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Abstract 

The Gram-positive bacterium Listeria monocytogenes is the aetiological agent 

of listeriosis, a high death rate infection in susceptible groups, caused by the 

ingestion of contaminated food. L. monocytogenes is a highly adaptable 

bacterium capable of withstanding a wide range of environmental assaults. 

This feature is partially attributed to the upregulation of the General Stress 

Response (GSR) regulon comprising approximately 300 genes regulated by 

the alternative sigma factor B (ůB). Under stressful conditions, the 

stressosome, a multi-protein complex and a putative sensory organelle in L. 

monocytogenes, was hypothesized to activate the downstream signal cascade 

that ultimately liberates ůB from its anti-sigma factor and upregulates the GSR. 

In this study, the role of the stressosome as a stress sensor and its impact on 

the activation of ůB, growth, survival, and virulence of L. monocytogenes was 

assessed. 

Mild stresses activate ůB and enhance L. monocytogenes resistance towards 

extreme stresses in exchange for growth rate. Herein, it was shown that 

growth temperatures of 42°C, which are routinely used in the laboratory to 

construct mutant strains, promote the emergence and proliferation of ůB loss-

of-function alleles. In contrast, lower temperatures of 30°C promote the 

emergence of Agr loss-of-function alleles instead of the ůB operon. In both 

cases, these mutations inactivated the respective systems and conferred a 

competitive advantage at the respective temperatures. Additionally, the 

analysis of all publicly available whole genome sequences of L. 

monocytogenes strains allowed the identification of a high rate of premature 

stop codons at both sigB and agr operons. Overall, the results obtained 

suggest that both ůB and Agr are subjected to a negative selective pressure in 

certain natural habitats as well as in laboratory conditions. 

The stressosome components, RsbR1 and its paralogues, RsbS and RsbT, 

were genetically manipulated and their sensory response towards mild acidic 

stress (pH 5.0) was assessed through the expression of highly ůB-dependent 

genes, such as lmo2230 and lmo0596. It was determined that the 

phosphorylation of RsbS S56 by the action of the kinase RsbT was essential 



ix 
 

for the transduction of the acid stress signal and increase of stress resistance 

at extreme acidic conditions (pH 2.5). Moreover, RsbR1 T209 and its putative 

interaction with RsbR1 T241 are essential for the suppression of the signal 

propagation within the stressosome core and consequently for controlling the 

intensity of the ůB activity. Furthermore, the stressosome controls the 

transcription of the internalins inlA and inlB and modulates the internalization 

of L. monocytogenes on epithelial cells. The sensory properties of the 

stressosome under low pH are also essential for the upregulation of 

homeostatic mechanisms that contribute to the acid tolerance of L. 

monocytogenes, such as the glutamate decarboxylase, arginine, and 

agmatine deiminase systems. 

Overall, the activation of ůB often results in a trade-off between stress 

resistance and growth rate under mild stresses, culminating in the emergence 

of alleles that impair the normal activation of ůB. Furthermore, the stressosome 

and the downstream signal cascade are not only responsible for activating ůB, 

but also for modulating its intensity under mild acidic pH. The stressosome is 

essential for the perception of environmental shifts and respond by quickly 

enhancing its stress resistance L. monocytogenes against imminent 

environmental assaults. 
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1.1. The foodborne pathogen Listeria monocytogenes 

 

1.1.1. Phylogenetic classification of genus Listeria 

The foodborne pathogen Listeria monocytogenes is one of the 26 species that 

currently encompass the genus Listeria (Carlin et al., 2021). Exemplars of this 

genus encompass species of Gram-positive bacteria, rod-shaped, motile, non-

spore forming, non-capsule forming, facultative anaerobe, conserved genome 

size of between 2.8 to 3.2 Mbp, low G+C (34.6 to 45.2%), high level of synteny 

and a large conserved core genome of 2032 genes (den Bakker et al., 2010; 

Orsi & Wiedmann, 2016). Listeria species are almost ubiquitous in nature and 

can be found in different environments such as soil, watersheds, decaying 

vegetation and animal faeces (NicAog§in & OôByrne, 2016; OôByrne & 

Karatzas, 2008; Orsi & Wiedmann, 2016). 

The sensu stricto group, also designated as Clade I, comprises nine species 

that share common genetic and phenotypical features. L. monocytogenes, 

Listeria innocua, Listeria welshimeri, Listeria marthii, Listeria ivanovii, Listeria 

seeligeri, Listeria farberi, Listeria cossartiae, and Listeria immobilis compose 

this Clade (Boerlin et al., 1992; Carlin et al., 2021; Graves et al., 2010; Rocourt 

& Grimont, 1983; Seastone, 1935; Seeliger, 1981; Seeliger et al., 1984). 

The sensu lato group, or the Clade II, comprises 17 species. Phenotypic 

disparities between some of these species prompted a further subdivision into 

three genera: Paenilisteria, Murraya, and Mesolisteria (Orsi & Wiedmann, 

2016). The species Listeria rocourtiae, Listeria newyorkensis, Listeria 

cornellensis, Listeria grandensis, Listeria weihenstephanensis, Listeria riparia, 

Listeria booriae, Listeria portnoyi, and Listeria rustica compose the genus 

Paenilisteria (Carlin et al., 2021; den Bakker et al., 2014; Lang Halter et al., 

2013; Leclercq et al., 2010; Weller et al., 2015). The genus Murraya only 

comprises Listeria grayi (Orsi & Wiedmann, 2016; Rocourt et al., 1992). 

Finally, the genus Mesolisteria comprises Listeria aquatica, Listeria goaensis, 

Listeria fleischmannii, Listeria floridensis, Listeria thailandensis, Listeria 

valentina, and Listeria costaricensis (Bertsch et al., 2013; den Bakker et al., 
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2014; Doijad et al., 2018; Leclercq et al., 2018; Núñez-Montero et al., 2018; 

Quereda et al., 2020). 

The species grouped in the sensu lato also lack the Listeria pathogenicity 

Islands 1 and 2 (LiPI-1, LiPI-2, respectively), which are often present in the 

sensu strictu species (Carlin et al., 2021; Orsi & Wiedmann, 2016). Several of 

the sensu strictu species carry virulence-associated genes (Schmid et al., 

2005), however, only L. monocytogenes and L. ivanovii are classified as 

pathogenic. Although L. innocua and L. seeligeri are considered non-

pathogenic, a few pathogenic strains have been identified (Perrin et al., 2003; 

Rocourt et al., 1986). 

 

1.1.2. L. monocytogenes genomics and phylogeny 

The initial characterization of L. monocytogenes strains was performed by 

serotyping, having a total of 13 serotypes identified (Abdollahzadeh et al., 

2017). L. monocytogenes serotyping is based on somatic (O) and flagellar (H) 

antigen variation (serotypes 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 

4e, and 7) (Kérouanton et al., 2010; Sheng et al., 2018). The serotypes were 

further classified into 4 major evolutionary lineages (lineages I, II, III, and IV) 

(Lomonaco et al., 2015; Orsi et al., 2011; Piffaretti et al., 1989; Rasmussen et 

al., 1995; Wiedmann et al., 1997). Advances in molecular characterization 

allowed for further discernment of the L. monocytogenes strains into 23 clonal 

complexes (CC), 22 singletons, and 126 sequence types (ST) that share a 

recent common ancestor (Fig. 1.1) (Haase et al., 2014; Ragon et al., 2008).  

Overall, the core genome of L. monocytogenes strains is composed of 43% 

genes (approximately 2360) and 57% accessory genes (approximately 3109) 

(Tan et al., 2015).  
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1.2. Incidence of L. monocytogenes in the environment 

 

L. monocytogenes is ubiquitous in nature and can be found in a diversity of 

environments (Esteban et al., 2009; Fenlon et al., 1996; Gray & Killinger, 1966; 

Linke et al., 2014; Lyautey et al., 2007; Mohammed et al., 2010; NicAogáin et 

al., 2018; Schaffter & Parriaux, 2002). The presence of L. monocytogenes in 

the soil is heavily associated with contamination from sewage and animal 

manure (Fenlon et al., 1996; Gholipour et al., 2020) where it can persist for a 

long period of time. Mammals and birds may also act as reservoirs of L. 

monocytogenes and a source of environmental contamination. L. 

monocytogenes can be found in the gastrointestinal (GI) tract of cattle and 

their faeces (Gray & Killinger, 1966). Moreover, L. monocytogenes is secreted 

in the milk of both infected and asymptomatic animals (Poulsen et al., 2013; 

Wagner et al., 2000). A recent study has found that L. monocytogenes can be 

identified in 10% of human stool samples obtained from healthy asymptomatic 

Figure 1.1. Phylogenetic relationship of L. monocytogenes strains. 

Minimal spacing tree depicting the phylogeny of L. monocytogenes strains grouped 

in four lineages (I, II, III and IV). Each circle represent an ST and numbered circles 

represent a CC. The strain L. monocytogenes EGD-e utilized in this study is depicted 

at ST35 at the CC9.  Adapted from Haase et al., 2014. 
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individuals and associated with a gut microbiota signature (Hafner et al., 

2021). 

The contamination by L. monocytogenes in food and food processing 

environments can occur at any stage of production (Fox et al., 2011; Gelbícová 

& Karpísková, 2012; Leong et al., 2017), however, some studies identified 

higher rates of contamination in the post-processed food (Colagiorgi et al., 

2017; Cox et al., 1997; Fenlon et al., 1996; Vitas & Garcia-Jalon, 2004; 

Vongkamjan et al., 2016). Food preservation methods, such as the addition of 

salt, weak organic acids, antimicrobial compounds or the preservation of food 

at low temperatures are often used by the food industry in an attempt to 

mitigate microbial contamination. These preservation methods represent 

physiological stress for microorganisms that can range from mild to severe. L. 

monocytogenes however, can tolerate high salt concentrations, up to 3 M 

(Cole et al., 1990), acidic environments as low as 4.3 (Farber, 1989; Vasseur 

et al., 1999), and resist antimicrobial compounds such as nisin (Gravesen et 

al., 2002). The alternative sigma factor (ůB) is responsible for regulating 

several stress resistance mechanisms that contribute to L. monocytogenes 

survival in food matrixes. Moreover, the acidic pH and high osmotic pressure 

encountered in the food matrixes may promote adaptation and enhance L. 

monocytogenes survival towards stresses found in the GI tract (NicAogáin & 

OôByrne, 2016; Sleator et al., 2009). Furthermore, several transcriptional 

studies reported an effect on the expression of virulence factors and ůB activity 

in L. monocytogenes grown in food matrixes, however, these results vary 

between strains and food matrixes (Duodu et al., 2010; Hadjilouka et al., 2016; 

Mataragas et al., 2015; Olesen et al., 2009, 2010; Rantsiou et al., 2012). 

 

 

1.3. Regulation of virulence in L. monocytogenes  

 

L. monocytogenes is the aetiological agent of listeriosis, a life-threatening 

infection for vulnerable groups and often associated with a high mortality rate 

(20-30%) (ECDC, 2021; Schwarze et al., 1989; Vázquez-Boland et al., 2001). 
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Listeriosis is often contracted through the consumption of ready-to-eat (RTE) 

foods contaminated with L. monocytogenes cells. After passing through the GI 

tract, L. monocytogenes promotes its internalization at the intestinal epithelium 

resulting in the invasion and dissemination in the host. This bacterium is also 

capable of crossing the placental and blood-brain barriers (Hamon et al., 2006; 

Maury et al., 2016), causing sepsis, encephalitis, and meningitis in vulnerable 

groups such as the elderly, children, immunocompromised individuals and 

causing abortion in pregnant women (McLauchlin, 1990). Two types of 

listeriosis can occur. The first type, denominated as non-invasive listeriosis 

may pass unnoticed in healthy individuals, which symptoms range from 

asymptomatic cases to flu-like symptoms, gastroenteritis and diarrhoea. 

Moreover, a very high dose of L. monocytogenes (approximately 109 bacteria) 

is necessary to cause an illness in healthy individuals (Schlech et al., 1983). 

In contrast, a considerable lower dose (102-104 bacteria) may lead to life-

threatening invasive listeriosis among the susceptible groups (McLauchlin, 

1990). 

The virulence of L. monocytogenes is regulated by a plethora of virulence 

factors. These factors are found in most L. monocytogenes strains and are 

frequently organized in 4 different LiPI (Maury et al., 2016; Orsi & Wiedmann, 

2016; Quereda et al., 2016). The LiPI-1 encompasses prfA, plcA, hly, mpl, 

actA and plcB genes, which encode for invasion and intracellular life cycle 

functions of L. monocytogenes (Mengaud et al., 1991; Vázquez-Boland et al., 

2001). The internalins inlA and inlB genes are often found in LiPI-2 (Orsi & 

Wiedmann, 2016). The LiPI-3 is often associated with L. monocytogenes 

lineage I strains and encompass eight genes llsAGHXBYDP, which are 

involved in the biosynthesis of Listeriolysin S (LLS) (Cotter et al., 2008; 

Quereda et al., 2016, 2017). LLS exhibits a bactericidal activity towards other 

bacteria species and also plays a role in the invasion of the intestine (Quereda 

et al., 2016). Finally, LiPI-4 which is associated with L. monocytogenes lineage 

I and the ST87 (Zhang et al., 2019), encodes for a cellobiose 

phosphotransferase system (PTS) and is involved in neural and placental 

infection of L. monocytogenes CC4 (Maury et al., 2016). Lipi-4 is found in a 

reduced number of strains of lineage I and III (M. Chen et al., 2018). 
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1.3.1. Internalins InlA and InlB mediated cell invasion 

After the cells of L. monocytogenes reach the intestinal epithelium, the 

internalins (Inl), cell wall associated proteins, promote the internalization of the 

bacterium on non-phagocytic and goblet cells. InlA and InlB interact with the 

eukaryotic cell surface ligands E-cadherins and C-Met, respectively (Ireton & 

Cossart, 1997; Lecuit et al., 2001). InlA is mostly required for the invasion of 

polarized non-phagocytic cells and goblet cells at the intestinal epithelium 

(Lecuit et al., 2001). On the other hand, InlB is required for the invasion of non-

polarized cells such as trophoblasts or cells at the Peyerôs patches (Lingnau 

et al., 1995; Pentecost et al., 2010). Moreover, InlA and InlB are both required 

for placental cell invasion (Disson et al., 2008; Gessain et al., 2015). InlA is 

crucial for the invasion of the intestinal epithelium, however, ȹinlA mutant 

strain or strains harbouring truncations in InlA still exhibit invasiveness towards 

epithelial cells, although greatly attenuated (Nightingale et al., 2008; Orsi et 

al., 2007; Su et al., 2019; Van Selten et al., 2016). Moreover, the truncation of 

InlA is strongly associated with loss of hypervirulence in L. monocytogenes 

(Maury et al., 2016). 

The internalins InlA and InlB are encoded by inlA and inlB genes (lmo0433 

and lmo0434, respectively) and transcribed either as a polycistronic or 

monocistronic mRNA. The inlAB operon possesses at least four putative 

promoter regions upstream of inlA, of which two are regulated by the positive 

regulator A (PrfA), ůB (Stritzker et al., 2005) and at least two promoters 

upstream of inlB, of which one is regulated by ůB (Kazmierczak et al., 2003; 

Lingnau et al., 1995). Furthermore, the 5ô-untranslated region (5ô-UTR) of this 

operon also plays a role in regulation at the transcription level (Stritzker et al., 

2005). 

 

1.3.2. LLO, PlcA, and PlcB mediated vacuolar escape  

Once internalized in the eukaryotic cells, L. monocytogenes is encased in a 

compartment from which it escapes through the action of the pore-forming 

toxin listeriolysin O (LLO) and the phospholipases PlcA and PlcB. The escape 

of internalized L. monocytogenes from vacuoles is mediated by LLO (Gaillard 
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et al., 1987), a protein secreted by L. monocytogenes and encoded by the hly 

gene (lmo0202). LLO belongs to a large protein family encoded by bacteria 

and designated as cholesterol-dependent cytolysins. Once secreted, LLO 

oligomers act as a lineactant that perforate the host cell membrane (Ruan et 

al., 2016; Schuerch et al., 2005) allowing the bacteria to escape the vacuole 

but also enabling the control of the vacuole pH and Ca2+ concentration, which 

ultimately inhibits the lysosomal fusion (Misra et al., 2011; Shaughnessy et al., 

2006). Although hly is mostly regulated by PrfA (Kazmierczak et al., 2006; 

Mengaud et al., 1991), a recent study showed that ůB also exerts and effect 

on LLO activity in anaerobic conditions and at low concentrations of short-

chain fatty acids (Rinehart et al., 2020; Wallace et al., 2017). 

In addition to LLO, the two phospholipases PlcA and PlcB are synthesized and 

secreted by L. monocytogenes and intervene on the vacuolar escape (Camilli 

& Mekalanos, 1995; Gründling et al., 2003; Marquis et al., 1995; Smith et al., 

1995; Sun et al., 1990). Additionally, PlcB is activated by the zinc 

metalloprotease Mpl during vacuole acidification (Marquis & Hager, 2000; 

Yeung et al., 2007). Both PlcA and PlcB seem to work in concert along with 

LLO (Lam et al., 2011). 

 

1.3.3. Actin-based motility mediated by ActA 

The actin-polymerizing protein ActA mediates motility inside the host 

cytoplasm, allowing L. monocytogenes to escape the autophagic machinery 

and reach adjacent cells. ActA recruits the Arp2/3 complex and triggers actin 

polymerization at the surface of L. monocytogenes (Kocks et al., 1992) 

resulting in the propulsion of the bacterium through the cytoplasm. Once L. 

monocytogenes reaches the cell membrane, InlC, favours the formation of a 

protrusion by modulating the recruitment of actin regulatory proteins and 

reducing the cortical membrane tension (Gianfelice et al., 2015; Polle et al., 

2014; Rajabian et al., 2009), therefore allowing cell-to-cell dissemination. 
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1.3.4. Master regulator of virulence PrfA 

In addition to the virulence-associated genes mentioned above, the regulation 

of nearly all virulence factors in L. monocytogenes is under control of PrfA, a 

transcriptional regulator belonging to the Crp/Fnr family (Chakraborty et al., 

1992; Freitag et al., 1993; Freitag, 2006; Leimeister-Wächter et al., 1990; 

Mengaud et al., 1991; Scortti et al., 2006). PrfA is essential for the virulence 

of L. monocytogenes, as its inactivation greatly attenuates its virulence 

(Andersson et al., 2015; Disson et al., 2021; Freitag et al., 1993; Thomsen et 

al., 2006; Wagner et al., 2020). The PrfA regulatory mechanism was reviewed 

in (Tiensuu et al., 2019) and the impact of ůB over the transcription of prfA will 

be further discussed in section 1.5.1. 

 

 

1.4.  ůB-mediated GSR in L. monocytogenes 

 

After ingested, L. monocytogenes must overcome the harsh environment of 

the GI tract to successfully colonize the intestine and subsequently invade the 

host (Davis et al., 2019; F. C. Fang et al., 2016; Gahan & Hill, 2014). The 

human GI imposes unfavourable and lethal conditions to L. monocytogenes, 

which include the extremely low pH in the stomach and anti-microbial peptides, 

high osmolality, hypoxia and bile salts in the duodenum (Fang et al., 2016). 

Each environment presents different types of stresses for which L. 

monocytogenes must adapt by deploying the correct stress resistance 

mechanisms at the right time (Fang et al., 2016). The regulation of several 

stress resistance mechanisms that intervene in the survival of L. 

monocytogenes is mediated by the RNA polymerase ůB. ůB is one of five 

sigma factors found in most L. monocytogenes strains and plays a central role 

in the stress resistance of this bacterium. The activation of ůB results in the 

upregulation of approximately 300 genes that compose the GSR and 

enhances the stress resistance of L. monocytogenes towards an array of 

stresses and it is pivotal for survival in the lethal conditions imposed by the GI 

tract. The contribution of ůB in stress resistance, cross-protection, its relevance 
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in the survival in the GI and virulence has been reviewed in (Guerreiro et al., 

2020; Tiensuu et al., 2019). 

 

1.4.1. Stressosome-mediated activation of ůB 

The sensing of environmental cues is crucial for L. monocytogenes adaptation 

to noxious environments; as such, the activation of ůB occurs when cells are 

found in stressful conditions. A signal cascade encoded in the sigB operon, 

which encompasses the genes mazE, mazF, rsbR1, rsbS, rsbT, rsbU, rsbV, 

rsbW, ůB, and rsbX (Fig. 1.2A), tightly controls the activation of ůB. The sigB 

operon has at least three promoters (Fig. 1.2A): the first with an unidentified 

promoter region upstream of mazE (transcribing mazEF-rsbRSTUVW-sigB-

rsbX); the second upstream of rsbR1 contains a ůA motif (transcribing 

rsbRSTUVW-sigB-rsbX); and the last one, upstream of rsbV recognizes ůB 

(transcribing rsbVW-sigB-rsbX), which generates a positive feedback loop 

(Ferreira et al., 2004; Raengpradub et al., 2008). 

At the most upstream section of the signal cascade, resides the 1.8 MDa 

supramolecular chimeric protein complex designated as the stressosome. The 

proteins RsbR1, RsbS, and RsbT compose the stressosome (Fig. 1.2B). 

Moreover, four RsbR paralogues have been identified in pull-down 

experiments (Dessaux et al., 2020; Impens et al., 2017), namely RsbR2 

(Lmo0161), RsbR3 (Lmo1642), and RsbL (Lmo0799). Thus far, is currently 

unknown the exact stoichiometry assumed by the stressosome, as no 

structural studies have included all RsbR paralogues in their analysis. A recent 

study found that most of the stressosome complexes are located in the cytosol 

and are composed of RsbR1, RsbS, RsbR2, and RsbR3, regardless of 

osmotic stress, whilst the membrane-associated stressosome only carried 

RsbR1 (Dessaux et al., 2020). In contrast, most of the stressosome complexes 

could be found at the cell membrane during the intracellular life cycle of L. 

monocytogenes in JEG-3 cells (Dessaux et al., 2021). These findings contrast 

with previous studies where the stressosome was found tethered to the cell 

membrane by the small transmembrane protein Prli42 (Impens et al., 2017; 

Williams et al., 2019). 
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It has been hypothesized that under non-stressful conditions, RsbR1 is 

phosphorylated at T175 and, upon sensing environmental stresses, 

undergoes conformational changes culminating on the activation of the kinase 

RsbT, which phosphorylates RsbS at the S56 and RsbR1 at the T209. RsbR1 

T175 has been confirmed as a phosphorylatable residue in RsbR1, however, 

it has been proposed that RsbR1 is mostly doubly phosphorylated at T175 and 

T209 irrespectively of stress (Dessaux et al., 2020, 2021). After sensing stress, 

Figure 1.2. Schematic depiction of the sigB operon and ůB regulatory signal 

cascade. 

(A) The ůB operon is composed of the ORF of mazE, mazF, rsbR1, rsbS, rsbT, rsbU, 

rsbV, rsbW, sigB and rsbX. (B) The stressosome senses and transduces nutritional 

starvation and environmental stresses triggering the kinase RsbT phosphorylating 

RsbR1 and RsbS and releasing RsbT from the stressosome. RsbT interacts and 

activates the phosphatase RsbU towards phosphorylated RsbV. The kinase and anti-

sigma factor RsbW, re-phosphorylates RsbV and releases ůB in the process. Once 

released ůB will interact with the RNA polymerase. Adapted from Guerreiro et al., 

2020. 
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the stressosome releases RsbT and initiates the downstream signal cascade. 

The function and regulation of the signal cascade as well as the structure of 

the stressosome has been reviewed in (Guerreiro et al., 2020; Tiensuu et al., 

2019). 

While ůA regulates the expression of RsbR1, RsbS, and RsbT, the 

transcriptional regulation of the remaining RsbR paralogues are currently 

unknown. A transcriptional study found that RsbR4 (Lmo1842) exhibits low 

levels of transcription (Bécavin et al., 2017; Wurtzel et al., 2012) and perhaps 

this is concomitant with the absence of RsbR4 during the attempts to pulldown 

the stressosome in L. monocytogenes EGD-e (Dessaux et al., 2020; Impens 

et al., 2017). RsbL was absent during the intracellular lifecycle in JEG-3 cells 

(Dessaux et al., 2021), however, the regulatory mechanism for this reduction 

is currently unknown. In addition, all RsbR paralogues are encoded in 

monocistronic operons, with the only exception of RsbR3, which is encoded in 

a polycistronic operon along with a putative HepA (also termed as RapA, 

Lmo1644), a DNA helicase of the SNF-2 family, and YflT (Lmo1643), a 

putative protein with an unknown function. The HepA homologue in 

Escherichia coli is involved in the reactivation of stalled RNA polymerases on 

supercoiled DNA and the repair of DNA damage (Muzzin et al., 1998; 

Sukhodolets et al., 2001), whilst YflT is annotated as a heat-induced protein 

with an unknown function in Bacillus cereus and Bacillus subtilis (Periago et 

al., 2002; Völker et al., 1994). 

 

1.4.1.1. RsbR1-4 sensor domains and the scaffold RsbS 

The stressosome core comprises the sulphate transporter and anti-sigma 

factor antagonist (STAS) domains of RsbS and the C-terminal domains (CTD) 

of the RsbR paralogues. The RsbR paralogues belong to the globin-coupled 

sensor (GCS) family, a group of proteins comprising of an NTD sensor domain 

functioning as an input domain, linked to a CTD output domain (Walker et al., 

2017). The RsbR NTD is composed of six Ŭ-helixes folded into a non-haem 

binding globin-like structure (Murray et al., 2005). Unlike the well-studied haem 

binding globins, none of the RsbR paralogues, of both L. monocytogenes and 
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B. subtilis, possess the necessary proximal histidine or the pocket structure 

for hosting haem groups (Murray et al., 2005). The only RsbR paralogue able 

to host a haem group was found in the Gram-negative Vibrio brasiliensis (Jia 

et al., 2016). Despite these differences, the RsbR globin-like domains still 

maintain the typical sensor structure (Murray et al., 2005). Moreover, low 

amino acid conservation is found between the different RsbR NTD. It is 

plausible that each paralogue interact with different ligands and may sense 

specific signals or stresses, as several globin-like proteins are implicated in 

several different sensing or metabolic mechanisms (Keppner et al., 2020). 

The CTD output domain of the RsbR paralogues and the entire RsbS protein 

fold into the characteristic STAS domains and the presence of both proteins 

are essential for the correct assembly of the stressosome, functioning as a 

scaffold for the stressosome core (Williams et al., 2019). The STAS domains 

consist of five-stranded ɓ-sheets, serving as the core of the protein, flanked 

by one Ŭ-helix on one side and three on the opposite side, although the RsbR 

STAS domain possesses a longer CTD sequence compared with RsbS that 

plays a role in the formation of homodimers (Williams et al., 2019). The STAS 

protein family are usually found in the regulation of alternative sigma factors 

pathway as partner-switching mechanisms, as RsbV or SpoIIAA, and are often 

associated with a kinase. The phosphorylation of critical residues results in the 

dissociation of the kinase and the STAS protein (Moy & Seshu, 2021). 

The RsbR1 STAS domains are phosphorylated by RsbT at T175 and it is 

predicted to be phosphorylated at T209 (Fig. 1.3A) (Dessaux et al., 2020; 

Williams et al., 2019), whilst the phosphorylation of RsbS is predicted to occur 

at S56, based on homology with B. subtilis RsbRA and RsbS sequences, 

respectively. In B. subtilis, the phosphorylation of RsbRA at T171 and RsbS 

S59 was shown as pivotal for the release of RsbT during the stress onset 

(Kang et al., 1996; Kim et al., 2004a, 2004b). The phosphorylation of the 

RsbRA T205 is implicated in the deactivation of the stressosome under 

extreme environmental stresses (Eymann et al., 2011) and while maintaining 

a low ůB activity in the absence of stress (Kim et al., 2004a).  
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1.4.1.2. Serine/Threonine kinase RsbT 

The RsbT protein, a serine/threonine kinase member of the Gyrase, Hsp90, 

Histidine kinase, MutL (GHKL) superfamily, is responsible for phosphorylating 

both RsbR1 and RsbS. The structure of this kinase superfamily displays an 

Ŭ/ɓ-sandwich with an antiparallel ɓ-sheet flanked with Ŭ-helixes (Fig. 1.3B; 

(Dutta & Inouye, 2000)). In B. subtilis, RsbT interacts with either RsbS or RsbU 

(Kang et al., 1998; Yang et al., 1996) and presumably RsbRA as well. The 

interaction between the stressosome components and RsbT was later 

confirmed in L. monocytogenes (Dessaux et al., 2020; Williams et al., 2019). 

Furthermore, the construction of kinase-inactive variants in B. subtilis did not 

interfere with its interaction and activation of the phosphatase RsbU (Kang et 

al., 1998). 

Figure 1.3. Structural representation of RsbR, RsbS and RsbS. 

(A) Structure of the stressosome hexamer encompassing two dimers of RsbR (blue 

and pale blue) and one dimer of RsbS (red) obtain from L. monocytogenes Cryo-EM. 

The phosphorylation sites of RsbR T175 and T209 are represented in red and 

magenta, while RsbS S56 is represented in yellow. The ñflexible loopò is indicated by 

the black square. RsbT is depicted as a yellow translucent ovoid shape. Adapted from 

Williams et al., (2019). (B) Predicted tertiary structure of RsbT from B. subtilis strain 

168 obtained from Alphafold (Identifier: AF-P42411-F1). Image created and edited on 

Jmol v14.31.39. The residue N49 (blue) is conserved in RsbT of both B. subtilis and 

L. monocytogenes. 
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In L. monocytogenes, the kinase activity of RsbT mediates the phosphorylation 

of RsbR1 T175, T209 and RsbS S56, which in turn is essential for the initiation 

of the signal transduction and activation of ůB in both L. monocytogenes and 

B. subtilis (Dessaux et al., 2020, 2021; Kang et al., 1998). The putative Mg2+ 

chelating residue, N49 (Fig. 1.3B), is crucial to the kinase activity of RsbT in 

vivo as the substitution to rsbT N49A abrogated the kinase activity towards 

RsbR1. Finally, while there is no crystal structure of RsbT, its tertiary structure 

has been inferred by homology from B. subtilis kinase SpoIIAB (Pané-Farré et 

al., 2017). 

 

1.4.1.3. RsbX 

Following the stress sensing and the activation of signal transduction, the 

stressosome is required to return to its resting state. This is achieved through 

the dephosphorylation of RsbR and RsbS mediated by the phosphatase RsbX 

in both L. monocytogenes and B. subtilis (Chen et al., 2003; Eymann et al., 

2011; Oliveira et al., 2021). The RsbX is composed of a central ɓ-sandwich 

flanked by a pair of Ŭ-helixes in each side, which comprises a Protein 

Phosphatase 2C (PP2C) family (Teh et al., 2015). The phosphatase activity 

requires two Mn2+ ions, which may act as a nucleophile against the phosphate 

group in the phosphorylated resides in RsbR and RsbS (Barford et al., 1998; 

Das et al., 1996). Thus far, the role of RsbX in L. monocytogenes is unclear, 

however, it may be similar to B. subtilis RsbX as both proteins share a high 

level of amino acidic conservation (Ferreira et al., 2004). Moreover, RsbX 

suppresses the transcription of sigB in L. monocytogenes during the recovery 

stage followed by osmotic stress and during the stationary phase (Xia et al., 

2016).   

 

1.4.2. Stressosome role in stress sensing and activation of ůB 

The B. subtilis stressosome is responsible for inducing ůB in response to 

osmotic, ethanol, blue light (ɚ = 470 nm), and high temperatures (Akbar et al., 

2001; Cabeen et al., 2017; Eymann et al., 2011; Gaidenko et al., 2011; Kim et 
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al., 2004a, 2004b; Losi et al., 2002). In L. monocytogenes, the stressosome, 

and more specifically RsbR1, is involved in sensing osmotic stress and 

nutritional starvation (Dessaux et al., 2020; Martinez et al., 2010), while RsbL 

is responsible for sensing blue light (Dorey, Lee, et al., 2019; OôDonoghue et 

al., 2016; Ondrusch & Kreft, 2011; Tiensuu et al., 2013). Although other 

stresses are known to activate ůB in L. monocytogenes (Y. Liu et al., 2019), 

the role of the stressosome in sensing and transducing these stress signals is 

currently unknown. 

The stress magnitude correlates with the intensity of ůB activity in both L. 

monocytogenes, towards osmotic stress (Utratna et al., 2011, 2012), and in B. 

subtilis, towards ethanol and osmotic stress (Cabeen et al., 2017; Young et 

al., 2013). The responses generated by ůB in these stressful conditions were 

reviewed in (Guerreiro et al., 2020). In addition to the stressosome, ůB is 

controlled at the transcriptional level by additional transcriptional regulators 

that were shown to bind at the promoter region upstream of rsbV and repress 

the transcription of sigB. CodY, a global metabolic regulator in the Gram-

positive was shown to bind upstream of rsbV and repress rsbVW-sigB-rsbX 

transcription in a nutrient-rich medium (Lobel & Herskovits, 2016). The 

interaction between CodY and ůB will be further discussed in section 1.5.2. 

Finally, the mazEF genes, located at the most upstream section of the sigB 

operon, encode for a type II toxin/antitoxin (TA) system. MazF acts as a toxin 

that cleaves specific mRNA sequences whereas MazE acts as the antitoxin 

(Aizenman et al., 1996; Metzger et al., 1988). This TA system contributes to 

the stress response in several bacterial species (Christensen et al., 2003; 

Lemos et al., 2005; Merfa et al., 2016; Schuster et al., 2015; Silva-Herzog et 

al., 2015). Under stressful conditions, MazEF was shown to increase the ůB 

activity (Curtis et al., 2017), however, the target mRNA or the exact regulatory 

mechanism exerted over ůB by MazEF is still unknown in L. monocytogenes.  

 

1.4.3. ůB-dependent acid tolerance and ATR 

During the transit in the GI, L. monocytogenes is exposed to the extremely low 

pH of the stomach (pH 0.9ï1.5) that consists of an effective barrier for L. 
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monocytogenes (Cobb et al., 1996; Donnelly, 2001), and later the cell 

experiences the less acidic environment in the duodenum (pH ~6.0) 

(Fallingborg, 1999). In response to acidification, L. monocytogenes deploys 

several homeostatic and protective mechanisms, of which some comprise the 

ůB regulon (Guariglia-Oropeza et al., 2018; Horlbog et al., 2019; Liu et al., 

2019) and were reviewed in (Arcari et al., 2020). The glutamate decarboxylase 

(GAD) and arginine deiminase (ADI) systems, as well as other genes with 

unknown functions, are under strict regulation of ůB (Liu et al., 2019). Many of 

these genes are essential to building up the tolerance required to survive 

extreme acidic environments (Cotter et al., 2001; Ryan et al., 2009). 

Additionally, ůB indirectly regulates genes encoded within the stress survival 

islet 1 (SSI-1), a locus composed of 5 genes, lmo0444, lmo0445, lmo0446 

(pva), lmo0447 (gadD1) and, lmo0448 (gadT1) that contributes to L. 

monocytogenes growth and survival in low pH and high salt conditions and 

nisin resistance (Cotter et al., 2005; Malekmohammadi et al., 2017; Ryan et 

al., 2010). The lmo0445 is a highly ůB-dependent gene (Ryan et al., 2010; 

Wurtzel et al., 2012) and encodes a putative M-protein trans-acting positive 

regulator (MGA) (McIver & Scott, 1997), responsible for the upregulation of the 

SSI-1 in L. monocytogenes (Ryan et al., 2010). The pva gene encodes a bile 

tolerance protein (Begley et al., 2005), whilst gadD1T1 encode one of the L. 

monocytogenes GAD systems (Cotter et al., 2005). The GAD and ADI systems 

will be further discussed in the next sections (1.4.3.2. and 1.4.3.3.). 

 

1.4.3.1. Acid tolerance response (ATR) 

In common with many other bacterial species, L. monocytogenes exhibits an 

adaptive acid tolerance response (ATR) (Davis et al., 1996; OôDriscoll et al., 

1996). The ATR increases L. monocytogenes tolerance towards lethal acidic 

pH (pH < 3.5) when pre-exposed to mild acid pH (pH ~5.5) for 1 h 

(Koutsoumanis & Sofos, 2004). Additionally, the ATR also develops cross-

protection for other types of stress (OôDriscoll et al., 1996; Skandamis et al., 

2012). Although ůB has no role in the development of ATR, it still increments 
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acid tolerance in L. monocytogenes (Ferreira et al., 2003), suggesting that 

other ůB-independent mechanisms are deployed by the bacterium. 

 

1.4.3.2. GAD system 

The GAD system encompasses two types of proteins, a glutamate/ɔ-

aminobutyric acid (GABA) antiporter (GadT), responsible for importing 

extracellular L-glutamate (Glu) used by the intracellular L-glutamate 

decarboxylase (GadD). GadD decarboxylases L-glutamate into GABA and 

CO2 and consumes a proton (H+) during the reaction, contributing to the 

neutralization of the intracellular pH. At least three Glu decarboxylases 

(gadD1-3) and two L-glutamate-GABA antiporters (gadT1-2) are found in most 

L. monocytogenes strains (Cotter et al., 2005; Karatzas et al., 2012) distributed 

in three separate loci, gadD1T1, gadT2D2, and gadD3 (Cotter et al., 2005). All 

three GAD systems contribute to the acid tolerance in L. monocytogenes 

(Cotter et al., 2001, 2005). Moreover, all gad genes are upregulated under 

acidic conditions (Karatzas et al., 2010, 2012; Wemekamp-Kamphuis et al., 

2004). 

 

1.4.3.3. ADI and AgDI systems 

L. monocytogenes also utilizes the ADI system to neutralize the cytosolic pH 

through the production of ammonia (NH3) from the deamination of L-arginine 

(Arg). In acidic conditions, NH3 combines with intracellular H+, forming 

ammonium (NH4
+) and increasing the cytosol pH. The ADI system is 

composed of the arginine deiminase (ArcA), ornithine carbamoyltransferase 

(ArcB), carbamate kinase (ArcC) and arginine/ornithine antiporter (ArcD) 

(Ryan et al., 2009). 

The agmatine deiminase (AgDI) system shares most of the proteins with the 

ADI system, except for AguA1, the agmatine deiminase that catalyses 

agmatine into carbamoyl-putrescine and NH3 (Cheng, Chen, Fang, et al., 

2013). The remaining proteins AguB, AguC, and AguD are often referred to as 
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ArcB, ArcC and ArcD, respectively, and intervene in both ADI and AgDI 

systems (Chen et al., 2011). 

 

1.4.3.4. Regulatory network of ArgR 

The regulation of the ADI system is also subjected to an additional layer of 

regulation by the transcriptional regulator ArgR (Cheng et al., 2017; Ryan et 

al., 2009). In L. monocytogenes and several other bacterial species, ArgR 

functions as both the transcriptional activator of the ADI system and 

transcriptional repressor of the arginine biosynthesis pathway (Czaplewski et 

al., 1992; Fulde et al., 2011; Hovel-Miner et al., 2010; R. Larsen et al., 2004; 

Lim et al., 1987; Lu et al., 1999; Maghnouj et al., 1998; Rodríguez-García et 

al., 1997). ArgR shares homology with the arginine biosynthesis suppressor 

AhrC from B. subtilis and possess three highly conserved motifs: (i) Serine-

Arginine (SR) motif responsible for the DNA binding, (ii) ñGTICGDDTò motif for 

arginine binding, and (iii) a CTD region oligomerization residues (Cheng et al., 

2017). The conservation of these motifs suggests that L. monocytogenes ArgR 

form hexamers, in pairs of trimers, and represses the arg operons in the 

presence of L-arginine (Cheng et al., 2017; Garnett et al., 2007), while it only 

favours the formation of trimers in the absence of L-arginine (Holtham et al., 

1999). However, the assembly of hexamers or trimers varies between species. 

The repressor activity of ArgR occurs in the presence of L-arginine through the 

recognition of two-palindrome sequences in the DNA, designated as ARG 

boxes, in the promoter regions of the target operons with a conserved 

sequence of ñCATGAATAAAAATKCAAKò in L. monocytogenes (Cheng et al., 

2017). 

The arginine biosynthesis pathway is encoded by two operons in L. 

monocytogenes that encompass the genes argGH and argCJBDF. This 

pathway utilizes the glutamate pool to synthesize arginine (Charlier & 

Bervoets, 2019). The repression of the arg operons is mediated by ArgR in the 

presence of L-arginine (Cheng et al., 2017; Ryan et al., 2009). In contrast, the 

genes arcA, arcBDC are upregulated by ArgR during stationary phase growth 

(Ryan et al., 2009). As previously mentioned, the aguA1 gene is located within 
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the arc operon, between arcD and arcC, suggesting that the AgDI system is 

also regulated by ArgR. In contrast, ArgR also seems to exert a suppressor 

activity over arcA under acidic conditions and in the absence of arginine 

(Cheng et al., 2017), however, the regulatory mechanism remains unclear. 

The regulation of the argR gene is positively mediated by either ůB or PrfA 

during the stationary phase (Ryan et al., 2009). Furthermore, Cheng and 

colleagues demonstrated that ArgR also binds at the promoter region of rsbV, 

which regulates the expression of the operon rsbVWsigBrsbX, and 

suppresses the transcription of the sigB gene at low pH and in the absence of 

L-arginine (Cheng et al., 2017), however, this suppressive effect was 

considerably lower than those observed for the argGH and argCJBDF 

operons. Although it was demonstrated that ArgR contributes to L. 

monocytogenes acid tolerance (Cheng et al., 2017; Ryan et al., 2009), these 

studies have found different phenotypes but the media used in these studies 

also differ. 

 

1.4.4. Osmotic stress response 

L. monocytogenes is capable of surviving in extreme osmotic pressure, in a 

saturated NaCl solution (7 M) up to 20 h (Liu et al., 2005) by employing several 

solute uptake mechanisms that import compatible solutes (Fraser et al., 2003; 

OôByrne & Booth, 2002; Smith, 1996). The OpuC system consists of a carnitine 

transport system encoded by a highly ůB-dependent operon (opuCA, CB, CC, 

CD) upregulated in response to osmotic stress (Fraser et al., 2000, 2003; 

Utratna et al., 2011). The Gbu and BetL systems encoded by gbuABC and 

betL, respectively, mediate the importation of glycine betaine (Gerhardt et al., 

2000; Ko & Smith, 1999). Hfq, an sRNA binding protein, is expressed in a ůB-

dependent manner and contributes to the stress resistance in L. 

monocytogenes (Christiansen et al., 2004). ůB also regulates an additional set 

of genes known to participate in the osmoregulation of L. monocytogenes, 

however, these genes are currently uncharacterized (Liu et al., 2019). 
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1.4.5. Bile resistance 

In addition to high osmotic pressure, L. monocytogenes is especially resistant 

to high concentrations of bile salts, usually present at a concentration of ~0.3% 

(w/v) in the duodenum (Begley et al., 2002). At acidic pH (~5.5), bile salts 

exhibit antimicrobial properties that contribute to the elimination of pathogens 

in the duodenum (Cabral et al., 1987; Cremers et al., 2014). The Bsh, encoded 

by the bsh gene, consists of a bile salt hydrolase (Sleator et al., 2005), while 

BilE, encoded at the bilEAB operon, consists of a bile-exclusion system 

(Begley et al., 2005). Both mechanisms are upregulated in a ůB-dependent 

manner and the deletion of sigB decreases L. monocytogenes bile tolerance 

(Begley et al., 2005; Guariglia-Oropeza et al., 2018; Sleator et al., 2005). 

 

1.4.6. Blue light 

L. monocytogenes utilizes ůB is responsible for enhancing its survival under 

high doses of blue light (8-35 mW.cm-2) (Dorey, Lee, et al., 2019; OôDonoghue 

et al., 2016), while it also decreases the growth and motility at low doses (1.5-

2 mW.cm-2) (OôDonoghue et al., 2016; Tiensuu et al., 2013). As previously 

discussed, blue light is sensed and transduced by the stressosome through 

RsbL resulting in the upregulation of the ůB regulon (Dorey, Lee, et al., 2019; 

Ondrusch & Kreft, 2011; Tiensuu et al., 2013). Interestingly, deleting RsbL 

does not compromise the resistance of L. monocytogenes towards blue light 

(OôDonoghue et al., 2016), suggesting that other stresses are generated by 

blue light and sensed by alternative sensory pathways contributing to L. 

monocytogenes survival.  

 

1.4.7. High temperatures 

L. monocytogenes is rather sensitive to high temperatures (>50°C), however, 

it exhibits increased heat resistance when compared to other non-spore-

forming foodborne pathogens (Bucur et al., 2018; Doyle et al., 2001). The heat 

resistance of L. monocytogenes is increased when slow heated or pre-

exposed to non-lethal high temperatures for a short period (>42°C for 1 h)  
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(Doyle et al., 2001; Sergelidis & Abrahim, 2009). The ůB regulon is upregulated 

at non-lethal high temperatures, contributing to L. monocytogenes heat 

resistance. However, ůB does not contribute to the increased heat resistance 

following the pre-exposure to non-lethal temperature (Ferreira et al., 2001; 

Guldimann et al., 2017; Hu, Oliver, et al., 2007; Somolinos et al., 2010; van 

der Veen et al., 2007). Several stress resistance genes that intervene in heat 

resistance are regulated by ůB (van der Veen et al., 2007), however, the heat-

induced ůB regulon in L. monocytogenes is undefined. 

 

1.4.8. Biofilm formation and motility 

Biofilms consist of structured communities attached to a surface and 

embedded in a matrix of self-produced extracellular polymeric substances 

(EPS). A diversity of substances are present in EPS, such as proteins, eDNA, 

eRNA, exopolysaccharides, and lipids, which play a pivotal role in adhesion, 

cohesion, scaffolding, mechanical stability, antimicrobial protection and 

pathogenesis (Karygianni et al., 2020; Vestby et al., 2020). In common with 

other bacterial species, L. monocytogenes biofilm also protects it against 

antimicrobials agents (Pan et al., 2006; van der Veen & Abee, 2011). In L. 

monocytogenes the biofilm formation is determined by the growth medium and 

the type of surfaces and stresses, while tested growth temperatures (from 4°C 

to 42°C) have a minimal impact on biofilm formation (Di Bonaventura et al., 

2008; Moltz & Martin, 2005; Nilsson et al., 2011; Tomiļiĺ et al., 2016). ůB is 

activated during biofilm formation and increases its formation at low 

temperatures (<30°C) (Lemon et al., 2007; van der Veen et al., 2010), whilst 

it decreases at 37°C (Hsu et al., 2020). ůB is also responsible for the 

repression of the flagella biosynthesis at temperatures above 30°C by 

contributing to the upregulation of the flaA transcriptional repressor mogR 

(Gründling et al., 2004; Toledo-Arana et al., 2009) (see section 1.5.3.). The 

loss of the flagella inhibits the initial cell-surface attachment and it also results 

in hyper biofilm formation in continuous flow conditions (Todhanakasem & 

Young, 2008). However, the flagella were found to be essential for biofilm 

formation in static growth conditions (Kumar et al., 2009; Lemon et al., 2007; 
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Todhanakasem & Young, 2008). Similarly, the flagella of both B. subtilis and 

Vibrio cholerae also play a role during the initial stages of the cell attachment 

(Teschler et al., 2015; Vlamakis et al., 2013). It is hypothesized that ůB 

suppresses motility at higher temperatures and that impacts the biofilm 

formation, or that ůB regulates other mechanisms regulating the biofilm 

formation. 

 

 

1.5. ůB regulatory networks 

 

In addition to ůB, other regulators fine-tune a regulatory network to specific 

stresses, allowing the expression of genes necessary for survival while 

conserving energy and resources by suppressing superfluous genes that 

otherwise would be upregulated by ůB. These regulatory networks are crucial 

to the different stages of L. monocytogenes life cycles (Dorey, Marinho, et al., 

2019). The regulons of PrfA, CodY, MorR, Agr, and alternative sigma factors 

are known to overlap with the ůB regulon (Chaturongakul et al., 2011; Liu et 

al., 2017; Lobel & Herskovits, 2016; Toledo-Arana et al., 2009). 

 

1.5.1. PrfA 

The core regulon of the master regulator of virulence PrfA comprises 12 genes 

with identified PrfA-boxes at their promoter regions (Milohanic et al., 2003), 

albeit the total number of genes varies between strains (Henderson et al., 

2020; Marr et al., 2006; Milohanic et al., 2003; Ollinger et al., 2009; Port & 

Freitag, 2007; Scortti et al., 2007). Glutathione acts as a co-factor and is 

required for the activity of PrfA (Reniere et al., 2015). Interestingly, a putative 

glutathione reductase, gshF (lmo1433), is under the control of ůB, suggesting 

that the activity of PrfA is indirectly modulated by ůB (Kazmierczak et al., 2003). 

On the other hand, ůB seems to downregulate the transcription of prfA and the 

PrfA regulon through prfAP2 (Chaturongakul & Boor, 2004; Freitag et al., 

1993; Freitag & Portnoy, 1994; Hu, Raengpradub, et al., 2007; Nadon et al., 
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2002; Ollinger et al., 2009; Raengpradub et al., 2008), however, the regulatory 

mechanism behind this repression remains unknown. 

The PrfA and ůB regulons share a considerable number of co-regulated genes 

that modulate the virulence in L. monocytogenes (Chaturongakul et al., 2011; 

Milohanic et al., 2003; Ollinger et al., 2009). Several virulence-associated 

genes possess promoter regions with both PrfA-boxes and ůB sequence 

motifs. The presence of promoters for both regulators in virulence-associated 

genes suggests that ůB plays a role during the transition between saprophyte 

to virulent lifecycle (Gray et al., 2006), as genes such as hly, inlA, and inlB are 

upregulated by ůB in the GI tract (Gaballa et al., 2019). Gene that possess 

both promoters for both PrfA and ůB often result in mRNA with different 5ô-UTR 

lengths. The 5ô-UTR exerts some control on the expression of several genes 

in L. monocytogenes (actA, hly, inlA, and iap) (Loh et al., 2006; Stritzker et al., 

2005; Wong et al., 2004), suggesting that the transcription mediated by either 

PrfA or ůB may result in different expression levels of the respective proteins. 

These results suggest that a complex cross-talk occurs between ůB and PrfA 

and contributes to the deployment of stress resistance and virulence genes at 

the appropriate time, ultimately enabling L. monocytogenes to survive the 

harsh conditions of the GI tract, and at the same time, controlling its invasion 

and proliferation in the mammalian host. 

 

1.5.2. CodY mediated stringent response 

In the low G+C content Gram-positive bacteria, the transcriptional regulator 

CodY is responsible for the regulation of several genes that are required for 

carbon and nitrogen assimilation, motility, stress resistance and virulence 

(Bennett et al., 2007; Geiger & Wolz, 2014; Lobel & Herskovits, 2016). At low 

BCAA concentrations, CodY can either repress or promote gene expression 

by binding to the target DNA, most frequently within the ORF, through a 

mechanism not yet fully understood (Biswas et al., 2020; Lobel et al., 2012). 

Secondary messengers, such as c-di-AMP, c-di-GMP, and ppGpp also 

regulate the CodY activity (Elbakush et al., 2018). 
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The CodY regulatory network also comprises ůB and other regulators, such as 

PrfA and AgrA. Under nutrient-rich growing conditions, CodY represses the 

transcription of the rsbVW-sigB-rsbX by binding at the promoter region 

upstream of rsbV (Lobel & Herskovits, 2016). CodY also regulates the quorum 

sensing (QS) Agr system by upregulating agrA during the transition into the 

stationary phase (Bennett et al., 2007). 

 

1.5.3. Motility repressor MogR 

The transcriptional regulator MogR recognizes and binds to a DNA motif 

upstream of flaA and represses its transcription (encodes for flagellin) 

(Gründling et al., 2004). At temperatures below 30°C, the anti-repressor 

GmaR interacts with MogR preventing it from binding with DNA motif upstream 

of flaA, (Shen & Higgins, 2006). Ultimately, MogR:GmaR controls the 

synthesis of the motility apparatus in L. monocytogenes in a temperature-

dependent manner. Two promoters, P1 and P2, regulate the expression of 

mogR. The P2 promoter is constitutively expressed and generates a bicistronic 

mRNA (mogR-lmo0673), while the P1 promoter consists of a ůB-dependent 

promoter that generates an antisense mRNA comprising three genes 

(lmo0677-lmo0675). The antisense transcript lmo0677-lmo0675 

downregulates the expression of these three genes by the pairing and 

processing of the complementary mRNA (Toledo-Arana et al., 2009). 

However, ůB may have additional effects on motility, as the inactivation of P1 

increases flagellar expression. Nonetheless, no increase in motility was 

observed in the sigB null mutant. Finally, MogR is essential for L. 

monocytogenes virulence, as mogR null mutant exhibits attenuated virulence 

(Shen & Higgins, 2006). 

 

 

 



Chapter 1: Introduction 

28 
 

1.6. Quorum Sensing Agr system 

 

Bacteria rely on the production, secretion, accumulation, and detection of 

chemical signals, known as autoinducer chemicals, for cell-to-cell 

communication. These chemicals, produced by the community, allow 

adjustments in gene expression in response to changes in the environment 

and the population density (Mukherjee & Bassler, 2019). One communication 

apparatus, the Agr system, synthesises, and secretes the autoinducer 

peptides (AIP), which are later detected by its cognate receptor, allowing 

bacteria to orchestrate its gene expression (Autret et al., 2003; Marinho et al., 

2020; Riedel et al., 2009; Rieu et al., 2007; Vivant et al., 2015). 

The L. monocytogenes Agr system was initially identified by homology from 

Staphylococcus aureus (Azimi et al., 2020; Mukherjee & Bassler, 2019). In S. 

aureus, the Agr system is encoded by two divergently encoded operons. The 

agrBDCA operon (designated RNAII) and RNAIII, a sRNA responsible for 

gene regulation. In L. monocytogenes, the orthologues of agrBDCA operon 

are present, however, no RNAIII is found in this species (Autret et al., 2003; 

Wuster & Babu, 2008). The agrD gene encodes a precursor propeptide that is 

further processed into an AIP (Zetzmann et al., 2016) and exported by AgrB 

and the Sps peptidase. The AIP accumulates in the extracellular milieu and 

once a certain concentration threshold is reached, the histidine kinase activity 

of AgrC is triggered, phosphorylating the transcriptional regulator AgrA (Fig. 

1.4). The phosphorylated AgrA is responsible for upregulating the agrBDCA 

operon and the Agr regulon (Fig. 1.4), which generates a positive regulatory 

feedback loop. The transcriptional regulator MouR binds upstream of agrB and 

also upregulates the agrBDCA operon (Fig. 1.4) (Pinheiro et al., 2018). The 

agrBDCA operon is transcribed as a single polycistronic mRNA, however, 

agrCA is subject to a higher degradation rate compared with agrBD (Rieu et 

al., 2007). 

In L. monocytogenes, the Agr regulon was determined under a few conditions. 

By relying on the ȹagrD and ȹagrA mutant strains, a total of 121 and 712 

genes, respectively, comprise the Agr regulon (Garmyn et al., 2012; Riedel et 
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al., 2009). Most of its regulon has regulatory and virulence-associated 

functions. Moreover, the activity of Agr seems temperature-dependent, 

exerting pronounced transcription alteration at 37°C compared to 25°C 

(Garmyn et al., 2012). As aforementioned, an interplay between the Agr 

system and ůB has been observed. In S. aureus, ůB is known to repress the 

Agr activity (Bischoff et al., 2001; Lauderdale et al., 2009), however, no direct 

evidence of this interaction has been found in L. monocytogenes. 

 

1.6.1. Role in biofilm formation 

The Agr system is crucial for the initial cell surface adhesion (Gray et al., 2021; 

Riedel et al., 2009; Rieu et al., 2007, 2008). While some studies found no 

alterations in the formation of mature biofilm in an Agr-dependent manner, 

some studies have found a reduction in mature biofilm in a ȹagrA strain 

(Kumar et al., 2009; Lee & Wang, 2020). Such differences could be attributed 

to different growth conditions used in these studies. A different study reported 

Figure 1.4. Schematic of the Agr communication system in L. monocytogenes. 

After translation, AgrD is processed into AIP and secreted by AgrB and Sps. The 

accumulation of AIP in the extracellular milieu is detected by AgrC, which then triggers 

its kinase activity and phosphorylates the transcriptional regulator AgrA. The 

phosphorylated AgrA upregulates the Agr regulon and the agrBDCA operon. Red 

arrows and ñ+ò represent gene upregulation by AgrA and MouR.  
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a decrease in biofilm formation at 25°C in cultures grown in a 10-fold diluted 

BHI (Zetzmann et al., 2019). A correlation between the expression of the 

agrBDCA and the biofilm formation in a group of L. monocytogenes isolates 

was found, where non-forming strains correlate with lower transcription of the 

agrBDCA operon compared with biofilm-forming strains (Gandra et al., 2019). 

Similar to most biofilm communities where the expression of QS systems is 

heterogeneous, the Agr activity varies within the same population (Garmyn et 

al., 2011; Mukherjee & Bassler, 2019; Rieu et al., 2008). Moreover, the Agr 

activity may also depend on the heterogeneous nutrient diffusion within the 

biofilm structure (Lee & Wang, 2020; Mukherjee & Bassler, 2019). An 

important aspect in biofilm formation is that of the synthesis, secretion, and 

diffusion of EPS, which have a pivotal role in the maturation of the biofilm 

structures and the detachment of cells. Although the genes intervening in EPS 

production are regulated by the Agr system (Lee & Wang, 2020), their role in 

the EPS regulation remains unclear. 

 

1.6.2. Modulation of virulence 

The deletion of the agrA gene only resulted in a slight reduction of secreted 

LLO during the exponential phase grown cells (Autret et al., 2003). In contrast, 

a ȹagrD strain exhibited reduced InlA and PrfA expression correlating to the 

reduced adhesion and invasion towards Caco-2 cells as well as reduced 

virulence in mice (Riedel et al., 2009). Moreover, the chitinase ChiA, an 

important virulence factor in L. monocytogenes (Chaudhuri et al., 2010, 2013; 

Villoria Recio et al., 2020), is regulated by the Agr system by repressing the 

sRNA, LhrA, which in turn represses the transcription of chiA (Paspaliari et al., 

2014). Finally, Agr is responsible for the suppression of the metK gene, which 

encodes an S-adenosylmethionine synthetase (Lee & Wang, 2020), and 

mediates the production of SAM, which in turn may affect the expression of 

PrfA. 
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1.6.3. Survival in the soil 

The perception of population density and nutrient availability, which may be 

sensed and regulated by the Agr system, have important implications for gene 

regulation in L. monocytogenes. Indeed Agr plays a role in the survival of L. 

monocytogenes in soils (Marinho et al., 2020; Vivant et al., 2014). The Agr 

system is also responsible for the transcriptional reprogramming of L. 

monocytogenes by upregulating a large array of genes and 29 regulatory 

sRNA that might contribute to its survival in soil (Vivant et al., 2015). To survive 

and proliferate in soils, L. monocytogenes utilizes the available resources to 

obtain energy. L. monocytogenes can exploit chitin, an abundant carbohydrate 

found in nature, as an energy source (Beier & Bertilsson, 2013; Gooday, 

1994). The expression of the chitinase ChiB protein is indirectly controlled by 

the Agr system, as the protein levels are reduced while the level of transcripts 

remain unchanged in a ȹagrD strain (Paspaliari et al., 2014). ChiB is implied 

in the hydrolysis of chitin and its expression is highly induced during the growth 

in the soil (Leisner et al., 2008; Piveteau et al., 2011). 

 

 

1.7. The growth survival trade-off 

 

In general, under optional conditions, all bacteria grow and reproduce by 

determining the most efficient usage of the resources available to maximise 

their fitness. However, the environment inhabited by bacteria is often 

heterogeneous and subject to constant changes, some of which are 

deleterious. Bacteria copes with new hostile conditions by redirecting 

resources for alternative pathways. The redirection of resources often 

compromises growth-related processes in favour of stress resistance 

mechanisms (reviewed in (Abram et al., 2021). 

The process of adaption begins with the detection of the new environmental 

and/or nutritional condition that activates transcriptional regulators, such as 

ůB. The upregulation of the ůB regulon is costly for L. monocytogenes and 
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several studies demonstrated its impact in repressing growth in this bacterium 

(reviewed in (Abram et al., 2021). Indeed, constitutive activity of ůB results in 

attenuated growth in both L. monocytogenes and B. subtilis (Boylan et al., 

1992; Guldimann et al., 2017). Consequently, bacteria evolved sophisticated 

regulatory mechanisms to prevent such scenarios and control when ůB should 

be deployed with a minimal compromise for growth to maximise fitness overall. 

 

 

1.8. Project aims 

 

The overall aim of this project was to provide an insight into the molecular 

mechanisms of stress sensing mediated by the stressosome and assess its 

impact on ůB activity in the foodborne pathogen L. monocytogenes. The role 

of this organelle in the activation of ůB and its contribution to the modulation of 

virulence in response to environmental stresses in L. monocytogenes was to 

be assessed as well. The overall aim of this work is further subdivided into four 

major objectives, as follows: (i) understanding the mechanisms involved in the 

transduction of stress signals in the stressosome; (ii) genetically and 

phenotypically characterize of the stressosome acid-sensing ability; (iii) 

elucidating the trade-off between growth and survival imposed by the ůB 

activation at either mild or extreme stress conditions; and (iv) identify putative 

regulatory elements of the stressosome and evaluate their role in the activation 

of ůB. 

To study the role of each individual component comprising the stressosome, 

an array of isogenic mutant strains were constructed using the strain L. 

monocytogenes EGD-e. These mutant strains carried alleles in the different 

components of the stressosome, namely RsbR1 and its paralogues, RsbS and 

RsbT. Moreover, the putative phosphorylation sites of RsbR1 and RsbS were 

individually mutated to alanine, disabling the phosphorylation of these 

proteins. The constructed mutant strains were used to evaluate the impact of 

each of the stressosome components in the sensing of mild acidity by 

measuring the transcription of highly ůB-dependent genes. The same mutants 
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were challenged at lethal pH conditions (pH 2.5) with or with a pre-treatment 

at mildly acidic conditions (pH 5 for 15 min). The contribution of the 

stressosome stress sensing in the modulation of virulence was assessed by 

the expression of virulence factors and invasion towards epithelial cells in 

either the presence or absence of mild environmental acidity. 

The stressosome is responsible for the regulation of the ůB activity and 

although this organelle senses and transduces stress signals into the 

downstream signal cascade, its regulation is currently unknown. To assess 

this question, several transposon-carrying strains, which lost their ůB-

associated phenotypes, were selected from a transposon library (Tiensuu et 

al., 2013), in the attempt to identify any regulatory elements of the 

stressosome. To achieve the same end, an in vitro evolution set-up was 

designed to select strains with a ůB-inactive phenotype (sigB-). Moreover, mild 

stresses activate ůB and increase L. monocytogenes stress resistance but at 

the cost of growth rate. Temperatures of 42°C, a mild stress for L. 

monocytogenes, are often used during the construction of mutant strains, and 

30°C, a less stressful temperature, were utilized in this study to assess the 

impact of the ůB activation in the growth and competitiveness in this bacterium. 

The results obtained in this project are presented in the results Chapters 2, 3, 

4, and 5. Chapters 2 and 3 assessed the role of the different stressosome 

components in the acid-sensing, signal transduction, stress resistance and 

impact over the activation of ůB. Chapters 4 and 5 focused on the role of ůB 

in the trade-off between growth and survival, as well as its impact in the 

emergence of ůB loss-of-function alleles in L. monocytogenes strains grown in 

laboratory conditions. 
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2.1. Abstract 

The general stress response (GSR) in Listeria monocytogenes plays a critical 

role in the survival of this pathogen in the host gastrointestinal tract. The GSR 

is regulated by the alternative sigma factor B (ůB), whose role in protection 

against acid stress is well established. Here, we investigated the involvement 

of the stressosome, a sensory hub, in transducing low pH signals to induce 

the GSR. Mild acid shock (15 min at pH 5.0) activated ůB and conferred 

protection against a subsequent lethal pH challenge. A mutant strain where 

the stressosome subunit RsbR1 was solely present retained the ability to 

induce ůB activity at pH 5.0. The role of stressosome phosphorylation in signal 

transduction was investigated by mutating the putative phosphorylation sites 

in the core stressosome proteins RsbR1 (rsbR1-T175A, -T209A, -T241A) and 

RsbS (rsbS-S56A), or the stressosome kinase RsbT (rsbT-N49A). The rsbS 

S56A and rsbT N49A mutations abolished the response to low pH. The rsbR1-

T209A and rsbR1-T241A mutants displayed constitutive ůB activity. Mild acid 

shock upregulates invasion genes inlAB and stimulates epithelial cell invasion, 

effects that were abolished in mutants with an inactive or overactive 

stressosome. Overall, the results show that the stressosome is required for 

acid-induced activation of ůB in L. monocytogenes. Furthermore, they show 

that RsbR1 can function independently of its paralogues and signal 

transduction requires RsbT-mediated phosphorylation of RsbS on S56 and 

RsbR1 on T209 but not T175. These insights shed light on the mechanisms of 

signal transduction that activate the GSR in L. monocytogenes in response to 

acidic environments, and highlight the role this sensory process in the early 

stages of the infectious cycle. 

  



Chapter 2: Acid-induced ůB activation in Listeria 

37 
 

2.2. Author summary 

The stress sensing hub known as the stressosome, found in many bacterial 

and archaeal lineages, plays a crucial role in both stress tolerance and 

virulence in the food-borne pathogen Listeria monocytogenes. However, the 

mechanisms that lead to its activation and the subsequent activation of the 

general stress response have remained elusive. In this study, we examined 

the signal transduction mechanisms that operate in the stressosome in 

response to acid stress. We found that only one of the five putative sensory 

proteins present in L. monocytogenes, RsbR1, was required for effective 

transduction of acid tress signals. We further found that phosphorylation of 

RsbS and RsbR1, mediated by the RsbT kinase, is essential for signal 

transduction. Failure to phosphorylate RsbS on Serine 56 completely 

abolished acid sensing by the stressosome, which prevented the development 

of adaptive acid tolerance. The acid-induced activation of internalin gene 

expression was also abolished in mutants with defective stressosome 

signalling, suggesting a role for the stressosome in the invasion of host cells. 

Together the data provide new insights into the mechanisms that activate the 

stressosome in response to acid stress and highlight the role this sensory hub 

plays in virulence.  

 

2.3. Introduction  

The firmicute Listeria monocytogenes is a stress-tolerant Gram-positive 

bacterium that causes listeriosis, a food-borne infection that poses a particular 

risk for immunocompromised individuals and for pregnant women that is often 

associated with a high mortality rates (ranging from 20 to 30%) (WHO, 2018). 

The ability of L. monocytogenes to survive and proliferate in a broad range of 

harsh environments, including those found in food processing facilities and the 

human gastrointestinal (GI), tract makes it a particular problem for producers 

of ready-to-eat foods (Barbuddhe & Chakraborty, 2009; Martínez-Suárez et 

al., 2016; NicAog§in & OôByrne, 2016). Following the entry into the host, L. 

monocytogenes can withstand an array of potentially lethal conditions in the 

GI tract, such as the extreme acid pH of the stomach, high osmotic pressure 
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and high concentration of bile salts in the duodenum (reviewed in (Davis et al., 

2019; Gandhi & Chikindas, 2007). L. monocytogenes employs the alternative 

sigma factor B (ůB) to upregulate a regulon of approximately 300 genes, which 

collectively confer an array of homeostatic and protective mechanisms that 

allow survival under severe stress conditions (reviewed in (Arcari et al., 2020; 

Guerreiro et al., 2020). L. monocytogenes relies on ůB to enhance survival in 

the GI tract and to establish infection (Toledo-Arana et al., 2009). A æsigB 

mutant exhibits attenuated virulence (Chaturongakul et al., 2011; Garner et 

al., 2006; Oliver et al., 2010). This has been partly attributed to the ůB-

dependent expression of the internalins A and B, encoded by inlA and inlB, 

respectively. These surface-expressed invasins promote internalization of L. 

monocytogenes into epithelial cells expressing the E-cadherin and C-Met 

receptors, respectively (Kim et al., 2004, 2005; Werbrouck et al., 2009). 

Interestingly, exposure of L. monocytogenes to acid shock increases inlA and 

inlB expression and invasiveness in epithelial cells (Conte et al., 2000; Kim et 

al., 2005; Neuhaus et al., 2013). Additionally, loss of sigB is associated with a 

marked reduction in survival at extreme low pH (Wiedmann et al., 1998). The 

ůB regulon is upregulated by mild stress conditions (Bowman et al., 2010; 

Chaturongakul & Boor, 2006; Dorey, Lee, et al., 2019; Ivy et al., 2012; Sue et 

al., 2004; Utratna et al., 2011). Although important for L. monocytogenes acid 

tolerance, æsigB mutants are still able to develop further resistance towards 

lethal acid pH when pre-exposed to mild acidic stress (pH 5.0) for one hour 

(Ferreira et al., 2001, 2003; OôDriscoll et al., 1996). This phenomenon is known 

as the adaptive acid tolerance response (ATR) (Davis et al., 1996; Kroll & 

Patchett, 1992). While it is well established that ůB plays a critical role in acid 

tolerance its role in the ATR is poorly understood. Genes known to be involved 

in acid tolerance are upregulated in a ůB-dependent manner following a mild 

acid treatment (He et al., 2019; Sue et al., 2004; Utratna, 2012; Wemekamp-

Kamphuis et al., 2004) but the mechanisms of signal transduction have not 

been described yet. 

The regulatory pathway of ůB activation in L. monocytogenes was initially 

inferred from B. subtilis due to the high degree of conservation between the 

sigB operons of these two genera, composed of rsbR, rsbS, rsbT, rsbU, rsbV, 
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rsbW, sigB and rsbX (Ferreira et al., 2004; Wise & Price, 1995). These 

operons encode components of a signal transduction cascade responsible for 

triggering the dissociation of ůB from RsbW (anti-sigma factor) during the onset 

of stress, allowing the formation of the holoenzyme RNA polymerase:ůB (EůB) 

and consequently the upregulation of the ůB regulon (Benson & Haldenwang, 

1992; Boylan et al., 1992) (Fig. 2.1A). At the top of the signal transduction 

pathway is a high molecular weight protein complex (~1.8 MDa) called the 

stressosome that serves as a sensory hub, integrating environmental signals 

into the ůB pathway (Fig. 2.1A) (Impens et al., 2017; Marles-Wright & Lewis, 

2010; Pané-Farré et al., 2017). Genes encoding this macromolecular complex 

are found in a phylogenetically diverse range of species in both bacteria and 

archaea (Pané-Farré et al., 2005). The stressosome functions as an 

environmental and nutritional stress sensor in L. monocytogenes 

(Chaturongakul & Boor, 2004; Dessaux et al., 2020; Impens et al., 2017; 

Martinez et al., 2010). The L. monocytogenes stressosome is composed of 

RsbR1, an orthologue of B. subtilis RsbRA, and its paralogues, RsbR2 

(Lmo0161), RsbL (Lmo0799), RsbR3 (Lmo1642) and potentially RsbR4 

(Lmo1842), although the latter has not yet formally been shown to be part of 

the stressosome complex. Interestingly, the N-terminal domains of the RsbR 

paralogues of L. monocytogenes and B. subtilis share little amino acid 

conservation, suggesting that the sensory roles of these proteins may differ 

between species. The only exception are the blue light sensors RsbL and the 

B. subtilis homologue YtvA, which are known to interact with the light-excitable 

flavin mononucleotide through their Light-Oxygen-Voltage (LOV)-containing 

N-terminal domains (Losi et al., 2002; Ondrusch & Kreft, 2011). These proteins 

combine with the core protein RsbS and the serine-threonine kinase RsbT to 

form a pseudo-icosahedral complex with a 2:1:1 ratio (RsbR1:RsbS:RsbT) 

(Williams et al., 2019) (Fig. 2.1A).  
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Figure 2.1. Model depicting the stressosome-mediated regulation of ůB and alignment 

of stressosome proteins. 

(A) The putative sensory proteins RsbR1 and its paralogues RsbR2, RsbR3, RsbL, the 

scaffold protein RsbS and the serine-threonine kinase RsbT form the stressosome. 

Environmental/nutritional stress is hypothesized to be sensed by one or more RsbR1 

paralogue via its N-terminal non-haem binding globin domains forming the turrets at the 

stressosome surface (blue). The stressosome core (orange) is composed of the STAS 

domains of both RsbS and RsbR1 C-termini. Stress triggers T209 phosphorylation in RsbR1 

and S56 in RsbS, freeing RsbT (purple) from the stressosome core. The phosphatase RsbU 

interacts with the free RsbT, activating its phosphatase activity towards RsbV. Once 

dephosphorylated, the serine kinase and anti-sigma factor RsbW, which has higher affinity 

with the non-phosphorylated RsbV, releases ůB and phosphorylates RsbV once more. ůB is 

then able to interact with the RNApol forming the holoenzyme EůB enabling the upregulation 

of the general stress regulon. The phosphatase RsbX is responsible for the deactivation of the 

stressosome by dephosphorylating its residues and enabling the re-sequestration of RsbT and 

the inactivation of the signal cascade. The model shown incorporates the current available 

data from studies on both Listeria and Bacillus (see text for citations). (B) Domain organization 

of L. monocytogenes RsbR1_Lm and its paralogues, RsbS_Lm and RsbT and B. subtilis 

RsbRA_Bs and RsbS_Bs. The N-terminal domains of RsbR1 and paralogues fold into non-

haem binding globin-like domains that form the stressosome turrets, while the blue-light 

sensor RsbL folds into an LOV domain. The C-termini of RsbR1 and paralogues fold into 

STAS domains forming the stressosome core along with RsbS. The serine-threonine kinase 

RsbT responsible for the stressosome phosphorylation requires the ATP-Mg2+ chelating 

residue N49 for its kinase activity. 
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The current model suggests that the N-terminal domains of RsbR1, which form 

protruding turrets, are responsible for sensing environmental stresses. 

Following signal detection it is thought that a structural rearrangement 

propagates into the stressosome core leading to the activation of kinase RsbT, 

which phosphorylates RsbR1 at threonine 209 (T209) and RsbS at serine 56 

(S56), promoting the release of RsbT from the stressosome core and signal 

cascade initiation (Pané-Farré et al., 2017; Williams et al., 2019). Thus far, this 

model does not take into account interactions among the RsbR1 paralogues, 

although a recent study suggests that they may act negatively on the 

stressosome assembly (Dessaux et al., 2020). It is currently unknown if RsbR1 

and its paralogues are able to form heterodimers within the stressosome, 

although in B. subtilis YtvA dimers (the homologue of RsbL) can form 

heterotetramers with RsbRA dimers (Choi et al., 2020). In the present study, 

we sought to clarify the role of RsbR1 in acid sensing in a genetic background 

where the other paralogues were absent, to determine whether signal 

transduction could be mediated solely by RsbR1. 

In the stressosome core the RsbR1/RsbRA C-terminal domain and RsbS, fold 

into Sulphate Transporter and Anti-Sigma factor antagonist (STAS) domains 

(Chen et al., 2003; Sharma et al., 2011). Several residues in the STAS 

domains of B. subtilis RsbRA (T171 and T205) and RsbS (S59) are  known to 

be phosphorylated and they play a critical role in the stressosome activation 

(Gaidenko et al., 1999; Kim et al., 2004a). Similarly, L. monocytogenes RsbR1 

also possesses putative phosphorylation sites at positions T175, T209 and 

T241, and S56 in RsbS (Fig. 2.1B). However, these threonine residues are 

absent in the remaining paralogues of RsbR1 and so far, only RsbR1-T175 

phosphorylation has been confirmed (Dessaux et al., 2020). The RsbT kinase 

is responsible for phosphorylation of all residues in the RsbR1 and RsbS and 

the inactivation or deletion of this protein results on the impairment of the ůB 

activation in both L. monocytogenes and B. subtilis (Chaturongakul & Boor, 

2004; Dessaux et al., 2020; Eymann et al., 2011; Kim et al., 2004b; Woodbury 

et al., 2004). Once the stress has dissipated or the bacterium has adequately 

responded to it, the stressosome is restored to the ground state by 

dephosphorylation of the core proteins, through the action of the serine 
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phosphatase RsbX (Chen et al., 2004; Eymann et al., 2011; Oliveira et al., 

2021; Voelker et al., 1997; Xia et al., 2016). 

In this study, we examined the role of the L. monocytogenes stressosome in 

sensing mild acid stress and in activating the general stress response and 

conferring adaptive acid resistance. We constructed an array of mutations, 

where either the paralogues of RsbR1 were deleted, the kinase activity of 

RsbT was inactivated, or the putative phosphorylation sites in the stressosome 

core were substituted with alanine. Our results revealed that RsbR1 has the 

ability to activate ůB in response to mild acid stress when the other four 

paralogues were absent. The phosphorylation sites in RsbR1 (T175 and T209) 

modulate the intensity of ůB activity in the absence of stress, but have no role 

in the stressosomeôs low pH sensing. Furthermore, the RsbS S56 

phosphorylation site and the kinase activity of RsbT are crucial for ůB activation 

at low pH. The extent of ůB activation in response to mild acid stress correlates 

closely with the survival under lethal acidic conditions (pH 2.5). We also show 

that the stressosome is required for the induction of the internalins inlA and 

inlB under conditions of low pH stress and for the modulation of L. 

monocytogenes internalization into epithelial cells. Together, our results point 

to a central role for the stressosome in acid stress sensing, the development 

of acid resistance and in the regulation of host cell invasion, through the 

activation and modulation of ůB activity. These findings point to the 

stressosome as a possible target for new antimicrobials to control this 

pathogen in food, food-processing environments and in the gastrointestinal 

tract. 

 

2.4. Results 

2.4.1. The transcription of lmo0596 is induced by acid in a ůB-

dependent manner 

The ůB regulon in L. monocytogenes is composed of a large number of genes 

that are heterogeneously expressed in response to the stress encountered 

(Toledo-Arana et al., 2009). The expression of the gene lmo2230, which 
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encodes a putative arsenate reductase, is well established as a reliable ůB-

reporter (Dessaux et al., 2020; Guerreiro et al., 2020; Utratna et al., 2011), 

however we sought to use an additional ůB-reporter gene in this study. The 

gene lmo0596 was a potential target, as it possesses a ůB promoter and had 

been shown in other studies to belong to the ůB regulon (Ollinger et al., 2008; 

Toledo-Arana et al., 2009; Wurtzel et al., 2012). Although, Lmo0596 has no 

predicted function, it is homologous to E. coli HdeD, a transmembrane protein 

that plays a role in acid tolerance (Arnold et al., 2001; N. Masuda & Church, 

2003; Mates et al., 2007; Yamanaka et al., 2021). In vitro transcription 

experiments showed that lmo0596 transcription is ůB-dependent and PrfA-

independent in L. monocytogenes (Rauch et al., 2005), while in vivo studies 

showed it to be highly ůB-dependent (Guerreiro et al., 2020; Ollinger et al., 

2008). In addition, acid treatment at pH 5.0 upregulates lmo0596 within the 

first 15 min post stress onset (Neuhaus et al., 2013). To validate lmo0596 as 

a ůB-reporter, the L. monocytogenes wild type strain EGD-e and an isogenic 

æsigB mutant strain were grown to mid log-phase (OD600 = 0.4) (Fig. 2.2A), 

and the transcription of lmo0596 and lmo2230 were then measured following 

acid treatment (pH 5.0). The transcript levels of both lmo0596 and lmo2230 

increased after the acid treatment in the wild type strain, plateauing at 15 min, 

while transcript levels remained unchanged in the æsigB strain (Fig. 2.2B-C 

and Fig. S1A Appendix IV). The expression of lmo0596 also increases as the 

pH decreases, reaching its maximum at pH ~5.0-5.5 (Fig. S1B Appendix IV). 

The presence of a putative PrfA box in the regulatory region upstream from 

lmo0596 prompted us to examine whether PrfA might also influence its 

transcription. Northern blots used to measure lmo0596 transcription in wild 

type and æprfA backgrounds showed that PrfA does not influence lmo0596 

expression under the conditions tested (Fig. S1A Appendix IV). Overall, these 

results showed that lmo0596 transcription was induced by mild acid treatment 

in a ůB-dependent manner, making it suitable to use as a reporter of ůB activity. 
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ůB activation in response to sub-lethal acid stress was measured following 

exposure of mid log-phase cultures to pH 5.0. To determine whether a sub-

lethal acid exposure for 15 min influenced acid resistance, a survival 

experiment was performed at pH 2.5 to follow the resistance of bacteria that 

were either unadapted or pre-adapted at pH 5.0 for 15 min. There was a 

significant increase in acid resistance in the pre-adapted parental strain EGD-

e (Fig. 2.2D). As expected, the sigB deletion mutant was highly acid sensitive 

with no detectable survivors evident by 12.5 min post acid challenge (Fig. 

Figure 2.2. ůB-dependent transcription of lmo2230 and lmo0596 is upregulated 

rapidly under mild acid stress conditions. 

(A) Growth curves obtained from Log10 (OD600) measurements of wild type and æsigB 

strains in BHI at 37°C. The arrow points to OD600 = 0.4, the mid-log phase of L. 

monocytogenes in BHI. Time-lapse expression measurements of the genes (B) 

lmo2230 and (C) lmo0596 in wild type and æsigB strains grown to OD600 = 0.4 and 

subsequently treated at a mild pH 5.0 (HCl 5 M) at 0 min. Samples were taken at 0, 5, 

15 and 30 min post treatment. Results were converted to Log2 relative to the wild type 

strain at time 0 min. (D) Mid-log phase cultures untreated at pH 7.0 (-) or treat at pH 5.0 

(+) for 15 min and subsequently challenged in acidified BHI (pH 2.5). The dashed line 

represents the detection threshold. Samples were taken at 0, 7.5, 12.5 and 20 min. 

Survival data is expressed as Log10 (CFU.mL-1). Gene expression of lmo2230 (E) and 

lmo0596 (F) in wild type and æsigB strains grown to OD600 = 0.4. Samples were taken 

15 min after untreated (-) or treated (+) at pH 5.0. Gene expression was obtained from 

RT-qPCR and converted to Log2 gene expression relative to the wild type strain at time 

0 min or untreated. Statistical analysis was performed using a paired Studentôs t-test 

relative to the wild type untreated after 15 min, for RT-qPCR data, and untreated wild 

type at time 0 min, for acid challenge data (*, p value of <0.05; **, p value of <0.01; ***, 

p value of <0.001). 
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2.2D). At 15 min post adaptation there was a significant increase in the 

transcription of both lmo2230 and lmo0596 relative to the unadapted cultures 

(4.47-5.65 log2-fold increase) in the wild type (Fig. 2.2E-F). Together these 

data show that acid-induced ůB activity can be measured at the transcriptional 

level and the role of ůB in the acid resistant phenotype is evident under these 

conditions. 

 

2.4.2. RsbR1 paralogues are dispensable for acid signal transduction 

and acid adaptation 

To investigate the role of the putative sensory component of the stressosome 

RsbR1 in transducing the acid signals into the ůB activation pathway, we 

constructed a mutant strain where each of the three RsbR1 paralogues, 

RsbR2, RsbR3, and RsbR4 were deleted and the light sensing paralogue 

RsbL was inactivated by a mutation that produces a light-blind variant (C56A; 

(OôDonoghue et al., 2016)). The resulting genotype: DrsbR2 DrsbR3 DrsbR4 

rsbL-C56A (Dessaux et al., 2020), is hereafter designated ñrsbR1-onlyò for 

simplicity. When this mutant strain was subjected to the same acid exposure 

described above (pH 5.0), the transcription of the two ůB reporter genes, 

lmo2230 and lmo0596, was found to be strongly induced (Fig. 2.3A-B) and 

there was a significant increase in acid resistance at pH 2.5, similar to that 

observed in the wild type (Fig. 2.3C). The possibility that residual signal 

transduction activity was present in the mutated rsbL-C56A gene in the 

RsbR1-only strain was tested by measuring ůB activation by sub-lethal acid 

exposure in a mutant background where all four paralogues were deleted 

(DrsbR2 DrsbR3 DrsbR4 DrsbL) (Table S1 see Appendix I). The behaviour of 

this strain was essentially identical to the RsbR1-only strain in terms of induced 

ůB activity (Fig. S2A-B Appendix IV) and acid resistance (Fig. S2C Appendix 

IV). Thus, a strain lacking all known RsbR1 paralogues retains the ability to 

transduce acid signals via the stressosome and activate ůB in response to acid 

adaptation at pH 5.0. 
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2.4.3. Role of stressosome phosphorylation in acid adaptation 

A comparison of the STAS C-terminal domains of RsbR1 with the homologue 

RsbRA from B. subtilis reveals conserved threonine residues at positions 175, 

209 and 241, respectively, of the L. monocytogenes protein, one of which 

(T175) is phosphorylated in vivo in both organisms ((Dessaux et al., 2020; 

Gaidenko et al., 1999); Fig. 2.4A-B). To investigate the contribution of these 

phosphorylation sites in acid signal transduction these residues were 

substituted with alanine in the RsbR1-only background (Table S1 of 

Appendix I) and the respective mutants subjected to the acid adaptation 

regime at pH 5.0. The rsbR1-T175A substitution did not prevent acid induction 

of ůB activity (Fig. 2.4A-B). In contrast, the rsbR1-T209A substitution 

essentially abolished the acid induced transcription of the reporter genes and 

resulted in a significantly higher baseline transcription level compared to 

unadapted wild type bacteria (2.61-3.25 log2-fold higher; Fig. 2.4A-B, 

respectively). Similarly, the rsbR1-T241A mutant also exhibited increased 

baseline transcription, however the expression of the reporter genes was 

further increased by acid in this mutant. When the effects of these substitutions 

Figure 2.3. RsbR1 can act independently of its paralogues to transduce the low 

pH signals to activate ůB and enhance acid tolerance. 

Expression of ůB-dependent genes (A) lmo2230 and (B) lmo0596, obtained from mid-

log phase cultures of wild type and rsbR1-only strains untreated (-) and treated (+) for 

15 min in pH 5.0 at 37°C. Gene expression is expressed as Log2 relative gene 

expression. (C) Acid challenge of mid-log phase cultures treated in pH 5.0 for 15 min 

at 37°C, as previously described in Fig 2.2D. Survival data is expressed as Log10 

(CFU.mL-1). The rsbR1-only genotype consists on the following mutations, ærsbR2; 

ærsbR3; ærsbR4; rsbL (C56A). Statistical analysis was performed using a paired 

Studentô t-test relative to the wild type untreated after 15 min, for RT-qPCR data, and 

untreated wild type at time 0 min, for acid challenge data (*, p value of <0.05; **, p 

value of <0.01; ***, p value of <0.001). 
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on acid resistance at pH 2.5 were measured, the rsbR1-T175A strain behaved 

similar to the wild type, showing an adaptive response to lethal acid challenge 

(Fig. 2.4C). There was a small but significant decrease (~ 1 log10 CFU.ml-1 

between 7.5 and 20 min) in the acid resistance of the unadapted rsbR1-T175A 

mutant strain and this is correlated with a small reduction (~ 1.5 log2-fold; p = 

0.016) in the transcription of the two reporter genes in the unadapted 

conditions compared to the wild type. The rsbR1-T209A and rsbR1-T241A 

mutants showed a marked increase (p < 0.001) in acid resistance compared 

to the wild type even in the unadapted culture (Fig. 2.4D-E) and this correlated 

with the increased ůB activity recorded by the reporter gene transcript levels 

(Fig. 2.4A-B). We also examined lmo2230 and lmo0596 expression in genetic 

backgrounds with or without the RsbR1 paralogues when each of the three 

putative phosphorylation sites was separately mutated. Their expression 

Figure 2.4. RsbR1 residues T209 and T241 are required for normal acid-mediated 

activation of ůB and development of acid tolerance. 

Expression of ůB-dependent genes (A) lmo2230 and (B) lmo0596, obtained from mid-

log phase cultures of wild type and rsbR1 (T175A), rsbR1 (T209A) and rsbR1 (T241A) 

strains untreated (-) and treated (+)  for 15 min in pH 5.0 at 37°C. Gene expression is 

expressed as Log2 relative gene expression. Acid challenge of mid-log phase of (C) 

rsbR1 (T175A), (D) rsbR1 (T209A) and (E) rsbR1 (T241A) cultures treated in pH 5.0 for 

15 min at 37°C, as previously described in Fig 2.2D. Survival data is expressed as Log10 

(CFU.mL-1). Statistical analysis was performed using a paired Studentôs t-test relative to 

the wild type untreated after 15 min, for RT-qPCR data, and untreated wild type at time 

0 min, for acid challenge data (*, p value of <0.05; **, p value of <0.01; ***, p value of 

<0.001). 
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pattern was not significantly influenced by the presence or absence of the 

RsbR1 paralogues (Fig. S3 & S4 Appendix IV). 

The T209 residue of RsbR1 aligns with a conserved serine (S56) at the 

equivalent position in the STAS domain of L. monocytogenes RsbS (Fig. 2.1B) 

and this RsbS residue is known to be important for signal transduction in the 

B. subtilis stressosome (Kim et al., 2004a). We constructed a chromosomal 

allele of rsbS in the wild type background resulting in an RsbS S56A 

substitution (Table S1). The activation of ůB during acid adaptation at pH 5.0 

was completely abolished in this background, as indicated by the reporter 

genes. The transcription of these genes was also significantly lower (p = 

0.0457 and <0.005 for lmo2230 and lmo0596, respectively) than the wild type 

under unadapted conditions (Fig. 2.5A-B). Adaptation at pH 5.0 to a lethal 

acid challenge (pH 2.5) was abolished in the rsbS-S56A mutant and the 

unadapted strain was also markedly more sensitive to acid that the wild type, 

showing no detectable survivors after 20 min (Fig. 2.5C). Thus, the increased 

acid sensitivity of the rsbS-S56A mutant correlates with an inability to induce 

ůB activity during the adaptation at pH 5.0, highlighting the importance of the 

S56 residue in the transduction of acid signals through the stressosome. 

Figure 2.5. RsbS residue S56 is essential for the transduction of the low pH signal 

and activation of ůB. 

Expression of ůB-dependent genes (A) lmo2230 and (B) lmo0596, obtained from mid-log 

phase cultures of wild type and rsbS (S56A) strains untreated (-) and treated (+) for 15 

min in pH 5.0 at 37°C. Gene expression is represented as Log2 relative gene expression. 

(C) Acid challenge of mid-log phase cultures treated in pH 5.0 for 15 min at 37°C, as 

previously described in Fig 2.2D. Survival data is expressed as Log10 (CFU.mL-1). 

Statistical analysis was performed using a paired Studentôs t-test relative to the wild type 

untreated after 15 min, for RT-qPCR data, and untreated wild type at time 0 min, for acid 

challenge data (*, p value of <0.05; **, p value of <0.01; ***, p value of <0.001). 
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To determine the role of stressosome phosphorylation in acid stress signal 

transduction, we used a strain where the kinase activity of RsbT was 

inactivated through mutation. The rsbT-N49A mutation was recently shown to 

abolish the kinase activity of RsbT (Dessaux et al., 2020). The acid induction 

of the two ůB reporter genes at pH 5.0 was essentially eliminated in the rsbT-

N49A background (Fig. 2.6A-B) and this correlated with substantial decrease 

in acid resistance at pH 2.5 (Fig. 2.6C). 

To confirm that the mutations introduced into rsbR1, rsbS and rsbT were 

responsible for the observed effects on acid survival, we provided a functional 

copy in trans. The single mutant strains were transformed with an IPTG 

inducible vector (pDNG7) bearing the parental rsbR1-rsbS-rsbT open reading 

frames (Table S3), and then grown to stationary phase, where ůB is highly 

active and ůB-defective strains exhibit a pronounced sensitivity in extreme 

acidic pH (Guerreiro et al., 2020; Wiedmann et al., 1998). Stationary phase 

cultures were challenged in BHI at pH 2.5 at 37°C. The wild type strain showed 

further increase in acid tolerance when IPTG was added to the medium (Fig. 

S6A-B Appendix IV). Interestingly, the acid tolerance of the rsbR1 T209A and 

T241A strains, that had elevated baseline ůB activity, showed no further 

Figure 2.6. The kinase activity of RsbT is essential for acid sensing by the 

stressosome. 

Expression of ůB-dependent genes (A) lmo2230 and (B) lmo0596, obtained from mid-

log phase cultures of wild type and rsbT (N49A) strains untreated (-) and treated (+)  

for 15 min in pH 5.0 at 37°C. Gene expression is represented as Log2 relative gene 

expression. (C) Acid challenge of mid-log phase cultures treated in pH 5.0 for 15 min 

at 37°C, as previously described in Fig 2.2D. Survival data is expressed as Log10 

(CFU.mL-1). Statistical analysis was performed using a paired Studentôs t-test relative 

to the wild type untreated after 15 min, for RT-qPCR data, and untreated wild type at 

time 0 min, for acid challenge data (*, p value of <0.05; **, p value of <0.01; ***, p value 

of <0.001). 
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increase, suggesting that the complementation with native stressosome is 

unable to outcompete the mutated RsbR1 and attenuate ůB activity. Finally, 

the complementation of the stressosome inactive strains, rsbS S56A and rsbT 

N49A, successfully restored their phenotypes but not for the æsigB strain (Fig. 

S6A-C Appendix IV), showing that the provision of native stressosome in 

trans can restore the signal transduction in these strains. 

To investigate the effects of the rsbR1 (T175A, T209A and T241A), rsbS 

(S56A) and rsbT (N49A) mutations on stressosome phosphorylation following 

sub-lethal acid treatment, we determined the phosphorylation patterns of 

RsbR1 and RsbS using the Phos-Tag electrophoresis system. A single RsbR1 

band, probably corresponding to the unphosphorylated isoform, was observed 

in the rsbT-N49A kinase mutant. In contrast, two bands with reduced 

electrophoretic mobility were apparent in the wild type, presumed to 

correspond to different phosphorylated isoforms of higher molecular weight 

(Fig. 2.7A and Fig. S5 Appendix IV). The rsbR1-T175A and rsbR1-T209A 

mutations each resulted in the loss of one of the upper bands, suggesting that 

each band might represent a different singly phosphorylated isoform. Since 

we detected only two singly phosphorylated isoforms of RsbR1 on the Phos-

Tag Western blots (Fig. 2.7A) it appears that phosphorylation of T175 and 

T209 may be mutually exclusive, at least under the conditions we investigated. 

This raises the possibility that the temporal sequence of the phosphorylation 

and dephosphorylation reactions might contribute to regulatory control of RsbT 

release from the stressosome. The acid adaptation at pH 5.0 had minimal 

effects on the phosphorylation patterns detected, although there was some 

evidence in the wild type, rsbR1-T175A background that T209 was slightly 

more phosphorylated following acid exposure (Fig. 2.7A-B). Finally, the 

phosphorylation patterns of RsbR1 were not affected in the rsbR1-T241A 

mutant compared to the wild type, suggesting that T241 is unlikely to be 

phosphorylated in L. monocytogenes (Fig. 2.7A). 

Anti-RsbS blotting confirmed the disappearance of the phosphorylated isoform 

(upper band) of RsbS in the rsbS-S56A and rsbT-N49A backgrounds (Fig. 

2.7B). The specificity of the anti-RsbS antibodies was confirmed using a 

DrsbR1 mutant that is polar and abolishes RsbS expression (Dessaux et al., 
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2020). Overall these data confirmed the loss of phosphorylation of RsbR1 and 

RsbS in the site directed mutant strains, thereby supporting the conclusion 

that phosphorylation of RsbR1 (at residue T209) and RsbS (at residue S56) is 

necessary for transducing acid stress signals through the stressosome. 

 

2.4.4. Acid-induced virulence gene expression requires functional 

stressosome signal transduction 

There are several lines of evidence that ůB plays an important role in 

transcription during the gastrointestinal stage of the infectious cycle (Begley et 

al., 2005; Toledo-Arana et al., 2009; Watson et al., 2009). We investigated 

whether the invasion genes inlA and inlB, required for penetration across the 

Figure 2.7. Phosphorylation of RbsR1 on residues T175, T209 and RsbS on 

residue S56 requires the kinase RsbT. 

Western blots probed with (A) anti-RsbR1 and (B) anti-RsbS antibodies. Wild type 

and all mutant strains were grown to mid-log phase at 37°C in BHI and then 

untreated (-) or treated (+) at pH 5.0 for 15 min. Total protein extracted was 

separated in Phos-tag gels. The lower bands correspond to non-phosphorylated 

isoforms of RsbR1 or RsbS in the respective blots. The middle bands in anti-

RsbR1 blots correspond to mono-phosphorylated RsbR1 at the T209 and the 

higher band corresponds to mono-phosphorylated RsbR1 at T175. The higher 

band on the RsbS blot corresponds to RsbS phosphorylated on S56. The ȹrsbR1 

mutant extracts were included as negative controls since RsbR1 and RsbS are not 

expressed in this strain.   
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intestinal barrier, and known to be partly under ůB control (Kim et al., 2004, 

2005), might be induced in response to the low pH signals found in the GI tract. 

Using the same acid adaptation regime described above (pH 5.0 for 15 min) 

we found that both inlA and inlB were strongly induced (~ 4 log2-fold) in the 

wild type but not in a sigB mutant (Fig. 2.8A-B). Since both genes belong to 

one operon, the shared pattern of expression was not surprising. Next the role 

of the stressosome in this acid induced regulation was investigated. A strain 

carrying RsbR1 but none of its four paralogues (RsbR1-only) showed a very 

similar pattern of inlAB transcription to the wild type. Mutations abolishing the 

kinase activity of RsbT (rsbT-N49A) or the phosphorylation of RsbS (rsbS-

S56A) eliminated the acid-induced transcription of the inlAB operon (Fig. 2.8A-

B). Mutations in rsbR1 produced a less pronounced effect on inlAB induction 

by acid, with the rsbR1-T175A mutant showing a very similar response to the 

wild type and the rsbR1-T209A mutant showing a significantly higher level of 

inlAB transcription in the untreated condition (Fig. 2.8A-B). Together these 

data strongly suggest that RsbR1 is sufficient to sense and transduce acid 

stress signals into the stressosome and show that this is necessary for acid 

induced regulation of the virulence invasion genes inlA and inlB. 

The possibility that induction of inlAB by acid could involve the virulence gene 

regulator PrfA was examined by measuring the transcription of prfA and the 

PrfA-dependent actA under the same experimental conditions. The prfA 

transcript increased slightly (~ 1 log2-fold) following acid treatment, as has 

been reported by others (Neuhaus et al., 2013). This increase was evident in 

a mutant lacking ůB and all the strains carrying RsbR1, RsbS and RsbT 

mutations (Fig. 2.8C) and was therefore independent of ůB and stressosome 

function. This small increase in prfA transcript levels did not affect PrfA activity 

since the levels of the highly PrfA-dependent (but not ůB-dependent) transcript 

actA were not affected by acid treatment (Fig. 2.8C-D). Together these data 

confirm that the involvement of ůB in the acid-induced transcription of inlAB 

was direct and did not involve an indirect effect on PrfA. 
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Finally, we investigated whether the acid-induced activation of ůB via the 

stressosome affected host cell invasion. Compared to the untreated wild type 

bacteria, the acid-exposed wild type bacteria displayed an increase in Caco-2 

cell uptake of approximately 25% in the invasion of Caco-2 epithelial cells (Fig. 

2.8E). Mutants lacking sigB or carrying any of the stressosome alleles all 

showed a reduced invasion under the untreated conditions and the presence 

of acid failed to stimulate invasion. Surprisingly, even those strains that 

showed increased inlAB transcription (RsbR1 T209A, RsbR1 T241A) showed 

a reduced invasion rate compared to the wild type parental strain (Fig. 2.8E). 

It is possible that post-transcriptional control of inlAB expression influenced 

the invasion rate, but further investigation of this phenomenon was beyond the 

scope of this study. Overall, the data showed that mutations that blocked acid 

Figure 2.8. Acid sensing via the stressosome triggers upregulation of the inlAB 

invasion operon and influences Caco-2 cell invasion without affecting PrfA 

activity.  

(A) inlA, (B) inlB, (C) prfA and (D) actA expression was obtained from mid-log phase 

cultures of strains used in this study. Cultures were untreated (-) and treated (+) in pH 

5.0 for 15 min at 37°C. (E) Caco-2 invasion experiments performed on untreated (-) 

and treated (+) cultures in pH 5.0 for 15 min. L. monocytogenes wild type and mutant 

strains were in contact with the Caco-2 epithelial cells for 1 h and extracellular bacteria 

were eliminated with extensive washing and the supplementation of 50 µg.mL-1 of 

gentamicin to fresh tissue culture medium. Quantification of internalized L. 

monocytogenes was obtained from lysed Caco-2 cells 1 h after the gentamicin 

treatment. The untreated wild type strain was arbitrary converted to 0% and all samples 

were normalized to percentage of CFU.mL-1 relative to the untreated wild type. 

Statistical analysis was performed using a paired Studentôs t-test relative to the wild 

type untreated after 15 min (*, p value of <0.05; **, p value of <0.01; ***, p value of 

<0.001). 
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induced ůB activation also affected the acid stimulated increase in host cell 

invasion. 

 

2.5. Discussion 

In this study, we sought to understand the signal transduction mechanisms 

that allow the stressosome of L. monocytogenes to transduce acid stress 

signals leading to activation of ůB and the GSR. While it has been known for 

over two decades that ůB plays a critical role in acid stress tolerance in this 

pathogen (Abram et al., 2008; Wiedmann et al., 1998) nothing was known 

about how, or indeed whether, acid stress influenced ůB activity. Here we show 

that the L. monocytogenes stressosome is responsible for the rapid 

transduction of the low pH signals. Specifically RsbR1 in conjunction with 

RsbS and RsbT, independently of the other four RsbR1 paralogues, are 

sufficient to initiate the downstream signal transduction events leading to ůB 

activation.  The kinase activity of RsbT and phosphorylation of RsbS on 

residue S56 are essential for transduction of the acid stress signal. The 

activation of ůB by mild acidic stress (pH 5) results in the upregulation of ůB-

dependent genes and produces an increase in acid resistance to lethal acid 

pH challenge.  

Although the overall composition of the L. monocytogenes stressosome, which 

comprises RsbR1 and its paralogues (RsbL, RsbR2, RsbR3), RsbS and RsbT, 

is now fairly well understood (Dessaux et al., 2020; Impens et al., 2017; 

Williams et al., 2019), the stoichiometry of individual stressosomes and 

heterogeneity of stressosome composition within cells and populations is still 

unknown. The outward facing turrets on the stressosome, derived from the N-

terminal domains of RsbR1/RsbRA and paralogues, have been suggested to 

be the most likely sensory domains, although the nature of the signals 

detected has in most cases been elusive. As postulated by Murray and 

colleagues, the non-haem globin domains, found in most RsbR1/RsbRA-like 

proteins, may transiently interact with small signal molecules (Murray et al., 

2005), but evidence for these has not been forthcoming. There may be some 

redundancy in the sensory capacity of RsbR1/RsbRA-like proteins since 
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studies on the B. subtilis stressosome have shown that different RsbR 

paralogues can respond to ethanol and oxidative stress (Cabeen et al., 2017; 

Kim et al., 2004a; Tran et al., 2019). Here we sought to establish whether 

RsbR1 was capable of sensing and transducing acid stress signals via the 

stressosome. While it was not possible to delete rsbR1 without affecting the 

expression of the downstream genes (rsbS, rsbT, rsbU; (Dessaux et al., 2020)) 

it was possible to construct a strain lacking functional versions of all four 

paralogues (RsbL, RsbR2, RsbR3, RsbR4) and this mutant displayed a near-

wild type activation of ůB in response to acid stress (Fig. 2.3A-B). The results 

show that RsbR1 is capable of sensing and transducing acid stress, 

independently of its paralogues, although the precise nature of the signals 

detected will require further research.   

From studies on the non-pathogenic bacterium B. subtilis we have learned that 

the stressosome is a dynamic protein complex whose activation depends on 

phosphorylation of residues in RsbRA and RsbS (Gaidenko et al., 1999; Kim 

et al., 2004b), although acid stress has not been investigated as a stressor in 

this organism. In L. monocytogenes, RsbR1 is phosphorylated on residues 

T175 (Dessaux et al., 2021) and T209, but the phosphorylation sites are not 

conserved in the RsbR1 paralogues (Fig. 2.1B). In this study, we confirm the 

phosphorylation of RsbR1 T209 and show that loss of this phosphorylation 

leads to derepressed ůB activity under no-stress conditions and loss of 

responsiveness to acid. The finding that a substitution of RsbR1 residue T241 

with alanine produces a similar phenotype provides evidence that this residue 

plays an important role is modulating signal transduction activity, although it 

does not appear to be phosphorylated in L. monocytogenes (Fig. 2.7A).  

Although a detailed mechanistic model accounting for signal transduction 

through the stressosome is not possible at this time, we propose a new 

working model to aid further experimental work on the system. The outward-

facing dimeric N-terminal turret domains of RsbR1 most likely function in signal 

detection (Walker et al., 2017), although the nature of that signal remains to 

be determined. The acid stress signal could either be a change in the local 

proton concentration or some secondary consequence of acidification. The 

signal is likely to produce a conformation change of the N-terminal domains 
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that propagates into the alpha-helical linker domains and into the STAS 

domains, resulting in the release of RsbT and consequently activation of ůB 

via the downstream partner switching module (Guerreiro et al., 2020; Pané-

Farré et al., 2017). We propose that the release of RsbT from the stressosome 

likely requires the phosphorylation of RsbS on S56, since acid sensing is 

abolished in the RsbS S56A variant and in the kinase-inactive mutant (Fig. 2.5 

and 2.7B). In this regard it is noteworthy that substitutions to negatively 

charged residues in B. subtilis RsbS (S59D) and Moorella thermoacetica MtS 

(S58D; MtS is a homologue of RsbS) abolish the interaction with the cognate 

kinase (Quin et al., 2012; Yang et al., 1996). Furthermore, these mutations 

lock the stressosome in an active state, resulting in constitutive ůB activity, 

which is deleterious for the bacteria (Kang et al., 1996; Kim et al., 2004b; Yang 

et al., 1996). 

The role of RsbR1 phosphorylation on residues T175 and T209 in modulating 

the response to acid is less clear but we speculate that they may influence the 

propagation of the signal that results in phosphorylation of RsbS. Altering T209 

to alanine increased the background ůB activity in the absence of acid stress 

and essentially abolished the responsiveness of the system to acid, while the 

T175A substitution did not affect acid sensing (Fig. 2.4). The finding that the 

phosphorylation state of RsbR1 and RsbS doesnôt change much in response 

to osmotic (Dessaux et al., 2020) or acid stress (Fig. 2.7A-B) is apparently in 

contradiction with the finding that phosphorylation is necessary for signal 

transduction, as evidenced by the absence of signal transduction in a kinase 

deficient mutant (Fig. 2.6; (Dessaux et al., 2020)). One possibility we have not 

ruled out is that the method we used to determine the phosphorylation state of 

RsbR1 and RsbS is not sufficiently robust to exclude the possibility of 

phosphorylation during the protein extraction procedure (which includes a 

boiling step). Indeed, a previous study demonstrated that temperature stress 

rapidly stimulates the activation of ůB in L. monocytogenes (Guldimann et al., 

2017). Thus, the boiling step used in the protein extract step could 

inadvertently lead to phosphorylation of the RsbR1 and RsbS, making it 

difficult to observe the effects of acid stress on RsbR1/S phosphorylation. 
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Phosphomimetic substitutions that add negatively charged residues to the 

phosphorylatable sites in RsbR1 and RsbS will help to further clarify this issue. 

While the phosphorylation undoubtedly plays a pivotal role in the activation of 

the stressosome, the precise mechanisms that result in release of RsbT are 

unknown at present. It has been suggested that conformational changes may 

occur at the STAS domains of RsbR1 and RsbS, prompting the release of 

RsbT from the stressosome core (Pané-Farré et al., 2017). A recent study 

investigating the L. monocytogenes stressosome structure found T241 

residing in RsbR1 Ŭ3 helix, described as ñflexible loopò, which is located in 

close proximity to the T209 phosphorylation site (Williams et al., 2019). 

Moreover, a recent Cryo-EM structural analysis of the phosphorylated L. 

innocua stressosome suggests the possibility of hydrogen bond formation 

between T209-PO4 and residue T241 (Christine Ziegler, personal 

communication). Given that amino acid substitutions to alanine at both of T209 

and T241 lead to constitutive ůB activity (Fig. 2.4A-B and Fig. S3C-F 

Appendix IV), we speculate that the phosphorylation of T209 and its 

subsequent interaction with T241 likely determines the relative position of this 

flexible loop within the stressosome. We speculate that the loopôs position may 

influence the magnitude of the signal transduced by the stressosome, perhaps 

by affecting the propagation of the signal from one protomer to another. 

Further structural and genetic studies will be needed to fully elucidate the role 

phosphorylation in signal transduction. The role of the putative phosphatase 

RsbX in resetting the sensingïready state of the stressosome has recently 

been suggested (Oliveira et al., 2021) but further work will be needed to 

elucidate the details of precisely how it interacts with the stressosome. 

Multiple studies have shown that pre-treating L. monocytogenes with mild 

acidic pH increases its invasion towards Caco-2 cells (Conte et al., 2000; 

Neuhaus et al., 2013; Werbrouck et al., 2009) and this correlates well with 

increased inlA expression under these conditions (Neuhaus et al., 2013; Sue 

et al., 2004; Werbrouck et al., 2009). Our study shows that the ůB-dependent 

induction of the inlAB operon under mild acidic conditions is dependent on the 

stressosomeôs sensory capacity (Fig. 2.8A-B). In addition, we showed that the 

enhancement of L. monocytogenes EGD-e invasion is critically dependent on 
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the normal function of stressosome sensing properties and a proper ůB 

upregulation, as either lower or higher baseline activity abrogates L. 

monocytogenes capacity to invade Caco-2 cells (Fig. 2.8E). Interestingly, the 

high baseline ůB activity produced in the RsbR1 T209A and T241A strains 

correlated with a decrease in invasion, even though transcription of the inlAB 

operon was increased in this genetic background. This result demonstrates 

clearly that host cell invasion does not solely depend on the transcription of 

invasion genes, and further studies will be required to determine if this effect 

is due to some unknown post-transcriptional effect on inlAB expression. 

Indeed post-transcriptional control of inlA expression has been reported before 

(Stritzker et al., 2005). Overall, our results support the idea that ůB activity 

during the early stages of the infection cycle plays crucial role in priming the 

pathogen for host cell invasion and that the stressosome participates by 

helping to integrate pH-related signals from the environment of GI. 

Overall, this study has established that the stressosome plays an active role 

in sensing and responding to acid stress by modulating the expression of the 

GSR. The signal transduction mechanism requires the kinase activity of RsbT 

and the phosphorylation of S56 on RsbS. In RsbR1, both T209 and T241 

constrain ůB activation in no-stress conditions and are necessary for a normal 

response to acid stress, while T175 appears to be dispensable for acid 

sensing. This signal transduction pathway has a demonstrable role in the 

development of acid resistance, likely influencing the survival of this pathogen 

in the food chain, food-processing environments and in the acidic conditions 

encountered within the host gastrointestinal tract. This pathway likely 

influences the progression of the infectious cycle during listeriosis through the 

impact on the expression of virulence factors that influence host cell invasion 

in the GI tract. 
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3.1. Abstract 

Increasing proton concentration in the environment represents a potentially 

lethal stress for single celled microorganisms. To survive in an acidifying 

environment the foodborne pathogen Listeria monocytogenes quickly 

activates the alternative sigma factor B (ůB) resulting in the upregulation of the 

general stress response (GSR) regulon. The activation of ůB is regulated by 

the stressosome, a multi-protein sensory complex composed of RsbR1 and its 

paralogues (RsbR2, RsbR3, RsbR4 and RsbL), as well as RsbS and RsbT. In 

this study, we used L. monocytogenes strains harbouring different 

stressosome mutations to investigate the role of this complex in triggering 

expression of known amino acid-based resistance mechanisms in response 

to low pH.  We found that the expression of glutamate decarboxylase (gadD3) 

and arginine and agmatine deiminases (arcA and aguA1, respectively) were 

upregulated upon acid shock (pH 5 for 15 min) in a stressosome dependent-

manner. In contrast, the transcription of the arg operons (argGH and 

argCJBDF), which encode enzymes for the L-arginine biosynthesis pathway, 

were upregulated upon acid shock in a stressosome-independent manner. 

Finally, we found that the transcription of argR, which encodes a transcriptional 

regulator of the arc and arg operons, was largely unaffected by acidic shock. 

Thus, our findings establish a role for the stressosome in activating amino 

acid-based pH homeostatic mechanisms in L. monocytogenes. Additionally, 

we show that genes encoding the L-arginine biosynthesis pathway are highly 

upregulated under acidic conditions, suggesting that intracellular arginine can 

help withstand environmental acidification in this pathogen. 

 

3.2. Introduction 

The foodborne pathogen Listeria monocytogenes, the aetiological agent of 

listeriosis, is a robust bacterium capable of surviving in harsh environments 

including the extremely low pH of the human stomach (Barbuddhe & 

Chakraborty, 2009; Martínez-Suárez et al., 2016). L. monocytogenes senses 

acidification of the environment through a multi-protein complex designated as 

the stressosome, composed of RsbR1 and its 4 paralogues, RsbS and the 
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kinase RsbT ((Guerreiro et al., 2022); Chapter 2). Under stressful conditions, 

the stressosome activates a signal cascade that ultimately releases the 

alternative sigma factor B (ůB) from an anti-sigma factor, culminating in the 

upregulation of approximately 300 genes that comprise the GSR regulon. A 

range of homeostatic and protective mechanisms are encoded by the GSR 

regulon that are responsible for enhancing resistance to lethal stresses, 

including acid (Arcari et al., 2020; Guerreiro et al., 2020). The ůB regulon also 

encompasses some virulence factors of L. monocytogenes, such as the 

internalins inlA and inlB (Chaturongakul et al., 2011; Conte et al., 2000; 

Neuhaus et al., 2013; Oliver et al., 2010) and mutants lacking ůB (ȹsigB) 

exhibit attenuated virulence in intragastrically inoculated guinea pigs (Garner 

et al., 2006; Oliver et al., 2010). 

It is well known that L. monocytogenes can increase acid resistance in 

response to sub-lethal acid exposure, a response known as the adaptive Acid 

Tolerance Response (ATR) (Davis et al., 1996; OôDriscoll et al., 1996). ůB 

likely contributes to this response since it is activated at the same acidic pH 

values that trigger the ATR, although some researchers have suggested that 

it is not the main regulator controlling the response (Ferreira et al., 2003). In 

our recent study, we demonstrated the pivotal role of the stressosome in the 

sensing of acidic pH and the subsequent activation of ůB (Guerreiro et al., 

2022). Pre-treating mid-log phase cultures at pH 5 for 15 min increased the 

transcription of ůB-dependent genes lmo2230 and lmo0596 and enhanced L. 

monocytogenes acid tolerance in a stressosome-dependent manner. It is 

currently unknown whether the stressosome is required for the upregulation of 

the amino acid-based acid resistance mechanisms in response to low pH 

stress, although ůB is known to play a role in regulating some elements of this 

system including the glutamate decarboxylase (GAD) system (Wemekamp-

Kamphuis et al., 2004) and the arginine deiminase (ADI) system (Ryan et al., 

2009) (Fig. 3.1). 
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The L. monocytogenes GAD system plays a critical role in acid tolerance by 

consuming protons (H+) through the decarboxylation of L-glutamate into ɔ-

aminobutyrate (GABA) (Cotter et al., 2001, 2005; Fang et al., 2020; Karatzas 

et al., 2010, 2012). This system comprises two glutamate/GABA antiporters, 

GadT1 (Lmo0448) and GadT2 (Lmo2362), and three glutamate 

decarboxylases, GadD1 (Lmo0448), GadD2 (Lmo2363) and GadD3 

(Lmo2434), of which only GadD3 is thought to be ůB-dependent (Cotter et al., 

2001; Wemekamp-Kamphuis et al., 2004), but only gadD3 has a confirmed ůB 

promoter (Kazmierczak et al., 2003). Similarly, the ADI system contributes to 

L. monocytogenes acid tolerance by metabolising L-arginine into citrulline, 

CO2 and ammonia (NH3), which serves to buffer the cytoplasmic pH (Cheng, 

Figure 3.1. ů
B
 and ArgR regulatory network over the GAD, ADI and AgDI 

systems. 

Schematic representation of the regulatory functions of ůB over the transcriptional 

regulator ArgR and the metabolic pathways glutamate decarboxylase, arginine and 

agmatine deiminase systems in L. monocytogenes. The enzymes depicted in green 

(GadD3, ArcA and AguA1), correspond to the genes gadD3, arcA and aguA1, 

respectively, analysed in this study by RT-qPCR. Red and blue dashed arrows 

represent the gene upregulation in stationary phase grown cells identified in other 

studies. (*) The newly formed ammonia (NH3) reacts with protons (H+) forming 

ammonium (NH4
+), which neutralizes the cytosolic pH. 
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Chen, Shan, et al., 2013; Fang et al., 2020). Citrulline can be further 

metabolised to ornithine and carbamoyl-phosphate and the latter is 

subsequently metabolised to ATP, CO2 and NH3. The ADI system is also 

induced by ůB and comprises the arginine/ornithine antiporter ArcD (Lmo0037, 

also known as AguD), catabolic ornithine carbamoyltransferase ArcB 

(Lmo0036, also known as AguB), the carbamate kinase ArcC (Lmo0039, also 

known as AguC) and the arginine deiminase ArcA (Lmo0043) (Ryan et al., 

2009). An additional acid tolerance mechanism, the agmatine deiminase 

(AgDI) system, was identified in L. monocytogenes and like the GAD and ADI 

systems, AgDI plays a role in acid tolerance (Chen et al., 2011; Cheng, Chen, 

Fang, et al., 2013; Cheng, Chen, Shan, et al., 2013; Cheng et al., 2017; Fang 

et al., 2020; Soares & Knuckley, 2016) and is upregulated at pH 5 (Cheng, 

Chen, Fang, et al., 2013; Ryan et al., 2009). Except for AguA1 (Lmo0038), 

which metabolizes agmatine into carbamoyl-phosphate, the components of 

ADI are shared with AgDI, known as either arc or agu genes (Cheng et al., 

2017). 

In addition to ůB, the ADI system is regulated by the transcriptional regulator 

ArgR (Cheng et al., 2017; Ryan et al., 2009). ArgR (homologous to AhrC in B. 

subtilis) consists of a DNA binding transcriptional activator of the ADI system 

and a repressor of L-arginine biosynthesis in several bacterial species 

(Czaplewski et al., 1992; Fulde et al., 2011; Larsen et al., 2004; Lim et al., 

1987; Lu et al., 1999; Maghnouj et al., 1998). This regulator is implicated in 

the acid tolerance of L. monocytogenes (Cheng et al., 2017; Ryan et al., 2009). 

In the presence of L-arginine, ArgR suppresses the transcription of two 

operons encoding the arginine biosynthesis pathway, the argCJBDF operon 

(lmo1591-lmo1587, respectively) and argGH (lmo2090 and lmo2091, 

respectively) (Cheng et al., 2017; Ryan et al., 2009). Interestingly, Cheng and 

colleagues demonstrated that ArgR also binds to the promoter region of rsbV 

at the rsbVW-sigB-rsbX operon and suppresses the transcription of sigB in the 

absence of arginine (Cheng et al., 2017). However, this regulatory effect is 

likely to be minor, with the partner-switching pathway regulated by the 

stressosome playing the dominant role in controlling activity of ůB. ArgR is 

implicated in acid tolerance as an ȹargR strain exhibits increased acid 
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tolerance 90 min after the onset of stress (pH 3.5) (Cheng et al., 2017). To our 

knowledge, it is currently unknown whether ůB influences the transcription of 

argR under conditions of mild acid stress. 

In this study, we aimed to extend the current knowledge of the role of the 

stressosome in regulating expression of the acid tolerance mechanisms of L. 

monocytogenes. Here, we analysed the transcription of the genes gadD3, 

arcA, aguA1, argR, argC and argG under mildly acidic conditions. We found 

that for the upregulation of gadD3, arcA, aguA1 to occur, a functional 

stressosome with at least RsbR1 is necessary and that the acid-induction of 

these genes is highly ůB-dependent. However, the arginine biosynthetic genes 

argC and argG were upregulated upon acid shock in a stressosome 

independent manner. Our results suggest that the activity of GAD, ADI and 

AgDI systems is increased under mildly acidic conditions, thus contributing to 

L. monocytogenes acid tolerance during the ATR. Additionally our data show 

a critical role for the stressosome in the regulation of the amino acid-based pHi 

homeostatic mechanisms employed by L. monocytogenes to withstand the 

detrimental effects of acidification of the environment.  

 

3.3. Results and Discussion 

3.3.1. The expression of gadD3, arcA and aguA1 is stressosome-

dependent under mild acidic conditions 

In this study, we aimed to assess the impact of the stressosome in the 

regulation of amino acid-based acid tolerance mechanisms in L. 

monocytogenes. First, we analysed the transcription of three genes (gadD3, 

arcA and aguA1) which are integral parts of the GAD, ADI and AgDI systems, 

respectively (Fig. 3.1), in several L. monocytogenes mutant strains grown to 

mid-log phase and then exposed to mild acidic conditions (see section 3.5 of 

Appendix I). One strain, designated ñRsbR1-onlyò, possesses only RsbR1 

while the remaining RsbR paralogues were genetically deleted or inactivated 

(Dessaux et al., 2020). The strain RsbTN49A harbours a single codon 

substitution in rsbT that inactivates its kinase activity (Dessaux et al., 2020). 
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The transcription of gadD3, arcA and aguA1 genes was upregulated (~5.6 

log2- and ~6.1 log2-fold increase for gadD3 and arcA, respectively, and ~3.4 

log2-fold increase for aguA1, p < 0.05) after the acid shock treatment in both 

the wild type and the RsbR1-only strains (Fig. 3.2A-C). In the ȹsigB and 

RsbTN49A strains the transcript levels of gadD3 and aguA1 were not increased 

in response to the acid pre-treatment. However, a small but significant 

increase was observed for the arcA transcript in response to acid, albeit still 

well below the level detected in the wild type. ůB is crucial for the survival of 

this bacterium in acidic environments such as the extremely low pH of the 

human stomach (Davis et al., 2019; Gandhi & Chikindas, 2007; Wiedmann et 

al., 1998). Previous studies found that transcription of gadD3 and arcA are 

upregulated under mild acidic pH (Neuhaus et al., 2013; Ryan et al., 2009). In 

addition, Ryan and colleagues identified putative ůB promoters upstream of 

several genes that comprise the ADI system (Ryan et al., 2009). However, 

little was known about the stressosome-mediated activation of ůB and its 

influence over the transcription of the ADI, AgDI and GAD systems under the 

same conditions. Our results demonstrate the crucial role of the acid sensing 

function of the stressosome in the regulation of these pH homeostatic 

mechanisms in L. monocytogenes. It seems likely that this transcriptional 

upregulation results in an increase in the activity of the GAD, ADI and AgDI 

Figure 3.2. The GAD, ADI and AgDI systems are upregulated by the 

stressosome and ůB under low pH stress. 

Mid-log phase cultures (OD600nm = 0.4) grown at 37°C of L. monocytogenes EGD-e 

wild type, ȹsigB, RsbR1-only and RsbTN49A were non-treated (-) and treated (+) at pH 

5 for 15 min and the expression of (A) gadD3, (B) arcA and (C) aguA1 was measured 

by RT-qPCR. Three independent biological replicates were made. The transcript 

levels shown for each gene are expressed relative to the transcript levels detected in 

the untreated wild type strain. Statistical analysis was performed using a paired 

Studentôs t-test. Coloured * represent differences relative to the wild type untreated (-

). Black * represent the indicted paired comparisons (*, P-value of < 0.05; **, P-value 

of < 0.01; ***, P-value of < 0.001). 
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systems, which would positively contribute to L. monocytogenes acid 

adaptation. 

 

3.3.2. The transcription of argR is unaffected by acid stress in mid-log 

phase culture 

Similar to ůB, ArgR is also required for the expression of the ADI system at 

both neutral and acidic conditions and is strongly upregulated at acidic pHs 

(5.0-5.5), anaerobic conditions and in stationary phase grown cells (Cheng et 

al., 2017; Ryan et al., 2009). Furthermore, Ryan and colleagues also identified 

a putative ůB promoter upstream of argR (Ryan et al., 2009). In this study, we 

aimed to further assess the influence of the stressosome on the transcription 

of ArgR in mildly acidic conditions. Our results showed no substantial changes 

in argR transcription in mid-log phase cultures treated with acidic shock in 

either wild type or RsbR1-only strains (Fig. 3.3A). However, a small but 

significant increase (~0.6 log2-fold increase, p < 0.05) was detected in both 

ȹsigB and RsbTN49A strains (Fig. 3.3A). Although increased argR expression 

in these 2 mutant strains was unexpected, it is perhaps not surprising that 

regulators, other than ůB, control the transcription of argR during the mid-log 

phase under stressful conditions and that this control can occur in the absence 

of ůB. Interestingly, anaerobic growth conditions increase the transcription of 

argR (Bowman et al., 2012; Ryan et al., 2009), which contrasts with the 

aerobic growth conditions used in our study and conceivably explains the 

absence of upregulation of the argR under acidic conditions. ArgR and ůB may 

work in concert to upregulate the ADI and AgDI systems, as Ryan and 

colleagues observed a downregulation of arcA in both ȹsigB and ȹargR 

strains (Ryan et al., 2009).  
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3.3.3. The L-arginine biosynthesis is upregulated under mild acid 

stress independently of the stressosome 

In this study, we aimed to evaluate the effect of mild acidic conditions on the 

transcription of the first genes of the arg biosynthetic operons, argC and argG. 

We found that transcription of both genes was highly upregulated (~3.9 log2- 

and ~6.1 log2-fold increase, respectively) with acid shock treatment (Fig. 3.3B 

and C). The RsbR1-only strain showed slightly lower argC and argG 

transcription following acidification (2.5 log2- and 5.0 log2-fold increase in argC 

and argG, respectively) compared with the other strains and these differences 

were significant when compared to the ȹsigB (p < 0.05 in argC and p < 0.01 

in argG) and the RsbTN49A  (p < 0.05 in argG) strains. Ryan and colleagues 

observed increased transcription of argG in stationary phase cells treated at 

pH 5, although an increase of the transcription of the negative regulator argR 

was also observed under the same conditions (Ryan et al., 2009). As ArgR 

activity is post-translationally regulated by L-arginine, it has been suggested 

that the repressing action of ArgR is possibly removed following acidification 

through depletion of the cytoplasmic L-arginine pool (Garnett et al., 2007). The 

increased expression of both argC and argG in all strains under acidic 

Figure 3.3. The argC and argG are upregulated independently of the 

stressosome and ůB under low pH stress. 

Mid-log phase cultures (OD600nm = 0.4) grown at 37°C of L. monocytogenes EGD-e 

wild type, ȹsigB, RsbR1-only and RsbTN49A were non-treated (-) and treated (+) at pH 

5 for 15 min and the expression of (A) argR, (B) argC and (C) argG was measured 

by RT-qPCR. Three independent biological replicates were made. The transcript 

levels shown for each gene are expressed relative to the transcript levels detected in 

the  untreated wild type strain. Statistical analysis was performed using a paired 

Studentôs t-test. Coloured * represent differences relative to the wild type untreated (-

). Black * represent the indicated paired comparisons (*, p value of < 0.05; **, p value 

of < 0.01; ***, p value of < 0.001). 
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conditions demonstrates that a regulatory mechanism independent of the 

stressosome and ůB is responsible for their upregulation. In E. coli, the arginine 

biosynthetic pathway contributes to extreme acid tolerance by providing L-

arginine for the ADI and for the synthesis of agmatine (reviewed in (Charlier & 

Bervoets, 2019)). We speculate that this pathway also contributes in a similar 

manner to acid tolerance in L. monocytogenes. Additionally, the arginine ABC-

transporter gene, arpJ (Klarsfeld et al., 1994), was transcriptionally 

upregulated under acidic conditions in L. monocytogenes (Neuhaus et al., 

2013) suggesting an increase import of L-arginine in response to the medium 

acidification. Altogether, the transcriptional upregulation of the L-arginine 

biosynthesis genes may increase the availability of L-arginine, which in turn 

supplies the ADI and AgDI systems, as well as other pathways that contribute 

to pH homeostasis in L. monocytogenes. 

Overall, our results show that sensing of pH-related signals by the 

stressosome is required for upregulation of the GAD, ADI and AgDI systems 

under mild acidic pH (Fig. 3.1). The increased expression of these systems 

likely augments cytosolic pH homeostasis by modulating proton consumption 

at the expense of amino acids, culminating in an enhanced tolerance of L. 

monocytogenes to extremely low pH. Additionally, the ADI and AgDI may be 

supplied by substrate through an increase in the de novo biosynthesis and 

importation of L-arginine. 
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4.1. Abstract 

In Listeria monocytogenes the full details of how stress signals are integrated 

into the ůB regulatory pathway are not yet available. To help shed light on this 

question we investigated a collection of transposon mutants that were 

predicted to have compromised activity of the alternative sigma factor B (ůB). 

These mutants were tested for acid tolerance, a trait that is known to be under 

ůB regulation, and they were found to display increased acid sensitivity, similar 

to a mutant lacking ůB (æsigB). The transposon insertions were confirmed by 

whole genome sequencing, but in each case the strains were also found to 

carry a frameshift mutation in the sigB operon. The changes were predicted to 

result in premature stop codons, with negative consequences for ůB activation, 

independently of the transposon location. Reduced ůB activation in these 

mutants was confirmed. Growth measurements under conditions similar to 

those used during the construction of the transposon library revealed that the 

frameshifted sigB operon alleles conferred a growth advantage at higher 

temperatures, during late exponential phase. Mixed culture experiments at 

42ÁC demonstrated that loss of ůB activity allowed mutants to take-over a 

population of parental bacteria. Together, our results suggest that mutations 

affecting ůB activity can arise during laboratory culture because of the growth 

advantage conferred by these mutations under mild stress conditions. The 

data highlight the significant cost of stress protection in this food-borne 

pathogen and emphasise the need for whole genome sequence analysis of 

newly constructed strains to confirm the expected genotype. 

 

4.2. Importance  

In the present study we investigated a collection of Listeria monocytogenes 

strains that all carried sigB operon mutations. The mutants all had reduced ůB 

activity and were found to have a growth advantage under conditions of mild 

heat stress (42ęC). In mixed cultures these mutants outcompeted the wild type 

when mild heat stress was present but not at an optimal growth temperature. 

An analysis of 22,340 published L. monocytogenes genome sequences found 

a high rate of premature stop codons present in genes positively regulating ůB 
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activity. Together the findings suggest that the occurrence of mutations that 

attenuate ůB activity can be favoured under conditions of mild stress, probably 

highlighting the burden on cellular resources that stems from deploying the 

general stress response.    

 

4.3. Introduction 

Listeria monocytogenes is the causative agent of listeriosis, which can sicken 

immunocompromised individuals and pregnant women and is associated with 

a high mortality rate (typically 25-30%) (Farber & Peterkin, 1991; Mylonakis et 

al., 1998). L. monocytogenes is ubiquitous in the environment (Barbuddhe & 

Chakraborty, 2009) partly due to its ability to survive and grow in a wide range 

of harsh conditions, such as low pH, high osmolality (Gandhi & Chikindas, 

2007) and elevated concentrations of bile salts (Jensen et al., 1998). This 

robustness is partly under the control of the stress-inducible sigma factor 

sigma B (ůB), which is responsible for the upregulation of a regulon composed 

of approximately 300 genes (Chaturongakul et al., 2011; Liu et al., 2017). ůB 

also plays a role in establishing infections, as it is necessary for L. 

monocytogenes survival in the gastrointestinal tract (Sleator et al., 2009) and 

it contributes to the regulation of the internalin genes inlA and inlB that are 

required for host cell invasion (Kim et al., 2005). 

In B. subtilis, ůB is regulated by a signal transduction pathway that is primarily 

encoded in the polycistronic sigB operon, which comprises eight genes, rsbR, 

rsbS, rsbT, rsbU, rsbV, rsbW, sigB and rsbX (Wise & Price, 1995). In L. 

monocytogenes two additional genes, mazE and mazF, are located upstream 

of rsbR are also co-transcribed with this operon (Toledo-Arana et al., 2009). 

The ůB signal transduction pathway has been well studied in B. subtilis, where 

the main components of the system are all conserved and share a high degree 

of similarity with their L. monocytogenes counterparts (Ferreira et al., 2004). 

In the absence of stress the anti-sigma factor RsbW sequesters ůB, blocking 

its interaction with RNA polymerase (Benson & Haldenwang, 1992; Boylan et 

al., 1992). Upon encountering environmental or starvation stress an unknown 

signal is detected  and integrated by the stressosome, a supramolecular 
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complex composed of RsbR, RsbS and RsbT (Impens et al., 2017; Marles-

Wright & Lewis, 2010; Martinez et al., 2010; Pané-Farré et al., 2017), as well 

as a number, Lmo0799, Lmo1642 and Lmo1842) (Delumeau et al., 2006; 

Ondrusch & Kreft, 2011). This triggers the serine-threonine kinase activity of 

RsbT, resulting in the phosphorylation of RsbR and RsbS and subsequent 

release of RsbT from the stressosome (Gaidenko et al., 1999; Kim et al., 

2004a). Once free, RsbT interacts with RsbU activating its serine phosphatase 

activity, which in turn results in the dephosphorylation of the anti-anti-sigma 

factor RsbV. The anti-sigma factor RsbW, which is also a serine kinase, 

possesses a higher affinity with the non-phosphorylated RsbV than ůB, 

resulting in the sequestration of RsbW by RsbV and the release ůB (Yang et 

al., 1996), allowing it to interact with RNA polymerase and instigate 

transcription of the ůB regulon. 

Several studies, both in L. monocytogenes and B. subtilis, have shown that 

mutations constructed within the sigB operon result in reduced ůB activity as a 

consequence of impaired signal transduction through this pathway (Gaidenko 

et al., 1999; Kang et al., 1998; Kim et al., 2004b; Shin et al., 2010; Tran et al., 

2019; Utratna et al., 2012). Although the main elements of the signal 

transduction pathway from the stressosome to ůB is well described, the nature 

of the signals detected and the molecular mechanisms involved in the 

transduction of these signals are still largely unknown. Paradoxically a number 

of studies have reported that loss of sigB can result in a faster growth rate 

under some culture conditions. In a chemically defined medium with limiting 

glucose mutant strains lacking either sigB, rsbV or rsbT grow faster at 37°C 

than the WT (Chaturongakul & Boor, 2004). At 3°C a growth advantage has 

also been reported for a sigB mutant strain in complex medium (Brøndsted et 

al., 2003). In the presence of sub-lethal doses of blue light, mutant strains 

lacking ůB show improved growth in both liquid and solid complex media 

(OôDonoghue, 2016). These findings suggest that deploying the ůB-controlled 

general stress response can under some conditions impose a cost on cells 

that results in a reduced growth rate. 

In an attempt to develop a better understanding of the factors that influence 

stress sensing via the stressosome we focussed on a set of transposon mutant 
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strains in L. monocytogenes EGD-e that were previously suggested to have 

altered ůB activity (Tiensuu et al., 2013). In their study, Tiensuu and colleagues 

discovered that L. monocytogenes forms distinct rings in soft agar plates when 

exposed to cycles of light and darkness, a phenotype that is mediated by ůB 

and requires the action of RsbL (also known as Lmo0799), a stressosome-

associated RsbR paralogue that acts as a blue-light sensor (Ondrusch & Kreft, 

2011). The authors described the isolation of several transposon mutant 

strains that failed to produce these rings in response to oscillating cycles of 

light (ñringlessò phenotype) and suggested that the genes carrying the 

transposon insertions could be involved in modulating ůB activity. The present 

study focussed on this collection on mutant strains in the expectation that the 

mutated genes might give new insights into the mechanisms that lead to the 

activation of ůB in response to stress and potentially into the nature of the 

stress signals detected. 

During the preliminary stages of the present study whole genome sequencing 

(WGS) was used to confirm the location of the transposon insertions. While 

confirming the presence of the transposons it also revealed the presence of 

distinct frameshift mutations in the sigB operon in each of the ringless strains. 

This suggested a simpler explanation for the ringless phenotype of the 

transposon mutant strains; namely that the sigB operon alleles reduced ůB 

activity which in turn compromised the ñringò formation. The emergence of 

mutations in the sigB operon of L. monocytogenes during laboratory culture 

has been reported in a number of other studies (Asakura et al., 2012; Hauf et 

al., 2019; Hingston et al., 2017; OôDonoghue, 2016; Tran et al., 2019). It has 

been suggested that the occurrence of mutations impairing ůB function might 

be particularly associated with loss of surface proteins (Quereda et al., 2013). 

However, the selective pressure driving the emergence of these alleles is 

unknown. Here, we investigated the properties of these sigB operon mutant 

strains to determine whether ůB activity was affected and whether that affected 

their fitness. The frameshift alleles that arose in the sigB operon of these 

strains were associated with reduced acid tolerance, as well as a marked 

reduction in ůB activity. Furthermore, in the presence of mild heat stress the 

mutations produced a fitness advantage in mixed populations with WT bacteria 
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that was qualitatively similar to that seen in a sigB deletion mutant strain. 

Together, these observations suggest that loss of ůB activity can confer a 

growth advantage under conditions used routinely during laboratory culture of 

L. monocytogenes. We propose that this effect is responsible for the common 

emergence of mutations in the sigB operon under laboratory conditions, and 

that this finding has important implications for researchers studying any 

phenotypic properties of this pathogen. 

 

4.4. Results 

4.4.1. ñRinglessò transposon mutants display acid-sensitive 

phenotypes 

Five ñringlessò transposon mutant strains from the study of Tiensuu et al.  

(A4:E8, C10:A8, C14:C12, D9:B6 and D2:C10 (Tiensuu et al., 2013). Herein 

renamed as 1RsbS (H23R), 2RsbU (E103K), 3RsbS (H23R), 4RsbV (E42R), 

5RsbV (R47Y), respectively) were selected to investigate the possible effects 

of these insertions on the regulation of ůB activity in L. monocytogenes EGD-

e (Table 4.1 and 4.2). These ñringlessò mutant strains were first reconfirmed 

to be defective for ring formation (data not shown), a phenotype exhibited on 

soft agar media in response to 12 hour cycles of light and dark and known to 

be under ůB control (Tiensuu et al., 2013) (Table 4.1). Since ůB plays an 

important role in acid tolerance we reasoned that transposon mutations 

influencing ůB activity would also lead to an altered acid resistance phenotype. 

To investigate this the 5 ñringlessò mutant strains were tested for their ability 

to withstand a challenge at pH 2.5 and compared to the WT (EGD-e) and two 

control strains that harbour a transposon insertion but still retained the ñringò 

phenotype (B14:A6 and B15:E2) (Tiensuu et al., 2013). The WT and the 2 

ring-forming strains behaved similarly in this assay, showing high resistance 

to lethal acidic conditions, while a mutant strain lacking ůB (æsigB) was 

exquisitely sensitive to acid, showing significantly decreased viable counts at 

30 min and no viable counts at 60 min (Fig. 4.1). The ñringlessò transposon 

mutant strains all displayed a significant increase in acid sensitivity compared 
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to the ring-forming WT and ring-forming control strains. These data strongly 

suggested that ůB activity was compromised in these strains. 

 

 

 

  

Figure 4.1. ñRinglessò transposon mutant strains have acid sensitive 

phenotypes. 

Stationary phase cultures grown in BHI at 37°C before being challenged in acidified 

BHI (pH 2.5) at 37°C. At 0, 30, 50 and 120 min, samples were taken for viable counts 

measurement. Dotted line represents the detection threshold. Each marker 

represents the measurement average of three independent biological replicates 

performed, with the respective standard deviation. Statistical analysis was performed 

using a paired Studentôs t-test (*** = p value < 0.001). 
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Table 4.1. List of strains and plasmids used for this study. 

 

4.4.2. The ñringlessò transposon mutants harbour secondary 

mutations in the sigB operon conferring a reduced ůB activity 

 To assess whether additional mutations could be present in the transposon 

mutant strains displaying the ring and ñringlessò phenotype, we performed 

WGS on each of them. The location of the transposon insertions was found to 

be identical to those described by Tiensuu et al. (Tiensuu et al., 2013) for eight 

Strains and plasmidsa Transposonb Ring formatione Source 

pKSV7-Plmo2230::egfp NA NA Utratna 2012 

pMAD NA NA Arnaud 2004 

pMAD::æsigB NA NA Marinho 2019 

pMAD::ærsbX NA NA This study 

pEX-K168::ælmo0596 NA NA Eurofins genomic 

pMAD::ælmo0596 NA NA This study 

Escherichia coli One ShotÊ TOP10 NA NA Invitrogen 

L. monocytogenes EGD-e WT - + K. Boor 

L. monocytogenes EGD-e æsigB - - This study 

L. monocytogenes EGD-e ærsbX - NA This study 

L. monocytogenes EGD-e ælmo0596 - + This study 

L. monocytogenes EGD-e æsreB - + Loh 2009 

L. monocytogenes EGD-e A4:E8c (1RsbS (H23R))d + - Tiensuu 2013 

L. monocytogenes EGD-e A4:D7c + - Tiensuu 2013 

L. monocytogenes EGD-e A1:D10c + - Tiensuu 2013 

L. monocytogenes EGD-e A4:B1c + - Tiensuu 2013 

L. monocytogenes EGD-e A3:G10c + - Tiensuu 2013 

L. monocytogenes EGD-e C10:A8c;(2RsbU (E103K))d + - Tiensuu 2013 

L. monocytogenes EGD-e C14:C12c; (3RsbS (H23R))d + - Tiensuu 2013 

L. monocytogenes EGD-e C12:F3c + - Tiensuu 2013 

L. monocytogenes EGD-e C9:C1c + - Tiensuu 2013 

L. monocytogenes EGD-e D9:B6c; (4RsbV (E42R))d + - Tiensuu 2013 

L. monocytogenes EGD-e D2:C10c; (5RsbV (R47Y))d + - Tiensuu 2013 

L. monocytogenes EGD-e B14:A6c + + Tiensuu 2013 

L. monocytogenes EGD-e B15:E2c + + Tiensuu 2013 

eGFP reporter strains Source 

L. monocytogenes EGD-e WT/pKSV7-Plmo2230::egfp Utratna 2012 

L. monocytogenes EGD-e æsigB/pKSV7-Plmo2230::egfp This study 

L. monocytogenes EGD-e A4:E8/pKSV7-Plmo2230::egfp This study 

L. monocytogenes EGD-e C10:A8/pKSV7-Plmo2230::egfp This study 

L. monocytogenes EGD-e C14:C12/pKSV7-Plmo2230::egfp This study 

L. monocytogenes EGD-e D9:B6/pKSV7-Plmo2230::egfp This study 

L. monocytogenes EGD-e D2:C10/pKSV7-Plmo2230::egfp This study 

L. monocytogenes EGD-e B14:A6/pKSV7-Plmo2230::egfp This study 
a see Table 4.2 for full genotype description. 
b presence/absence of chromosomal mariner-based transposon insertion. 
c nomenclature consistent with Tiensuu et al. 2013. 
d transposon mutant strain new designation. 
e Ring formation on soft agar plates in response to cycles of light/dark (ring formation requires ůB) 
NA ï not applicable 
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of the strains tested (Table 4.2). However there were three exceptions; the 

loci reported to carry the transposon insertions in strains 1RsbS (H23R) 

(lmo0040), 2RsbU (E103K) (lmo0124) and 4RsbV (E42R) (lmo0101) were 

somewhat different in the WGS analysis that we performed (Table 4.2). This 

difference is likely due to the different methods used to determinate their 

position in the two studies. 

 

Table 4.2. WGS results for L. monocytogenes EGD-e transposon mutant 
strains. 

 

 

Strain 
code 

Transposon 
location 

Transposon 
location (by WGS) 

SNP location in sigB 

operon
a
 

Frameshift 
resultf 

New strain 
name  

A4:E8 lmo0040 lmo0770c IN(rsbS)67 (+GATC) p.H23Rfs*16 1RsbS (H23R) 

A4:D7 lmo0101/lmo0102b e IN(rsbS)67 (+GATC) p.H23Rfs*16 NA 

A1:D10 lmo0842 e IN(rsbS)67 (+GATC) p.H23Rfs*16 NA 

A4:B1 lmo2682 e IN(rsbS)67 (+GATC) p.H23Rfs*16 NA 

A3:G10 lmo2777 e IN(rsbS)67 (+GATC) p.H23Rfs*16 NA 

C10:A8 lmo0124 lmo0125c æ(rsbU)306 (-G) p.E103Kfs*7 2RsbU (E103K) 

C14:C12 lmo0595/lmo0596b e IN(rsbS)67 (+GATC) p.H23Rfs*16 3RsbS (H23R) 

C12:F3 lmo0774 e æ(rsbU)506 (-AT) p.Y170Rfs*28 NA 

C9:C1 lmo1736 e æ(rsbS)6 (-T) p.D21Efs*6 NA 

D9:B6 lmo0101 lmo0101/lmo0102
b,c,d

 IN(rsbV)136 (+TGTAC) p.R47Yfs*6 4RsbV (E42R) 

D2:C10 lmo2668 e IN(rsbV)120 (+A) p.E42Rfs*17 5RsbV (R47Y) 

B14:A6 g lmo1671 None NA NA 

B15:E2 g lmo2287 None NA NA 

a SNP position in L. monocytogenes chromosome identified by WGS. 

b Transposon insertion located in intergenic region. 

c Different transposon position than initially reported. 

d Not in the same position as A4:D7. 

e Same position as reported by Tiensuu et al 2013. 

f Nomenclature adapted from Human Genome Variations Society (den Dunnen et al 2016). For example, in 

ñp.H23Rfs*16ò, p.H23R refers to the first encoded residue affected in the new protein, resulting in a histidine to 

arginine substitution at the codon 23, while fs*16 refers to the number of codons in the new reading frame that 

would be translated prior to encountering a stop codon. 

g Not previously analysed through WGS (Tiensuu et al 2013). 

NA ï not applicable. 
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An analysis of the genome sequences for single nucleotide polymorphisms 

(SNPs) revealed that all eleven of the ñringlessò mutant strains had mutations 

in the sigB operon. Specifically, either the rsbS, rsbU or rsbV genes carried 

frameshift mutations that were predicted to result in deeply truncated versions 

of the corresponding protein products (Fig. 4.2 and Table 4.2). Six of the 

transposon mutant strains carried the same mutant allele in the rsbS gene, a 

four nucleotide insertion resulting in a premature stop at codon 38 (H23R; 

Table 4.2). The other five mutant strains all carried unique frameshift alleles 

in rsbU, rsbS, or rsbV (Table 4.2). The two ring-forming control strains 

selected for our study (B14:A6 and B15:E2) showed no mutation in any of the 

sigB operon genes. Based on the known functions of the proteins encoded by 

the sigB operon it seemed likely that these mutations, rather than the 

transposon insertions, were responsible for both the ñringlessò and acid-

sensitive phenotypes. 

 

 

To investigate this further we focused attention on strain 3RsbS (H23R), 

predicted to express a truncated RsbS protein, since the loss of ring formation 

in this transposon-carrying strain was partially complemented in the study by 

Tiensuu et al. by providing the gene affected by the transposon insertion 

(lmo0596) in trans (Tiensuu et al., 2013). The complementation suggested that 

the transposon insertion was responsible for the ringless phenotype, rather 

than the SNP in the rsbS gene, which we now suspected to be the principal 

Figure 4.2. Locations of the frameshift mutations in the sigB operon. 

Layout of the sigB operon with the respective promoter regions and terminator. Each 

arrow representing the ORF of mazE, mazF, rsbR, rsbS, rsbT, rsbU, rsbV, rsbW, 

sigB and rsbX with the respective location of the identified mutations. White sections 

of the ORF represent the alternate reading frame produced by the frameshift 

mutations in rsbS, rsbU and rsbV until a PMSC is encoded. 
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cause of the phenotype. The WGS analysis revealed that the transposon was 

located 186 bp upstream from the start codon of lmo0596 and 40 upstream 

from the divergently transcribed gene sreB, which encodes a sRNA S-

adenosylmethionine (SAM) riboswitch (Loh et al., 2009). We reasoned that if 

disruption of either lmo0596 or sreB was responsible for the ringless 

phenotype then deletion of either gene should produce a similar phenotype. 

Deletion of neither gene produced a ringless phenotype, whereas loss of sigB 

produced the expected loss of ring formation (Fig. S1A Appendix V). If the 

transposon impacted ůB activity through effects on either lmo0596 or sreB then 

loss of these genes might be expected to affect acid tolerance, another highly 

ůB-dependent phenotype. However deletion of neither gene produced any 

detectable effect on survival at pH 2.5, unlike the DsigB mutation, which 

produced an acid sensitive phenotype (Fig. S1B-C Appendix V). Similarly, if 

the transposon insertion in this strain was affecting ůB activity via an effect on 

these genes the transposon might be expected to affect the transcription of 

one or both genes. RT-qPCR was used to measure the relative levels of 

lmo0596 and sreB transcription in the transposon carrying strain 3RsbS 

compared to the wild-type, the DsigB mutant, and two other transposon-

carrying strains (the ring forming strain B12:A6 and the ringless strain 1RsbS). 

The transcription of lmo0596 was confirmed to be ůB-dependent, as earlier 

suggested (Rauch et al., 2005), but no difference in transcription was observed 

between the 3RsbS and 1RsbS strains, which carry transposon insertions in 

completely separate loci (Fig. S1D Appendix V; Table 4.2). Neither was sreB 

transcription affected by the presence of the transposon (Fig. S1D Appendix 

V). Finally, the deletion of lmo0596 had no effect on the transcription of the ůB-

dependent gene lmo2230 suggesting that this gene does not play a role in 

regulating ůB activity (Fig. S1E Appendix V). Taken together these results 

suggest that the transposon insertion in strain 3RsbS is not responsible for the 

observed ringless phenotype in 3RsbS (H23S) and we therefore we conclude 

that the altered phenotype in the 3RsbS (H23R) transposon mutant is solely 

due to the frameshift mutation in rsbS, and suggest that the sigB operon 

mutations in the other strains are most likely responsible for their ůB-related 

phenotypes too.  
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To investigate this further ůB activity was measured in these strains using a 

previously described transcriptional reporter that fuses the highly ůB-

dependent promoter of lmo2230 (annotated as a putative arsenate reductase) 

to the enhanced green fluorescent protein gene (egfp) (Utratna et al., 2011). 

This reporter was integrated into the genome, upstream of the original 

promoter of lmo2230, of the WT, the æsigB mutant strain and seven of the 

transposon insertion strains, including five ñringlessò and two ring-forming 

control strains. Fluorescence was recorded by fluorescence microscopy 

following growth to stationary phase at 37ÁC, a condition where ůB is known to 

be highly active (Utratna et al., 2011, 2012). As expected the æsigB mutant 

strain had almost no detectable fluorescence while the WT and ring-forming 

transposon control strains (B14:A6 and B15:E2) produced a strong fluorescent 

signal (Fig. 4.3A-B). In contrast the ñringlessò strains that carried mutations in 

rsbS, rsbU or rsbV all produced a greatly reduced fluorescence signal, albeit 

not as low as the æsigB deletion mutant strain. Western-blotting was used to 

determine the levels of eGFP protein in the reporter strains under the same 

growth conditions. The results confirmed what was observed microscopically; 

very low levels of eGFP expression in the æsigB mutant strain and in the strains 

harbouring sigB operon mutations, but not in the WT or ring-forming 

transposon mutant strains (Fig. 4.3 C-D). These data confirmed that ůB activity 

was reduced in the strains that displayed both an acid-sensitive and ringless 

phenotype. The most parsimonious explanation for these observations is that 

the sigB operon alleles in the ñringlessò mutant strains were directly 

responsible for the reduced ůB activity and associated phenotypes, especially 

since defined mutations in these genes, in both L. monocytogenes and B. 

subtilis, have previously been shown to result in reduced ůB activity (Benson 

& Haldenwang, 1992; Chaturongakul & Boor, 2004; OôDonoghue, 2016; 

Quereda et al., 2013; Shin et al., 2010; Tran et al., 2019; Utratna et al., 2014; 

Zhang et al., 2013). Moreover, the ring-forming transposon mutant strains 

used as controls exhibited similar phenotypes to the WT strain. It is highly 

unlikely therefore that the transposons themselves were responsible for any 

of the phenotypes detected in these strains. 
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Figure 4.3. Transposon mutant strains carrying sigB operon mutations all have 

decreased ůB activity. 

Stationary phase cultures grown at 37ÁC of WT, æsigB and transposon mutant strains 

transformed with pKSV7-Plmo2230::egfp. Measurements of fluorescence were made 

through (A) images obtained by fluorescence microscopy (B) Particle quantification 

from fluorescence microscopy images. A total of 15 images were taken across three 

biological replicates. Particle counts were normalized against the WT strain and 

converted to percentage. (C) western-blot using anti-GFP antibodies, arrow shows 

eGFP protein with a size of 27 kDa. (D) Percentage of eGFP quantification normalized 

against the WT obtained from western-blot images. Data generated from three 

independent biological replicates. Statistical analysis performed through a paired 

Studentôs t-test (* = p value < 0.05; ** = p value < 0.01; *** = p value < 0.001; NS ï 

non-significant). 
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4.4.3. The rsbS frameshift results in a polar effect on rsbT 

The sigB operon has the gene order mazEF-rsbRSTUVW-sigB-rsbX, with a 

ůA promoter located upstream from rsbR and a ůB-dependent promoter 

upstream from rsbV (Fig. 4.2). Mutations in rsbS, rsbU and rsbV could 

potentially produce polar effects on downstream genes further impacting the 

pathway leading to ůB activation. To address this western-blots were 

performed using polyclonal antibodies against RsbT and ůB on each of the 

strains. The levels of RsbT were markedly reduced in the ñringlessò strains 

carrying the rsbS H23R allele but were similar to the WT in the strains carrying 

either the rsbU or rsbV frameshift alleles (Fig. 4.4A). In contrast the levels of 

ůB protein were similar in all the strains (with the exception of the æsigB mutant 

strain) (Fig. 4.4B). These data show that the effects of the rsbU and rsbV 

frameshift alleles on ůB activity are probably directly caused by the loss of 

these proteins. The rsbS frameshift allele affects the expression of RsbT, 

suggesting that these genes may be translationally coupled and that the loss 

of ůB activity in this strain likely arises through a loss of both stressosome-

associated proteins.  

  

Figure 4.4. Frameshift mutations in rsbS produce a polar effect resulting in the 

inhibition of RsbT translation. 

Western-blot images obtained from total protein extractions of stationary phase WT, 

æsigB, and transposon mutant strains grown at 37°C. Western-blots were probed with 

rabbit polyclonal (A) anti-RsbT and (B) anti-ůB antibodies. Arrows point to the 

respective proteins, RsbT with a predicted size of 14.7 kDa and ůB with 29.5 kDa. 
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4.4.4. Reduced ůB activity confers increased growth rate at higher 

temperatures 

Since the procedure for generating the transposon mutants involved an 

incubation step at a range of different temperatures (Cao et al., 2007; Tiensuu 

et al., 2013) we hypothesised that sigB operon mutations might arise if the 

mutant strains had a growth advantage in these conditions. To assess this 

cultures of the WT, æsigB mutant strain, one of the ñringlessò mutant strain 

(designated 2RsbU (E103K)) and a ring-forming transposon mutant strain 

control (B14:A6) were grown at 30ÁC, 37ÁC, 40ÁC and 42°C and their growth 

rates determined (Fig. 4.5). At 30°C there was no significant effect of the 

genotype on the growth rates, whereas at the higher temperatures the 

ñringlessò mutant strains lacking sigB or with an rsbU frameshift allele (E103K) 

exhibited a slight increase in the growth rate. At 42°C these two mutant strains 

grew noticeably faster than the WT and ring-forming control B14:A6 strains, 

especially as the cultures approached stationary phase between 4 to 7 h after 

inoculation (Fig. 4.5D). This finding raised the possibility that mutations arising 

spontaneously in the sigB operon could be selected for at higher temperatures 

because of a growth advantage relative to WT cells possibly due to the 

reduced ůB activity. 

To further examine this possibility we performed mixed culture competition 

experiments to determine if the growth rate advantage would enable the æsigB 

and sigB mutants to outcompete the WT during growth at elevated 

temperatures. Cultures were prepared that mixed the WT with the æsigB 

mutant strain or the ñringlessò rsbU mutant strain (2RsbU (E103K)) or the ring-

forming control strain B14:A6 mutant strain in a ratio of 1000:1 (WT:mutant). 

Cultures were grown over a period of 5 days, with a daily passage into fresh 

medium and dilutions were plated daily onto BHI agar to determine the relative 

proportion of each strain. The erythromycin resistance of the transposon 

containing strains was used to differentiate the WT from mutant strains, while 

a difference in the colony colour was used to discriminate the WT and the 

DsigB mutant strain, as described in the materials and methods. When the 

mixed cultures were grown at 42ÁC the ñringlessò mutant strains carrying the 

rsbU frameshift allele accumulated steadily, reaching approximately 50% of 
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the population after 5 days (Fig. 4.6A). In contrast the ring-forming control 

strain did not accumulate in the culture over this period (Fig. 4.6B). At 42°C 

the æsigB mutant strain accumulated within the population, dominating it 

(80:20) by the end of 5 days. However at 30°C, where this growth advantage 

was absent (Fig. 4.5A), the æsigB mutant strain failed to fully dominate the 

population, reaching approximately 10% by the end of 5 days (Fig. 4.6D). 

When cultures were mixed 1:1 and grown at 42°C the advantage was less 

evident for the ñringlessò strain carrying the rsbU allele but the æsigB mutant 

strain still dominated the WT under these conditions (Fig. S2 Appendix V). 

When the WT was started as the minority strain (1:1000) in these competition 

Figure 4.5. Loss of ůB activity associated with increased growth rate at 

elevated temperatures. 

Measurements of OD600 of WT, æsigB, 2RsbU (E103K) and B14:A6 were performed 

every hour for 12 hours in BHI at (A) 30°C, (B) 37°C, (C) 40°C and (D) 42°C. (E) 

Growth rates in hours were calculated by using Log10 (OD600) of the transition period 

from data points between 4 and 5 hours (for 37°C, 40°C and 42°C) and 5 and 6 

(30°C). Data generated for three biological replicates. Statistical analysis was 

performed using a paired Studentôs t-test (* = p value < 0.05; ** = p value < 0.01; *** 

= p value < 0.001; NS ï non-significant). 
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assays it failed to emerge as the dominant population when competed against 

any of three mutant strains tested (Fig. S2E-G Appendix V).  Overall the data 

suggest that strains with reduced ůB activity can accumulate in a mixed 

population when the growth temperature is elevated. 

 

 

 

 

4.4.5. Loss of rsbX results in reduced competitiveness 

The observations above suggest that a growth advantage arises in strains with 

reduced ůB activity when a mild heat stress is present. A corollary of this 

Figure 4.6. Loss of ůB activity is associated with a competitive advantage at 

42ęC. 

Cultures mixed in ratios of 1000:1 of (A) WT with 2RsbU (E103K), (B) WT with 

B14:A6, (C) WT with æsigB incubated at 42°C and (D) WT with æsigB incubated at 

30°C. Passages were made every 24 hours for 5 days. WT and transposon mutant 

strains were distinguished by erythromycin resistance. WT and æsigB mutant strains 

were distinguished by colony coloration. Results are depicted in relative abundance 

of CFU.mL-1. Data generated for three independent biological replicates. Statistical 

analysis was performed using a paired Studentôs t-test (* = p value < 0.05; ** = p 

value < 0.01; *** = p value < 0.001; NS ï non-significant). 
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conclusion is that increased ůB activity might be expected have a negative 

effect on growth and competitiveness. In the current model of ůB regulation in 

L. monocytogenes RsbX is believed to act as phosphatase whose function is 

to reset the resting state of the stressosome following a stress signalling event 

(Chen et al., 2003; Eymann et al., 2011). Thus RsbX plays a negative role in 

regulating ůB activity and the loss of RsbX is expected to have produced a 

strain with elevated ůB activity. To investigate this, competition experiments 

were performed with a ærsbX mutant strain to test the competitiveness of this 

strain relative to the WT at both 30ęC and 42ęC (Fig. 4.7). When ærsbX was 

present as the minority strain (1000-fold under-represented at the start of the 

experiment) it failed to dominate the culture over 5 days of passaging, 

regardless of the temperature (Fig. 4.7A-B), although it did recover its 

population somewhat over this period. When the WT was the minority strain it 

outgrew ærsbX over the same time period (Fig. 4.7C-F), showing that the WT 

had a competitive advantage over the mutant strain. When the populations 

were equal at the start of the experiment the WT tended to dominate the mixed 

cultures (Fig. 4.7B-E). This result was observed at both incubation 

temperatures, probably because the growth of the DrsbX strain was inhibited 

regardless of the temperature. Overall these results are consistent with the 

idea that mutations that increase ůB activity produce a growth disadvantage. 
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Figure 4.7. Competitive advantage of WT strain when challenged against ærsbX 

mutant strain at both 30°C and 42°C. 

Competition experiments of mixed cultures of WT and ærsbX mutant strains 

performed at 42°C and 30°C, showing the relative abundance in percentage of 

CFU.mL-1. Cultures incubated at 42°C were mixed in ratios of (A) 1000:1 (B) 1:1, (C) 

1:1000 of WT:ærsbX, respectively. The same ratios were mixed and incubated at 

30°C in (D), (E) and (F). Passages were made every 24 hours for 5 days. Statistical 

analysis performed through a paired Studentôs t-test (* = p value < 0.05; ** = p value 

< 0.01; *** = p value < 0.001). 
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4.4.6. Premature stop codons occur with a higher than average 

frequency in the positive regulators of ůB within the sigB operon 

The occurrence of sigB operon mutations in this study and in other studies 

(Asakura et al., 2012; Hauf et al., 2019; Hingston et al., 2017; OôDonoghue, 

2016; Quereda et al., 2013; Tran et al., 2019) prompted us to investigate 

whether undocumented premature stop codons (PMSCs) might be present in 

the sigB operon in genome sequences deposited in public databases, so we 

searched for PMSCs in the sigB operon among 22,340 of L. monocytogenes 

genome assemblies. The PMSC rate per 100 bp (expressed as a % rate per 

100 bp to normalise for gene length) for genes in the sigB operon that 

positively affect ůB activity (rsbV, rsbT and rsbU) was considerably higher than 

for genes that act negatively (rsbW and rsbX). Indeed of all the genes we 

included in the analysis, rsbU was found to have the highest occurrence of 

PMSC (Fig. 4.8A-B).  Unexpectedly, mazF showed a high PMSC rate similar 

to rsbV, rsbT and rsbU. The gene mazF encodes for an endoribonuclease, a 

component of a toxin/anti-toxin system along with mazE, which is speculated 

to be an additional regulator for ůB in S. aureus (Fu et al., 2009; Schuster et 

al., 2015) and have a positive effect in ůB-dependent genes in L. 

monocytogenes in the presence of norfloxacin (Curtis et al., 2017). The high 

PMSC rate in mazF may be associated with its putative positive regulation on 

ůB thus it may also be subjected to the same selection pressure as ůB positive 

regulators. Interestingly rsbW, which encodes the anti-sigma factor that 

negatively regulates ůB activity, had no occurrence of PMSCs. As expected, 

essential genes such as sigA, which encodes the principal housekeeping 

sigma factor in L. monocytogenes, have a very low rate of PMSC occurrence, 

suggesting that this measure reflects the biological significance rather than 

just sequencing errors in the database. Interestingly, we found that the gene 

inlA, encoding for the internalin A was found to possess a very high PMSC 

rate per 100 bp (0.86% from a total of 4576 PMSCs found; data not shown). A 

previous study found that many of L. monocytogenes strains in lineage II 

possess PMSCs in inlA (Orsi et al., 2007), for this reason we excluded this 

gene from Fig. 4.8. Interestingly, inlB which shares the same operon as inlA, 

also possess a high PMSC rate, although not as high as inlA (Fig. 4.8).  
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Figure 4.8. Occurrence of PMSCs is elevated in genes encoding positive 

effectors of ůB activity. 

Results of the PMSC mutations retrieved from the in silico analysis of the 22,340 

genomes L. monocytogenes strains available. (A) The total number of identified PMSC 

by the ORF length in base pairs and (B) PMSC rate normalized by 100 bp of the ORF 

length, displaying genes compromising the sigB operon and characterized as putative 

positive regulator of ůB activity are displayed (red), the putative ůB negative regulator 

rsbX and rsbW (black) and mazEF (orange) genes. MLST genes are displayed (blue), 

rsbR paralogues (purple). Housekeeping gene sigA and the sigma factors sigL and 

sigH (grey). Two genes downstream of the sigB operon, lmo0897 and lmo0898 and 

genes encoding for metabolic pathways of glutathione (lmo1702, lmo0983, lmo1433, 

lmo0906 and lmo2770), glycerol (lmo1293), threonine (thrC), isoleucine (ilvA and ilvB) 

and glucose (lmo2253) (green) and prfA, inlB, hly, plcA and plcB (brown), respectively. 

The area indicated by the Red square area is expanded in (C). 
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Taken together these data indicate that within the published genome 

sequence data for L. monocytogenes there is a high occurrence of mutations 

that are predicted to reduce ůB activity and low occurrence of mutations that 

would act to increase it. 

 

 

4.5. Discussion 

In this study we investigated the emergence and selection of spontaneous 

mutations inactivating ůB within populations of L. monocytogenes. We first 

identified these mutations in a collection of L. monocytogenes ñringlessò 

transposon mutant strains whose response to visible light was altered, a 

phenotype that requires both the blue light sensor RsbL and the stress-

inducible sigma factor ůB (Tiensuu et al., 2013). One interpretation of the 

mutantsô behaviour was that the transposon insertions somehow influenced 

the signal transduction pathway leading to ůB activation in response to light. 

Unexpectedly we found that, in addition to the transposon insertions, all of the 

ñringlessò mutant strains we sequenced carried mutations in the sigB operon 

(rsbS, rsbU or rsbV), which were predicted to produce premature stop codons 

in the corresponding coding sequences. In addition to the ñringlessò 

phenotype, the transposon mutant strains also exhibit reduced acid tolerance 

and a marked decrease in ůB activation when compared to the WT strain. We 

conclude that the ñringlessò and acid sensitive phenotypes of these mutant 

strains are due to the presence of the sigB operon mutations rather than the 

transposon insertions(Tiensuu et al., 2013). These mutations most likely 

interfere with signal transduction through the ůB regulatory pathway since they 

are predicted to affect stressosome function (rsbS), dephosphorylation of the 

anti-anti sigma factor RsbV (rsbU, which encodes a phosphatase) or partner 

switching with the anti-sigma factor RsbW (rsbV). Indeed these data provide 

additional genetic support for the existing model for ůB activation in L. 

monocytogenes, reviewed in (Dorey, Marinho, et al., 2019; Tiensuu et al., 

2019).  
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In previous studies, knockout deletions of the rsbS, rsbV or rsbU genes in both 

L. monocytogenes and B. subtilis resulted in the impairment of the signal 

transduction and reduced resistance against stress (Benson & Haldenwang, 

1992; Chaturongakul & Boor, 2004; OôDonoghue, 2016; Quereda et al., 2013; 

Shin et al., 2010; Tran et al., 2019; Utratna et al., 2014; Zhang et al., 2013). 

The premature stop codons identified in this study do not result in the full loss 

of ůB activity, since the ůB-dependent Plmo2230::egfp reporter is still expressed 

in these transposon mutant strains (Fig. 4.3) and this correlates with an 

intermediate acid tolerance phenotype, between that of WT and the æsigB 

mutant strain (Fig. 4.1). It is noteworthy that no mutations were detected in 

sigB itself, which could suggest that partial loss of function might be more 

advantageous than complete loss of ůB activity. The extent of the ůB activity 

detected appears to depend on which sigB operon frameshift allele is present. 

There is significantly more ůB activity present in strains carrying the frameshift 

allele encoding RsbS-H23R than there is in the strains carrying either of the 

two rsbV frameshift alleles (Fig. 4.3). This result suggests that loss of a 

functional RsbV has a greater impact on ůB activity than loss of RsbS. RsbV 

serves as an anti-anti sigma factor, whose role is to sequester the anti-sigma 

factor RsbW during stress conditions, thereby releasing ůB for participation in 

transcription, while RsbS is an integral component of the stressosome stress-

sensing apparatus (Marles-Wright & Lewis, 2008; Pané-Farré et al., 2017). It 

is possible that some stress signals can still be transduced through the 

pathway in the absence of RsbS but that this is less likely in the absence of 

RsbV. In B. subtilis there is additional input into the pathway, which allows 

energy stress to be sensed via the RsbP and RsbQ proteins, independently of 

the stressosome (Voelker et al., 1996). This pathway is not present in L. 

monocytogenes (Chaturongakul & Boor, 2004) but this does not preclude 

some other stressosome-independent means of transducing stress signals in 

this pathogen. Indeed there is evidence that even in the absence of RsbV 

some ůB activation can occur in some growth conditions (Utratna et al., 2014). 

In B. subtilis RsbV-independent activation of ůB occurs at elevated 

temperatures (Holtmann et al., 2004) and in L. monocytogenes similar 

observations have been made during growth at low temperatures (Brigulla et 

al., 2003; Utratna et al., 2014). The possibility that RsbW could be regulated 
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post-translationally, for example by proteolysis, allowing an additional layer of 

control over ůB is certainly worthy of further investigation. 

 

4.5.1. Emergence of mutated alleles within the sigB operon 

The data presented here suggest an explanation for the common detection of 

mutations in the sigB operon of L. monocytogenes (Asakura et al., 2012; Hauf 

et al., 2019; Hingston et al., 2017; Hsu et al., 2020; Quereda et al., 2013; Tran 

et al., 2019), including an earlier study in our own laboratory where an rsbV 

missense mutation arose during routine subculture (OôDonoghue, 2016). 

Although the occurrence of sigB operon mutations has been reported by 

others, the mechanism(s) that drives the selection of these mutations has 

remained elusive. Here we show that loss of ůB function confers a competitive 

advantage in conditions where sub-lethal stress (in this case heat stress) 

prevails. The advantage is manifested both as increased growth rate (Fig. 4.5) 

and increased competitiveness in mixed cultures (Fig. 4.6). Furthermore, the 

absence of rsbX which is predicted to increase ůB activity confers a 

competitive disadvantage under the same conditions (Fig. 4.7). Since a variety 

of the protocols for genetically modifying L. monocytogenes include a step with 

prolonged incubation at elevated temperature (typically 40-44ęC) to prevent 

replication of plasmids possessing a heat-sensitive origin of replication, used 

in order to encourage allele integration into the chromosome (Arnaud et al., 

2004; Cao et al., 2007), it is possible that this provides the necessary selective 

pressure to select mutant strains that negatively affect ůB activity. Previous 

studies have reported fast-growth phenotypes for L. monocytogenes mutant 

strains lacking ůB in stress conditions. In the presence of inhibitory doses of 

blue light sigB mutant strains grow faster than the WT in liquid and solid media 

(OôDonoghue, 2016). In glucose-limited conditions mutant strains lacking ůB 

or the positively acting regulators RsbT or RsbV were found to grow faster 

than the WT parent (Chaturongakul & Boor, 2004). A similar phenotype was 

observed during growth at 3ęC (Brøndsted et al., 2003) and in conditions of 

osmotic stress (Abram et al., 2008). Indeed, there is evidence in B. subtilis that 

mutant strains lacking ůB can dominate the population in nutrient-limited 
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chemostats (Schweder et al., 1996). Taken together with the findings 

presented in this study, where a competitive advantage is demonstrated for 

mutant strains with reduced ůB activity in mixed populations, it seems likely 

that this phenotype is the reason for the common emergence of mutations 

affecting ůB activity during routine laboratory culture of this pathogen. 

An analysis of the over 22,000 L. monocytogenes publically available genome 

assemblies revealed a high rate of premature stop codons within genes of the 

sigB operon that positively regulate ůB activity (Fig. 4.8), suggesting that there 

is some selective pressure driving this process. It is not possible to determine 

precisely when these PMSCs occurred and so it is unclear at present whether 

these mutations arose during laboratory culture or whether they were already 

present in the wild isolates. It is possible that conditions other than mild heat 

stress can confer a growth advantage on mutant strains with reduced ůB 

activity, as has been observed previously with light stress and salt stress 

(Abram et al., 2008; OôDonoghue et al., 2016). In E. coli prolonged starvation 

during stationary phase frequently results in mutant strains displaying a so-

called GASP (Growth Advantage in Stationary Phase) phenotype and these 

arise as a result of reduced expression or activity of ůS (RpoS), the sigma 

factor that controls the general stress response in that organism (Finkel, 2006; 

Zambrano & Kolter, 1996). Indeed mutations affecting rpoS frequently arise 

during lab domestication of E. coli strains (Liu et al., 2017). A similar 

explanation has been postulated to account for these observations in E. coli; 

namely the loss of ůS function arises when a fitness advantage accrues 

through the allocation of resources to growth rather than to the costly general 

stress response (Gudelj et al., 2010; Maharjan et al., 2013). Thus the 

phenomenon we describe in this study is likely a reflection of a general 

biological principal where competition within populations occasionally favours 

the emergence of variants that have acquired a growth advantage at the 

expense of their ability to withstand potentially lethal stress. 
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4.5.2. ůB deployment is a trade-off between growth and survival 

Our study raises the important questions of how and why ůB negatively affects 

growth and competitiveness in mixed cultures. A number of possible, perhaps 

co-existing, models could account for these phenomena. Firstly, it is possible 

that the expression of the large ůB regulon (approximately 300 genes), many 

components of which are actively involved in homeostatic and repair functions, 

might represent a significant energy burden on the cells. Freeing the cells from 

this energy burden could make more resources available for biosynthesis and 

growth. Secondly it is possible that there is a limited transcriptional capacity in 

the cell and the absence of ůB allows the housekeeping sigma factor (ůA) to 

have greater access to the RNA polymerase core enzyme, which leads to 

more efficient transcription of genes involved in growth-related functions. This 

idea has been proposed previously to account for the emergence of sigma S 

(rpoS) mutations in E. coli (Farewell et al., 1998; Notley-McRobb et al., 2002; 

Nyström, 2004). Thirdly it is possible that ůB actively restricts growth, perhaps 

to ensure that protection and repair functions have sufficient time to mitigate 

the damaging effects of stress. We recently provided evidence for this model 

as we identified a sRNA under ůB transcriptional control (Rli47) that acts to 

restrict the biosynthesis of isoleucine, even when isoleucine is absent from the 

growth medium (Marinho et al., 2019). This somewhat surprising finding could 

provide evidence of deliberate ůB-controlled growth restriction. It is clear that 

further experiments will be needed to specifically test these possibilities and 

establish the basis for the fast growth phenotype associated with loss of ůB 

activity.  

Overall this study highlights the frequent occurrence of secondary mutations 

negatively affecting ůB activity in newly constructed strains of L. 

monocytogenes. It further suggests that caution needs to be exercised by 

researchers to ensure that this issue does not confound the interpretation of 

phenotypic data, especially where temperature selection has been used 

during the strain construction. The availability and comparative affordability of 

whole genome sequencing for bacteria makes it possible to routinely 

sequence the genomes of newly constructed strains in order to avoid this issue 

and indeed the availability of this data will make it easier to compare the 
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behaviour of strains between groups. Finally, the study clearly illustrates the 

cost to the cell of deploying the ůB-mediated general stress response; 

protection against stress is a resource-intensive process, but presumably the 

long-term survival benefits outweigh the short costs. 
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5.1. Abstract 

The alternative sigma factor B (ůB) contributes to the stress tolerance of the 

foodborne pathogen Listeria monocytogenes by upregulating the General 

Stress Response. We previously showed that ůB loss-of-function mutations 

arise frequently in strains of L. monocytogenes, and suggested that mild 

stresses might favour the selection of such mutations. In this study, we 

performed in vitro evolution experiments (IVEE) where L. monocytogenes was 

allowed to evolve over 30 days at elevated (42°C) or lower (30°C) incubation 

temperatures. Isolates purified throughout the IVEE revealed the emergence 

of sigB operon mutations at 42°C. However, at 30°C independent alleles in the 

agr locus arose, resulting in the inactivation of the Agr quorum sensing. 

Colonies of both sigB- and agr- strains exhibited a greyer colouration on 7-

days-old agar plates compared with the parental strain. Scanning electron 

microscopy revealed a more complex colony architecture in the wild type than 

in the mutant strains. sigB- strains outcompeted the parental strain at 42°C, 

but not at 30°C, whilst agr- strains showed a small increase in competitive 

fitness at 30°C. Analysis of 40,080 L. monocytogenes publicly available 

genome sequences revealed a high occurrence rate of premature stop codons 

in both the sigB and agrCA loci. An analysis of a local L. monocytogenes strain 

collection revealed 5 out of 168 strains carrying agrCA alleles. Our results 

suggest that the loss of ůB or Agr confer an increased competitive fitness in 

some specific conditions and this likely contributes to the emergence of these 

alleles in strains of L. monocytogenes. 
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5.2. Importance 

To withstand environmental aggressions L. monocytogenes upregulates a 

large regulon through the action of the alternative sigma factor B (ůB). 

However, ůB becomes detrimental for L. monocytogenes growth under mild 

stresses, which confer a competitive advantage to ůB loss-of-function alleles. 

Temperatures of 42°C, a mild stress, are often employed in mutagenesis 

protocols of L. monocytogenes and promote the emergence of ůB loss-of-

function alleles in the sigB operon. In contrast, lower temperatures of 30°C 

promote the emergence of Agr loss-of-function alleles, a cell-cell 

communication mechanism in L. monocytogenes. Our findings demonstrate 

that loss-of-function alleles emerge spontaneously in laboratory-grown strains. 

These alleles rise in the population as a consequence of the trade-off between 

growth and survival imposed by the activation of ůB in L. monocytogenes. 

Additionally, our results demonstrate the importance of identifying unwanted 

hitchhiker mutations in newly constructed mutant strains. 

 

5.3. Introduction 

The Gram-positive bacterium Listeria monocytogenes is a robust foodborne 

pathogen found in a wide range of environments, such as soil, water, and 

faeces from both animals and humans (reviewed in (Hafner et al., 2021; 

NicAog§in & OôByrne, 2016). L. monocytogenes is the aetiological agent of the 

disease listeriosis and is frequently associated with high mortality rates 

(typically 20-30%) (WHO, 2018). Listeriosis is especially hazardous for 

children, pregnant women, elderly people and immunocompromised patients. 

To establish an infection L. monocytogenes relies on its ability to withstand the 

extreme acidic pH of the stomach, as well as the osmotic stress and bile 

encountered in the duodenum (Gaballa et al., 2019; Sleator et al., 2009; 

Tiensuu et al., 2019). 

The alternative sigma factor ůB is responsible for the transcriptional control of 

a large regulon (~300 genes, or approximately 10% of L. monocytogenes 

genes) designated the general stress response (GSR) regulon, whose 
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principal function is to protect against environmental stress (reviewed in 

(Guerreiro et al., 2020; Liu et al., 2019; Tiensuu et al., 2019). ůB is also 

implicated in L. monocytogenes virulence by regulating the expression of the 

internalins inlA and inlB (Kim et al., 2005). These cell wall-associated proteins 

enhance L. monocytogenes invasion towards non-phagocytic cells at the 

intestinal epithelium (Ireton & Cossart, 1997; Lecuit et al., 2001) through 

interactions with the E-cadherin and Met receptors, respectively (Mengaud et 

al., 1996; Shen et al., 2000). The activity of ůB is controlled through a complex 

signal transduction cascade, where a stress-sensing protein complex known 

as the stressosome (composed of RsbR, RsbS and RsbT) integrates 

environmental stress signals into the ůB pathway. The current model proposes 

that following a stressful stimulus the kinase RsbT phosphorylates RsbR and 

RsbS leading to the subsequent release of RsbT from the stressosome. Free 

RsbT then interacts with and activates the phosphatase activity of RsbU, 

whose substrate is the phosphorylated anti-anti sigma factor RsbV. RsbV then 

sequesters RsbW, the anti-sigma factor that prevents ůB from associating with 

RNA polymerase under non-stress conditions. The RsbV-RsbW interaction 

favours the association of ůB with the RNA polymerase, to form the 

holoenzyme EůB and consequently transcription of the GSR regulon. Once the 

stress conditions abate, or the cell has adequately responded to them, the 

stressosome is reset to a sensing-competent state through the action of the 

RsbX phosphatase, which re-establishes the appropriate phosphorylation 

state of RsbR and RsbS (Oliveira et al., 2021; Xia et al., 2016). All the proteins 

involved in this signal cascade are encoded by the sigB operon, which 

comprises rsbRSTUVW-sigB-rsbX (Ferreira et al., 2004).  

ůB plays an important role in enhancing L. monocytogenes resistance towards 

a wide range of lethal stresses (reviewed in (Guerreiro et al., 2020; NicAogáin 

& OôByrne, 2016; OôByrne & Karatzas, 2008). However, deploying ůB under 

certain mildly stressful conditions comes with a cost, evidenced by an increase 

in growth rate for mutants lacking this sigma factor (Brøndsted et al., 2003; 

Chaturongakul & Boor, 2004; OôDonoghue et al., 2016). Recently we reported 

that mild heat stress (42ÁC) gives mutants lacking ůB a competitive advantage 

in mixed cultures (Guerreiro et al., 2020). Many of the genetic techniques used 
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with L. monocytogenes rely on plasmids with a temperature-sensitive 

replication origin unable to replicate at temperatures above 37°C (e.g. ori 

pE194ts in pMC39 a transposon delivery vector (Cao et al., 2007) and pMAD, 

a vector widely used for L. monocytogenes mutagenesis (Arnaud et al., 2004)). 

We also reported that the rate of premature stop codon (PMSC) occurrence in 

the sigB operon is unusually high, suggesting that sequenced strains might be 

subject to selective pressures for loss of ůB function (Guerreiro et al., 2020). 

Taken together these observations suggested that mild stress during 

laboratory culture might select for ůB loss-of-function mutations. The present 

study sought to investigate whether extended growth at elevated temperature 

(42ÜC) would give rise to mutations affecting ůB activity. 

In L. monocytogenes quorum sensing is mediated by the Agr system, which is 

encoded by a four-gene operon (agrBDCA). AgrC (histidine kinase) and AgrA 

(response regulator) form a two-component system that senses the 

concentration of a signalling peptide that is encoded by agrD and secreted by 

AgrC (Zetzmann et al., 2016). The Agr system is crucial for cell surface 

attachment and biofilm formation when L. monocytogenes is growing at lower 

temperatures (25-30°C) (Garmyn et al., 2011; Riedel et al., 2009; Rieu et al., 

2008).  Deletion of either the agrA or agrD genes in L. monocytogenes EGD-

e results in significant changes in global gene expression in log-phase 

cultures. There is a significant overlap between the genes affected by the loss 

of Agr and the ůB regulon, suggesting a regulatory connection between the 

general stress response and quorum sensing systems (Dorey, Marinho, et al., 

2019; Garmyn et al., 2012; Marinho et al., 2020; Riedel et al., 2009). 

In this study, in vitro evolution experiments (IVEE) were performed to 

determine whether mutations affecting ůB activity were selected in populations 

passaged for a 30-day period at 42°C compared to control cultures grown at 

30°C. A colony phenotype associated with loss-of ůB function was used to 

detect the emergence of potential sigB operon mutations in evolved 

populations; mutants lacking sigB have a grey colony phenotype (Guerreiro et 

al., 2020). Whole genome sequencing, performed on multiple isolates from 

both populations, revealed that sigB loss-of-function mutations arise at 42°C 

but not at 30°C. However, grey colony variants did emerge at 30 C̄ but were 
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found to harbour mutations in the agr operon, specifically in agrA and agrC, 

but not in the sigB operon. An analysis of the published genome sequences of 

over 40,000 L. monocytogenes strains revealed that agrA and agrC mutations 

occur at a high rate compared to the other two-component systems suggesting 

a selective pressure. Our results show that loss-of-function mutations in both 

the sigB and agr operons can be selected during routine laboratory culture. 

Both the ůB and Agr systems can influence colony architecture, as indicated 

by SEM analysis of the grey colony variants that arose at both temperatures. 

The study further highlights the importance of routine whole genome 

sequencing when studying phenotypic traits of L. monocytogenes isolates.  

 

5.4. Results 

5.4.1. IVEE performed at 42°C and 30°C promotes the emergence of 

grey coloured colonies 

In our previous study, we demonstrated that L. monocytogenes strains with 

sigB- genotypes and phenotypes exhibit increased growth rate and 

competitive advantage when grown in BHI at 42°C but not at 30°C (Guerreiro 

et al., 2020). In this study, we sought to investigate the impact of incubation 

temperatures on the spontaneous emergence of alleles within the sigB 

operon. Cultures of L. monocytogenes EGD-e wild type strain were grown at 

42°C in BHI for a total of 30 daily passages (see section 3.7 of Appendix I). 

The previously identified ůB-dependent grey colony colouration phenotype 

was used to distinguish potential sigB- colonies from wild type (Fig. 5.1C) 

(Guerreiro et al., 2020).  Grey coloured colonies were detected from passage 

15, at a relative abundance of 0.39% within the population and progressively 

increased to ~21% relative abundance in the following passages (Fig. 5.1A). 

Interestingly, grey coloured colonies were also detected in the IVEE performed 

at 30°C. These variants emerged from passage 10, from an initial relative 

abundance of ~0.1%, and increased to ~1% until the end of the experiment 

(Fig. 5.1B). The initial results suggested that sigB- alleles emerge 

spontaneously and quickly increase in number within the parental population 



Chapter 5: Loss of SigB and AgrA function in vitro 

105 
 

growing at both 42°C and 30°C temperatures, albeit to a greater extent at 

42°C. 

 

 

 

 

Figure 5.1. Differential emergence of grey-colony phenotypic variants during 

in vitro evolution experiments at 42°C and 30°C. 

In vitro evolution experiments where cultures of L. monocytogenes EGD-e wild type 

strain were grown in BHI at either (A) 42°C or (B) 30°C overnight. Passages were 

made every 24 hours for a total of 30 days by diluting the cultures in a 1:100 ratio 

into fresh BHI. Every 5 days the number of white and grey colonies was used to 

calculate the percentage of relative abundance. C and D show the colony colouration 

between the whiter WT and the greyish ȹsigB (C) and ȹagrA (D) strains. At least two 

independent biological replicates were performed for each incubation temperature. 

Statistical analysis was performed using a paired Studentôs t-test relative to passage 

0 (**, p value of <0.01; ***, p value of <0.001). 
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5.4.2. Mutations arise in the sigB operon at 42ęC and in agrCA at 30°C 

 To identify genotype(s) responsible for the grey colony colouration observed 

from IVEE, we obtained whole genome sequence (WGS) from 14 colonies 

isolated from the IVEE performed at 42°C (9 grey and 5 white) and 10 colonies 

isolated from the IVEE performed at 30°C (6 grey and 4 white). We verified 

that all of the analysed grey coloured colonies isolated at 42°C carried a single 

nucleotide polymorphism (SNP) in an open reading frame (ORF) coding one 

of the positive regulators of ůB (rsbS, rsbT and rsbU) or in sigB itself (Table 

5.1). Additionally, one isolate (designated variant 77) harboured a 32 bp 

deletion in rsbU. As previously observed (Guerreiro et al., 2020), all SNPs 

produced either frameshifts or non-sense mutations, which caused truncations 

of the corresponding proteins. In contrast, all grey variants isolated from the 

IVEE performed at 30°C carried either insertions or deletions (indels) or SNPs 

in the ORFs of agrC or agrA. Presumably, these mutations lead to loss-of-

function of the Agr system (Table 5.1), resulting on the greyish colony 

phenotype. Additionally, none of the isolated white coloured colonies at either 

temperature harboured mutations in either the sigB or agrCA operons. To 

assess the influence of the Agr system on the colony colouration phenotype 

the wild type and the isogenic ȹagrA strains were grown separately at 30°C 

overnight and mixed in a ratio of 1:1 and plated in BHI agar plates at a final 

concentration of ~102 CFU.ml-1. These results verified that loss of the Agr 

system, similarly to ůB, is responsible for the grey colony phenotype observed 

during the IVEE performed at 30°C (Fig. 5.1D). 
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Table 5.1. List of strains obtained during the in intro evolution experiments 
performed at 42°C and 30°C and their respective results obtained from WGS. 

  

Strain 
code 

Isolation 

temperature
a
 

Biological 

replicate
b
 

Passage
c
 

Colony 
colouration 

Acid 

resistance
d
 

Allele location in 

sigB operon
e
 

Allele result
f
 

1 42°C 1 5 grey sensitive ȹ(rsbT) 89 (-G) p.G30Afs*15 

4 42°C 1 5 white resistant - - 

18 42°C 1 10 grey sensitive ȹ(sigB) 280 (-A) p.I94Sfs*19 

32 42°C 1 20 grey sensitive ȹ(rsbT) 89 (-G) p.G30Afs*15 

33 42°C 1 20 white resistant - - 

50 42°C 2 10 white resistant - - 

51 42°C 2 15 grey sensitive 
rsbU CAA -> TAA 

(codon 317)  
Q317* 

58 42°C 2 20 grey sensitive 
rsbS GTG -> GTA 

(codon 1)
g
 

M1V
g
 

60 42°C 3 20 grey sensitive IN(rsbT) 52 (+G)  p.A18Gfs*4  

65 42°C 3 20 white resistant - - 

66 42°C 3 25 grey sensitive IN(rsbT) 52 (+G) p.A18Gfs*4 

70 42°C 3 25 white resistant - - 

74 42°C 3 30 grey sensitive IN(rsbU) 316 (+A) p.T108Nfs*10 

77 42°C 3 30 grey sensitive ȹ(rsbU) 912 (-32 bp) K304* 

     Biofilm 

formation
h
 

Allele location in 

agr operon
e
 

 

36 30°C 1 10 grey - 
agrA GGT -> GAT 

(codon 84) 
G84D 

37 30°C 1 10 white + - - 

38 30°C 1 10 grey -  IN (agrC) 460 (+T) p.S156Ffs*22  

89 30°C 2 15 white + - - 

90 30°C 2 20 grey - 
agrC CAG -> TAG 

(codon 224) 
Q224* 

92 30°C 2 20 grey - 
agrC GGC -> GGT 

(codon 399) 
G399C 

93 30°C 2 20 white + - - 

95 30°C 3 20 grey - 
agrC ȹ21 bp (at 
1165-1296 bp) 

i
 

96 30°C 3 20 white + - - 

99 30°C 3 25 grey - 
IN (agrC) 764 

(+TGATAATAA)   
j
 

a
Temperature which the in vitro evolution experiments were performed 

b
Biological replicate which the colony was isolated 

c
Number of the passage in which the colonies were isolated 

d
Acid tolerance phenotype shown in Fig. 5.2A  

e
SNPôs location in L. monocytogenes EGD-e chromosome identified by WGS 

f
Nomenclature adapted from that recommended by the Human Genome Variations Society (den Dunnen et al., 2016) 

g
GTG codon consists of an alternative start codon in L. monocytogenes  

h
Biofilm formation results (see Fig. S3 Appendix VI)

 

i
In frame knock out of the ATP lid in the HATPase domain (no frameshift or SNP identified) 
j
In frame insertion, sequence duplication (+TGATAATAA) between the coiled coil and HATPase domains (no 
frameshift or SNP identified) 
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5.4.3. Acid sensitive grey coloured colonies were only isolated at 42°C 

 In our previous study, we reported that the loss of ůB positive regulators genes 

(rsbS, rsbU and rsbV) results in an increase in acid sensitivity (Guerreiro et 

al., 2020). Several of the grey coloured colonies obtained during the IVEE 

were challenged under lethal acidic conditions (BHI acidified to pH 2.5 at 

37°C), along with a few selected white coloured isolated during the IVEE. The 

parental strain and white colonies exhibited similar acid tolerance, reflected by 

a similar pattern of survival after 30 min in pH 2.5 at 37°C (Fig. 5.2A). In 

contrast, the ȹsigB mutant strain and grey coloured colonies isolated at 42°C 

showed approximately 3 Log10 (CFU/ml) reduction after 30 min at pH 2.5 (Fig. 

5.2A). At the same time, the ȹagrA mutant strain exhibited a small, although 

not significant (0.4705 Log10; p = 0.3445), reduction in resistance, while none 

of the grey colonies isolated at 30ęC showed a reduction in acid resistance 

comparable to the ȹsigB mutant (Fig. 5.2B). The results suggest grey variants 

isolated at 42ÁC harbour ůB loss-of-function alleles, while those isolated at 

30°C do not. 

 

Figure 5.2. Grey colonies isolated from in vitro evolution experiments at 42°C 

have acid-sensitive phenotypes. 

Cultures of L. monocytogenes EGD-e wild-type, ȹsigB, ȹagrA and white and grey 

colonies isolated from the in vitro evolution experiments at (A) 42°C and (B) 30°C were 

grown overnight in BHI at 37°C. Cultures were challenged in acidified BHI medium (pH 

2.5) at 37°C. Samples were taken at 0 and 30 min for viable counts. Blue bars 

represent white colonies strains while red bars represent the ȹsigB or grey colonies 

isolated at 42ÁC and green bar represents the ȹagrA strain or grey colonies isolated 

at 30°C. Two independent biological replicates were made. Statistical analysis was 

performed using a paired Studentôs t-test by comparing with the parental strain (*, p 

value of <0.05; **, p value of <0.01; ***, p value of <0.001). 



Chapter 5: Loss of SigB and AgrA function in vitro 

109 
 

5.4.4. Confirmation of loss-of-function alleles in the sigB operon and 

agrCA ORFs 

The impact of the identified alleles on the activity of ůB was assessed by 

transforming several colonies with vector pKSV7-Plmo2230::egfp, which 

harbours a ůB-dependent reporter (Utratna et al., 2012). The ůB activity was 

determined through the quantification of eGFP expression in the reporter 

strains. Reduced ůB activity was confirmed in grey coloured colonies isolated 

at 42°C, which harbour sigB alleles (Fig. 5.3A), while the grey colonies 

isolated at 30°C, harbouring alleles at the agrCA genes, retained similar ůB 

activity compared with the parental strain (Fig. 5.3A). 

To evaluate the Agr activity, the newly constructed Agr reporter vector, 

pGID310-PagrB::gfp::bgaB, was transformed and integrated upstream of the 

original promoter region of agrB. Strains transformed with this reporter plasmid 

and with an intact Agr system form blue colonies in BHI agar supplemented 

with X-Gal. Reporter strains carrying agrCA and ȹagrA formed white colonies, 

in contrast to the blue colonies formed by the parental strain (Fig. 5.3B-D). 

Interestingly, the isogenic ȹsigB exhibited a slightly bluer colouration in 

comparison with that of the parental at all temperatures. In addition, a slight 

increase of agrB transcripts (0.95 log2; p = 0.015), a highly Agr-dependent 

gene, was observed in the ȹsigB strain (Fig. S1 Appendix VI). These results 

suggest that ůB exerts a repressive effect on the Agr system, an effect similar 

to that observed in S. aureus (Lauderdale et al., 2009). Finally, we observed 

that the activity of both reporter systems was unchanged in all the tested white 

colonies. 
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5.4.5. agr- strains exhibit a small competitive advantage against its 

parental strain 

In our previous study, we found that sigB- strains, exhibit increased competitive 

advantage at 42°C but not at 30°C when competing with the parental strain 

(Guerreiro et al., 2020). To assess the competitive fitness conferred by the 

sigB- alleles, competition experiments were carried out at either 30°C or 42°C 

Figure 5.3. Strains carrying in alleles in sigB or agr operons exhibit reduced 

activity in each of the respective systems. 

Stationary-phase cultures of WT, ȹsigB, ȹagrA and colonies isolated from the in vitro 

evolution experiments at both temperatures, were transformed with (A) pKSV7-

Plmo2230::egfp and (B, C, D) pGID310-PagrB::gfp::bgaB. (A) Percentage of eGFP signal 

normalized relative to the WT. Quantification was obtained from western blot images. 

Cultures transformed with pGID310-PagrB::gfp::bgaB were patched in BHI agar 

plates, supplemented with Chl and X-Gal, and incubated at (B) 30°C, (C) 37°C and 

(D) 42°C for 48 hours. For strains details refer to Table S5.1. Western blot 

quantification was generated from two independent biological replicates. Statistical 

analysis was performed by a paired Studentôs t-test (**, p value of <0.01; ***, p value 

of <0.001). 
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using the parental strain, ȹsigB, and several sigB- and sigB+ strains isolated 

during the IVEE at 42°C. Pairs of strains were mixed at the initial ratios of 1:1. 

We verified that sigB- strains, exhibit a similar advantage over the parental and 

sigB+ strains at 42°C (Fig. 5.4A-B; Fig. S2A-B Appendix VI), and as expected 

this phenotype was abolished at 30°C (Fig. 5.4C-D; Fig. S2C-D Appendix 

VI), in agreement with our previous observations (Guerreiro et al., 2020). The 

impact of the agrCA alleles was also assessed at 30°C by competing the 

parental strain against the isogenic ȹagrA. The results revealed a small 

competitive advantage that allowed the ȹagrA strain to reach 71.77% (p = 

0.0066) of the total population after five passages at 30°C (Fig. 5.4E). 

Competitions between the obtained agr- strains (colonies 36 and 92) were 

tested against their agr+ counterparts (colonies 37 and 93). A comparatively 

small competitive advantage in the agr- strains relative to the agr+ strains was 

observed after 5 passages (65.7% and 61.12%; Fig. 5.4F-G, respectively). 

However, the agr- 36 strain could not outcompete the parental strain (Fig. S2E 

Appendix VI), while the agr+ 37 strain was overtaken by the ȹagrA mutant 

strain (Fig. S2F Appendix VI). 

We also aimed to identify the origin of this competitive behaviour conferred by 

the agrCA alleles by measuring the growth rates of several agr+ and agr- 

isolates at 30°C. However, the results showed no observable growth changes 

under these conditions (Fig. S2G&H Appendix VI). In L. monocytogenes, Agr 

activity has been linked with cell surface attachment and biofilm formation (J. 

Gray et al., 2021; Riedel et al., 2009; Rieu et al., 2007, 2008), therefore, we 

further tested the impact of the Agr loss-of-function alleles on the biofilm 

formation. The results revealed a significant reduction in the biofilm formation 

in ȹagrA and agr- strains compared with the parental and agr+ strains (Fig. S3 

Appendix VI). 
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5.4.6. ȹsigB and ȹagrA deletions influence the colony architecture 

To our knowledge, there is no information available regarding the nature of the 

grey colony phenotype presented in our previous study (Guerreiro et al., 

2020). We hypothesize that such colouration differences between the parental 

strain and the remaining variants are a direct result of differences in the opacity 

of their colonies (i.e., colonies formed by the wild type were more opaque 

compared to those formed by sigB- and agr-). Here, 7-days-old colonies of L. 

monocytogenes EGD-e wild type, ȹsigB and ȹagrA were prepared and 

observed through SEM. The SEM images revealed irregular structures formed 

by cell aggregates at the borders of the wild type colonies (Fig. 5.5A), while 

the ȹsigB and ȹagrA mutant strains exhibited much less pronounced 

structures (Fig. 5.5B-C). Similar irregular structures were also observed while 

using different incubation conditions in a different study (Kumar et al., 2009). 

At the centre of the colonies, however, the wild type strain displayed 

discernible cells with a well-defined rod-like shape (Fig. 5.5D), whilst cells of 

Figure 5.4. Strains carrying sigB or agr alleles exhibit a competitive advantage 

during mixed culture passaging. 

Competition experiments were performed with white versus grey colonies (starting 

ratio 1:1) isolated during the in vitro evolution experiments. Mixed cultures were 

passaged at (A, B) 42°C or (C, D, E, F, G) 30°C. Blue bars represent parental strain 

and white coloured colonies, while red and green represent sigB- and agr-, 

respectively. Data were generated from two independent biological replicates. For 

strains details refer to Table S4.1. Statistical analysis was performed using a paired 

Studentôs t-test (*, p value of <0.05; **, p value of <0.01). 
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both ȹsigB and ȹagrA mutant strains were embedded within an extracellular 

matrix (Fig. 5.5E-F). Additionally, when grown in BHI supplemented with 

Congo Red, both mutant strains exhibited a redder colouration compared to 

the wild type strain (Fig. 5.5G). Altogether, these data suggest that in the 

absence of either ůB or Agr systems the colony architecture is altered following 

prolonged incubation on BHI agar plates, and this likely alters the opacity of 

the colonies resulting in a greyer appearance. 

 

 

5.4.7. agrCA alleles show high PMSC rates similar to the positive 

regulators of ůB 

The spontaneous emergence of agrCA alleles in the IVEE performed at 30°C 

prompted us to investigate if agrCA alleles also occur among wild isolates 

strains of L. monocytogenes. For this, we employed the previously described 

approach for analysing premature stop codon (PMSC) rates (Guerreiro et al., 

2020) to survey40,080 L. monocytogenes genomes publicly available on the 

NCBI database. We examined the PMSC occurrence rate (per 100bp) in the 

Figure 5.5. Colony architecture is influenced by either ȹsigB or ȹagrA 

deletions. 

Images recorded by scanning electron microscopy of 7-days-old colonies of (A, D) 

wild type, (B, E) ȹsigB and (C, F) ȹagrA grown in BHI agar plates at 30°C. Under 

these conditions, the grey colony phenotype was evident in the mutant strains. 

Images correspond to the colony (A, B, C) border or (D, E, F) centre. (G) Colonies of 

L. monocytogenes EGD-e WT, ȹsigB and ȹagrA strains grown in BHI agar 

supplemented with Congo Red (25 µg.ml-1). Plates of Congo Red were incubated for 

24 h at 37°C and three more days at 30°C. Representative data from three biological 

replicates are shown. 
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agr operon compared to genes from several other gene categories including, 

two-component systems, the sigB operon, genes used for MLST analysis, 

metabolic genes and virulence genes (Fig. 5.6). As expected, results for the 

sigB operon and other genes used as controls (MLST genes, sigma factors & 

metabolic genes, rsbR1 paralogues, virulence genes) were similar to our 

earlier observations. The PMSC rate for agrC was comparable to the highest 

observed in sigB operon and was substantially higher in the case of agrA (Fig. 

5.6). In clear contrast, PMSCs in all other two-component systems encoding 

genes were very rare, with resD as the sole exception. ResD is known 

important for mediating carbohydrate-based repression on virulence genes as 

well as controlling respiration in L. monocytogenes (Larsen et al., 2006). More 

interestingly, the high PMSC rates were restricted to agrCA, in contrast with 

the extremely low rates of agrBD. Taken together, these results indicate a high 

incidence of agrCA loss-of-function alleles among field isolates, suggesting 

that a selective advantage may be associated with the inactivation of AgrC 

and AgrA in some environments. 

Figure 5.6. High occurrence of PMSCs in ORFs of agrCA and positive 

regulators of ůB. 

in silico analysis of 40,080 genomes of L. monocytogenes strains publicly available. 

(A, B and C) PMSC rate normalized by 100 bp of the open reading frames length for 

genes comprising the agr operon (red), two-component systems (pink), sigB operon 

(blue), mazEF (yellow), MLST genes (orange), sigma factors (black) and metabolic 

genes (purple), rsbR1 paralogues (dark green) and virulence genes (light green). (B 

and C) Expanded area indicated by the blue and red squares in panel A, respectively. 
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5.4.8. Measurements of the Agr activity in the strains collections 

Since the in silico analysis revealed the prevalence PMSC mutations affecting 

agrC and agrA AgrC and AgrA, we sought to investigate whether such 

mutations can influence the activity of the Agr system. An existing laboratory 

strain collection of 168 L. monocytogenes strains with WGS available (Wu & 

OôByrne, unpublished data), was screened for agr operon mutations giving rise 

to PMSCs. Five strains in this collection were found to carry PMSCs in the 

agrCA genes (Table 5.2). The well-studied laboratory reference 10403S 

harbours an agrA mutation predicted to truncate AgrA. The clinical isolate 

MQ140031 bears an in-frame deletion of 141 amino acids in agrA. Strains 

1389, 1384, and 1378 carry agrC alleles and are among twenty-five strains 

recommended for assessing food challenge studies by the European Union 

Reference Laboratory of L. monocytogenes. A truncation in the 5ô-end region 

of agrC rendered the majority of the protein untranslated in strain 1389; a 

transposon sequence insertion in the 3ô-end region of agrC disrupted its 

translation in strain 1384; a frameshift at the stop codon resulted in a longer 

version of agrC that overlaps agrA open reading frame in strain 1378. As these 

strains were from different genetic backgrounds, a control strain from the same 

Clonal Complex (CC) was selected for each to assess the impact of these 

mutations on the Agr activity. For this, eight strains were transformed and with 

pGID310-PagrB::gfp::bgaB and the reporter plasmid was integrated into their 

genomes. Agr activities were visualised on medium containing X-gal and Agr 

activity was determined by RT-qPCR analysis of the transcription of agrB and 

agrA. In both assays, the Agr activity was reduced in all strains carrying either 

agrC or agrA alleles (Fig. 5.7A-B). In conjunction with the PMSC analysis, our 

results suggest that, like the ůB system, Agr quorum sensing system is subject 

to negative selective pressure under some commonly encountered conditions. 
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Table 5.2. List of L. monocytogenes isolates that carry PMSC in agr operon 
genes and their respective reference. 

Strain code Lineage CCa Allele location in agr operon Allele result 

1389 II 31 agrC TCA -> TAA (codon 27) p.S27* 

1371 II 31 - - 

10403S II 7 ȹ(agrA) 628 (-A) p.N221Ifs*3 

1445 II 7 - - 

1384 I 59 (agrC) IN at 1106 bp
b
 p.F370V*10

b
 

3447 I 59 - - 

1378 I 5 ȹ(agrC) 1286 (-A) p.I430L*25 

1441 I 5 - - 

MQ140031 I 1 ȹ(agrA) 60 (-426 bp) p.D23_E164del 

MQ130032 I 1 - - 
aClonal complex 
b
Frameshift caused by transposon insertion at the 5ô end of agrC 

 

 

 

5.5. Discussion 

In this study, we investigated the conditions leading to the emergence and 

proliferation of variants harbouring alleles within the sigB operon in L. 

monocytogenes. We set up IVEEs at either 42°C or 30°C and, variants forming 

greyish more translucent colonies were detected at both temperatures (Fig. 

5.1A-B). Grey variants isolated from the IVEE performed at 42°C harboured 

loss-of-function alleles at the sigB operon (Table 5.1) and exhibited reduced 

Figure 5.7. Field isolates carrying in alleles in agr operon exhibit reduced activity 

in each of the respective systems. 

(A) Isolates that integrated pGID310-PagrB::gfp::bgaB were patched in BHI agar plates 

supplemented with Chl and X-Gal and incubated at 37°C for 48 hours. (B) Expression 

of agrB and agrA in strain 1389 grown to stationary phase (16h) at 37°C was compared 

to strain 1371 by RT-qPCR experiment. 
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acid tolerance and decreased ůB activity (Fig. 5.2A, 5.3A). Whereas grey 

variants isolated from the IVEE performed at 30°C carried loss-of-function 

alleles in agrCA genes (Table 5.1; Fig. 5.3B-D). In both cases, grey variants 

were able to outcompete the parental strain, at the respective temperatures, 

although this effect was more apparent for the sigB operon mutants (Fig. 5.4A-

G). Additionally, we analysed all publicly available genomes of L. 

monocytogenes and identified high rates of PMSC occurrence in both sigB 

operon and agrCA ORFs (Fig. 5.6A). 

In several other studies, loss-of-function alleles within the sigB operon were 

identified in newly constructed mutants strains or strains isolated from 

intragastric inoculated mice (Asakura et al., 2012; Guerreiro et al., 2020; 

OôDonoghue, 2016; Quereda et al., 2013), suggesting that such alleles can 

emerge spontaneously in laboratory grown cultures. Indeed, we observed the 

spontaneous emergence of strains harbouring sigB alleles in our IVEE at 

42°C, however, the parental strain still accounted for ~80% of the population 

at the end of the experiment (Fig. 5.1A). It is known that alleles conferring 

increased fitness can coexist with the parental strain for up to ~10,000 

generations, until additional mutations further increase the mutantôs fitness 

(reviewed in (Connolly et al., 2021). However, only ~200 generations occurred 

during the 30 day span of our experiment. We hypothesise that sigB- strains 

still require additional fitness conferring mutations before being able to fully 

overtake the parental strain population. While 42°C conferred increased 

competitive fitness to sigB- strains (Fig. 5.4A-B; Fig. S2A-B Appendix VI; 

(Guerreiro et al., 2020)), this advantage was abolished at 30°C (Fig. 5.4C-D; 

Fig. S2C-D Appendix VI). These observations probably explain the apparent 

absence of sigB- strains in the IVEE performed at 30°C (Table 5.1). It is known 

that ůB is triggered during temperature upshift (to 45-48°C) in L. 

monocytogenes (Becker et al., 1998; Guldimann et al., 2017). Moreover, under 

mild stresses, the ůB activity is known to hinder the growth rate of L. 

monocytogenes (Brøndsted et al., 2003; Guerreiro et al., 2020). We 

hypothesise that the competitive disadvantage, observed at 42°C for the wild 

type is a consequence of a higher activation of ůB, resulting in a slower growth 

rate. Interestingly, similar mutations in the gene encoding the alternative sigma 
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factor ůS (rpoS), an homologue of ůB in gram-negative bacteria, are frequently 

found in laboratory grown E. coli and Pseudomonas aeruginosa (Robinson et 

al., 2020; Spira et al., 2011).  

The exact mechanism responsible for the growth suppression generated by 

the activation of ůB is still unclear, but a few hypotheses have been suggested 

(Guerreiro et al., 2020; Guerreiro et al., 2020). First, competition between the 

housekeeping sigma factors A (ůA) and ůB for the RNA polymerase may direct 

transcription away from genes with growth-related functions. Similarly an 

increase in mRNA concentration from genes belonging to the general stress 

response regulon will require a significant fraction of the cellular ribosome 

pool, thereby limiting the potential to translate housekeeping mRNA. 

Secondly, redirection of resources and energy from growth to survival 

mechanisms might negatively impact growth. Thirdly, it is possible that 

deliberate suppression of growth through a ůB-dependent mechanism might 

occur, as has been suggested for the ůB-dependent sRNA Rli47 (Marinho et 

al., 2019). In this scenario the biological rationale is that reduced growth might 

increase the likelihood of survival since it allows time for homeostatic and 

repair mechanisms to function. Finally, if ůB plays a role in producing secreted 

enzymes or molecules that can be shared within the population, mutants could 

arise as cheaters within the population that take advantage by exploiting the 

availability ñpublicò resources. Further experimental work will be needed to 

investigate which of these explanations is driving the selective pressure for ůB 

loss-of-function mutants to emerge at 42ęC.  

The IVEE performed at 30°C revealed grey variants harbouring alleles in the 

ORF of either agrC or agrA instead of PMSC in the sigB operon (Fig. 5.1; 

Table 5.1), which lead to the inactivation of the Agr system (Fig. 5.3B-D). 

Additionally, the agr- alleles seem to provide a small competitive fitness 

advantage at 30°C (Fig. 5.4E-G), however, the growth rates of these variants 

remained unchanged (Fig. S2G-H Appendix VI). Interestingly, the agr- alleles 

impaired the biofilm formation in conical-bottomed 50ml plastic tubes under 

shaking conditions (Fig. S3 Appendix VI). The Agr system plays a critical role 

in the surface cell attachment during the initial stages of the biofilm formation 

(Rieu et al., 2008). We speculate that a small fraction of the parental strain 
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cells attach and form biofilm on the wall of the flask, while the emerging agr- 

cells, unable to attach to the flasks surfaces, are left in the planktonic phase. 

This phenotype could contribute to the a disproportional ratio of parental:agr- 

that is magnified with the successive passages. Interestingly, while the Agr 

activity is crucial for the biofilm formation at low temperatures, this phenotype 

is reverted at 37°C (Garmyn et al., 2012), which may explain the absence of 

Agr alleles detected in the IVEE performed at 42°C. Other non-exclusive 

factors may contribute to the emergence of agr mutations, as the Agr and other 

QS systems represent an energetic burden and detrimental for growth in 

certain environments (García-Contreras et al., 2015; George et al., 2019; 

Whiteley et al., 2017). In a recent study, the L. monocytogenes Agr system 

was found to downregulate genes involved in the synthesis of S-

adenosylmethionine in nutrient-poor media (Garmyn et al., 2012; Lee & Wang, 

2020), suggesting that Agr represses metabolism under specific conditions. 

The high frequencies of PMSC in agrCA genes amongst publically available 

L. monocytogenes genome sequences contrast with an extremely low 

frequency of PMSC found in agrBD genes (Fig. 5.6). In accordance with this, 

only agrCA alleles emerged during the in vitro evolution experiment at 30°C. 

The agrCA- strains may behave as social cheaters, which still contribute to the 

extracellular auto-inducing peptide (AIP) pool and stimulate the Agr activity on 

agr+ strains. However, these strains do not bear the energetic burden of 

contributing to the community. To our knowledge, the contribution of the Agr 

system in the production of public goods in L. monocytogenes communities is 

currently uncharacterized. Our data suggest that similarly to ůB, the 

deployment of the Agr system possesses a fitness trade-off for L. 

monocytogenes under specific conditions. 

In our previous study, we found that ȹsigB and sigB- strains formed greyish 

and more translucent colonies in comparison with the parental strain 

(Guerreiro et al., 2020). Here, we found that ȹagrA and agr- strains form similar 

colonies to those of sigB- strains (Fig. 5.1D). Previous studies found that ůB is 

responsible for the cell wall thickness in response to blue light stress, which in 

turn impacts the colony opaqueness (OôDonoghue et al., 2016; Tiensuu et al., 

2013). Interestingly, the Agr system also regulates the expression of proteins 
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participating in the cell wall peptidoglycan biosynthesis in L. monocytogenes 

(Lee & Wang, 2020). It is plausible that the colouration disparities observed in 

this study are a consequence of differences in cell envelope composition, 

however, future studies will have to confirm this hypothesis. 

SEM revealed complex multicellular structures close to the colony edges of 

the parental colonies (Fig. 5A), while cells at the centre were compact and 

well defined (Fig. 5D). These structures were less evident in both ȹsigB and 

ȹagrA strains (Fig. 5B-C), while their colony centres apparently had a more 

abundant extracellular matrix (Fig. 5E-F), which seems correlated with the red 

colouration observed in plates supplemented with Congo red (Fig. 5G). S. 

aureus is known to form irregular biofilms that is dependent on  the production 

of the Agr-dependent phenol-soluble modulins (PSM) (Periasamy et al., 2012), 

however, PSM have not been identified in L. monocytogenes. It is not 

surprising that both ůB and Agr regulate biofilm formation  as previous studies 

demonstrated an overlap in their regulons (Garmyn et al., 2012; Riedel et al., 

2009), however the environmental signals and genes responsible for these 

phenotypes are currently unknown. 

In summary, our results further suggest that laboratory conditions could 

inadvertently select unwanted secondary mutations in non-essential or 

energetic expensive systems. These findings highlight the need for caution in 

the routine culturing of laboratory stocks of L. monocytogenes and especially 

during the execution of mutagenesis protocols that require an elevated 

temperature incubation, to avoid inadvertently picking up a mutation in one of 

these systems. Such mutations could easily confound any phenotypic study of 

this pathogen, potentially leading to erroneous conclusions. Its seems 

appropriate therefore to suggest that whole-genome sequencing should be 

implemented as a standard verification protocol for any newly constructed 

mutants to avoid misinterpretation of phenotypical data. 
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6.1. Overview 

 

The Discussion of this thesis is divided into two major segments. The first 

segment contains the data from Chapters 2 and 3 (section 6.2), whilst the 

second deals with the data in Chapters 4 and 5 (section 6.3). 

The stressosome acts as a sensory organelle responsible for sensing 

environmental stresses and transducing signals into a signal cascade that 

culminates in the activation of ůB in L. monocytogenes (Dessaux et al., 2020; 

Impens et al., 2017; Williams et al., 2019). Acidic pH is known to induce the 

activation of ůB, although, the sensory pathway responsible for its activation 

was unclear. Here, it was shown that the stressosome senses and transduces 

stress signals generated by acidic pH, while the phosphorylation of RsbS S56 

by the action of the serine-threonine kinase RsbT was indispensable for the 

transduction of the acid stress signal. It was demonstrated that RsbR1 alone 

can sense and transduce stress signals. Moreover, the phosphorylation state 

of RsbR1 T209, which resides nearby of the RsbR1 Ŭ3, also designated as the 

ñflexible-loopò (Williams et al., 2019) is critical for controlling the intensity of ůB 

activity. Finally, the GAD, ADI, and AgDI systems that contribute to the pH 

homeostasis through the metabolism of amino acids are upregulated by acidic 

conditions in a stressosome-dependent manner. 

ůB plays a pivotal role in boosting L. monocytogenes stress resistance by 

regulating a panoply of homeostatic mechanisms that contribute to the survival 

of this bacterium in lethal stresses. Although, ůB increases L. monocytogenes 

survival, it does so at the expense of growth rate. When grown in laboratory at 

elevated temperatures of 42ÁC, ůB is unnecessary for L. monocytogenes 

survival but still affects its growth rate and competitiveness, contributing to the 

emergence of strains incapable of activating ůB (sigB-) (Fig. 6.1). A similar 

behaviour was observed in strains with an inactive Agr system (agr-) at 

growing temperatures of 30°C (Fig. 6.1). Interestingly, discrepancies in the 

colony colouration and morphology enabled the distinction between the 

sigB/agr loss-of-function alleles from their parental strain. 
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Figure 6.1. Role of ůB and Agr in modulating growth and biofilm formation. 

The regulatory mechanisms responsible for the activation of ůB confer increased 

resistance in mildly stressful environments at the expense of (*) growth rate at 42°C 

and consequently reduced competitiveness against sigB- strains. A similar trade-off 

scenario occurs with the Agr system, which (**) increases the competitiveness of agr- 

strains groan at 30ÁC. (***) The activation of either ůB or Agr subjects the respective 

system to a selective pressure where sigB- or agr- loss-of-function strains emerge 

spontaneously in laboratory conditions. Both systems influence in the morphology 

and EPS production of colonies grown in BHI agar plates. 
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6.2. Acid stress signals are sensed and transduced by the 

stressosome in L. monocytogenes  

 

6.2.1. RsbR1 is critical for sensing acid stress in L. monocytogenes 

The ability to perceive the surrounding environment is essential to the 

adaptation and survival of microorganisms. It was initially hypothesised that 

the stressosome functions as a sensory hub for environmental and nutritional 

stress signals (Kim et al., 2004a; Pané-Farré et al., 2005). Indeed, by 

measuring the activity of ůB in response to nutritional starvation, osmotic, and 

blue light stresses, previous studies have shown the sensing capacity of the 

stressosomeôs putative sensory protein RsbR1 and RsbL (Dessaux et al., 

2020; Martinez et al., 2010; Ondrusch & Kreft, 2011), thereby establishing the 

stressosome as a sensory organelle in L. monocytogenes. In addition to the 

aforementioned stresses, the ůB regulon is also upregulated in mild acidic 

conditions and contributes to the survival of L. monocytogenes in lethal acidic 

conditions (Abram et al., 2008; Neuhaus et al., 2013; Sue et al., 2004; Utratna 

et al., 2012; Wemekamp-Kamphuis et al., 2004; Wiedmann et al., 1998; 

Williams et al., 2019). However, the role of the stressosome in the activation 

of ůB was not evaluated in these studies and its impact over ůB activity was 

unknown. 

In Chapter 2, the influence exerted by the stressosome over the modulation 

of the acid-sensing mechanisms and in the ůB activity was evaluated. Several 

phosphorylation sites and components of the stressosome were mutated and 

their impact over the activation of ůB was evaluated by measuring the 

expression of the highly ůB-dependent genes lmo2230 and lmo0596. The 

phosphorylation of RsbS at S56 by the kinase activity of RsbT was shown to 

be essential for the transduction of the acidic pH stress signal. While the 

phosphorylation of T175 in RsbR1 was not essential for the transduction of 

acid signal, the phosphorylation of T209 seems to play a role in regulating the 

stressosome activation, in both presence and absence of stress. Finally, 

RsbR1 alone is capable of sensing and transducing the low pH stress signal. 
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These results established the stressosome as the low pH sensing organelle in 

L. monocytogenes. 

Although the stressosome senses and transduces acid stress signal, as well 

as other stresses, the sensory mechanism that initiates this complex and 

subsequent signal cascade is currently unknown. As discussed, the globin-like 

domain of the various RsbR paralogues may serve as a sensor to the 

stressosome, as multiple globin-like structures serve as sensors and can be 

often coupled with a diversity of output domains at their CTD, reviewed in 

(Walker et al., 2017). Thus far, globin proteins that bind to haem groups have 

been characterized as oxygen sensors (Jia et al., 2016; Walker et al., 2017). 

However, all of the RsbR paralogues, in both L. monocytogenes and B. 

subtilis, lack the required residues or cavity for housing haem groups, 

regardless, other small molecules could serve as signalling molecules (Murray 

et al., 2005). Interestingly, the QS sensor and pH sensor TlpB of Helicobacter 

pylori has a high affinity with an urea molecule, which is hypothesized to be 

crucial in sensing acidic pH (Goers Sweeney et al., 2012). A recent study 

demonstrated that the E. coli acid sensor, CpxA, directly senses the 

environment acidification through the protonation of two histidines at its 

periplasmic space (Xu et al., 2020). It should be considered that the RsbR1 

directly senses the increasing concentrations of H+ at its NTD. It has been 

hypothesized that titratable residues such as aspartate, glutamate, and 

histidine are protonated at mildly acidic pH, resulting in conformational 

changes and activating their sensory functions (Haneburger et al., 2011; 

Mulder et al., 2015; Müller et al., 2009; Sen et al., 2017). Whether such 

protonatable residues or small molecules are required for RsbR1 acidic pH 

sensing of L. monocytogenes is yet to be identified. 

In this study, it was demonstrated that the transcription of lmo0596 is highly 

ůB-dependent and mediated by the stressosome acidic pH sensing. 

Additionally, the expression of this gene was measured at a range of pHs (7.0-

4.5) and it was verified that pH 5.0-5.5 induced the highest expression, while 

no differences were observed at pH 4.5 in comparison to pH 7.0 (Gudynaite, 

2019). Moreover, ůB-dependent genes are not upregulated at extreme pH of 

2.5 (Chaturongakul & Boor, 2006). These results suggest that the stressosome 
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has an optimal sensing activity at mildly acidic pH, a range similar to the 

transmembrane protein and pH-sensor in E. coli EvgS, which exhibits its 

highest activity at pH between 5.7-5.5 (Burton et al., 2010; Eguchi & Utsumi, 

2014). Interestingly, the recent study of Inada and colleagues suggests that 

the EvgS requires ubiquinones, an electron carrier of the membrane electron 

transport chain, to sense the acidification of the environment (Inada et al., 

2021). Nonetheless, the sensing mechanism of EvgS is currently unknown. 

Moreover, RsbR1 resides in the cytoplasm, whilst the EvgS sensor domain 

resides in the periplasm suggesting that RsbR1 may sense the variations of 

the cytoplasmic pH instead of the extracellular milieu. 

 

6.2.2. Phosphorylation of the stressosome core is essential for the 

propagation of the stress signal 

Sensing of stress signals is putatively initiated at the RsbR1 NTD and 

subsequently transduced into the core of the stressosome. It is hypothesized 

that the signal is transferred from the NTD into the STAS domain of RsbR1 

through the linker domain. This hypothesis is based on observations from B. 

subtilis YtvA where conformational changes are triggered under light stress 

(Möglich & Moffat, 2007). Although these conformational changes are yet to 

be identified in the RsbR paralogues of both B. subtilis and L. monocytogenes, 

a study in B. subtilis RsbRA found that mutating difference residues at its linker 

region can either abolish or constitutively increase the activation of ůB 

(Gaidenko et al., 2011). Furthermore, a recent study demonstrated that the 

RsbR1 NTDs can assume distinct conformations by rotating with the linker 

helix interface of the RsbR dimers (Christine Ziegler, in review), however, it is 

unclear if this rotation is implicated in the activation of the stressosome. 

The current model for the L. monocytogenes stressosome activation considers 

that RsbR1 is constitutively phosphorylated at the T175 residue, which is 

essential for the transduction of the stress signal. Under stressful 

environments, conformational changes in the stressosome induce the 

activation of the kinase RsbT, resulting in the phosphorylating RsbS at S56 

and RsbR1 at T209 (Pané-Farré et al., 2017; Williams et al., 2019). This 



Chapter 6: Discussion 

127 
 

model, however, was mostly inferred from B. subtilis stressosome and it lacks 

experimental support in L. monocytogenes. In this study, it was found that the 

phosphorylation of RsbR1 T175 is not required for the stressosome acid-

sensing (Chapter 2), in contrast with the phosphorylation of T171 in B. subtilis 

RsbRA, which is pivotal for the transduction of the ethanol stress signal (Kim 

et al., 2004a). The contrast between the L. monocytogenes and B. subtilis 

phenotypes suggests that phosphorylation of the STAS domains may have 

different roles depending on the RsbR paralogue. 

The RsbT kinase was shown to be crucial for the activation of the stressosome 

in acidic pH (Chapter 2) and osmotic stress in the work of Dessaux et al. 

(Dessaux et al., 2020). In both studies, and by using the same Phos-tag 

method, it was found that phosphorylation of the stressosome was unaffected 

by stress. However, a careful analysis of this method should be considered as 

boiling temperatures were used to inactivate the RsbT. Such temperatures 

may inadvertently induce the kinase activity before its denaturation could 

occur, resulting in a fully phosphorylated stressosome. Interestingly, evidence 

for the stressosome activation at elevated temperatures is not currently 

available in L. monocytogenes, nevertheless ůB is known to be upregulated in 

response to heat stress in both L. monocytogenes and B. subtilis (Becker et 

al., 1998; Eymann et al., 2011; Guldimann et al., 2017; Maul et al., 1995). 

The role of the phosphorylation of RsbR1 T209 and its putative interaction with 

T241 was found necessary for the suppression of the stressosome activation 

(Chapter 2). Interestingly, a recent study found a phosphorylated T241 in 

RsbR1 (Christine Ziegler, in review), however, the same study co-expressed 

and purified RsbR1 and RsbS from E. coli in the absence of RsbT, suggesting 

that the T241 phosphorylation is mediated by an unspecific kinase of E. coli. 

Moreover, the data presented in Chapter 2 suggests that T241 is not 

phosphorylated in L. monocytogenes. 
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6.2.3. Acid induction of invasion gene expression is under 

stressosome control 

In this study, we sought to evaluate the impact of the stressosome acid-

sensing ability in the virulence of L. monocytogenes. We observed an 

increased expression of the inlAB in a stressosome dependent manner, which 

is correlated with a slight increase in the invasion of Caco-2 cells in the wild 

type strain. The overall results suggest that low pH stress modulates the 

invasiveness of L. monocytogenes in a stressosome-dependent manner. 

Previous studies have demonstrated that ůB modulates the virulence and 

survival of  L. monocytogenes in extreme stress (Becker et al., 1998; 

Chaturongakul et al., 2011; Kazmierczak et al., 2003, 2006; Kim et al., 2004, 

2005; Oliver et al., 2010; Wiedmann et al., 1998) and virulence in intragastric 

inoculated in guinea pigs (Garner et al., 2006). Several virulence factors were 

found to be downregulated in ȹsigB strain intragastric inoculated in mice, while 

the same genes were unaffected in a ȹprfA background (Toledo-Arana et al., 

2009). To activate its regulatory functions, PrfA requires reduced glutathione 

as a co-factor and, interestingly, the presence of bile in the duodenum seems 

unfavourable for PrfA activation, as bile salts promote oxidation of glutathione 

in E. coli (Cremers et al., 2014), perhaps rendering PrfA inactive in L. 

monocytogenes. In contrast to these findings, a recent study showed that PrfA-

dependent genes were upregulated under bile stress (Guariglia-Oropeza et 

al., 2018), although, this upregulation could be mediated by other regulators, 

as the same study did not use a ȹprfA strain to access the involvement of PrfA. 

Interestingly, different stresses known to be sensed by the stressosome have 

been shown to enhance the invasiveness of L. monocytogenes in epithelial 

cells, as seen in Chapter 2 and other studies (Conte et al., 2000; Neuhaus et 

al., 2013; OôDriscoll et al., 1996; Ondrusch & Kreft, 2011). Furthermore, it has 

been suggested that a complex cross-talking mechanism controls these 

regulators (Gaballa et al., 2019), suggesting that both ůB and PrfA coordinate 

L. monocytogenes virulence at different stages in the host GI. Overall, data 

suggest that ůB primes L. monocytogenes virulence during the early stages of 

infection at the host duodenum (Guariglia-Oropeza et al., 2018). 
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Other bacterial foodborne pathogens respond to the host GI temperature, 

acidic pH, and hypoxia by upregulating survival mechanisms as well as 

virulence factors that, subsequently, initiate their pathogen life cycle (Fang et 

al., 2016; Jubelin et al., 2018; Thomas & Wigneshweraraj, 2014). It is plausible 

to speculate that the stressosome plays a key role in sensing GI tract stresses 

and triggering ůB activity, leading to stress protection and host cell invasion. 

 

6.2.4. Model for the stressosome core activation 

A wide range of bacterial species carry homologues of the stressosome (Pané-

Farré et al., 2005), and yet, the sensory mechanism and the transduction of 

the stress signals in this organelle are still obscure. In an attempt to facilitate 

future studies, a working model for the activation of the stressosome core was 

presented in Chapter 2 (section 2.5). The proposed model was inferred from 

all phenotypical and structural data available and in close collaboration with 

Prof. Christine Zieglerôs group. 

The proposed model infers that once the stress signal is transduced from 

RsbR1 NTD into the STAS domain, it further propagates within this domain 

(Fig. 6.2). How this propagation occurs is still unknown, although it is likely 

that the phosphorylatable elements in the RsbR1 STAS domain would 

facilitate this process. As aforementioned, the mutation T175A in RsbR1 T175 

did not compromise the acid sensing of the stressosome, in contrast with B. 

subtilis RsbRA T171A strain, which could not respond to ethanol stress. 

Nonetheless,  mutating the B. subtilis RsbRB T186 to alanine only attenuates 

the stress signal intensity (Kim et al., 2004b). These results suggest that the 

function of the phosphorylated threonines diverge between the RsbR 

paralogues of the same species. Furthermore, RsbR1 is the only RsbR 

paralogue that possesses phosphorylatable residues in L. monocytogenes, 

suggesting an RsbT independent modulation of the stressosome activity for 

the RsbR1 paralogues. 

An important feature of L. monocytogenes stressosome is the phosphorylation 

of RsbS at the S56. The mutation of this residue to alanine or the inactivation 

of the kinase RsbT completely abrogated the response towards acidic pH, 
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regardless of the presence of one or all RsbR paralogues. These results 

suggest that the phosphorylation of RsbS S56 is essential for the activation of 

the stressosome. The precise properties that dictate the dissociation of RsbT 

from RsbS remain unclear. Analysis of the crystal structure of B. subtilis 

SpoIIAA, a STAS protein, suggests that the phosphorylation of S58 by its 

cognate kinase and anti-ůF SpoIIAB, results in steric and electrostatic clashes 

between the ADP ɓ-phosphate, E46, and the newly phosphorylated S58, 

promoting the dissociation of the SpoIIAA:SpoIIAB complex (Masuda et al., 

2004). Since SpoIIAA and RsbS, which belong to the STAS protein family, and 

the kinases SpoIIAB and RsbT share a relatively high degree of conservation, 

a similar mechanism could be governing the association/dissociation between 

RsbS:RsbT in L. monocytogenes. 

As discussed (section 6.2.2), a recent study found RsbR1 phosphorylated at 

the T241 in the L. innocua stressosome purified from E. coli. The same study 

proposed that when phosphorylated, T209 interacts with T241 (T209-P-T241) 

(Christine Ziegler, in review), prompting the construction of an RsbR1 T241A 

variant. Interestingly, it was found that both RsbR1 T209A and T241A strains 

exhibit constitutive ůB activity, irrespective of stress (Chapter 2), supporting 

the T209-P-T241 interaction hypothesis. Interestingly, T241 is located in the 

RsbR1 alpha helix 3 (Ŭ3), previously described as a ñflexible loopò (Williams et 

al., 2019). The nature of this flexibility remains unknown, although, given the 

observed phenotypes of both T209A and T241A strains, the hypothetical 

movement of Ŭ3 may be under the control of the phosphorylation of T209. 

Since the substitution T209A eliminates its phosphorylation and interaction 

with T241, the Ŭ3 movement is uncontrolled, allowing a constitutive 

propagation of the signal into the adjacent protomer within the stressosome, 

which in this case would be RsbS (Fig. 6.2). This uncontrolled propagation 

might allow the constitutive phosphorylation of RsbS S56 and the subsequent 

release of RsbT. The phosphorylation of T209 would permit the interaction of 

T209-P-T241, stabilizing Ŭ3 and mitigating the signal propagation onto RsbS 

(Fig. 6.2). One curious aspect between RsbR1 and RsbS is the conservation 

of the relative position of T209 and S56 in the respective proteins. Moreover, 

RsbR1 T241 and RsbS T88 also reside at the same relative position, a loop 
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with a similar structure, suggesting that the phosphorylation of RsbS S56 may 

interact with T88 and allow a similar movement of RsbS Ŭ3.  

Figure 6.2. Stressosome sensing and activation model in stressful conditions 

and its influence on the upregulation of the ůB regulon in L. monocytogenes. 

The stress signal is sensed by the globin-like NTD of RsbR1 and propagates to the 

STAS CTD. (A) The non-phosphorylated T209 allows the movement of Ŭ3 in RsbR1 

CTD, enabling the signal to propagate further into RsbS, where conformation changes 

activate RsbT, phosphorylating S56. Steric and electrostatic clashed between the 

phosphorylated S56 and RsbT promote the dissociation of RsbT from the 

stressosome. (B) The free RsbT phosphorylates RsbR1 T209, resulting in its 

interaction with T241, locking the ñflexible-loopò and blocking the propagation of the 

signal into RsbS. Under environmental stress the stressosome initiates the signal 

cascade resulting in the activation of ůB, and the upregulation of the GSR. ůB directly 

upregulates the expression of pH homeostasis mechanisms and virulence factors. * 

Stress signal may comprise the stress itself or small molecules produced during the 

exposition to stress. ** Additional pH homeostasis mechanisms, other than GAD, ADI 

and AgDI, may be regulated by ůB. 
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Future studies will be needed to validate this hypothesis by comparing the 

crystal structure of phosphomimetic mutants, such as RsbS S56D and non-

phosphorylatable S56A.   

Finally, the phosphatase RsbX contributes to the inactivation of the 

stressosome and the suppression of ůB activity (Oliveira et al., 2021; Xia et al., 

2016) through the putative dephosphorylation of RsbS S56. Interestingly, B. 

subtilis RsbX dephosphorylates RsbRA T205 and mutating this residue to 

alanine results in high constitutive ůB activity (Chen et al., 2004; Kim et al., 

2004b), a similar phenotype compared to L. monocytogenes RsbR1 T209A 

and T241A variants. The phenotypes in both bacteria suggest that RsbX, 

contrary to what was previously considered, may also contribute to the 

stressosome activation, through the dephosphorylation of T209. Furthermore, 

a concerted interaction between the activity and/or concentration ratios of 

RsbT and RsbX may temper the magnitude of the stressosome activity at both 

stressful and non-stressful conditions and perhaps contribute to the stochastic 

pulsing of ůB in L. monocytogenes (Cabeen et al., 2017; Guldimann et al., 

2017; Locke et al., 2011; Utratna et al., 2011). 

 

 

6.3. Alleles within the sigB and agrCA operons emerge 

spontaneously in laboratory conditions 

 

6.3.1. High rate of mutations in agrCA and the positive regulators of 

ůB in L. monocytogenes natural and clinical settings 

Chapter 4 aimed to identify putative regulatory elements of the stressosome 

by selecting several mutant strains that lost their ůB-associated phenotypes 

(sigB-) from an L. monocytogenes EGD-e transposon library. The altered 

phenotypes were initially attributed to the transposon insertions (Tiensuu et 

al., 2013). However, whole genome sequencing of the same strains revealed 

alleles within the sigB operon. These alleles resulted in premature stop codons 

that interrupted the signal cascade. The same alleles also conferred increased 
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competitiveness and growth rate at 42°C but not at 30°C. Finally, an in silico 

analysis of all available L. monocytogenes genomes revealed an elevated 

PMSC rate in the positive regulators of ůB. 

ůB is essential for the survival of L. monocytogenes under lethal stresses, still, 

this regulator is also activated under mild stresses where it has a negative 

effect on growth. Furthermore, a considerable number of sigB- alleles were 

identified among all analysed L. monocytogenes genomes. It is possible that 

L. monocytogenes transiently inhabits small niches, nutritional hotspots or 

experience environmental fluctuations that confer a growth advantage to sigB- 

strains. This advantage may promote a transient proliferation of sigB- strains 

and enable their isolation from such environments (reviewed in (Nguyen et al., 

2021). Conversely, such alleles may as well emerge in the laboratory during 

the screening for L. monocytogenes in environmental samples.  

In Chapter 5, the spontaneous emergence of ůB alleles in laboratory 

conditions grown at 42°C was demonstrated. Surprisingly, lower temperatures 

of 30°C promoted a similar emergence of alleles at the sensory (agrC) and 

regulatory (agrA) genes of the quorum sensing Agr system, instead of the 

alleles within sigB operon. Similar to ůB, the in silico analysis of all publicly 

available L. monocytogenes genomes also revealed a high PMSC rate in both 

agrC and agrA. The high PMSC rate in the agrCA ORFs suggests that the Agr 

may be subject to a similar selection as the sigB operon. It is important to 

mention that the conditions promoting the proliferation of sigB loss-of-function 

alleles may differ from those that promote the agrCA loss-of-function alleles 

emergence in natural habitats and that such conditions are currently unknown. 

There may as well be a selective advantage in some niches for the loss of ůB 

and Agr. As an example, L. monocytogenes sigB- strains and S. aureus agr- 

strains exhibit an increased resistance towards oxidative stress compared with 

their parental strain (Boura et al., 2016; George et al., 2019). Additionally, 

inactive S. aureus Agr and the QS systems of P. aeruginosa have been 

identified during infections in the human host and such mutations are thought 

to increase the virulence of these species (Fowler et al., 2004; George et al., 

2019; He et al., 2019; Heurlier et al., 2006; Sandoz et al., 2007; Traber et al., 
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2008; Vuong et al., 2004). As for ůB, only one case of a sigB- was isolated from 

intragastric inoculated mice (Asakura et al., 2012), however, the impact of 

these alleles in the GI was not evaluated. The evolution of pathogens tends to 

balance between the acquisition of virulence factors and the maintenance 

fitness, as the production of virulence factors is energetically costly (reviewed 

in (Diard & Hardt, 2017). Indeed, the constitutive activation of PrfA decreases 

the growth rate of L. monocytogenes (Bruno Jr & Freitag, 2010). Presumably, 

the loss of either ůB or Agr may confer a competitive advantage during specific 

pathogen-host interactions, which may result in a gain of virulence, growth or 

even survival in the host GI. 

Interestingly, both ůB and Agr exhibit a stochastic activation (Garmyn et al., 

2011; Guldimann et al., 2017; Locke et al., 2011; Marinho, 2019; Utratna et 

al., 2011), in which a fraction of the population activates these systems at a 

given moment. To explain the activity of both ůB and Agr regulators, the bet-

hedging theory has been suggested (Cabeen et al., 2017; Garmyn et al., 

2011), as cell-to-cell variations are observed resulting in heterogeneous 

phenotypes in the same clonal population, ultimately facilitating the adaptation 

and survival of some individuals to unpredictable changes in the environment. 

It is plausible that lower levels of activation generated during the pulses may 

not be sufficient to maximize the growth rate or survival in the conditions where 

either ůB or Agr are activated but not required or even become detrimental for 

L. monocytogenes. Consequently, these conditions provide a selective 

pressure for the inactivation of these regulators, as an extreme bet-hedging 

strategy. Conversely, such environments may promote the over-activation of 

ůB and Agr to an extent that becomes detrimental for L. monocytogenes 

growth, as overexpression of ůB negatively impacts the growth of several 

bacterial species (Abram et al., 2021; Benson & Haldenwang, 1992; Boylan et 

al., 1992; OôByrne & Karatzas, 2008), presumably only sigB- strains would able 

to resume growth. 

Conversely, the genes that comprise the sigB operon are found in most L. 

monocytogenes strains and are also found in different Gram-positive species 

with a relatively high level of conservation (Ferreira et al., 2004). A recent study 

suggested that the bsh gene encoded by several species of Lactobacillus is 
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essential for the detoxification of bile salts and the adaptation in the gut (Foley 

et al., 2021). Since bsh is regulated by ůB in L. monocytogenes (Begley et al., 

2005, 2005; Guariglia-Oropeza et al., 2018), it is reasonable to speculate that 

the sigB operon might be subjected to a positive selection within the host GI. 

Other natural and host-associated environments may as well promote the 

maintenance of an intact sigB operon and functional signal cascade. 

 

6.3.2. Spontaneous emergence of sigB and agrCA alleles in 

laboratory-grown cultures 

The data presented in Chapter 5 allowed us to determine that sigB- or agr- 

alleles emerge and proliferate when grown in laboratory conditions at either 

42°C or 30°C, respectively. Although the incubation temperature plays a 

pivotal role in the allele selection, the exact moment or condition that lead to 

the emergence of these mutations remain unknown. In the experimental setup 

implemented in the IVEE of this study, L. monocytogenes was grown from an 

initial OD600 nm of 0.05, followed by a relatively short exponential phase (5-6 h) 

and a stationary phase, where it remained for approximately 18-19 h. The 

possibility that the different conditions and exposure times may have a role in 

the spontaneous emergence of these alleles should not be discarded. For 

instance, the stationary phase not only presents a non-lethal stressful 

environment but also initiates the stationary phase mutagenesis (SPM) or 

stress-induced mutagenesis in bacteria, where subpopulations of cells exhibit 

an increased rate of mutations (Ermi et al., 2021; Robleto et al., 2007; 

Rosenberg et al., 1998). By keeping cultures for a relatively long period in the 

stationary phase, these alleles may have a higher chance of emerging as a 

consequence of SPM but without a positive selection at this stage. However, 

when cultures were diluted after each 24 h, the cells resumed their growth and 

during the transition to stationary phase, sigB- alleles gain a competitive 

advantage at 42°C. The repetitive cycles of exponential growth, stationary 

phase and dilutions could have contributed to the selection of sigB- alleles. 

Consequently, future studies should focus on IVEE with constant conditions, 

either constant exponential or stationary growth phase. Highly transcribed 
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genes are prone to mutagenesis (Aguilera, 2002; Ambriz-Aviña et al., 2016; 

Pybus et al., 2010), a phenomenon known as transcriptional mutagenesis. The 

agr operon is highly transcribed during the stationary phase (Autret et al., 

2003), suggesting that transcriptional mutagenesis in association with SPM 

could result in the emergence of a high rate of mutations of this regulator.  

Finally, the occurrence of spontaneous mutations in the sigB and agrCA 

operons, observed in our IVEE, are a consequence of typical laboratory culture 

conditions. 

 

6.3.3. Regulon overlap and cross-talking between ůB and Agr 

As discussed, the regulons of ůB and Agr overlap in multiple genes, and in 

addition, both regulators contribute to similar phenotypes in L. monocytogenes 

(Garmyn et al., 2012; Marinho, 2019; Marinho et al., 2020; Zetzmann et al., 

2019). Therefore, it is unsurprising that both regulators contribute to the colony 

colouration, irregular structures, and biofilm formation identified in Chapter 5. 

Although the genes that contribute to these phenotypes are currently 

unknown, it is fair to hypothesize that ůB and Agr regulate a set of genes or 

may cross-talk to generate these phenotypes. Indeed, cross-talking between 

ůB and Agr has been previously suggested in several studies (Garmyn et al., 

2012; Marinho, 2019; Vivant et al., 2015), however the mechanism behind this 

communication is currently unknown. Previous studies have found a 

synergistic effect between ůB and Agr as the deletion of both regulators (ȹsigB 

ȹagrA double mutant) compromises L. monocytogenes survival in soils more 

so than single deletion mutant strains (Marinho et al., 2020).  

 

6.3.4. The exploitation of public goods 

The QS systems allow bacteria to communicate and coordinate the production 

of public goods. These public goods are defined as resources produced, 

secreted and shared within a community with beneficial effects (Aframian & 

Eldar, 2020). Public goods may encompass surfactants, antibiotics, virulence 

factors and enzymes. Variants unable to sense and/or respond to a given QS 
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signal or that do not contribute to the synthesis of public goods are defined as 

social cheaters and these individuals often exhibit a fitness advantage 

compared with that of the parental strain (Velicer, 2003). Several studies 

isolated cheater strains of S. aureus and Staphylococcus epidermidis carrying 

Agr alleles (agr-) (Fowler et al., 2004; George et al., 2019; He et al., 2019; 

Traber et al., 2008; Vuong et al., 2004). Interestingly, the Gram-negative P. 

aeruginosa employs different QS systems from those of L. monocytogenes, 

however, QS cheaters are often isolated in this species. (Bjarnsholt et al., 

2010; Heurlier et al., 2006; Salunkhe et al., 2005). Despite the differences 

between P. aeruginosa, S. aureus, and L. monocytogenes, the inactivation of 

the respective QS systems results in altered biofilm production and virulence 

factor expression with implications on the virulence of these species (Antunes 

et al., 2010; Autret et al., 2003; Riedel et al., 2009; Whiteley et al., 2017). 

 

 

6.4. Overall conclusion and future perspectives 

 

The stressosome is a complex sensory organelle employed by L. 

monocytogenes to expand its awareness of the surrounding environment and 

activate ůB when most required. The sensory mechanism of the stressosome 

and its impact on the expression of ůB-dependent genes under acidic pH 

stress was assessed in Chapters 2 and 3. After acidic pH is sensed by the 

stressosome, a signal is transduced into the STAS domain of RsbR1 and 

transferred into RsbS, phosphorylating S56, and releasing RsbT, which in turn 

activates the downstream signal cascade. Although the phosphorylation of 

RsbS S56 is crucial for the stressosome activation while the phosphorylation 

of RsbR1 T209 controls the magnitude of activation, the precise mechanisms 

for the signal propagation remain unclear. Future structural studies should 

focus on the protein conformational changes promoted by the phosphorylation 

of these residues, through the analysis of non-phosphorylatable residues and 

phosphomimetic mutant strains. 
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The role of RsbR1 as an acid sensor was established, however, the role of its 

paralogues was not addressed in this study as a result of the polar effect 

observed in the knockout of RsbR1 mutant, where RsbS and RsbT were not 

translated in a ȹrsbR1 background (Dessaux et al., 2020). Future studies may 

consider alternative approaches to inactivate RsbR1 while maintaining the 

regular translation of the downstream genes. Exchanging the RsbR1 NTD for 

a different RsbR paralogue NTD would keep the native Shine-Dalgarno of 

RsbS intact, which resides within the ORF of RsbR1 and maintain its 

translation. Alternatively, deleting all RsbR paralogues and subsequently 

cloning the RsbR paralogues into a B. subtilis strain would be an option, as 

the knockout of RsbRA does not produce an apparent polar effect (Cabeen et 

al., 2017; Kim et al., 2004b). 

The low pH sensory mechanism of RsbR1 was not assessed in this study. 

Presumably, RsbR1 NTD senses low pH by unknown means and 

subsequently transduces the signal into its STAS domain. RsbR1 may detect 

low pH stress through a co-factor or directly through its NTD. Resorting to 

deuterium exchange mass spectrometry would allow the identification of 

protonatable residues or binding pockets in RsbR1 NTD by analysing the 

protein at either neutral or acidic pH (Sen et al., 2017).  

Finally, ůB activity, through the low pH sensing of the stressosome, seems to 

affect L. monocytogenes virulence. The results generated in this study were 

confined to in vitro experiments and the role of the stressosome on the 

virulence of L. monocytogenes in vivo should be addressed. Resorting to 

Galleria mellonella larva fed with contaminated food by L. monocytogenes or 

intragastric inoculated mice may be a suitable approaches. 

In Chapters 4 and 5 it was found that temperatures of 42°C produce a strong 

selective pressure for the inactivation of ůB, while low temperatures promote 

the selection of alleles in the agrCA locus. The selection of sigB- alleles at 

elevated temperatures precluded the screening for regulators of ůB using both 

a transposon library and an IVEE, as conceivably, the signal cascade may be 

under a stronger selective pressure compared with that of the stressosome 

regulators. It is possible that other conditions where sigB- alleles exhibit a 
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fitness advantage also precluded similar approaches. Since the transposon 

library was initially screened for the loss of two ůB-associated different 

phenotypes, acid tolerance and ring-formation, re-screening the same library 

for strains that lost the sensing capability towards one single stress may 

enable the identification of regulators of the stressosome. Hypothetically, such 

strains would have retained a functional stressosome and the signal cascade 

but would have lost the sensory properties for one single stress. In this 

scenario, the occurrence of chromosomal mutations would enable the 

identification of such regulators. Alternatively, each of the RsbR paralogues 

may possess its own set of regulators. Future experiments should consider 

the utilization of multiple RsbR paralogue knockout mutants where a single 

RsbR protein remains active, hypothetically, this strategy would remove the 

redundancy between the RsbR paralogues. 

Overall, the results presented in this thesis have further highlighted the fitness 

cost of deploying the general stress response, as evidenced by the loss of 

function alleles that can arise when L. monocytogenes is exposed to mild 

stress conditions in laboratory conditions. These results also reinforced the 

importance of performing whole genome sequencing on newly constructed 

mutant strains to discard unwanted hitchhiker mutations that may impact future 

phenotypical profiling. The results also highlighted the role that the general 

stress response plays in acid tolerance and adaptive stress response and 

shows that acidic pH signals are transduced through the stressosome core 

resulting in the activation of ůB. Better understanding the mechanisms involved 

in regulating ůB activity will, in the future, allow us to develop better control 

measures that lead to improved food safety and reduced food-borne infections 

in people. 
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