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Summary 

Cellular levels of RNA depend on the rate of its synthesis and degradation. While synthesis is 

performed by RNA polymerase conserved in all domains of life, the enzymes responsible for RNA 

degradation are more unique even among organisms from the same domain. In the best studied 

bacterium, the gram-negative Escherichia coli, RNA degradation is achieved through a protein 

complex called RNA degradosome, which is assembled around the essential endoribonuclease 

RNase E. However, RNase E is not present in the gram-positive model organism Bacillus subtilis. 

Instead, an enzyme called RNase Y (rny) has been proposed as its functional counterpart 

responsible for the initiation of RNA degradation. Nevertheless, unlike RNase E of E. coli, it can be 

deleted from the genome, leaving an open question of its true significance and function. This 

project was designed to get a deeper understanding of the crucial process of RNA degradation in 

B. subtilis and of the role RNase Y plays there. Although RNase Y is dispensable for survival, the 

rny gene deletion leads to detrimental phenotypic effects, including filamentous growth, impaired 

cellular morphology or defects in the development of genetic competence and sporulation. The 

rny mutant strain also lyses rapidly and subsequently suppressor colonies appear. Using this 

natural force of suppressor evolution, we could demonstrate that no other RNase can take over 

the tasks of RNase Y. Conversely, all identified mutations were aimed to reduce RNA synthesis. 

This was achieved either by inactivation of transcription factors in conjunction with duplication of 

core RNA polymerase genes, which results in decreased number of correctly assembled RNA 

polymerase complexes, or, if the first suppressing mechanism was prevented, by mutations 

occurring directly in the RNA polymerase core genes, leading to orders of magnitude decrease in 

transcription. The fact that the mutations always affect RNA synthesis, a process on the opposite 

side of RNA life to the one RNase Y acts, suggest close collaboration of RNase Y with the RNA 

polymerase in establishing stable equilibrium between RNA synthesis and degradation. While the 

suppressor mutant analysis helped to identify the pivotal function of RNase Y, it did not 

necessarily provide an explanation for all the phenotypes associated with the deletion of the rny 

gene. In an attempt to better understand such phenotypes, RNA-sequencing analysis revealed 

global remodeling of gene expression in the rny strain. Furthermore, a screening system to 

recognize the reasons for the loss of genetic competence was established and helped to decipher 

the reasons for the loss of competence in the rny mutant as well as in other strains, among them 

in the ytrA mutant overexpressing putative ABC transporter YtrBCDEF. This was shown to act in 

remodeling of the cell wall thickness, which hampers development of genetic competence as well 

as other lifestyles of B. subtilis. The possible influence of a disordered cell wall is also discussed as 

a potential reason for the loss of competence in the rny mutant.  
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1 Introduction  

All organisms are dependent on their ability to adapt to the surrounding environments 

and to use the available resources for their survival and reproduction. Due to their small size, 

bacteria are extremely vulnerable to changing environmental conditions and are therefore 

equipped with remarkable abilities to accommodate to the changing and challenging conditions. 

These abilities include short generation time, fast evolution, rapid modulation of gene expression 

or differentiation into specific cell types.  

Crucial for fast adaptation is to regulate the amount and/or activity of proteins. This could 

be done either directly on the protein level or indirectly by modulating levels of messenger RNA 

(mRNA). The cellular level of mRNA is determined by the rate of its synthesis and degradation. 

Synthesis of mRNA is performed by a multi-subunit enzyme called RNA polymerase in process of 

transcription, which is subject to strict control and regulation. However, this control has a delayed 

onset of action and therefore mRNA levels must be also controlled by its degradation. 

Degradation of mRNA is thus one of the main mechanisms by which protein synthesis is regulated 

in all domains of life, since timely degradation of no longer necessary mRNAs is important to save 

energetic costs of translation and to release ribonucleotides for new rounds of condition adjusted 

transcription. 

In conjunction with short generation time and fast adaptation, also half-lives of bacterial 

mRNAs are short, ranging from seconds to tens of minutes, with majority of transcripts from 

model bacterial organism Escherichia coli and Bacillus subtilis having mRNA half-lives shorter than 

8 minutes (Hambraeus et al., 2003; Bernstein et al., 2004).  

The enzymes responsible for the RNA degradation are called ribonucleases (RNases) and 

can be divided into two main groups (endo- and exo-ribonucleases) based on their mode of 

action. Endoribonucleases cleave RNA internally, while exoribonucleases attack the RNA molecule 

from its 5 or 3 ends. Whereas some RNases do have a very narrow substrate specificity and act 

on a limited number of transcripts, others are responsible for a broad degradation of cellular 

mRNAs. Those ribonucleases are often localized into multi-enzyme complexes to achieve high 

degree of effective cooperation. Such protein complexes can be found in all domains of life, as 

exosomes in eukaryotes and archaea (Mitchell et al., 1997; Evguenieva-Hackenberg et al., 2014), 

or as so-called RNA degradosomes in bacteria. These complexes have already been found in many 

bacterial species and will be further described in the following chapter.  
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1.1 mRNA degradation and RNA degradosomes in bacteria 

Degradation of mRNA is generally a very fast process once it starts, so it is the initial 

cleavage event which determines the degradation rate (Laalami et al., 2014). In theory, RNA 

degradation could be initiated by three different ways, by exoribonucleolytic degradation from 

either the 3  or the 5 end of RNA molecule or by internal endoribonucleolytic cleavage. However, 

mRNAs are often equipped with protective structures to prevent premature and uncontrolled 

degradation. The 3 ends are usually protected from the action of exoribonucleases by secondary 

stem loop structures, moreover degradation from the 3 ŜƴŘ would be energetically very 

inefficient process, since the degradation would proceed in opposite direction than translation, 

thus leading to creation of truncated proteins (Laalami et al., 2014). The 5  ends are mainly 

protected by a triphosphate group, although there is an increasing evidence about presence of 

other 5  ŜƴŘ protecting molecules such as nicotinamide adenine dinucleotide (NAD) ό/ŀƘƻǾł et 

al., 2015; Frindert et al., 2018). Therefore, due to the above-mentioned protections, initiation by 

exoribonuclease accounts only for minority of transcripts and it is the endoribonucleolytic attack, 

which usually initiates the degradation pathway (Mohanty and Kushner, 2018). 

The endoribonuclease responsible for the initial cleavage in the best studied model 

organism E. coli is called RNase E. This enzyme is capable to initiate RNA degradation by direct 

endoribonucleolytic cleavage of single stranded mRNAs protected both on the 5  ŀƴŘ о  ŜƴŘǎΤ 

however, this is the case only for some transcripts. Activity of RNase E, although it is an 

endoribonuclease, is in fact also affected by the phosphorylation state of the 5 end, as RNase E 

was shown in vitro to preferentially cleave transcripts with monophosphorylated 5  ends, which 

rarely occur in nature (Mackie, 1998). In order to overcome this problem, E. coli is equipped with 

an additional enzymatic activity that alters the phosphorylation state of the 5' end and creates 

monophosphorylated RNA molecules, thus facilitating the initial cleavage by RNase E. We can 

therefore define two different pathways by which the degradation is initiated, the 5 end 

dependent pathway and the 5  end independent pathway (see Fig. 1). 

In the first case, the 5  end dependent pathway is initiated by cleavage of two phosphates 

from the 5 end, which leads to creation of 5 monophosphorylated RNA molecule. An enzyme 

called RppH was traditionally thought to be responsible for this dephosphorylation (Deana et al., 

2008). However, recent studies suggested that the dephosphorylation is a sequential process and 

that RppH can efficiently catalyze only the second reaction from diphosphate to monophosphate, 

leaving a possibility that another, as yet undiscovered enzyme, may be involved in this pathway 

(Luciano et al., 2017). When a 5  monophosphorylated RNA molecule is created, the presence of 

the monophosphate group stimulates endoribonucleolytic activity of RNase E, leading to creation 



 
 

3 
 

of two fragments. The first fragment does no longer have a stem loop structure on the 3 end and 

ǘƘŜǊŜŦƻǊŜ ŎƻǳƭŘ ōŜ Ŝŀǎƛƭȅ ŘŜƎǊŀŘŜŘ ōȅ о-to-р  ŘƛǊŜŎǘŜŘ exoribonucleases like polynucleotide 

phosphorylase (PNPase). The second fragment is, thanks ǘƻ ƛǘǎ ƳƻƴƻǇƘƻǎǇƘƻǊȅƭŀǘŜŘ р  ŜƴŘ, 

a great substrate for further cleavage by RNase E. The whole RNA is this way gradually degraded 

up to di-nucleotides, which are then degraded into the individual nucleotides reusable in new 

round of transcription by an enzyme called Oligoribonuclease (Orn) (Kim et al., 2019).  

The second pathway, 5 end independent or sometimes also called direct entry pathway, 

is initiated by cleavage by RNase E. In this case RNase E directly accesses and cleaves an internal 

site of the mRNA molecule independently from the phosphorylation state of its 5 end. Although 

this pathway seemed to be less likely due to the in vitro preference of RNase E for 

5  monophosphorylated RNAs, in reality it was shown to be the major initiating pathway in vivo in 

E. coli (Mackie, 1998; Clarke et al., 2014). The endoribonucleolytic cleavage here results again in 

two fragments, the first one contains the original 5 ŜƴŘΣ ōǳǘ does no longer have a stem loop 

structure on the 3 ŜƴŘ ŀƴŘ ǘƘŜǊŜŦƻǊŜΣ ŀǎ ƛƴ ǘƘŜ р  ŜƴŘ ŘŜǇŜƴŘŜƴǘ ǇŀǘƘǿŀȅΣ ƛǎ ŀŎŎŜǎǎƛōƭŜ ŦƻǊ 

ŘŜƎǊŀŘŀǘƛƻƴ ōȅ оςр  ŘƛǊŜŎǘŜŘ ŜȄƻǊƛōƻƴǳŎƭŜŀǎŜǎΦ ¢ƘŜ ǎŜŎƻƴŘ ŦǊŀƎƳŜƴǘΣ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ǎǘƛƭƭ 

contains a stem loop structure on the 3 end, but is monophosphorylated on itǎ р  ŜƴŘ ŀƴŘ 

therefore more susceptible for further cleavage events by RNase E. The RNA molecule is this way 

again further fragmented until dinucleotides are produced and degraded by Orn (Kim et al., 

2019). 

 

Figure 1: Schematic depiction of mRNA degradation pathways in E. coli 
(A) In the 5  end dependent pathway, pyrophosphate is first removed from the RNA molecule by RppH 
(dark green) and possible other enzyme (light green), monophosphorylated 5 end activates RNase E (red), 
in further steps PNPase (blue) degrades RNA from the 3 end. Finally, degradation of dinucleotides is 
achieved by Orn (orange). (B) In the 5  end independent pathway, degradation is initiated directly by 
cleavage of RNase E, followed by actions of PNPase and Orn as described in A. 
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As already mentioned, the enzymes involved in the degradation are often organized in 

complexes called RNA degradosomes. The enzymes present in the degradosomes as well as their 

amounts are varying between bacterial species. The only conserved requirement for the RNA 

degradosome is the presence of at least one RNase and one RNA helicase of the DEAD-box family, 

which supports the degradation by unwinding of complex RNA structures. Such a minimalistic two 

component degradosome could be found in the gastric pathogen Helicobacter pylori (Redko et al., 

2013), however we can also find degradosomes with several components (for overview of some 

known bacterial degradosomes and their components see Table 1). The best studied 

degradosome is the one of the gram-negative model organism E. coli, where the core of this 

complex is composed of four proteins: RNase E, PNPase, RNA helicase RhlB and the glycolytic 

enzyme enolase.  

 

Table 1: Comparison of proteins present in different bacterial RNA degradosomes.  
Endoribonucleases are indicated with blue background, 5-to-3  directed exoribonucleases with pink, 3-to-
5  with orange, RNA helicases with green and metabolic enzymes with grey background. The table was 
constructed based on (Carpousis, 2007; Lehnik-Habrink et al., 2010; Hardwick et al., 2011; Redko et al., 
нлмоΤ tƱƻŎƛƵǎƪƛ et al., 2019). Organisms are indicated as follows: E. coli = Escherichia coli, B. subtilis = 
Bacillus subtilis, M. tuberculosis = Mycobacterium tuberculosis, C. crescentus = Caulobacter crescentus, 
H. pylori = Helicobacter pylori. 

 

The RNA degradosome of E. coli is assembled around the central essential ribonuclease 

RNase E (Carpousis, 2007). Whereas its N-terminal domain (NTD) contains the active center with 

endoribonuclease activity, important for initiation of mRNA degradation, the interactions to other 

degradosome components are mediated through the unstructured C-terminal domain (CTD). 

Furthermore, the CTD also contains an amphipathic helix through which is RNase E attached to 

the membrane (Khemici et al., 2008). Although the membrane localization of RNase E and thus of 

the whole degradosome is not conserved among bacteria with RNase E homologues, and 

cytoplasmic degradosomes associated with the nucleoid were reported (Montero Llopis et al., 

2010; Yan et al., 2020), it was recently shown to be important for precise regulation of RNA 

 E. coli B. subtilis M. tuberculosis C. crescentus H. pylori 

RNase E  V - V V - 

RNase Y  - V - - - 

RNase J - V V - V 

PNPase V V  V V - 

DEAD-box RNA helicase V  V V V V 

Metabolic enzyme Eno Eno, PFK - Aco - 
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degradation in E. coli (Hadjeras et al., 2019). The detachment of RNase E from the membrane 

here leads to destabilization of the enzyme, slowdown of mRNA degradation, decreased growth 

rates as well as missing regulations by membrane associated proteins (Hadjeras et al., 2019).  

Other degradosome components of E. coli are the polynucleotide phosphorylase 

(PNPase), which has о-to-р  ŜȄƻǊƛōƻƴǳŎƭŜolytic activity; the DEAD-box RNA helicase RhlB, which 

helps unwinding secondary structures in RNA and thus makes them accessible for the RNases; and 

the glycolytic enzyme enolase (Carpousis et al., 1994; Py et al., 1996; Miczak et al., 1996). The 

precise role of enolase in the complex is not fully understood, although there are reports 

suggesting that enolase is able to sense levels of glucose сπphosphate and oxygen, respectively, to 

modulate RNase E action by promoting its disassociation from the membrane (Morita et al., 2004; 

Murashko and Lin-Chao, 2017). 

In addition to those enzymes forming the core of the RNA degradosome complex, there 

are also other proteins associating with RNA degradosome only temporally or depending on 

conditions. For example, when RNA secondary structures are stabilized at low temperatures, the 

RNA degradosome can acquire additional DEAD-box RNA helicases to cope with an increased 

demand for resolving these structures to allow continuing RNA degradation, as shown not only for 

E. coli but also for Caulobacter crescentus όtǊǳŘΩƘƻƳƳŜ-DŞƴŞǊŜǳȄ et al., 2004; Khemici et al., 

2004; Aguirre et al., 2017). Furthermore, Poly (A) polymerase I can associate with the 

degradosome to facilitate the RNA degradation, and RNA chaperone Hfq associates with the 

degradosome to aid in cleavage of sRNA tagged mRNA species (Carabetta et al., 2010; Bruce et al., 

2018). Similarly, CspA and CspB, RNA binding cold shock proteins (Bae et al., 2000), were found to 

be associated to the degradosome complex in Mycobacterium tuberculosis όtƱƻŎƛƵǎƪƛ et al., 2019). 

In this organism, also the RNA polymerase can interact with the degradosome components, 

suggesting possible direct cooperation to establish the mRNA equilibrium όtƱƻŎƛƵǎƪƛ et al., 2019). 

Proteins RraA and RraB were further shown to interact with the degradosome to module its 

composition and activity (Lee et al., 2003; Gao et al., 2006) and also ribosomes were proposed to 

influence the degradosome activity by direct binding (Tsai et al., 2012; Redko et al., 2013). Many 

other proteins interact with the degradosome in a non-stoichiometric manner, for instance 

helicases SrmB and HrpA or RNase R of E. coli, however it is not clear whether these interactions 

do have a physiological role or whether they are just stochastic (Carabetta et al., 2010). 

Interestingly, association of the first and last enzymes of the degradation pathways (RppH and 

Orn) was never observed. Since this thesis is focused on the model gram-positive organism 

Bacillus subtlis, the following parts will discuss more in depth mRNA degradation in this organism.  
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1.2 mRNA degradation and degradosome-like network of B. subtilis 

Due to the general importance of mRNA processing and degradation, it could be assumed 

that the key components are highly conserved among individual bacteria species. It was therefore 

surprising, that the gram-positive model organism B. subtilis does not contain any homolog of 

RNase E, the central enzyme of mRNA degradation in E. coli. This also brought a question of 

whether there is an RNA degradosome in B. subtilis and if so, what does it look like?  

This question was later addressed by the discovery of an enzyme called RNase Y 

(Commichau et al., 2009; Shahbabian et al., 2009). Although RNase Y does not have any sequence 

homology to RNase E of E. coli, it was proposed to be the scaffolding protein of B. subtilis RNA 

degradosome based on interactions with other RNases, RNA helicase and glycolytic enzymes 

(Commichau et al., 2009; Lehnik-Habrink et al., 2010). Except these interactions, RNase Y has also 

other striking functional similarities to RNase E of E. coli, since it also possesses endoribonuclease 

activity and is localized to the cytoplasmic membrane (Shahbabian et al., 2009; Cascante-Estepa 

et al., 2016). Apparently, the key players of the mRNA degradation process have evolved 

independently to fulfill very similar roles in the cells. This is further supported by the fact that the 

essential RNase E of E. coli could be substituted with RNase Y of B. subtilis (Tamura et al., 2017). 

The proposed RNA degradosome complex of B. subtilis built around central RNase Y (see 

Fig. 2) is further composed of two other RNases showing endoribonuclease activity in vitro, the 

paralogues proteins RNases J1 and J2 (Even et al., 2005). In addition, those two RNases were also 

shown to ƘŀǾŜ р-to-о  directed exoribonuclease activity, which is an activity completely missing in 

E. coli (Mathy et al., 2007). Furthermore, the proposed RNA ŘŜƎǊŀŘƻǎƻƳŜ Ŏƻƴǘŀƛƴǎ о-to-5  

directed exoribonuclease PNPase and a DEAD-box RNA helicase called CshA. Like the 

degradosome of E. coli, also this one contains the glycolytic enzyme enolase and on top of that 

another glycolytic enzyme, phosphofructokinase. Their role in the complex, however, remains 

mysterious. 

In contrast to the RNA degradosome of E. coli, the degradosome of B. subtilis was never 

successfully purified as a complex and interactions between the individual components were only 

shown via bacterial-two hybrid studies or cross-linking pull down experiments (Coburn et al., 

1999; Worrall et al., 2008; Commichau et al., 2009; Lehnik-Habrink et al., 2011a). In combination 

with data showing that the degradosome components localize mainly in the cytoplasm and do not 

co-localize with RNase Y at the membrane (Cascante-Estepa et al., 2016), the existence of true 

degradosome in B. subtilis is questioned. Hence, recent literature is rather talking about 

degradosome-like network (DLN), since the interactions are probably just transient and highly 

dynamic (Durand and Condon, 2018). 
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Initiation of mRNA degradation in B. subtilis can also occur by different pathways that are 

similar to those from E. coli (see Fig. 3). The 5 end dependent pathway starts with 

dephosphorylation of RNA molecule by a phosphohydrolase also called RppH, although this does 

not have a high degree of homology to the one from E. coli. RppH of B. subtilis can efficiently 

remove phosphates step by step as orthophosphates and thus, in contrast to E. coli, there is no 

need for additional enzymes (Richards et al., 2011). Nevertheless, there are reports about other 

enzymes capable of 5 end dephosphorylation, which might be involved in this pathway as well 

(Frindert et al., 2019). The dephosphorylation step is followed either by complete 

exoribonucleolytic degradation of RNA by RNase J1 in 5-to-3  direction (5  end dependent exo-

pathway) or by endoribonucleolytic cleavage by RNase Y (5  end dependent endo-pathway), which 

has also preference for substrates with 5  monophosphates (Shahbabian et al., 2009; Richards et 

al., 2011). Fragments created by RNase Y cleavage could be then rapidly degraded by action of 

exoribonucleases RNase J1 and PNPase. The final degradation step is not done by Orn enzyme as 

in E. coli, instead B. subtilis has at least two so-called nanoRNases encoded by the genes nrnA and 

nrnB, which were shown to degrade short oligoribonucleotides up to 5 nt long from the 3 end. 

However, some capacity to complete the decay of RNA was also found in RNase J1 itself and 3 -to- 

р exoribonuclease YhaM, so it is possible that this function in B. subtilis is redundantly distributed 

among various enzymes (Mechold et al., 2007; Fang et al., 2009). 

Figure 2: The proposed RNA degradosome complex of B. subtilis  
The complex is anchored to the membrane through the N-terminus of RNase Y, which also serves as a 
scaffold for the other components, complex of RNases J1/J2, PNPase, DEAD-box RNA helicase CshA and  
glycolytic enzymes enolase (Eno) and phosphofructokinase (PfkA). Modified from (Cho, 2017) and ό²ǀƭŦŜƭΣ 
2018). 
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 Similarly to E. coli, B. subtilis can also initiate RNA degradation by a 5  end independent 

pathway. Despite the fact that RNase Y has preference for 5  monophosphorylated substrates, it 

was shown to efficiently initiate degradation of ermC mRNA regardless of the 5 ŜƴŘ 

phosphorylation state (Shahbabian et al., 2009; Yao et al., 2011). Taken together, the repertoire 

of degradation pathways is extended in the gram-positive model organism by the action of 5-to-

3  ŘƛǊŜŎǘŜŘ exoribonuclease RNase J1.  

An obvious question which might appear is why there is no pathway initiating mRNA 

decay from the 3 end? Although mRNAs are generally protected by stem loop structures at this 

terminus as already discussed, especially considering collaboration of the PNPase with RNA 

helicase present in the degradosome, this protective structure does not necessarily have to be a 

complete obstacle for such a pathway. Results obtained in previous studies, however, suggest 

that this is not the case, since absence of PNPase does not lead to strong global effect on gene 

expression and pnpA deletion strain accumulates only degradation fragments and not full length 

transcripts, as would be expected if PNPase is involved in the decay initiation (Luttinger et al., 

1996; Oussenko et al., 2005). Therefore this possible initiation pathway seems to play only a 

minor role, if any, possibly in degradation of transcripts with Rho dependent terminators, which 

are rare in B. subtilis (Ingham et al., 1999; Liu et al., 2016).  

Figure 3: Schematic depiction of mRNA degradation pathways in B. subtilis  
(A) In the 5  end dependent exo-pathway, two orthophosphates are first removed from the RNA molecule 
by RppH (green scissors), monophosphorylated 5  end activates RNases J1/J2 (green) to degrade the RNA 
exoribonucleolytically, followed by the degradation of short RNA fragments by nanoRNases (orange) (B) In 
the 5  end dependent endo-pathway, RppH creates monophosphorylated 5  end, which activates RNase Y 
(purple scissors) for endoribonuclease cleavage, in further steps PNPase (blue) degrades RNA from the 
3  end and complex of the RNases J1/J2 from the 5 end. Finally, short RNA fragments are degraded by 
nanoRNAses. (C) In the 5  end independent pathway, RNase Y cleaves the transcript internally without a 
requirement for removal of phosphates from the 5  end, this cleavage is followed by action of 
exoribonucleases as in B. 
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1.2.1 RNase Y 

RNase Y, encoded by the gene rny, previously called ymdA, is the decay initiating enzyme 

and the scaffolding protein of the degradosome-like network (Commichau et al., 2009; 

Shahbabian et al., 2009). RNase Y is composed of four main domains, the N-terminal domain 

which is responsible for anchoring of the enzyme to the membrane, an unstructured coiled-coil 

domain, which is likely a place for interactions with the other DLN components, the KH domain 

(ribonucleoprotein K homology), responsible for RNA binding, and the HD domain (His Asp), 

responsible for the endoribonucleolytic cleavage (Aravind and Koonin, 1998; Grishin, 2001; 

Shahbabian et al., 2009; Lehnik-Habrink et al., 2011a; Cho, 2017). 

Except the interaction with other proteins, RNase Y also interacts with itself and forms 

oligomers (Lehnik-Habrink et al., 2011a). Multimeric complexes of RNase Y located in the 

membrane were recently spotted as dynamic foci using total internal reflection fluorescence 

microscopy (Hamouche et al., 2020). Those multimeric foci were proposed to contain less active 

form of the enzyme in absence of substrate (Hamouche et al., 2020), in contrast to the situation 

of RNase E of E. coli, where oligomers represent the more active form of the enzyme (Strahl et al., 

2015).  

The importance of the membrane localization of RNase Y is not yet completely clear, it 

was initially shown that a membrane detached variant of RNase Y is not able to complement for 

the membrane bound protein (Lehnik-Habrink et al., 2011a), however recent evidence suggests 

that membrane anchoring is not essential nor required for endoribonucleolytic activity. Its 

importance thus likely lays in spatial restriction of the enzymatic activity and/or in regulation of 

interactions with other proteins (Khemici et al., 2015; Hamouche et al., 2020).  

As described above, RNase Y participates in initiation of degradation of many transcripts, 

and in agreement with that, depletion of RNase Y led to stabilization and differential expression of 

huge amount of transcripts in three independent transcriptomic studies (Lehnik-Habrink et al., 

2011b; Durand et al., 2012a; Laalami et al., 2013). Importantly, all those studies were performed 

with only a depletion of RNase Y, since by the time of their publication, the gene rny was thought 

to be essential.  

Except its role in global degradation of mRNA, RNase Y is also responsible for specific 

maturation events of functional RNAs, as shown for the RNA component of the RNAse P 

ribozyme, scRNA or rnaC (Gilet et al., 2015; DeLoughery et al., 2018). RNase Y cleavage is also 

important for uncoupling expression of genes from some single operons, as it is the case for 

instance for infC-rpmI-rplT, cggR-gapA-pgk-tpi-pgm-eno or glnR-glnA operons (Commichau et al., 

2009; Bruscella et al., 2011; DeLoughery et al., 2018). 
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As already mentioned, the rny gene was thought for a long time to be essential, however, 

in 2013 it was deleted by Figaro and coworkers and this was later reproduced in another study 

(Figaro et al., 2013; Koo et al., 2017). Nevertheless, deletion of rny gene leads to severe 

phenotypic defects. Colonies are small and smooth, quickly lysing and forming suppressor 

mutants (see Fig. 4). The doubling times are more than doubled as compared to the wild type, cell 

separation is impaired, so the rny mutant cells grow in chains (see Fig. 5). Furthermore, the strain 

is cold sensitive, its peptidoglycan layer is disordered, and also sporulation and development of 

genetic competence are abolished (Figaro et al., 2013).  

RNase Y is an endoribonuclease with a preference for 5 monophosphorylated ends 

(Shahbabian et al., 2009). However, it is a matter of discussion, whether there is any sequence 

specificity for RNase Y cleavage events. In related organisms, preferential cleavage downstream of 

guanosine was reported both for Staphylococcus aureus and Streptococcus pyogenes (Khemici et 

al., 2015; Broglia et al., 2020). Furthermore, presence of double stranded secondary structure 6 nt 

downstream of the cleavage site was reported to be decisive for cleavage of saePQRS operon 

mRNA in S. aureus (Marincola and Wolz, 2017). Concerning RNase Y from B. subtilis, no sequence 

preference for guanosine was identified so far, on the other hand presence of secondary structure 

might be the determinant also for the B. subtilis enzyme, as it was shown for S-

adenosylmethionine riboswitches, where RNase Y cleaves 6 nt downstream from the riboswitch 

aptamer structure (Shahbabian et al., 2009). Nevertheless, such a structural requirement was not 

identified in a whole transcriptome approach and might be specific only for certain transcripts 

(DeLoughery et al., 2018).  

Except the proteins proposed to be part of the degradosome-like network, RNase Y also 

interacts with three additional proteins (YlbF, YmcA and YaaT) that form the so called Y-complex. 

Figure 4: Colony morphology and suppressor formation of the rny mutant 
(A) Comparison of colony morphology of wild type strain 168 and deletion mutant of rny gene. Plates were 
ƎǊƻǿƴ ŦƻǊ н Řŀȅǎ отϲ/Φ !ƭƭ ƛƳŀƎŜǎ ǿŜǊŜ ǘŀƪŜƴ ŀǘ ǘƘŜ ǎŀƳŜ ƳŀƎƴƛŦƛŎŀǘƛƻƴΦ (B) Suppressor mutants appear on 
the surface of lysing ɲrny colonies. The picture was taken after 12 days of incubation ŀǘ отϲ/Φ 
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This complex is necessary for RNase Y cleavage (DeLoughery et al., 2016) and involved in the 

majority of known cleavage events. However, the phenotypes connected with the deletion of 

enzymes from this complex are far less severe than those of rny deletion, so the complex likely 

acts as a sort of specificity factor involved in some cleavage events. However, any sequence or 

other determinant of its action is yet to be discovered (DeLoughery et al., 2018). Although the 

mode of action of the Y-complex is not clear, recent studies suggest that the complex modulates 

self-association of RNase Y and thereby its activity (Hamouche et al., 2020). 

1.2.2 RNases J1 and J2 

RNases J1 and J2 (encoded by the genes rnjA and rnjB) are paralogous proteins originally 

discovered during the search for possible functional homologs of RNase E in gram-positive 

bacteria thanks to their endoribonuclease activity in vitro (Even et al., 2005). However, later 

studies demonstrated that RNase J1 has unique bifunctional properties, since except the 

endoribonuclease activity it was also shown to degrade RNA exoribonucleolytically ƛƴ р-to-о  

direction. This is an activity that was at the time of the discovery thought to be absent from the 

bacterial domain of life (Mathy et al., 2007). Later on, the exoribonuclease activity was proposed 

to be the main one for RNase J1, based on the structural data showing that accommodation of a 

substrate for endoribonuclease cleavage into the active center is physically impossible without 

further conformational changes (Newman et al., 2011). 

Figure 5: Phenotypic comparison of individual cells and their cell walls between wild type and ɲrny          
The upper panel shows light microscopy images of wild type strain 168 (left) and ɲrny cell morphology 
(right). The lower panel shows transmission electron microscopy of the altered cell wall of ɲrny (right) 
comparing to wild type strain 168 (left). (pg) ς peptidoglycan layer, (m) ς cellular membrane, (r) ς
 ribosomes, (b) ς base of the peptidoglycan layer. Modified from (Figaro et al., 2013). 
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After the discovery of RNase J in B. subtlis, this enzyme was found to be conserved in 

different, mainly gram-positive bacterial species, but orthologues of RNase J could be also found 

in some archaea (Even et al., 2005; Clouet-ŘΩhǊǾŀƭ et al., 2018). This is striking since there are no 

homologs outside of bacteria for RNases Y and E, the two degradation initiating enzymes in 

B. subtilis and E. coli, respectively.  

Both RNases J1 and J2 are able to cleave substrates endoribonucleolytically in vitro with 

equal specificity and efficiency (Even et al., 2005), however the exoribonuclease activity of RNase 

J2 is about 100 times weaker than of RNase J1 (Mathy et al., 2010). That brings a question of 

RNase J2 relevance in vivo, especially since deletion of rnjB gene does not lead to a significant 

phenotypic effect in B. subtilis. Since RNases J1 and J2 form a heterotetrametric complex in vivo 

(Mathy et al., 2010; Newman et al., 2011) it is possible that the main role of RNase J2 lays in 

altering cleavage site preferences of the J1/J2 complex, which was shown to be different 

comparing to preferences of RNase J1 and RNase J2 alone (Mathy et al., 2010). The assumption 

that the ribonuclease activity is not the main role of RNase J2 is further supported by the fact that 

in S. aureus, where deletion of both genes for RNases J1 and J2 leads to strong phenotypic effects, 

only active site mutation of RNase J1 leads to the same phenotypes as deletion, whereas it is not 

the case for active site mutations of RNase J2 (Linder et al., 2014).  

Similar to RNases E and Y, activity of RNase J1 is also affected by the phosphorylation 

ǎǘŀǘŜ ƻŦ ǘƘŜ р  ŜƴŘ ƻŦ ƛǘǎ ǎǳōǎǘǊŀǘŜǎ, with preference for monophosphorylated RNAs (Mathy et al., 

2007). RNase J1 is directly ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƳŀǘǳǊŀǘƛƻƴ ƻŦ ǘƘŜ р  ŜƴŘ of 16S rRNA (Britton et al., 

2007) and also for some specific cleavage events, as for instance cleavage of the yflS mRNA 

(Durand et al., 2017). It was also shown to participate in the turnover of the trp leader sequence 

and both maturation and degradation of hbs mRNA (Deikus et al., 2008; Daou-Chabo et al., 2009; 

Deikus and Bechhofer, 2009). Although it is able to initiate mRNA degradation following 5 end 

dephosphorylation (see Fig. 3), the global relevance of this pathway seems to be rather small, as 

assumed from non-altered global mRNA stability in double mutant lacking both RNases J1 and J2 

(Even et al., 2005; Laalami et al., 2014). On the other hand, the role of RNase J1 in subsequent 

steps of mRNA degradation, following initial cleavage by RNase Y, seems to be crucial, since 

depletion of RNases J1 and J2 influences abundance of hundreds of transcripts όaŅŘŜǊ et al., 

2008; Durand et al., 2012a).  

Corresponding to its important role in RNA degradation, the rnjA gene was for a long time 

thought to be essential, and although it could be later deleted from the genome, its deletion leads 

to similar phenotypic effects as deletion of rny (Figaro et al., 2013). Thanks to the mutual 

interaction of RNase J1 with RNase Y, PNPase and phosphofructokinase (PFK), RNases J1 and J2 

are proposed to be part of the degradosome-like network, although RNase J2 interacts only with 
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RNase J1 (Commichau et al., 2009). Localization studies revealed that RNase J1 is mainly localized 

around the nucleoid (Cascante-Estepa et al., 2016), suggesting more pleiotropic role of RNase J1 

in the cell than just being part of the degradosome-like network. Indeed, in agreement with the 

nucleoid localization, latest finding suggested its role in recovering of stalled RNA polymerases 

ό~ƛƪƻǾł et al., 2020).  

 

1.2.3 Polynucleotide phosphorylase (PNPase) 

PNPase is one of the four 3 -to-р  ŜȄƻǊƛōƻƴǳŎƭŜŀǎŜǎ encoded in the genome of B. subtilis, 

together with RNase R, RNase PH and YhaM, and seems to be the most important one for the 

global mRNA degradation. ¢Ƙƛǎ ƛǎ ōŀǎŜŘ ƻƴ ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴ ǘƘŀǘ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ р  ŜƴŘ ǇǊŜŎǳǊǎƻǊǎ 

is not compensated by the other enzymes in a pnpA mutant (Oussenko et al., 2005; Liu et al., 

2014). Furthermore, transcriptomic analysis showed that degradation of about 10% of transcripts 

is fully dependent on action of this 3 -to-р  ŜȄƻǊƛōƻƴǳŎƭŜŀǎŜ (Liu et al., 2014). Relevance of this 

enzyme for global mRNA degradation is even supported by the fact that PNPase was found to 

interact with other components of so-called degradosome-like network of B. subtilis (Commichau 

et al., 2009).  

Unlike other components of the degradosome-like network, PNPase is widely conserved 

across bacterial species as well as eukaryotic organelles (Lin-Chao et al., 2007). Except its 3 -to-р  

exoribonuclease activity, PNPase can also reverse the reaction and is able to polymerase RNA by 

addition of unspecific polyA tails on the 3  ŜƴŘǎ ƻŦ wb! ƳƻƭŜŎǳƭŜǎ. In fact, this is the activity it was 

initially discovered for (Grunberg-Manago et al., 1956; Mohanty and Kushner, 2000). 

Although PNPase is required for degradation of some specific transcripts, its activity was 

shown to be blocked by the presence of secondary structures on the RNA, which likely limits its 

role in the mRNA decay to downstream path after initial endoribonucleolytic cleavage (Farr et al., 

1999). Initiation of mRNA degradation by PNPase itself is thus limited to few exceptional 

transcripts with Rho dependent terminators, as shown for slrA mRNA (Liu et al., 2016). PNPase is 

also involved in maturation processes of some tRNAs (Bechhofer and Deutscher, 2019).  

In addition to the role in RNA degradation, also other functions within the cell were 

proposed for PNPase, since PNPase can also degrade DNA molecules and the substrate specificity 

(DNA vs. RNA) is supposed to be determined by the energetic status of the cell. Furthermore 

PNPase is likely involved in double stranded break repair and homologous recombination 

processes, where its degradative and polymerizing activities are required to cooperate with RecN 

and RecA proteins (Cardenas et al., 2009; Cardenas et al., 2011). 
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Deletion of pnpA gene is possible, however absence of PNPase leads to some phenotypic 

effects similar to those observed for the rny and rnjA mutants, i.e. strongly decreased 

transformation rates, growth in long filaments of cells, extremely poor growth at cold 

temperatures or increased sensitivity to tetracycline (Luttinger et al., 1996; Wang and Bechhofer, 

1996; Figaro et al., 2013).  

 

1.2.4 CshA, a DEAD-box RNA helicase 

Another component of the degradosome-like network is a DEAD-box RNA helicase called 

CshA (cold shock helicase-like protein A). This was initially described as a cold-shock response RNA 

helicase, since its expression seemed to be increased in low temperatures (Beckering et al., 2002; 

Hunger et al., 2006). However, later studies showed that cshA is expressed stably at different 

temperatures, media, as well as growth stages (Lehnik-Habrink et al., 2010; Nicolas et al., 2012). 

Despite this condition independent expression, the role of CshA seems to be indeed more 

important at low temperatures under ннϲ/Σ ŀǎ could be judged from the impaired growth of the 

deletion mutant and curly phenotype reminiscent of the phenotpyes from mutants of other DLN 

components genes (for ɲrny, see Fig. 5) (Lehnik-Habrink et al., 2013; Figaro et al., 2013). The 

reason for the increased need for CshA during cold likely lies in the fact that under cold 

temperatures RNA secondary structures are more stable and therefore unwinding of these 

complex RNA structures is of higher importance.  

DEAD-box helicases are in general composed of two RecA like domains consisting of 12 

sequence motifs responsible for binding of ATP and RNA, respectively, and for subsequent 

remodeling of the RNA at the expanse of an ATP molecule (Linder and Jankowsky, 2011). Although 

most of the DEAD-box helicases are monomeric, CshA of B. subtilis forms a homodimer, which 

likely aids the enzyme to stay associated with the RNA molecule during multiple cycles of ATP 

hydrolysis. This can then result in an effective unwinding of RNA target providing substrate for 

action of RNA degrading enzymes, as it was shown for CshA of closely related organism 

Geobacillus stearothermophilus (Lehnik-Habrink et al., 2010; Huen et al., 2017).  

CshA was proposed to be member of the DLN based on its interactions with RNase Y, 

PNPase, enolase and phosphofructokinase (Lehnik-Habrink et al., 2010). Except its general role in 

RNA degradation, CshA is also required for correct rRNA processing and thereby also ribosome 

biogenesis. Furthermore, deletion of cshA specifically affects expression of more than 200 genes 

(Lehnik-Habrink et al., 2013).  

Interestingly, CshA was recently shown to be involved in activation of some alternative 

sigma factors. CshA is in the presence of glucose acetylated on two lysine residues and this 
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acetylation seems to be crucial for ˋM ŀƴŘ ˋX activation. Although the exact mechanisms is not 

known, this effect is independent from the presence of RNase Y, which provides another evidence 

for a broader role of CshA in B. subtilis physiology (Ogura and Asai, 2016). This is even supported 

by the fact that CshA was also found to be associated with the RNA polymerase, where it could, 

for instance, stimulate expression from alternative sigma factor promoters (Delumeau et al., 

2011).  

In addition to CshA, other RNA helicases from the DEAD-box family are also present in the 

genome of B. subtilis. Despite the fact that these genes had been likely evolved by duplication, 

overexpression of the individual RNA helicases cannot complement for each other suggesting very 

specific role for each RNA helicase όDƻƴȊłƭŜȊ-DǳǘƛŞǊǊŜȊ et al., 2018). Whether the other helicases 

except CshA also play a role in RNA degradation is not yet clear, however it is possible that one or 

more of them associates with the complex in condition dependent manner in analogy to similar 

situation in E. coli όtǊǳŘΩƘƻƳƳŜ-DŞƴŞǊŜǳȄ et al., 2004; Lehnik-Habrink et al., 2010).  

 

1.2.5 Enolase and phosphofructokinase 

The last two components of the degradosome-like network of B. subtilis are the glycolytic 

enzymes enolase (Eno) and phosphofructokinase (PFK), which were found both to interact with 

other DLN components as well as with each other (Commichau et al., 2009; Lehnik-Habrink et al., 

2010; Lehnik-Habrink et al., 2011a; Newman et al., 2012). These two enzymes have a known role 

in glycolysis, where PFK phosphorylates fructose-6-phosphate to fructose-1,6-bisphosphate and 

enolase catalyzes conversion of 2-phosphoglycerate to phosphoenolpyruvate. In agreement with 

their main role outside of the RNA degradation, both are localized in the cytoplasm, with enolase 

aggregating at cell poles of some cells (Cascante-Estepa et al., 2016; El Najjar et al., 2018). Enolase 

is also part of the degradosome in E. coli and generally metabolic enzymes seem to be conserved 

among most of the RNA degradation machines (see 1.1). Nevertheless, the roles of metabolic 

enzymes in RNA degradation and specifically of Eno and PFK in the degradosome-like network of 

B. subtilis are rather unclear. Based on some initial studies about the role of enolase in the RNA 

degradosome of E. coli, it is likely that these enzymes can monitor the energetic status of the cell 

and adjust RNA degradation accordingly (Morita et al., 2004; Murashko and Lin-Chao, 2017). 

However, simple control of RNA degradation based on the energetic status of the cells would be 

much easier through direct binding of regulatory molecules (e.g. ATP, (p)ppGpp, c-di-AMP) to the 

RNA degrading enzymes, therefore the role of these glycolytic enzymes in the DLN is presumably 

more complex and will need further investigation in the future (Cho, 2017).  
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1.3 Essentiality  and RNase Y 

Defining of the minimal necessary genetic equipment for sustainable and autonomous life 

on earth has long been one of the fundamental scientific topics. However, with the increased 

number of sequenced genomes it becomes more and more apparent that such a conserved set of 

essential genes does not exist even within one domain of life. Instead, essential functions seems 

to be more universal, but often performed by genes without any mutual sequence homology. 

Contradictory reports concerning essential genes have been published even about the same 

organisms, likely due to the slight difference between laboratory strains and/or conditions used 

for the screens (Lagesen et al.Σ нлмлΤ aŀǊǘƝƴŜȊ-Carranza et al., 2018). 

It is also not easy to define what an essential gene actually is, because many genes might 

be essential under certain conditions, but dispensable under others. Despite that, several studies 

focusing on essentiality of B. subtilis genes have been performed. These were defined as genes 

that cannot be deleted from the genome to sustain laboratory growth at rich medium at 37ϲC 

(Kobayashi et al., 2003; Commichau et al., 2013). A recent whole genome study addressing gene 

essentiality exactly in these conditions identified 257 essential genes, SubtiWiki database 

currently defines even less essential genes in the genome of B. subtilis, specifically 251 protein 

coding and 2 sRNA coding (Koo et al.Σ нлмтΤ ½Ƙǳ ŀƴŘ {ǘǸƭƪŜΣ нлмуύ. These numbers are however 

likely underestimated concerning minimal requirements for living cells, since they do not consider 

genes of redundant function and even the smallest autonomously replicating organism contains 

473 genes (Hutchison et al., 2016).  

RNase E and RNase Y of E. coli and B. subtilis, respectively, are in many aspects striking 

examples of convergent evolution, thanks to their similar structure, cellular localization and 

function. For a long time, it was thought that there is another similarity between these two 

enzymes, their essentiality, since any of the two genes could not be deleted from the genome in 

the respective studies (Kobayashi et al., 2003; Baba et al., 2006). However, in 2013 the rny gene 

was deleted from the chromosome of B. subtilis (Figaro et al., 2013) and this result was later 

reproduced by another independent study (Koo et al., 2017). Although this deletion leads to 

severe phenotypes as shown before, the rny gene is since then considered as non-essential. 

This is a striking difference, since one might expect that initiation of mRNA degradation 

would be equally important and thus essential function in both model organisms. The difference 

might be most easily explained by the fact, that B. subtilis contains another ribonuclease RNase 

J1, which could also initiate some mRNA degradations events (see Fig. 3) in addition to RNase Y 

and therefore initiation of mRNA degradation is not fully dependent on RNase Y in B. subtlis, 

whereas it is fully dependent on RNase E in E. coli.  



 
 

17 
 

Regardless of the fact, that deletion of rny gene is possible, this leads to severe 

phenotypic defects and genomic instability (see Fig.4) suggesting that although not completely 

essential, it is inevitable for the rny strain to undergo further genetic adjustments for stable life. 

This is interestingly not the case for some even closely related organisms as Streptococcus 

pyogenes or Staphylococcus aureus (Marincola et al., 2012; Chen et al., 2013) bringing up an 

question, why is deletion of RNase Y so harmful for B. subtilis. This has not yet been discovered 

and thus it remains possible that these phenotypes are caused because an essential cleavage 

event is missing, as found for instance for RNase III which is essential due to its cleavage of 

prophage encoded toxins (Durand et al., 2012b) or due to some general effect on total levels of 

multiple mRNA species.  

 

1.4 Natural competence in B. subtilis 

Loss of competence is not only a problem for the cellular survival in its natural habitat, but 

also major obstacle for the laboratory work. Since this thesis is focused on RNase Y and the 

response of the cell to its absence, it is important to note that rny mutant strain has lost its ability 

to become competent (Figaro et al., 2013; Koo et al., 2017). That does not only bring a slowdown 

during the experimental work, but also a question why? 

Competence of B. subtilis is evolved in a subpopulation of cells in response to increased 

cellular density and nutritional starvation. This is fully dependent on the levels of the master 

transcription regulator ComK (van Sinderen et al., 1995). Its expression is regulated in response to 

extra- and intra-cellular signals by various regulators on the level of gene expression, mRNA 

stability, as well as protein stability and only those cells, where ComK levels reach certain 

threshold become competent in an all or nothing scenario thanks to a ComK auto activation loop 

(Serror and Sonenshein, 1996; Turgay et al., 1998; Hoa et al., 2002; Hamoen et al., 2003b; Gamba 

et al., 2015).  

There are various mechanism translating the signals into molecular responses. The cellular 

density is for instance sensed by the quorum sensing ComPA two component system, which can 

respond to the levels of the ComX pheromone (Weinrauch et al., 1990; Magnuson et al., 1994). 

Nutritional limitation is sensed by the transcription regulator CodY, which responds to levels of 

GTP and ōǊŀƴŎƘŜŘπŎƘŀƛƴ ŀƳƛno acids (Serror and Sonenshein, 1996; Shivers and Sonenshein, 

2004).  

Interestingly, also other transcription regulators play a role in activation of competence 

(for instance Spo0A) and they are often shared between competence and development of other 

social behaviors in B. subtilis, like sporulation or biofilm formation (for review see ό[ƽǇŜȊ et al., 
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2009). When the master regulator ComK is present in sufficient amount, it activates expression of 

more than 100 genes responsible for the DNA uptake and the recombination itself (Berka et al., 

2002; Hamoen et al., 2002; Ogura et al., 2002; Boonstra et al., 2020). 

Not only absence of RNase Y leads to the loss of competence, there are many more genes 

whose deletion leads to the same phenotype (Koo et al., 2017). Reasons and mechanism for the 

loss of competence may be different. This can be a direct block of the DNA uptake or its further 

incorporation into the genome, as it is the case for deletion of the comGA and recA genes, 

respectively (Briley et al., 2011; Yadav et al., 2013). Alternatively, deletion of a gene can interfere 

with proper activation of the ComK master regulator. This is exactly the case for instance for the 

degU mutant, where absence of DegU blocks the competence development by dysregulating of 

comK expression (Shimane and Ogura, 2004). This is likely to be the case also in some of the 

uncharacterized competence mutants, since regulation of ComK is tightly controlled and fine-

tuned on multiple levels and even small interferences with the regulation process might 

completely prevent development of genetic competence. Whether this is the case for loss of 

competence of rny mutant is to be discovered, however there is an indication that it could be, 

since comK expression is downregulated in the rny depletion strain (Lehnik-Habrink et al., 2011b; 

Laalami et al., 2013). 

During transformation, DNA must pass some physical barriers such as the cell wall and the 

membrane. The gram-positive cell wall is known to be composed of a thick peptidoglycan layer, 

which consists of glycan chains cross-linked with peptides, and teichoic acids that can be attached 

either to the membrane (lipoteichoic acids) or to the peptidoglycan itself (wall teichoic acids). 

These passes through the top of the peptidoglycan and forms the uppermost layer of the cell wall 

(Silhavy et al., 2010). Interestingly, recent findings suggest that wall teichoic acids are specifically 

modified during development of genetic competence and that this is important for DNA binding, 

which could be blocked by the action of some wall teichoic acids targeting antibiotics (Mirouze et 

al., 2018). Furthermore, when the cell wall is too thick, DNA binding proteins might be masked by 

the peptidoglycan layer and thus be unable to efficiently bind DNA to the transport machinery. 

Since the rny mutant has indeed a thicker and disordered cell wall, these might be another 

reasons for the absence of competence. Lastly, it was also shown that DNA is preferentially bound 

to the cell poles, but the rny mutant grows in unseparated chains and cell poles are therefore not 

exposed to the environment, which might also prevent the DNA binding and transformation 

(Figaro et al., 2013; Mirouze et al., 2018). 
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1.5 Aims of this thesis 

Turnover of mRNA is a key regulatory process in all domains of life. RNase Y is the enzyme 

initiating this process in the well-studied model organism B. subtilis, yet it could be deleted from 

the genome and therefore is, by definition, considered not to be essential. However, such a 

deletion leads to severe phenotypes affecting many cellular processes and to high genetic 

instability. In the presented work the essentiality of RNase Y and reasons for the deleterious 

phenotypes are addressed. 

Analysis of suppressor mutants is used to identify the maintenance of equilibrium 

between RNA synthesis and degradation as the quasi-essential function missing in the rny mutant. 

Furthermore, speed of evolutionary forces and natural selection between variants present in a 

bacterial population is shown. Subsequent transcriptomic analysis is used to confirm the 

enormous influence of RNase Y on B. subtilis physiology and to reveal possible causes for some 

specific rny related phenotypes. 

 In addition, a new experimental set up is established to assess the reasons for the loss of 

genetic competence not only in the rny mutant strain, but also in some other previously 

uncharacterized competence mutants of B. subtilis. This way, the reason for the loss of 

competence as well as other social behaviors of the mutant overproducing unknown ABC 

transporter YtrBCDEF is described and further investigated.  
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2 Quasi-essentiality of RNase Y in Bacillus subtilis is caused by its 

critical role in the control of mRNA homeostasis 
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Abstract  

RNA turnover is essential in all domains of life. The endonuclease RNase Y (rny) is one of 

the key components involved in RNA metabolism of the model organism Bacillus subtilis. 

Essentiality of RNase Y has been a matter of discussion, since deletion of the rny gene is possible, 

but leads to severe phenotypic effects. In this work, we demonstrate that the rny mutant strain 

rapidly evolves suppressor mutations to at least partially alleviate these defects. All suppressor 

mutants had acquired a duplication of an about 60 kb long genomic region encompassing genes 

for all three core subunits of the RNA polymerase ς ʰΣ ʲΣ ʲ Φ ²ƘŜƴ ǘƘŜ ŘǳǇƭƛŎŀǘƛƻƴ ƻŦ ǘƘŜ wb! 

polymerase genes was prevented by relocation of the rpoA gene in the B. subtilis genome, all 

suppressor mutants carried distinct single point mutations in evolutionary conserved regions of 

ƎŜƴŜǎ ŎƻŘƛƴƎ ŜƛǘƘŜǊ ŦƻǊ ǘƘŜ ʲ or ̡ Ω ǎǳōǳƴƛǘǎ ƻŦ ǘƘŜ wb! ǇƻƭȅƳŜǊŀǎŜ ǘƘŀǘ ǿŜǊŜ ƴƻǘ ǘƻƭŜǊŀǘŜŘ ōȅ 

wild type bacteria. In vitro transcription assays with the mutated polymerase variants showed a 

severe decrease in transcription efficiency. Altogether, our results suggest a tight cooperation 

between RNase Y and the RNA polymerase to establish an optimal RNA homeostasis in B. subtilis 

cells. 

 

Introduction  

Among all organisms, bacteria are the ones multiplying most rapidly. Under optimal 

conditions, the model bacteria Escherichia coli and Bacillus subtilis have generation times of 20 to 

30 minutes. On the other hand, bacteria are exposed to a variety of changing environmental 

conditions, and due to their small size, the impact of environmental changes is particularly severe 

for bacterial cells. To adapt to these potentially rapidly changing conditions, bacteria have evolved 

a huge arsenal of systems to sense and respond to the environment. Especially in the competition 

between microorganisms, it is crucial that these responses are both rapid and productive. 

However, while regulatory events may be very rapid, there is an element of retardation in the 

system, and this is the stability of mRNA and protein molecules. If the continued activity of a 

protein may become harmful to the bacteria, it is important not only to prevent expression of the 

ŎƻǊǊŜǎǇƻƴŘƛƴƎ ƎŜƴŜ ōǳǘ ŀƭǎƻ ǘƻ ǘŀƪŜ ǘǿƻ ƛƳǇƻǊǘŀƴǘ ƳŜŀǎǳǊŜǎΥ όƛύ ǎǿƛǘŎƘ ƻŦŦ ǘƘŜ ǇǊƻǘŜƛƴΩǎ ŀŎǘƛǾƛǘȅ 

and (ii) degrade the mRNA to exclude further production of the protein. The inactivation or even 

degradation of proteins is well documented in the model bacteria. For example, in both E. coli and 

B. subtilis the uptake of toxic ammonium is limited by a regulatory interaction of the ammonium 

transporter with GlnK, a regulatory protein of the PII family (Coutts et al., 2002; Detsch and 

{ǘǸƭƪŜΣ нллоύ. Similarly, the uptake of potentially toxic potassium can be prevented by inhibition 
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of potassium transporters at high environmental potassium concentrations, either by the second 

messenger cyclic di-AMP or by interaction with a dedicated modified signal transduction protein, 

PtsN (Lee et al., 2007; Corrigan et al., 2013; Gundlach et al., 2019). To prevent the accumulation 

of potentially harmful mRNAs, bacteria rely on a very fast mRNA turnover. Indeed, in E. coli and B. 

subtilis more than 80% of all transcripts have average half-lives of less than 8 minutes, as 

compared to about 30 minutes and 10 hours in yeast or human cells, respectively (Hambraeus et 

al., 2003; Yang et al., 2003; Bernstein et al., 2004; Geisberg et al., 2014). Thus, the mRNA turnover 

is much faster than the generation time. The high mRNA turnover rate in bacteria contributes to 

the fast adaptation even in rapidly growing cells. The rapid mRNA turnover is therefore a major 

factor to resolve the apparent growth speed-adaptation trade-off. 

 RNases are the key elements to achieve the rapid mRNA turnover in bacteria. Theses 

enzymes can degrade bulk mRNA in a rather unspecific manner, just depending on the 

accessibility of the RNA molecules as well as perform highly specific cleavages that serve to 

process an RNA molecule to its mature form. In all organisms, RNA degradation involves an 

interplay of endo- and exoribonucleases as well as other proteins such as RNA helicases that 

resolve secondary structures (Lehnik-Habrink et al., 2012; Durand et al., 2015; Redder, 2018; 

Tejada-Arranz et al., 2020). Often, these proteins form a complex called the RNA degradosome. In 

E. coli, the RNA degradosome is organized around the essential endoribonuclease RNase E 

(Carpousis, 2007; Mackie, 2013). RNase E consists of two parts, the N-terminal endoribonuclease 

domain that harbors the enzymatic activity and the C-terminal macromolecular interaction 

domain that serves as the scaffold for the degradosome components and is responsible for the 

binding of RNase E to the cell membrane (Khemici et al., 2008; Mackie, 2013). As mentioned 

above, RNase E is essential for viability of the bacteria. An analysis of the contributions of the two 

parts of RNase E to its essentiality revealed that the enzymatically active N-terminal domain is 

essential whereas the C-terminal interaction domain is dispensable (Kido et al., 1996). This 

suggests that the endoribonucleolytic attack on mRNA molecules is the essential function of 

RNase E, whereas the interaction with other degradosome components is not required for 

viability. This conclusion is supported by the fact, that the other components of the E. coli 

degradosome are also dispensable (Carpousis, 2007). 

 RNase E is widespread in proteobacteria, cyanobacteria, and actinobacteria, but absent 

from many firmicutes, -proteobacteria, or from bacteria of the Deinococcus-Thermus class. 

However, an efficient RNA-degrading machinery is important also for these bacteria to allow both 

rapid growth and adaptation. Indeed, these bacteria possess a different endoribonuclease, RNase 

Y (Commichau et al., 2009; Shahbabian et al., 2009). A depletion of RNase Y results in a two-fold 

increase of the average mRNA half-life in B. subtilis (Shahbabian et al., 2009). Similar to RNase E, 
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RNase Y is a membrane protein, and it is capable of interacting with several proteins involved in 

RNA degradation. Among these proteins are ǘƘŜ р πǘƻπо  ŜȄƻǊƛōƻƴǳƴŎƭŜŀǎŜ wbŀǎŜ WмΣ 

polynucleotide phosphorylase, the RNA helicase CshA, the glycolytic proteins enolase and 

phosphofructokinase, and a protein complex composed of YaaT, YlbF, and YmcA (Commichau et 

al., 2009; Shahbabian et al., 2009; Lehnik-Habrink et al., 2011a; Newman et al., 2012; DeLoughery 

et al., 2016; Salvo et al., 2016). Many of these interactions are likely to be transient as judged 

from the distinct localization of RNase Y and its interaction partners in the cell membrane and in 

the cytoplasm, respectively (Cascante-Estepa et al., 2016).  

 We are interested in the identification of the essential cellular components that are 

required for the viability of B. subtilis cells with the aim to construct strains that harbor only the 

minimal set of genes to fulfill the essential cellular functions (Commichau et al.Σ нлмоΤ wŜǳǖ et al., 

нлмсΤ wŜǳǖ et al., 2017). For B. subtilis, RNase Y and RNase J1 were originally described as being 

essential (Kobayashi et al., 2003; Hunt et al., 2006; Mathy et al., 2007; Commichau et al., 2009; 

Shahbabian et al., 2009). Interestingly, these two RNases are also present in the most genome-

reduced independently viable organism, Mycoplasma mycoides JCVI-syn3.0 (Hutchison et al., 

2016). Both RNase J1 and RNase Y are involved in the processing and degradation of a large 

number of RNA molecules in B. subtilis όaŅŘŜǊ et al., 2008; Lehnik-Habrink et al., 2011b)(Durand 

et al., 2012a; Laalami et al., 2013; DeLoughery et al., 2018). However, more recent studies 

demonstrated the possibility to delete the rnjA and rny genes, encoding the two RNases (Figaro et 

al.Σ нлмоΤ ~ƛƪƻǾł et al., 2020) and the dispensability of RNase Y was confirmed in a global 

approach to inactivate all genes of B. subtilis (Koo et al., 2017).  

 Comprehensive knowledge on essential genes and functions is the key to construct viable 

minimal genomes. By definition, essential genes cannot be individually deleted in a wild type 

genetic background under standard growth conditions (Commichau et al., 2013). In this study, we 

have addressed the essentiality of RNase Y in B. subtilis. While the rny gene could indeed be 

deleted, this was accompanied by the rapid acquisition of suppressor mutations that affect the 

transcription apparatus. We demonstrate that a strongly reduced transcription activity is required 

to allow stable growth of B. subtilis in the absence of RNase Y. Our results suggest that the 

accumulation of mRNA that cannot be degraded is the growth-limiting factor in strains lacking 

RNase Y. 
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Results 

 

Inactivation of the rny gene leads to evolution of suppressor mutations affecting 

transcription 

RNase Y had been considered to be essential (Kobayashi et al., 2003; Commichau et al., 

2009); however, two studies reported that the rny gene could be deleted from the genome 

(Figaro et al., 2013; Koo et al., 2017). The deletion leads to severe growth defects and 

morphological changes (Figaro et al., 2013). In an attempt to get a better understanding of the 

importance of RNase Y for B. subtilis physiology, we deleted the rny gene in the genetic 

background of B. subtilis 168. The colonies of the resulting strain, GP2501, were small and lysed 

ǊŀǇƛŘƭȅΦ aƻǊŜƻǾŜǊΣ ǘƘŜ ŎŜƭƭǎ ƎǊŜǿ ǾŜǊȅ ǎƭƻǿƭȅ ŀǘ ƭƻǿ ǘŜƳǇŜǊŀǘǳǊŜǎ όōŜƭƻǿ ннϲ/ύΦ IƻǿŜǾŜǊΣ ǿŜ 

observed the appearance of suppressor mutants after a few days. By analysis of such mutants we 

wished to gain a better understanding of the growth-limiting problem of the rny mutant. For this 

purpose, we isolated suppressor mutants in different experimental setups. First, the rny mutant 

GP2501 was adapted to growth in liquid LB medium at 22ϲ/ ǎƛƴŎŜ ǘƘŜ rny mutants had a severe 

growth defect at low temperatures. After the adaptation experiment, the culture was plated at 

ннϲ/Σ ŀƴŘ ǘǿƻ ŎƻƭƻƴƛŜǎ ǿŜǊŜ ƛǎƻƭŀǘŜŘ ŦƻǊ ŦǳǊǘƘŜǊ ƛƴǾŜǎǘƛƎŀǘƛƻƴΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ŀŘŀǇǘŀǘƛƻƴ 

expŜǊƛƳŜƴǘ ƛƴ ƭƛǉǳƛŘ ƳŜŘƛǳƳΣ ǿŜ ŀƭǎƻ ŜǾƻƭǾŜŘ ǎǳǇǇǊŜǎǎƻǊǎ ƻƴ ǎƻƭƛŘ [. ŀƎŀǊ ǇƭŀǘŜǎ ōƻǘƘ ŀǘ ннϲ/ 

ŀƴŘ отϲ/Φ ²Ŝ ƛǎƻƭŀǘŜŘ ǘǿƻ Ƴǳǘŀƴǘǎ ǳƴŘŜǊ ŜŀŎƘ ŎƻƴŘƛǘƛƻƴ (see Fig. 6A). 

 Growth of the isolated strains was verified (see Fig. 6B, and Supplementary Figures S2 and 

S3), and for each selection scheme, one mutant was analysed by whole genome sequencing. In all 

cases, this confirmed the deletion of the rny gene and revealed the presence of an additional 

mutations. Strikingly, there was one feature common for all the suppressors tested, regardless of 

the isolation condition, which was not present in the progenitor strain GP2501: It was an identical 

genomic duplication of the approximately 60 kb long ctsR-pdaB region. This genomic segment is 

flanked by clusters of ribosomal RNA operons. Upstream of the duplicated region are the rrnJ and 

rrnW operons, and downstream the rrnI, rrnH, and rrnG operons (see Fig. 7A). This duplicated 

region contains 76 genes encoding proteins of various functions, among them proteolysis (ClpC), 

signal transduction (DisA), RNA modification (YacO, TruA), RNases (MrnC, Rae1), translation 

factors (EF-G, IF-1, EF-Tu), several ribosomal proteins, and proteins involved in transcription 

(NusG, RpoA, RpoB, RpoC, SigH). Strikingly, the genes for all three main subunits of the RNA 

polymerase ς rpoA, rpoB and rpoC were present in the duplicated region. The observation, that 

this duplication was observed irrespective of the selective condition used to isolate suppressor 
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mutants suggests that this duplication is relevant to overcome the poor growth associated with 

the loss of RNase Y. However, in addition, for each selection scheme we found additional 

mutations that affect genes involved in transcription. 

  

CƻǊ ǘƘŜ ǎŜƭŜŎǘƛƻƴ ƛƴ ƭƛǉǳƛŘ ƳŜŘƛǳƳ ŀǘ ннϲ/Σ ǘƘŜ ǎǳǇǇǊŜǎǎƻǊ Ƴǳǘŀƴǘ Dtнрло ƘŀŘ ŀ Ǉƻƛƴǘ 

mutation that resulted in an amino acid substitution (S125L) in the greA gene encoding a 

transcription elongation factor (Kusuya et al., 2011). For the other suppressor mutant (GP2504) 

isolated under the same selective conditions, we sequenced the greA gene to test whether it had 

also acquired a mutation in this gene. Indeed, we found a different mutation in greA, resulting in 

the introduction of a premature stop codon after E56. Moreover, we evolved two additional 

suppressor mutants applying this adaptive scenario, and both contained frameshift mutations in 

greA that resulted in premature stop codons after amino acid 23 and 137 (GP2539 and GP2538, 

respectively; see Table S3).  

 ¢ƘŜ ǎǘǊŀƛƴ ƛǎƻƭŀǘŜŘ ƻƴ [. ǇƭŀǘŜǎ ŀǘ ннϲ/ όDtнсотύ ƘŀŘ ŀ ŘŜƭŜǘƛƻƴ of the skin element, an 

amino acid substitution (Y55N) in the AdeR activator protein (Lin et al., 2012), and a short internal 

deletion in the rpoE gene encoding the d subunit of RNA polymerase, which resulted in a 

frameshift after residue G66 όWǳŀƴƎ ŀƴŘ IŜƭƳŀƴƴΣ мффпΤ wŀōŀǘƛƴƻǾł et al., 2013). For the second 

Ƴǳǘŀƴǘ ƛǎƻƭŀǘŜŘ ŀǘ ннϲ/ όDtонмлύΣ ǿŜ ǊŜ-sequenced the adeR and rpoE genes. While the adeR 

gene was identical to the wild type, we found an insertion of an adenine residue after position 87 

of rpoE, resulting in a frameshift after 29 amino acids and premature stop codon after 38 amino 

acids. Therefore, the rpoE but not the adeR mutation is likely to be required for the suppressor 

phenotype. 

Figure 6: Suppressors of rny show increased growth at 22ϲ/ 
(A) Schematic depiction of different single nucleotide polymorphisms identified in the initial suppressor 
screen and their overlap with the duplication of ctsR-pdaB region. (B) Serial drop dilutions comparing 
growth of the wild type strain 168, the rny mutant GP2501, its greA suppressors (GP2503, greA (Ser125Leu) 
(rrnW-rrnI)2; GP2504, greA (Glu57Stop)) and the rny greA double mutant GP2628 on LB-agar plate at 22ϲ/. 
The picture was taken after 2 days of incubation. 
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¢ƘŜ ǎǳǇǇǊŜǎǎƻǊ ŜǾƻƭǾŜŘ ŀǘ отϲ/ ƻƴ [. ǇƭŀǘŜǎ όDtнсосύ ŎƻƴǘŀƛƴŜŘ ŀ Ƴǳǘŀǘƛƻƴ ǊŜǎǳƭǘƛƴƎ ƛƴ 

the introduction of a premature stop at the eighth codon of the cspD gene encoding an RNA 

binding protein which has transcription antitermination activity in E. coli (Graumann et al., 1997; 

Bae et al., 2000). Sanger sequencing of the second suppressor isolated under the same condition 

(GP2678) also identified a mutation affecting cspD, but this time in its ribosomal binding site 

(GGAGGA Ą GGAAGA).  

  Taken together, the duplication of the ctsR-pdaB genomic region was 

accompanied by specific additional suppressor mutation affecting transcription in every single 

suppressor mutant analysed. These mutations result in the inactivation of the greA gene in liquid 

ƳŜŘƛǳƳ ŀǘ ннϲ/Σ ǿƘŜǊŜŀǎ ǘƘŜ ǎŜƭŜŎǘƛǾŜ ǇǊŜǎǎǳǊŜ ƻƴ ŀƎŀǊ ǇƭŀǘŜǎ ŀǘ ннϲ/ ŀƴŘ отϲ/ ǿŀǎ ŘƛǊŜŎǘŜŘ at 

the inactivation of the RNA polymerase subunit RpoE or the RNA binding protein CspD, 

respectively (see Fig. 6A). It is therefore tempting to speculate that the inactivation of these genes 

combined with the ctsR-pdaB genomic duplication is causative for the suppression. 

 In order to test whether the inactivation of the greA, rpoE, or cspD genes alone is 

sufficient for the suppression of the rny mutant strain, we constructed the corresponding double 

mutants. As both rny and greA mutants are defective in genetic competence (Koo et al., 2017), 

the greA rny double mutant was obtained by transforming the wild type strain 168 with DNA 

molecules specifying both deletions simultaneously (see Table S3). For the greA and rpoE 

deletions, the double mutants did not phenocopy the original suppressor mutants, instead the 

gene deletions conferred only partial suppression (see Fig. 6B for the rny greA double mutant 

GP2628, and Supplementary Figure S2 for the rny rpoE double mutant GP3217). In the case of the 

rny cspD double mutant GP2615, complete suppression was observed (see Supplementary Figure 

S3). However, we cannot exclude that the mutant had already acquired the duplication of the 

ctsR-pdaB genomic region. Thus, we conclude that the suppression depends on both, the 

duplication of the ctsR-pdaB region and the concomitant mutations that inactivate genes involved 

in transcription. 

 

Transcriptome analysis of the rny mutant and a suppressor strain 

As mentioned above, the deletion of greA allowed only partial suppression of the growth 

defect caused by the loss of RNase Y. However, the rny greA double mutant GP2628 eventually 

gave rise to a better suppressing mutant, GP2518. Whole genome sequencing of this strain 

revealed that in addition to the greA deletion it had only acquired the duplication of the ctsR-

pdaB genomic region. Again, this highlights the relevance of the combination of the greA deletion 

and the ctsR-pdaB duplication for suppression. 
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 To get insights into the global consequences of the suppressing mutations, we compared 

the transcriptomes of the wild type strain 168, the rny mutant GP2501, and the suppressor 

mutant GP2518 by RNA-Seq analysis. We identified 1,102 genes (corresponding to about 25% of 

all genes of B. subtilis) with at least two-fold differential expression in the ɲrny strain GP2501 as 

compared to the wild type 168. It should be noted that the number of differentially expressed 

genes is likely to be underestimated, since about 50% of all genes are not or only very poorly 

expressed during vegetative growth (Rasmussen et al.Σ нллфΤ wŜǳǖ et al., 2017). The rny gene is 

encoded within an operon with the ymdB gene (Diethmaier et al., 2011); however, there was no 

polar effect on the expression of ymdB, suggesting that the observed changes are a direct result 

of the loss of RNase Y.  

From the dataset mentioned above, 587 and 515 genes were down- and upregulated, 

respectively, in the rny strain. The most severe difference (more than 100-fold decrease) was 

observed for the yxkC ƎŜƴŜΦ ¢Ƙƛǎ ƎŜƴŜ ŎƻŘŜǎ ŦƻǊ ǇǊƻǘŜƛƴ ƻŦ ǳƴƪƴƻǿƴ ŦǳƴŎǘƛƻƴ ŀƴŘ ƛǎ ǇŀǊǘ ƻŦ ǘƘŜ ˋD 

regulon (Serizawa et al., 2004). Interestingly, 14 out of the 30 most strongly downregulated genes 

ŀǊŜ ˋD dependent (see Supplementary Table S1). This may be the result of the reduced expression 

of the sigD gene itself. SinŎŜ ˋD controls the expression of many genes responsible for motility as 

well as peptidoglycan autolysins (lytA, lytB,lytC, lytD and lytF) this reduced expression of target 

genes might cause the disordered cell wall of the rny deletion strain (Figaro et al., 2013). Among 

the most strongly upregulated genes (see Supplementary Table S1), many are members of the 

ƎŜƴŜǊŀƭ ǎǘǊŜǎǎ ǊŜǎǇƻƴǎŜ ŦŀŎǘƻǊ ˋB regulon. Another set of upregulated genes is controlled by the 

ǎǇƻǊǳƭŀǘƛƻƴ ǎǇŜŎƛŦƛŎ ǎƛƎƳŀ ŦŀŎǘƻǊǎ ˋF and ˋG, whose genes are also more than 4-fold upregulated. 

This is especially striking taking into an account that the rny mutant strain is not able to form 

spores (Figaro et al., 2013).  

Importantly, we wanted to test whether the suppressor mutant had restored a wild type-

like expression of genes that were affected by the loss of RNase Y. We found 461 genes with 

differential expression between the suppressor mutant GP2518 and the rny mutant GP2501. Of 

these, however, only some were returned towards the expression levels of the wild type (176 

genes, see Supplementary Table S2), while for others, the mRNA levels were even more distant 

from the wild type. In total 115 genes upregulated in the rny strain showed reduced expression in 

the suppressor mutant. On the other hand, also 61 genes which were downregulated in the rny 

mutant, had increased their expression again in the suppressor mutant GP2518 (see 

Supplementary Table S2). Among these genes with restored expression, four (murAA, tagA, tagB, 

ywpB) are essential, and only the expression of ywpB encoding an enzyme of fatty acid 

biosynthesis is 2.4-fold reduced in the rny mutant. This weak regulation suggests that fatty acid 

biosynthesis is not the growth-limiting factor for the rny mutant. In contrast, many of these genes 
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with (partially) restored expression belong to prophage PBSX or are required for rather specific 

metabolic pathways. In conclusion, the evaluation of the genes which had their expression 

restored as a result of the suppressing mutations did not give a clear clue to the reason of 

suppression. 

 

Genomic separation of the genes encoding the core subunits of RNA polymerase 

As mentioned above, the region duplicated in all suppressor mutants contained genes 

encoding RNA modification enzymes, translation factors, ribosomal proteins, RNases, and 

proteins involved in transcription. MrnC and Rae1 are RNase Mini-III required for the maturation 

of 23S rRNA and ribosome-associated A site endoribonuclease, respectively (Redko et al., 2008; 

Leroy et al., 2017). As our suppressor screen identified additional mutations related to 

transcription, we assumed that the translation-specific RNases encoded in this region might not 

be relevant for the suppression of the rny deletion. Therefore, we hypothesized that the 

duplication of the genes encoding the main three subunits of RNA polymerase made a major 

contribution to the selective advantage provided by the duplication.  

 To test the idea that simultaneous duplication of all three genes for the RNA polymerase 

core subunits is the key for the suppression of the loss of RNase Y, we decided to interfere with 

this possibility. The duplicated region is located between two highly conserved rrn gene clusters 

which may facilitate the duplication event (see Fig. 7A). Therefore, we attempted to separate the 

core RNA polymerase genes by relocating the rpoA gene out of this genomic region flanked by the 

Figure 7: Genomic organization of the duplicated genomic region 
(A) Schematic representation of the first 180 kb of the B. subtilis chromosome. The orange box indicates 
the duplicated region in the suppressors of rny strain GP2501. rRNA operons are depicted as green 
rectangles, RNA polymerase genes rpoA, rpoB, rpoC as blue arrows, the ctsR and pdaB genes are shown in 
yellow and red, respectively. (B) Chromosomal relocation of the rpoA gene. For the colour code, see above; 
the relocated rpoA is shown as a purple arrow. 
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rrn operons. We assumed that if RNA polymerase was indeed the key to the original suppression, 

such a duplication would not be likely in the new background with relocated rpoA, since 

simultaneous duplication of all three RNA polymerase subunit genes would be disabled there. For 

this purpose, the rpoA gene kept under the control of its natural promoter PrpsJ was placed 

between the dgk and yaaH genes, and the original copy of rpoA was deleted (see Fig. 7B, 

Experimental procedures for details). We then compared the growth of the wild type strain 168 

and the strain with the relocated rpoA GP2903 using a drop-dilution assay. No differences were 

observed, thus excluding a possible negative impact of the rpoA relocation on B. subtilis 

physiology (see Fig. S4).  

 Strain GP2903 was then used to delete the rny gene, and to isolate suppressor mutants. 

Indeed, even with the genomically separated RNA polymerase genes, suppressor mutations 

appeared upon the deletion of the rny gene encoding RNase Y. There were three possibilities for 

the outcome of the experiment. First, the same genomic region as in the original suppressors 

might duplicate thus falsifying our hypothesis that the simultaneous duplication of all three genes 

encoding the core subunits of RNA polymerase is required for suppression. Second, both regions 

containing the rpoA and rpoBC genes might be duplicated. Third, in the new genetic background 

completely new suppressing mutations might evolve. Two of these suppressor mutants were 

subjected to whole genome sequencing. None of them had the duplication of the ctsR-pdaB 

region as in the original suppressors. Similarly, none of the mutants had the two regions 

containing the rpoA and the rpoBC genes duplicated. Instead, both mutants had point mutations 

in the RNA polymerase subunit genes that resulted in amino acid substitutions (GP2912: RpoC, 

R88H; GP2913: RpoB, G1054C; see Table S3). A mutation affecting RNA polymerase was also 

evolved in one strain (GP2915) not subjected to whole genome sequencing. In this case, the 

mutation resulted in an amino acid substitution (G45D) in RpoC. 

 An analysis of the localization of the amino acid substitutions in RpoB and RpoC revealed 

that they all affect highly conserved amino acid residues (see Fig. 8A). G1054 of RpoB and G45 of 

RpoC are universally conserved in RNA polymerases in all domains of life, and R88 of RpoC is 

conserved in the bacterial proteins. This high conservation underlines the importance of these 

residues for RNA polymerase function. The mutations G45D and R88H in RpoC affect the N-

ǘŜǊƳƛƴŀƭ ʲΩ ȊƛǇǇŜǊ ŀƴŘ ǘƘŜ ȊƛƴŎ-ŦƛƴƎŜǊ ƭƛƪŜ ƳƻǘƛŦ ƻŦ ǘƘŜ ʲ subunit, respectively, that are required 

for the processivity of the elongating RNA polymerase (Nudler et al., 1996; Nudler, 2009). G1054C 

in RpoB is located in the C-ǘŜǊƳƛƴŀƭ ŘƻƳŀƛƴ ƻŦ ǘƘŜ ʲ ǎǳōǳƴƛǘ ǘƘŀǘ ƛǎ ƛƴǾƻƭǾŜŘ ƛƴ ǘǊŀƴǎŎǊƛǇǘƛƻƴ 

termination (Clerget et al., 1995). In the three-dimensional structure of RNA polymerase, these 

ǊŜƎƛƻƴǎ ƻŦ ǘƘŜ ʲ ŀƴŘ ʲ subunits are located in close vicinity opposite to each other in the region of 
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the RNA exit channel which guides newly transcribed RNA out of the enzyme (see Fig. 8B; Nudler, 

2009), and they are both in direct contact with DNA (Nudler et al., 1996).  

 The fact that several independent mutations affecting RNA polymerase were obtained in 

the suppressor screen strongly supports the idea that RNA polymerase is the key for the 

suppression. As the mutations affect highly conserved residues, they are likely to compromise the 

ŜƴȊȅƳŜΩǎ ŀŎǘƛǾƛǘȅΦ Based on the structural information, the mutations might weaken RNA 

polymerase-nucleic acid interactions and therefore, destabilize the transcription elongation 

complex which may result in increased  

premature termination and reduced RNA polymerase processivity. However, RNA polymerase is 

essential, therefore the mutations cannot inactivate the protein completely. 

 

 

Figure 8: Suppressor mutations in RNA polymerase localize to evolutionary conserved regions 
(A) Multiple sequence alignment of RpoB and RpoC sequences from various species, the numbering of 
amino acid residues is based on the B. subtilis sequence. The positions of mutations are indicated with red 
double head arrows, conserved cysteines involved in Zn-finger formation are shown in red. Logos were 
created as described (98). Abbreviations: B. subtilis, Bacillus subtilis; E. coli, Escherichia coli; M. tuberculosis, 
Mycobacterium tuberculosis; T. thermophilus, Thermus thermophilus; M. genitalium, Mycoplasma 
genitalium; S. acidocaldarius, Sulfolobus acidocaldarius; H. sapiens, Homo sapiens. (B) Localization of the 
mutations (indicated as red spheres) in the RNA polymerase shown at their corresponding position in the 
structure of T. thermophilus όt5. L5Υ мL²тΤ ффύΦ ¢ƘŜ ǘǿƻ ʰ ǎǳōǳƴƛǘǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ŘŀǊƪ ǊŜŘ ŀƴŘ ǾƛƻƭŜǘΣ 
ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǘƘŜ ǖ ǎǳōǳƴƛǘ ƛǎ ǎƘƻǿƴ ƛƴ ŘŀǊƪ ōƭǳŜΣ ǖΩ ƛƴ ŎȅŀƴΣ ˖ ƛƴ ƎƻƭŘ ŀƴŘ ǘƘŜ ˋ ǎǳōǳƴƛǘ ƛǎ ǎƘƻǿƴ ƛƴ ƎǊŜȅΦ ¢ƘŜ 
image was created using UCSF Chimera (Pettersen et al., 2004).  
 




























































































































































































