 1.172E-05 
YPK_4202  -2.0227699 8.3794E-06 
YPK_3942 tatA -2.007978 0.03771111 
YPK_3314  -2.0073666 0.00011288 
YPK_3757 rplU -2.0055888 0.0060694 
YPK_1785  -2.0033154 5.0078E-15 
Ysr300  -2.0013076 1.8406E-09 

 
 
Table 91. Genes differentially-regulated (log2FC of at least +2/-2, p-value ≤ 0.05) between wild-type (wt) 
and the Drnc mutant at T0 25°C 

GenebankAcc GeneSymbol T0 wt vs. Drnc log2FC p-value 
Ysr197_NU  3.83150881 2.2913E-10 
pYV0077 yscA 3.82653641 3.5933E-14 
YPK_3354  3.64932587 3.4052E-22 
YPK_0345 thiF 3.13757551 3.3906E-09 
YPK_0252  2.92977104 0.00333389 
YPK_3836  2.81551927 0.00422704 
YPK_0342 thiH 2.80419654 8.1945E-13 
YPK_0441  2.79721914 1.4591E-14 
YPK_2486  2.78622358 0.00085293 
pYV0043  2.67530076 0.00202809 
YPK_0346 thiE 2.59913964 1.4232E-07 
Ysr298  2.5385353 4.3537E-40 
pYV0093  2.5356396 0.00021093 
YPK_0011 ibpA 2.5199713 0.00325906 
YPK_0347 thiC 2.46321442 1.0137E-08 
YPK_3212  2.45911695 3.6145E-11 
YPK_3146  2.42718398 7.1588E-06 
YPK_2804  2.38653358 1.8869E-06 
YPK_0343 thiG 2.33067077 5.0936E-05 
YPK_0012 ibpB 2.27422532 0.00403662 
YPK_1799 togA 2.22121671 0.00304667 
pYV0097  2.21977752 5.672E-06 
YPK_3567 rovC 2.20618719 0.00048292 
YPK_4003  2.19770676 4.5489E-20 
YPK_3832 yjdC 2.16513014 0.02051041 
YPK_3453 dgt 2.11827716 0.04114773 
pYV0075 virG, yscW 2.09661903 1.5398E-12 
pYV0092  2.05892079 0.01738549 
pYV0057 lcrV 2.05888529 2.7989E-14 
YPK_3214 ymoA 2.03808969 0.00141457 
YPK_1189 rnc -3.330092 8.5669E-05 
YPK_3296 dinB -2.0776533 2.2913E-10 
YPK_0285 rplW -2.0175775 1.519E-05 

 
 
Table 92. Genes differentially-regulated (log2FC of at least +2/-2, p-value ≤ 0.05) between wild-type (wt) 
and the Drnc mutant at T1 37°C 

GenebankAcc GeneSymbol 37°C T1 wt vs. Drnc log2FC p-value 
pYV0077 yscA 7.11505832 7.4004E-55 
YPK_2486  5.85052049 5.5597E-15 
YPK_3212  5.84823813 3.8256E-29 
YPK_3192 ddhD, rfbI, ascD 5.56947441 5.0278E-16 
YPK_2197  5.27741127 1.5455E-25 
pYV0088 yscL 5.20432426 2.0185E-39 
YPK_2076  4.97496936 1.2209E-09 
YPK_2804  4.83670438 2.8045E-21 
YPK_3146  4.72871903 2.3198E-25 
YPK_2761 psaE 4.53666747 6.8827E-26 
pYV0099  4.47475562 3.0909E-08 
pYV0040 yopK, yopQ 4.44944634 2.2813E-29 
YPK_3346  4.38980106 9.7084E-07 
pYV0057 lcrV 4.20472477 8.7136E-69 
YPK_0153  4.09468903 1.1647E-11 
YPK_2548 fhuF 4.08265876 2.453E-16 
YPK_3354  4.00783646 2.5216E-28 
YPK_2027 yciS 3.9385569 1.5126E-05 
YPK_3214 ymoA 3.90928759 7.521E-10 
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YPK_0065 hsdM-1 3.9033837 9.1217E-13 
YPK_2748 yiuR, fepA-1, cirA-1 3.85902795 3.3764E-28 
Ysr206_NU  3.77893399 6.5974E-11 
YPK_3408 yahD, arpA 3.75810885 1.0186E-08 
YPK_1683 plsX 3.48952447 2.3322E-07 
YPK_3963  3.45371412 7.8588E-06 
YPK_3541  3.43666616 9.1785E-06 
YPK_2565 mglA 3.41120471 9.0553E-06 
YPK_0345 thiF 3.40642088 8.1247E-08 
YPK_3605  3.39184457 0.00085116 
YPK_0015  3.37938602 7.5375E-06 
pYV0056 lcrH, sycD 3.37496978 1.6593E-06 
YPK_1495  3.34321822 2.4603E-06 
YPK_4003  3.32090472 2.5996E-41 
YPK_1740 cspC-1 3.30995386 8.0066E-05 
YPK_3186 rfbX 3.29652857 0.00011243 
YPK_3032 cspC-3 3.26173995 6.517E-07 
pYV0095  3.25287989 5.2822E-08 
YPK_4164  3.21964084 4.0195E-07 
pYV0075 virG, yscW 3.21404217 1.2366E-32 
YPK_1983 ynfM 3.20664231 5.4509E-12 
YPK_0155  3.19153101 0.00069139 
pYV0098 yopP, yopJ 3.17523143 9.2623E-35 
YPK_1543  3.12997876 6.4809E-09 
YPK_3983  3.12556268 3.3343E-06 
YPK_1088 yaeQ 2.99563172 0.00106787 
pYV0051  2.98497728 1.296E-16 
Ysr299  2.97303793 1.8348E-19 
YPK_3967  2.92279213 5.0116E-05 
pYV0078  2.91528121 8.2717E-13 
YPK_0344 thiS 2.9011389 0.00750867 
YPK_0044  2.89972939 3.9833E-08 
pYV0076 lcrF, virF 2.8787866 5.7566E-10 
YPK_1948 yrfG-2, yigB-2, yihX-2 2.85953585 1.4918E-07 
pYV0093  2.85805442 3.4855E-07 
YPK_0334 nusG 2.85260613 0.00265214 
YPK_0636 rpsU 2.84845375 5.3081E-05 
YPK_0708 fliM-1 2.82633006 0.00621032 
YPK_2475 YobF 2.82146989 0.002924 
pYV0054 yopD 2.81912711 1.0407E-13 
Ysr110_KO_sR065_YA  2.80817351 0.00315301 
YPK_2985  2.79447952 2.0525E-05 
Ysr290  2.77607676 1.2781E-16 
YPK_1317  2.76451266 0.01173222 
YPK_3662  2.76363544 0.00693532 
YPK_1311  2.72614079 0.00832873 
Ysr197_NU  2.72256133 1.0072E-05 
YPK_3284 yafE 2.71163986 0.00098377 
YPK_3180 wbyL 2.70545738 1.5092E-08 
YPK_1305  2.69101331 0.01214999 
YPK_3062  2.6733944 0.00462554 
YPK_0343 thiG 2.65857912 1.4278E-05 
YPK_3644  2.6520659 0.02498983 
pYV0090  2.64360943 2.7597E-05 
YPK_0012 ibpB 2.62892291 0.00179068 
YPK_2385  2.62718043 0.00029162 
YPK_2263  2.6162758 0.00389023 
YPK_1831 arnB, pmrH 2.61233379 7.4054E-25 
pYV0048  2.61042589 0.00405769 
pYV0044  2.60909697 2.2614E-06 
YPK_4198 yihD 2.5949044 0.00374284 
YPK_R0006 tRNA-Tyr 2.59167522 0.03162165 
YPK_2445 yebG 2.58931665 0.0284122 
YPK_1671  2.54609049 5.8045E-12 
YPK_2830  2.53941768 0.00932301 
YPK_0781  2.53716643 3.1283E-08 
YPK_2808  2.52503793 0.02823805 
YPK_2802  2.5238645 0.01356512 
YPK_2760 psaF 2.5160838 0.00018627 
YPK_2626 yccF 2.51432173 4.3943E-12 
YPK_0888 dam-2 2.49044665 0.00033025 
YPK_0573  2.48516667 0.01080087 
YPK_4097  2.47940538 0.00040538 
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YPK_1263 yhfZ 2.47451805 0.00327471 
Ysr149_KO_Ysr181_BE_sR014_YA OmrA,B 2.47409822 2.8856E-09 
YPK_3699 phnL 2.45069625 0.00132321 
YPK_0547 yqjD 2.44858097 1.0396E-05 
pYV0050  2.44489315 1.3839E-24 
pYV0047 yopM 2.44134586 4.2491E-17 
YPK_1808 yniC 2.42258694 0.0002953 
YPK_1124 cspB-1 2.41888872 0.02565896 
YPK_0578  2.41841509 0.04772534 
YPK_2020  2.40306566 0.02062084 
Ysr298  2.39115859 9.0053E-39 
YPK_3213  2.39047225 1.6795E-09 
YPK_2207  2.38833571 0.00689618 
YPK_0603 tdcF-1 2.37790973 0.02093135 
YPK_1815 yfeA, sitA 2.36885046 1.7126E-21 
YPK_3104  2.36527076 0.00013583 
YPK_3641  2.36246473 0.00540795 
YPK_1209  2.35918339 0.02022986 
YPK_0861 zapA 2.30868756 0.00118758 
YPK_0828 yggU 2.30810284 0.04116958 
YPK_4042 fimA-6 2.30720154 3.4904E-06 
YPK_2485  2.29487596 0.00027625 
YPK_3726 pnp 2.2869261 0.00046098 
YPK_2083  2.28686998 0.02940745 
YPK_0663 plsC 2.28559126 5.4102E-06 
YPK_1310  2.27760643 0.00908409 
YPK_1047 mltA 2.27756273 9.0895E-05 
YPK_1704  2.27733008 0.04324802 
YPK_1053  2.27619937 0.04881112 
YPK_3596  2.26892813 1.0479E-07 
YPK_0680 tadC 2.26348389 0.02583537 
YPK_2913 xapR 2.26303466 0.00183524 
pYV0026  2.25609276 9.2446E-12 
YPK_1681 yceD 2.25225032 0.00095677 
YPK_1123  2.24796647 0.043853 
YPK_1910  2.24790426 0.00666237 
pYV0043  2.23713172 0.00085116 
YPK_1449  2.2355549 0.05518531 
YPK_4098 rpmE 2.2332501 0.00284224 
YPK_2575  2.23256315 0.05007843 
pYV0011  2.23196475 1.7119E-08 
YPK_0045  2.23057418 1.6584E-11 
YPK_3727 rpsO 2.22157324 0.01115703 
YPK_0675  2.215702 0.00068615 
YPK_0965 xltB, rbsC 2.21281711 0.00285008 
Ysr196_NU  2.20943293 8.8412E-19 
YPK_R0080 tRNA-Met 2.20905313 0.05921468 
YPK_1140 hdeB 2.20894618 0.00107307 
pYV0097  2.20803882 2.449E-08 
YPK_1931  2.20402805 0.05808068 
YPK_2501  2.20297091 4.7514E-06 
YPK_3577  2.20259053 0.05423348 
YPK_2161 rimJ 2.19169159 0.0141048 
pYV0083 yscG 2.18735839 0.00883902 
YPK_2031  2.1856547 0.01412313 
YPK_0964 xltC, rbsB 2.18543014 0.0076867 
YPK_0678 tadE 2.17093141 0.05667954 
YPK_0425 dinJ 2.17058988 0.00956853 
YPK_2324  2.16569806 0.02896517 
YPK_3188 rfbS, prt 2.16001072 0.00281487 
YPK_1490 impF-1 2.15833853 0.01161287 
YPK_1233  2.14631714 0.00590365 
YPK_4153 rpmG 2.14142868 0.04723246 
YPK_3617  2.13060275 0.04186645 
pYV0064 tyeA 2.12778517 2.4057E-06 
YPK_0441  2.11856718 3.8944E-06 
YPK_1094 metQ-1 2.1123441 0.02501477 
YPK_0252  2.10800794 0.00085891 
YPK_1379 ydeM-2, yidF-2, aslB-2 2.10457049 0.00055101 
YPK_2574  2.10439845 0.01926058 
YPK_1397 ygiW 2.10381873 0.0395505 
pYV0082 yscF 2.10155346 0.00275806 
YPK_2201  2.08264436 0.00793593 
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pYV0045  2.08163663 5.4854E-14 
YPK_3527 mraZ 2.07940451 0.02145834 
YPK_2293  2.07412703 0.01074892 
YPK_2828  2.06337007 0.04626207 
YPK_3031 cspE 2.06092182 0.03423452 
pYV0049  2.06050062 1.2579E-11 
YPK_0699  2.05806758 0.00311829 
YPK_0062  2.05266404 0.00678588 
YPK_1817 marC 2.04442611 1.7864E-06 
YPK_1474 vasG-3, clpV-3 2.04209076 0.00069255 
YPK_4086 hasR 2.03095276 3.1877E-05 
pYV0052  2.01363297 0.01782138 
YPK_2842 rcsD 2.01030557 2.0667E-19 
YPK_4216 mioC 2.00719308 0.00038416 
YPK_3147  2.00653894 4.8855E-08 
YPK_3019 ybeB 2.0023091 0.03491883 
YPK_0611  2.00023072 0.02933931 
YPK_1627  -2.8893585 8.5873E-07 
YPK_0427  -2.7194026 2.9406E-05 
YPK_2651  -2.6677184 4.873E-15 
YPK_R0085 16S ribosomal RNA -2.5008765 0.02578926 
YPK_1365  -2.360589 6.6757E-19 
Ysr23_KO_Ysr160_BE  -2.3377666 1.3483E-34 
YPK_R0100 5S ribosomal RNA -2.3027623 0.00063518 
YPK_R0097 23S ribosomal RNA -2.2657397 0.00580721 
YPK_1810  -2.2158843 3.5482E-12 
YPK_1991  -2.2118429 1.1352E-11 
Ysr205_NU_Ysr210_SC  -2.1066351 9.8297E-06 
YPK_0648  -2.0841212 8.9958E-28 

 
 
Table 93. Genes differentially-regulated (log2FC of at least +2/-2, p-value ≤ 0.05) between wild-type (wt) 
and the Drnc mutant at T2 37°C 

GenebankAcc GeneSymbol 37°C T2 wt vs. Drnc log2FC p-value 
pYV0088 yscL 7.762864963 1.0903E-122 
pYV0077 yscA 7.340925267 1.7805E-72 
pYV0040 yopK, yopQ 7.220202144 3.54298E-81 
YPK_2486  6.472373586 2.98963E-21 
YPK_3212  6.43612705 6.48255E-37 
pYV0095  6.335682468 4.03382E-21 
YPK_2076  6.215723153 2.08353E-17 
pYV0046  6.177304584 1.16503E-85 
YPK_2804  6.148682341 4.21734E-64 
YPK_3214 ymoA 6.010689799 6.34728E-18 
Ysr293  5.884195672 2.5618E-177 
YPK_3192 ddhD, rfbI, ascD 5.736617846 3.84196E-19 
pYV0057 lcrV 5.679326014 1.8333E-128 
pYV0098 yopP, yopJ 5.641464166 3.0077E-114 
YPK_2027 yciS 5.587742116 3.1861E-12 
pYV0093  5.57228329 6.07744E-25 
YPK_0153  5.534671694 1.73557E-22 
YPK_3146  5.527921549 3.9505E-32 
Ysr292  5.316711808 4.8301E-100 
pYV0051  5.289192784 7.81713E-39 
pYV0041 yopT 5.285326773 1.92737E-12 
Ysr290  5.238144467 1.07878E-68 
YPK_2197  5.223642357 1.10655E-52 
YPK_1815 yfeA, sitA 5.220009827 2.0508E-100 
Ysr291  5.21909836 1.1681E-107 
pYV0054 yopD 5.103851445 1.00318E-46 
pYV0047 yopM 5.08373472 1.042E-68 
YPK_2748 yiuR, fepA-1, cirA-1 4.993404433 2.17545E-44 
pYV0026  4.864745278 9.18876E-54 
pYV0052  4.845700415 3.48402E-10 
pYV0053  4.839394178 1.08575E-75 
pYV0056 lcrH, sycD 4.649264315 2.09255E-13 
Ysr300  4.642397613 2.89506E-50 
pYV0094 yopH 4.63892983 9.26231E-55 
YPK_4164  4.537396468 6.79076E-12 
pYV0075 virG, yscW 4.475348876 7.91026E-65 
pYV0099  4.384512892 5.68155E-13 
YPK_0044  4.30099412 1.92812E-12 
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YPK_3180 wbyL 4.282755298 5.81678E-14 
pYV0033  4.275669018 9.68184E-45 
pYV0044  4.257261646 7.51915E-25 
pYV0039  4.226595574 2.99673E-42 
pYV0060 lcrD, yscV 4.131022394 4.12469E-72 
Ysr245_NU  4.125672237 1.23513E-34 
pYV0055 yopB 4.069594217 4.58937E-19 
pYV0045  4.037860032 1.98835E-52 
YPK_2548 fhuF 4.035773479 1.62145E-11 
YPK_0065 hsdM-1 4.016050912 2.98963E-21 
Ysr299  4.008015528 8.76924E-36 
Ysr287  3.951829836 4.87604E-51 
pYV0048  3.941865317 2.1354E-06 
YPK_3541  3.880428403 2.17767E-12 
YPK_2761 psaE 3.868241394 8.75852E-25 
Ysr303  3.841548205 3.23598E-32 
pYV0002  3.826199572 4.5392E-24 
YPK_1311  3.810063016 3.98487E-05 
YPK_4198 yihD 3.746011358 2.01571E-07 
YPK_2575  3.716415436 0.000120567 
pYV0049  3.675083236 1.28852E-23 
pYV0050  3.671123736 9.96593E-52 
Ysr301  3.66868494 3.06702E-33 
YPK_1121  3.646420355 5.32433E-07 
YPK_3274 pstS-1 3.614774828 1.47481E-30 
YPK_3153 ppiB 3.588210122 2.42003E-39 
YPK_0781  3.536911597 1.6718E-24 
YPK_2807  3.460821393 1.68326E-09 
Ysr286  3.449740388 3.33304E-32 
pYV0035  3.442947062 0.000443562 
YPK_0015  3.424918051 1.13282E-07 
pYV0029  3.403750064 1.00647E-20 
YPK_4218 gidB, rsmG 3.387871525 1.1663E-27 
YPK_1317  3.379919292 0.000996242 
Ysr285  3.377422444 6.28371E-27 
Ysr206_NU  3.372120585 1.90987E-13 
Ysr196_NU  3.351626154 2.69011E-24 
pYV0011  3.339675467 1.74193E-13 
YPK_3963  3.335141245 0.000218259 
pYV0058 lcrG 3.323628188 1.23496E-07 
YPK_1983 ynfM 3.316562116 1.66886E-15 
YPK_2555  3.295172945 8.21322E-12 
YPK_1495  3.290354184 1.41015E-09 
YPK_3179  3.256789147 8.98589E-08 
pYV0078  3.232276758 9.37064E-13 
Ysr295  3.199925843 1.6803E-30 
YPK_4242  3.153618798 0.000106321 
YPK_3186 rfbX 3.14861851 0.000211298 
pYV0092  3.137131798 1.10685E-07 
YPK_1359  3.134616292 1.2396E-07 
YPK_1831 arnB, pmrH 3.126730415 2.64363E-42 
YPK_2485  3.101450443 2.2004E-07 
YPK_3029  3.091151855 0.002211615 
YPK_1006 gspF 3.07389077 0.003208968 
Ysr294  3.071304305 3.63129E-27 
YPK_0282 rpsJ 3.059183212 6.33481E-06 
Ysr296  3.044717308 5.63562E-25 
YPK_3292  3.034118765 0.002539706 
pYV0076 lcrF, virF 3.011371164 1.70994E-13 
YPK_2842 rcsD 2.993766134 9.68184E-45 
pYV0064 tyeA 2.979108314 6.62317E-15 
YPK_2626 yccF 2.970736374 1.8014E-17 
YPK_0252  2.965163217 1.75606E-06 
YPK_2760 psaF 2.962399587 0.000127107 
Ysr302  2.961812038 1.80326E-17 
pYV0016 tnpA 2.953008269 4.75324E-94 
Ysr298  2.925222375 1.66236E-55 
YPK_1607  2.923179197 0.001457189 
YPK_0062  2.91979343 1.17668E-05 
Ysr297  2.917481474 1.89937E-34 
YPK_3346  2.906903486 0.003462703 
pYV0090  2.888682214 2.00772E-09 
YPK_2574  2.888649839 0.001770076 
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YPK_1047 mltA 2.851334198 6.86688E-06 
YPK_1310  2.833991178 0.000105809 
YPK_3147  2.83037026 4.83163E-14 
YPK_3148  2.805510943 0.000599517 
YPK_0283 rplC 2.783924886 8.5554E-05 
Ysr199_NU  2.767476002 0.004797224 
pYV0043  2.766483969 2.61106E-08 
YPK_0909  2.752223541 0.011388374 
YPK_0166  2.743517793 0.011388374 
YPK_2577 ydeM-3, yidF-3, aslB-3 2.730120557 0.005487897 
YPK_1465  2.729277175 0.004645297 
Ysr149_KO_Ysr181_BE_sR014_YA OmrA,B 2.716891925 1.55066E-18 
YPK_0601  2.702525004 0.01398027 
YPK_1948 yrfG-2, yigB-2, yihX-2 2.667307415 2.97425E-09 
YPK_1671  2.663894401 1.57699E-11 
Ysr246_NU  2.662495398 1.3759E-14 
YPK_3188 rfbS, prt 2.647192775 0.000611848 
Ysr197_NU  2.634403878 3.77611E-05 
YPK_3284 yafE 2.634147426 0.000233757 
YPK_2324  2.618637117 0.003084696 
YPK_1097 gmhB 2.607065793 0.000139929 
pYV0097  2.599110899 1.49183E-12 
YPK_2605  2.594959658 0.026105901 
YPK_3032 cspC-3 2.590263195 1.69479E-05 
YPK_3408 yahD, arpA 2.589713292 2.21058E-08 
pYV0083 yscG 2.587803359 0.002051558 
YPK_0963  2.57946202 0.015521439 
YPK_1691 tmk 2.571332109 0.022364154 
YPK_0154  2.569922945 0.027819085 
YPK_0547 yqjD 2.56730809 1.08729E-07 
YPK_1358  2.562413088 0.010953499 
YPK_0887  2.535507575 0.039252543 
YPK_1573  2.535291623 1.02375E-13 
YPK_3093  2.52496065 0.027986194 
YPK_2495 ybtD 2.482649785 0.01222854 
YPK_0611  2.449650542 0.001721477 
YPK_3104  2.442258099 1.1937E-06 
YPK_2658 smtA 2.437651625 0.013539709 
YPK_2399 fliM-2 2.43282305 1.92902E-08 
YPK_2909 zraP 2.425859977 0.028605456 
YPK_1087  2.409772652 0.014091514 
YPK_2808  2.394252225 0.04201959 
YPK_2501  2.384785755 1.74619E-08 
YPK_2318  2.38435276 0.015941049 
YPK_2822  2.371108821 0.046279382 
pYV0068 yscO 2.3646958 4.14668E-07 
YPK_1745 flhD 2.346699431 0.000507291 
YPK_0578  2.343067435 0.056647544 
YPK_0767  2.335599152 0.045912751 
YPK_1146 celC 2.327460529 0.036686239 
Ysr277  2.30571633 9.80484E-05 
YPK_3354  2.298705852 5.46258E-12 
YPK_2611 fabZ-2 2.298363296 0.003347568 
YPK_2857 ompC-3 2.296780968 0.002230735 
YPK_2802  2.293740135 0.003633964 
YPK_2832  2.282810187 1.60446E-08 
YPK_2876 phnE1 2.2783213 0.059326024 
YPK_2339  2.27260003 0.054818513 
YPK_2293  2.265225218 0.000534398 
YPK_4233 pstA-2 2.242731892 2.26694E-06 
YPK_1380 ybcI 2.239228494 0.010232282 
pYV0082 yscF 2.22969776 0.000139929 
YPK_4003  2.225452397 5.74431E-17 
YPK_1543  2.224117139 7.53699E-09 
pYV0013 yadA 2.197326452 2.53716E-12 
YPK_1781 msrC, yebR 2.187256503 0.000474745 
pYV0065 yopN, lcrE 2.183357604 8.54547E-15 
YPK_2678  2.178252265 5.24829E-06 
YPK_1740 cspC-1 2.172996903 0.012422935 
YPK_1951  2.151922186 0.000829544 
pYV0038  2.145939945 0.000113873 
pYV0086 yscJ, ylpB 2.139976866 1.12115E-15 
YPK_3638 hmsT 2.139144177 4.55952E-09 
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YPK_0339  2.12884171 1.06569E-05 
pYV0023  2.127759308 2.34203E-18 
YPK_1304 yhhZ-2 2.125236754 0.051768682 
YPK_2368  2.104744916 0.009475283 
YPK_1865  2.10129124 7.38207E-08 
YPK_2360 ailC 2.098212136 0.053135096 
YPK_2384 fliT 2.09590856 0.058349142 
YPK_1657  2.091568765 0.007727788 
YPK_2034  2.087674415 2.40194E-16 
YPK_2840  2.086747735 2.04381E-14 
Ysr159_BE_sR012_YA CyaR 2.077706892 0.052952412 
pYV0074 yscU 2.073133754 5.95528E-31 
pYV0012  2.068246976 3.6219E-05 
YPK_1704  2.062262388 0.053793559 
YPK_0572 fhaB-1 2.057636218 1.21719E-21 
YPK_1431 zipA 2.057050891 0.004491292 
YPK_1393 hemF 2.05279082 0.048725224 
YPK_3601  2.041779299 0.001478838 
YPK_3392 dmsC-2 2.037968609 0.010232282 
YPK_0629  2.037190239 0.01222785 
pYV0091  2.036381562 1.02013E-13 
pYV0089 yscM, lcrQ 2.032832223 1.41026E-06 
YPK_1490 impF-1 2.031167513 0.002749743 
YPK_3659 frwB, fryB 2.029121867 0.023098286 
YPK_0047  2.019940338 0.00758305 
YPK_2069 oppB 2.019479264 1.19057E-11 
YPK_2521 yphD-6, ytfT-6, yjfF-6 2.015819768 8.49183E-05 
YPK_4128  2.013555531 0.00371836 
YPK_3834  2.008658408 0.000623947 
pYV0010  2.002023499 5.44317E-06 
YPK_2595  2.000910602 0.006480785 
YPK_3773 ytfK -4.322969541 9.7787E-43 
YPK_1189 rnc -3.548944313 6.3585E-05 
YPK_3421 ydjJ -3.494636545 3.878E-06 
YPK_0215  -3.42289926 3.404E-20 
YPK_3420  -3.389245191 3.4609E-11 
YPK_3423  -3.332152668 2.8623E-26 
Ysr23_KO_Ysr160_BE  -3.045274964 2.915E-60 
YPK_2406  -2.916057892 7.2685E-09 
YPK_0104 yhjG -2.899024049 2.6884E-35 
YPK_1991  -2.812791873 8.9234E-20 
YPK_3419 dhaK -2.790102934 0.0001921 
Ysr236_NU  -2.659648713 5.0358E-17 
YPK_4237  -2.626997716 2.281E-08 
YPK_1810  -2.568279861 3.3206E-22 
YPK_1175 yplA -2.501757392 2.1408E-19 
Ysr251_NU  -2.489886799 1.0652E-27 
Ysr257  -2.457956759 8.45E-40 
YPK_3417  -2.433972985 2.5372E-12 
YPK_0734  -2.392018957 0.00019859 
YPK_0262 rafQ -2.380124605 3.2381E-06 
YPK_3388 katG -2.361147795 1.342E-15 
YPK_1586 rhiA -2.274467035 0.0002709 
YPK_3774 ytfJ -2.267707618 5.2732E-29 
YPK_1392 yaiI -2.24254959 2.3466E-08 
YPK_1038 ppdB -2.237789379 0.02431946 
Ysr238_NU  -2.183873734 6.6232E-15 
YPK_0857 iciA -2.180560527 3.1904E-18 
YPK_0964 xltC, rbsB -2.164714383 1.0933E-06 
YPK_0777  -2.148951249 0.00115149 
YPK_4078 sthA -2.137021926 8.0887E-27 
YPK_2549 yegH -2.128825715 4.0812E-19 
YPK_0666 ygiQ -2.105242052 2.402E-20 
YPK_1268 ailA -2.099884252 6.0713E-06 
YPK_3065  -2.086370671 6.4273E-09 
YPK_3822 groEL -2.055178286 1.8701E-07 
YPK_1377 afuC, fbpC -2.051252907 0.00049079 
YPK_3082  -2.030453351 0.00257283 
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Figure 73. Coverage tracks and target-site prediction in the yscW-lcrF transcript. 
(A) Schematic overview of the genetic organisation of the yscW-lcrF operon on pYV. Coverage tracks (IGB 
viewer) of a representative sample of the wild-type (wt) (blue) and the Drnc mutant (red) at T2 at 37°C (non-
secretion conditions). (B) Preliminary RNase target-site prediction results. Red arrows indicate SCPs (specific 
cleavage positions). Blue arrows indicate subSCPs (substitute SCPs, alternative processing sites). Numbers 
refer to the genomic localisation on pIB1. Blue, horizontal arrows indicate genes/sRNAs that are not annotated 
on pIB1. T2: 2 h 25°C à 4 h 37°C (Growth conditions as described in chapter 2.2.1.2 and 2.2.12). 
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Figure 74. Coverage tracks and target-site prediction in the basic replicon of the virulence plasmid 
pYV/pIB1. 
(A) Schematic overview of the genetic organisation of repA, copB and CopA on pYV. Coverage tracks (IGB 
viewer) of a representative sample of the wild-type (wt) (blue) and the Drnc mutant (red) at T2 at 37°C (non-
secretion conditons). (B) Red arrows indicate SCPs (specific cleavage positions). Blue arrows indicate 
subSCPs (substitute SCPs, alternative processing sites). Numbers refer to the genomic localisation on pIB1. 
Blue, horizontal arrows indicate genes/sRNAs that are not annotated on pIB1. T2: 2 h 25°C à 4 h 37°C 
(Growth conditions as described in chapter 2.2.1.2 and 2.2.12). 
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Figure 75. Coverage tracks on the virulence plasmid (pYV) of the wild-type (wt) under secretion- and 
the Drnc mutant under non-secretion conditions. 
O/D cultures of the wild-type (wt) were grown at secretion conditions (“minusCa”) and cultures of the Drnc 
mutant were grown at non-secretion conditions (“37”) (Growth conditions as described in chapter 2.2.1.2 and 
2.2.12) and uniquely mapped reads on the virulence plasmid (pYV) were compared. Shown is the schematic 
overview of the genetic organisation of the virulence plasmid pYV and coverage tracks (IGB viewer) of the 
wild-type (wt, green) and the Drnc mutant (red) are shown in triplicates. 
 
 

 
Figure 76. Predicted RNase specific cleavage positions.  
O/D cultures of the wild-type (wt) and both mutants (Dpnp and Drnc) were grown at conditions that either 
induces (secretion conditions, “-Ca2+”) or does not induce (non-secretion conditions, “37°C”) T3S. An 
additional sample was taken after the initial 2 h at 25°C (T0) (Growth conditions as described in chapter 2.2.1.2 
and 2.2.12). Shown are RNase specific cleavage positions predicted for (A) Drnc or (B) Dpnp compared to the 
wt. The number of joint_SCPs (5’ and 3’) is based on the RNAseq data in chapter 3.3. SCPs: specific cleavage 
positions, subSCPs: substitute SCPs. 
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8.3 Growth curves and cell viability assay 
 

 
Figure 77. Growth behaviour of RNase mutants at 25°C and 37°C.  
O/D cultures of the wild-type (wt) and several mutants were grown at 25°C and 37°C respectively and the 
growth rate (OD600) was measured hourly for 10 h (Growth conditions as described in chapter 2.2.1.2 and 
2.2.1.5). Initially, bacterial cultures were adjusted to an OD600 of 0.1. In general, data are shown as mean values 
and with standard deviation. Experiments were carried out in biological triplicates. 
 
8.4 Growth characterisation – spotting assay 
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Figure 78. Spotting assay of RNase mutants at different temperatures.  
Spotting assays of the wild-type (wt) and several knockout mutants were carried out on LB plates in triplicates. 
A representative picture of triplicates is shown. Plates were incubated at either 4°C, 25°C or 37°C (Growth 
conditions as described in chapter 2.2.1.6). Experiments were carried out in biological triplicates. 
 
 
8.5 Motility assay 
 

 
Figure 79. Effect of RNase mutants on motility. 
Motility assays of several knockout mutants in comparison to the wild-type (wt) were performed (chapter 
2.2.1.8). Swimming diameter was measured after plates were incubated for 28 h at 25°C and the data is shown 
as mean values from triplicates with standard deviation. DflhDC was used as a negative control. Significance 
at each timepoint was determined using Student’s t-test. Asterisks indicate results significantly differing from 
each other (*P <0.05, **P = 0.01, P = 0.01, ***P<0.001, ****P<0.0001). 
 

 
Figure 80. Motility assay plates of the Drnc and Dpnp. 
Representative sections of motility assay plates of the wild-type (wt) and several mutants (Dpnp and Drnc), 
which show the effect of RNases on swimming ability. Motility assay plates were prepared with 5 µl diluted 
O/N culture (OD600 of 0.8) and incubated at 25°C (As described in chapter 2.2.1.8). The experiment was carried 
out in sextuplicates. Motility plates were incubated for 28 h at 25°C. The DflhDC strain was used as a negative 
control. 
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Figure 81. Motility assay plates of different RNase mutants.  
Representative sections of motility assay plates of the wild-type (wt) and several knockout mutants, which 
show the effect of RNases on swimming ability. Motility assay plates were prepared with 5 µl diluted O/N 
culture (OD600 of 0.8) and incubated at 25°C (As described in chapter 2.2.1.8). The experiment was carried out 
in triplicates. Motility plates were incubated for 28 h at 25°C. The DflhDC strain was used as a negative control. 
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8.6 Virulence-plasmid copy number 
 
 

 
 

Figure 82. Impact of several mutations on virulence-plasmid copy number.  
O/D cultures of the wild-type (wt) and different mutants (DlcrF, Drng, DrnhA, Drph and Drnb) were grown at 
conditions that either induces (secretion conditions, “-Ca2+”) or does not induce (non-secretion conditions, 
“37°C”) T3S. An additional sample was taken at 25°C (Growth conditions as described in chapter 2.2.1.2). 
Determination of the virulence-plasmid copy number via qPCR was carried out in triplicates and analysed 
using the method described in (Paper Wang 2016, Masterarbeit Pit) (chapter 2.2.2.9). The data is shown as 
mean values relative to the wild-type (wt) at 25°C and with standard deviation. Significance was tested at each 
timepoint using Student’s t-test and determined as not significant.  
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8.7 TCA and Nitrocefin secretion assay 
 
 

 
 

Figure 83. Secretion ability (TCA assay) of deletion mutants of known T3SS regulators.  
O/D cultures of the wild-type (wt) and different mutants (DlcrF, DyopD, DcsrA, DcsrADyopD and DyscS) were 
grown at conditions that either induces (secretion conditions, “-Ca2+”) or does not induce (non-secretion 
conditions, “37°C”) T3S (Growth conditions as described in chapter 2.2.1.2). (A) TCA precipitated supernatant 
samples of O/D cultures. The secretion-deficient mutant DyscS was used as negative control. The experiment 
was performed in triplicates and a representative 12% SDS-gel is shown. SDS-gels were stained with 
CoomassieTM Brilliant Blue G250. PageRuler® Prestained Protein Ladder was used for size-determination. (B) 
Results of quantification using ImageJ are shown relative to the wild-type (wt) at the respective conditions 
(37°C or -Ca2+). The data is shown as mean values and with standard deviation. Significant differences at each 
timepoint were determined using Student’s t-test. Asterisks indicate results significantly differing from the 
wild-type (wt) (*P <0.05, **P = 0.01, ***P<0.001, ****P<0.0001).  
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Figure 84. TCA secretion assay of strains harbouring the plasmid pIVO13. 
O/D cultures of the wild-type (wt) and the DyscS mutant were grown at conditions that either induces (secretion 
conditions, “-Ca2+”) or does not induce (non-secretion conditions, “37°C”) T3S (Growth conditions as 
described in chapter 2.2.1.2). Strains harboured the plasmid pIVO13 (yopE´(102bp)-blaM). Protein from TCA-
precipitated supernatant samples is shown on a representative SDS-gel and DyscS was used as negative control. 
SDS-gels were stained with CoomassieTM Brilliant Blue G250. PageRuler® Prestained Protein Ladder was used 
for size-determination. 
 

 
 
 

Table 94. Relevant protein sizes  
Protein kDa Reference  
YopD 33.3 (Cornelis et al., 1998)  
YopB 41.8 (Cornelis et al., 1998) 
LcrV 37.2 (Cornelis et al., 1998) 
YopK/Q 20.8 (Cornelis et al., 1998) 
YopN 32.6 (Cornelis et al., 1998) 
YopE 23 (Cornelis et al., 1998) 
YopH 51 (Cornelis et al., 1998) 
YopM 41.6 (Cornelis et al., 1998) 
YpkA/YopO 81.7 (Cornelis et al., 1998) 
YopJ/P 32.5 (Cornelis et al., 1998) 
YopT 35.5 (Cornelis et al., 1998) 
YadA 44.1 - 47.1 (Cornelis et al., 1998) 
Ail 17 (Miller et al., 1990) 
InvA 90-103 (Isberg et al., 1987; Isberg and Falkow, 1985) 
RovM 36 (Heroven and Dersch, 2006a) 
CsrA 18.6 (Gutierrez et al., 2005) 
LcrF 30.9 (Cornelis et al., 1998) 
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8.8 Electron microscopy 
 
 

 
 
Figure 85. Negative stain of the Drnc and the Dpnp mutant compared to the wt. 
Cultures were either grown for 6 h at 25°C or grown under secretion relevant conditions (2 h at 25°C and 
thereafter for 4 h at 37°C) with (“-Ca2+”) or without (“37°C”) calcium depletion before the shift to 37°C. White 
bars indicate 200 nm. Microscopy was performed by Ina Schleicher and Manfred Rohde and images courtesy 
of Manfred Rohde. 
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Figure 86. Scanning electron microscopy (SEM) of the Drnc and the Dpnp mutant compared to the wt. 
Cultures were either grown for 6 h at 25°C or grown under secretion relevant conditions (2 h at 25°C and 
thereafter for 4 h at 37°C) with (“-Ca2+”) or without (“37°C”) calcium depletion before the shift to 37°C. White 
bars indicate 200 nm. Microscopy was performed by Ina Schleicher and Manfred Rohde and images courtesy 
of Manfred Rohde. 
 
 
 
 

25
°C

37
°C

-C
a2
+

△r
nc

△p
np

w
t



Supplementary Material 
 

 217 

 
 
Figure 87. Negative stain of the DyopD and the DcsrA mutant compared to the wt. 
Cultures were either grown for 6 h at 25°C or grown under secretion relevant conditions (2 h at 25°C and 
thereafter for 4 h at 37°C) with (“-Ca2+”) or without (“37°C”) calcium depletion before the shift to 37°C. White 
bars indicate 200 nm. Microscopy was performed by Ina Schleicher and Manfred Rohde and images courtesy 
of Manfred Rohde. 
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Figure 88. Scanning electron microscopy (SEM) of the DyopD and the DcsrA mutant compared to wt. 
Cultures were either grown for 6 h at 25°C or grown under secretion relevant conditions (2 h at 25°C and 
thereafter for 4 h at 37°C) with (“-Ca2+”) or without (“37°C”) calcium depletion before the shift to 37°C. White 
bars indicate 200 nm. Microscopy was performed by Ina Schleicher and Manfred Rohde and images courtesy 
of Manfred Rohde. 
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Figure 89. Negative stain of the DrncDyopD and the DpnpDrnc double mutant compared to the wt. 
Cultures were either grown for 6 h at 25°C or grown under secretion relevant conditions (2 h at 25°C and 
thereafter for 4 h at 37°C) with (“-Ca2+”) or without (“37°C”) calcium depletion before the shift to 37°C. White 
bars indicate 200 nm. Microscopy was performed by Ina Schleicher and Manfred Rohde and images courtesy 
of Manfred Rohde. 
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Figure 90. Scanning electron microscopy (SEM) of the DrncDyopD and the DpnpDrnc double mutant 
compared to the wt. 
Cultures were either grown for 6 h at 25°C or grown under secretion relevant conditions (2 h at 25°C and 
thereafter for 4 h at 37°C) with (“-Ca2+”) or without (“37°C”) calcium depletion before the shift to 37°C. White 
bars indicate 200 nm. Microscopy was performed by Ina Schleicher and Manfred Rohde and images courtesy 
of Manfred Rohde. 
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Figure 91. Scanning electron microscopy (SEM) and negative staining of the pIB1- strain.  
Cultures were grown under secretion relevant conditions (2 h at 25°C and thereafter for 4 h at 37°C) with (“-
Ca2+”) before the shift to 37°C. White bars indicate 200 nm. Microscopy was performed by Ina Schleicher and 
Manfred Rohde and images courtesy of Manfred Rohde.
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