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Abstract 

Listeria monocytogenes is a ubiquitous foodborne Gram-positive bacterium. 

Despite being mainly a soil bacterium, it can reach the food processing 

environment and contaminate food destined for human consumption, causing 

outbreaks. Because of its pathogenicity, it poses a danger for certain high-risk 

groups, including children, elderly, and immune-compromised people, as well as 

pregnant women, being capable of causing a life-threatening systemic infection 

known as listeriosis. 

All bacteria require an efficient transcriptional response and its fine-tuned 

modulation in order to survive the different stresses it encounters. This is 

especially true for L. monocytogenes, which presents an impressive range of 

stress adaptions that allows it survival in certain extreme conditions such as low 

temperature, low pH and high osmolarity. The alternative Sigma factor B, SigB, 

is responsible for the expression of the general stress response of this bacterium 

and plays a key role in the survival and adaption to new environments. The 

activation of SigB requires an intricate system of partner switching mechanisms, 

involving anti-sigma and anti-anti-sigma factors, triggered by a number of 

phosphorylation and dephosphorylation events that culminates with SigB being 

available to interact with RNA polymerase and lead the transcription of the 

general stress response regulon. At the top of this signal transduction pathway 

lies a large multi-protein complex, known as the stressosome. It is formed by 

RsbR (and its paralogs), RsbS and RsbT and is believed to function as a sensory 

hub for environmental stimuli. After signal detection, the stressosome proteins 

are phosphorylated and the complex goes through conformational changes that 

will ultimately allow for SigB activation. The reset of the stressosome to its pre-

stress conformation, is hypothesized to be exerted by a putative phosphatase, 

RsbX, which most likely dephosphorylates the stressosome proteins post-stress. 

The role of RsbX in modulating the activity and conformation of the stressosome 

as well as in subsequent regulation of SigB activity was investigated. RsbX was 

shown to be required for maintaining SigB levels and activity low in non-stressed 

conditions as well as for proper SigB mediated stress adaptation. A ΔrsbX mutant 

strain was shown to have a very slight growth defect, but it also exhibited 

impaired motility, reduced biofilm formation, as well as a more acid resistant 

phenotype. The absence of RsbX was shown to alter the composition of the 
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stressosome without drastically affecting its phosphorylation pattern. In 

general, RsbX was shown to play a crucial role in modulating the signal 

transduction pathways by preventing SigB activation under non-stressed 

conditions. 

Strains that acquire sigB operon mutations have been shown to have a growth 

advantage under certain mild stress conditions recurrent in a laboratory set. 

These strains were shown to outcompete the wild-type strain when grown in 

these conditions, demonstrating how a deficient SigB activity poses an 

advantage to the cell. On the other hand, and ΔrsbX mutant strain was shown 

to have a growth disadvantage, since it was outcompeted by the wild-type strain 

when co-cultured. The data highlights the significant cost stress protection 

presents to this pathogen, since deploying the general stress response is a 

burden on cellular resources, and in its absence the cell can redirect energy for 

growth. In contrast, in the presence of a lethal stress (low pH) the strains with 

impaired SigB activity showed a reduced survival and an overall increased 

sensitivity to the stress. Hence demonstrating that in a more stressful condition 

the high cost of the general stress response regulon is outweighed by the 

protection benefits it confers to the cell. The importance of RsbX, which 

prevents unnecessary SigB activation, is even more evident. RsbX is not only 

critical to shut down the general stress response post-stress and subsequent 

recovery of homeostasis, but it also keeps SigB activity to low levels in non-

stressed conditions, avoiding unwarranted gene expression and contributing to 

important energy saving.  

SigB also plays an important role in the transition of L. monocytogenes from a 

saprophytic to a pathogenic lifestyle. Even though most of the virulence factors 

are under the control of PrfA, the master regulator of virulence, SigB is 

fundamental in the survival of the bacteria inside the host’s gastro-intestinal 

tract (e.g., stomach high acidity and bile salt release in the duodenum), as well 

as in the early stages of infection, such as internalization into not phagocytic 

cells. Because of the importance of SigB for virulence, we speculated if RsbX, by 

controlling activity of SigB, would also impact the virulence of the bacteria. The 

data showed somewhat contradicting results, but in general it suggests that 

even though the expression of the virulence genes responsible for the uptake of 

the bacteria are increased in a strain lacking RsbX compared with the wild-type 

strain, the effect on the general infectivity of this strain was either minimal or 
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not existent at all. A reason for this could be the suggested growth defect caused 

by the absence of RsbX, which could also jeopardize the bacteria’s ability to 

efficiently grow within infected cells or organisms. 

Overall, RsbX seems to play a crucial role for L. monocytogenes, since it is 

responsible to maintain a very important, but extremely costly, stress protection 

mechanism in an inactive mode in absence of stress. Its functions span from 

alteration of stressosome conformation and subsequent modulation of stress 

response, to homeostasis recovery, motility, biofilm formation, stress survival, 

and even to indirect impact in the bacteria’s infectivity. This shows the 

diversified, but impactful range of effects RsbX seems to have for the bacterial 

cell. 
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Enkel sammanfattning på svenska 

Den bakteriella patogenen Listeria monocytogenes kan orsaka svår infektion 

(Listerios) hos personer med försvagat immunsystem, som exempelvis äldre, 

yngre och gravida. Listerios kan manifesteras som hjärnhinneinflammation och 

sepsis men även abort. Dödligheten hos immunsvaga patienter ligger mellan 20 

och 30% så infektioner orsakade av Listeria monocytogenes är bland de mest 

dödliga bakterieinfektioner man känner till. Normalt sett blir man smittad av att 

äta mat som inte blivit behandlad på rätt sätt (exempelvis mejeriprodukter som 

inte gjorts på pastöriserad mjölk). När bakterien tagit sig in i tarmen kan den 

passera tarmbarriären och där sprida sig till levern och mjälten genom blod och 

lymfsystemet. Hos personer med ett välfungerande immunsystem är detta inget 

problem och bakterien elimineras av immunsystemet men hos immunsvaga kan 

Listerios uppkomma. 

Listeria har en imponerande förmåga att överleva och även växa i förhållanden 

som används för att bevara mat, som exempelvis mycket låga temperaturer eller 

höga saltkoncentrationer men även andra besvärliga miljöer. När bakterien 

stöter på sådana svåra förhållanden blir den (precis som människor!) stressad. 

Listeria använder sig av olika system för att känna av stressen, respondera till 

den men även lugna ner sig när stressen försvunnit. Vid stress drar bakterien 

igång ett intrikat regleringssystem vilket leder till att fler än 300 geners uttryck 

påverkas. Även om dessa gener (genom deras genprodukter, proteinerna) 

behövs vid stress, utgör de också en stor energikostnad för bakterien om de 

aktiveras när de inte är nödvändiga. 

Jag har i min avhandling studerat hur Listeria monocytogenes gör för att 

kontrollera sitt stress-system. Mina studier tyder på att bakterien använder sig 

av ett protein, RsbX, både för att förhindra att stress-systemet slås på hela tiden 

samt att slå av systemet när förhållandena blir bättre. Tar man bort RsbX 

kommer bakterien att aktivera flera stressgener vilket också gör att den växer 

sämre och är mindre konkurrenskraftig än den bakterien som har RsbX. Jag 

kunde också observera att RsbX är ett protein som verkar behövas för att 

stressavkänningssystemet ska sitta ihop på rätt sätt. 



 

xi 

Avsaknaden av RsbX gör också att Listeria monocytogenes inte producerar 

flagellen, vilket är en ”svansliknande” struktur på bakterien som behövs för att 

den ska röra sig. Däremot kan en bakterie som saknar RsbX initialt klara svåra 

stress-förhållanden mycket bra, beroende på att den hela tiden producerar 

genprodukter som behövs för stress-överlevnad. Jag upptäckte också att 

bakterier som saknar RsbX inte är speciellt påverkade i deras förmåga att orsaka 

infektion. 

Sammanfattningsvis visar mitt avhandlingsarbete att RsbX är ett protein som 

fungerar som en ”portvakt” i Listeria monocytogenes där den förhindrar att 

stress-systemet slås på i onödan men också är viktig för att vissa bakteriella 

komponenter ska uttryckas och fungera. 
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Introduction 

Bacteria 

The Earth is around 4.6 billion years old and for over 80% of Earth’s history it 

existed exclusively microbial life, and they are still a dominant life form on the 

planet. Lifeforms are believed to be divided in a system known as the Three 

Domains, which was proposed in 1990 by Carl Woese and others. It proposes an 

evolutionary model of phylogeny based on differences in the sequences of cell’s 

ribosomal RNAs (rRNA), as well as membrane’s lipid composition and sensitivity 

to antibiotics. The three domains of life are: Archaea, Eubacteria (also known as 

bacteria) and Eukarya. Archea are prokaryotic cells that, unlike bacteria, do not 

contain peptidoglycan in its cell walls, are not sensitive to the same antibiotics 

and show some other differences compared to bacteria. Eukarya are eukaryotic 

cells with a nucleus and contain the most complex forms of life (Hogg, 2013; 

Suescún, Sanchez, Gómez, Garcia-Arias, & Núñez Zarantes, 2019; Wassenaar, 

2012; Willey, Sherwood, & Woolverton, 2017). 

Bacteria are a group of mainly unicellular organisms that may appear as simple 

forms of life. Work during centuries have though proven that they are highly 

sophisticated and adaptable. They constitute a large domain of the prokaryotic 

microorganisms and are some of the first life forms to appear on Earth, being 

present in most of its habitats (soil, water bodies, deep in the Earth’s crust, and 

in environments with extreme conditions). This ubiquity can be explained by the 

fact that they possess different growth rates, can utilize a huge diversity of 

carbon sources, can be both parasitic and free-living forms and very importantly 

are highly capable of adjusting to changes in the environment. The soil is a rich 

source of bacteria, and they are all essential to soil ecology, breaking down toxic 

waste and recycling nutrients. Bacteria can also establish symbiotic relationships 

with both plants and animals (Hogg, 2013; Suescún et al., 2019; Wassenaar, 

2012; Willey et al., 2017).  

In humans, most of the bacteria present in or on the body are harmless, and 

many times even beneficial for the host, like the case of the ones in the gut 

microbiome involved in the defence against pathogens, maintaining the 

intestinal epithelium and metabolizing certain indigestible compounds in food. 

Certain groups of bacteria can be pathogenic causing infections that constitute 
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a threat to the host, such as cholera, syphilis, anthrax, leprosy, and bubonic 

plague, and several respiratory infections. Bacteria are also important to 

produce cheese and yogurt, through a process known as fermentation, for the 

sewage treatment and breakdown of oil spills, as well as in biotechnology, and 

the production of several antibiotics, medication and other important chemicals 

(Hogg, 2013; Suescún et al., 2019; Wassenaar, 2012; Willey et al., 2017). 

Bacteria are also capable of forming a community, known as biofilm. Biofilms 

are complex communities of microorganisms adhering to a surface and encased 

in a protective exopolymeric substance. There are five stages of biofilm 

formation (Fig. 1): in stage one, individual planktonic cells migrate and adhere 

to a surface and become encased in small quantities of exopolymeric material; 

stage two, adherent cells excrete an extracellular substance (EPS; mainly 

composed of polysaccharides, proteins, lipids and extracellular DNA) that form 

a matrix and become irreversibly attached to the surface, resulting in cell 

aggregation and matrix formation; in stage three, the biofilm starts maturing 

and developing micro-colonies, becoming significantly more layered; in stage 

four the fully matured biofilm reaches its maximum density; in stage five, it 

starts releasing the micro-colonies of cells from the main community, which can 

then spread to new surfaces and restart the biofilm formation process all over 

again (Schachter, 2003; Stoodley, Sauer, Davies, & Costerton, 2002). These 

communities are known to be able to control their population density through 

a cell-to-cell signalling mechanism called quorum sensing (Schachter, 2003). This 

communication is a complex regulatory process, which prevents the biofilm 

from reaching a cell density that is unsustainable (Nadell, Xavier, Levin, & Foster, 

2008). The quorum sensing is done through molecules known as auto-inducers, 

which are constantly being produced by the bacterial cells. 

There are properties that the biofilms possess which free-form bacteria do not, 

such as the formation of physical and social interactions, enhanced rate of gene 

exchange and increased tolerance to antimicrobials. Because of these, biofilms 

are one of the most widely distributed and successful life modes on Earth, and 

they drive several biogeochemical processes. There are also biotechnological 

applications of biofilms, including the filtration of drinking water, degradation 

of wastewater and solid waste, as well as their use as catalyst in biotech 

processes. Most of the more complex organisms, including humans, are 

colonized by microorganisms that form biofilms. These can be associated with 
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persistent infections and the contamination of medical devices and implants. 

Biofilm formation is also a significant virulence mechanism in the pathogenesis 

of many bacteria, such as Pseudomonas aeruginosa (Gellatly & Hancock, 2013), 

Staphylococcus aureus (Gordon & Lowy, 2008) and Escherichia coli (Beloin, 

Roux, & Ghigo, 2008). 

 

 

Fig. 1 - Different stages of biofilm formation and development. Adapted and 

reprinted with permission from (Vasudevan, 2014). 
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Listeria monocytogenes taxonomy 

Listeria are a genus of Gram-positive bacteria that are rod-shaped (0.5 x 2 μm 

on average), non-sporulating, facultative anaerobes and have peritrichous 

flagella, which allows them to be motile at temperatures below 30°C. So far 20 

species have been identified, including: L. innocua, L. monocytogenes, L. 

welshimeri, L. seeligeri, L. ivanovii, L. grayi, L. marthii, L. roucourtiae, L. 

fleischmannii, L. floridensis, L. aquatica, L. newyorkensis, L. cornellensis, L. 

weihenstephanensis, L. grandensis, L. riparia, L. booriae and the more recently 

identified species L. thailandensis, L. costarincensis and L. goaensis (Bertsch et 

al., 2013; Boerlin & Piffaretti, 1991; den Bakker et al., 2014; Doijad et al., 2018; 

Graves et al., 2010; Halter, Neuhaus, & Scherer, 2013; Leclercq et al., 2019; 

Núñez-Montero et al., 2018; Orsi & Wiedmann, 2016; Weller, Andrus, 

Wiedmann, & den Bakker, 2015). The only pathogenic species among this genus 

is L. monocytogenes, which is the causative agent of a foodborne disease called 

listeriosis in humans and a source of infection in several other host species; and 

L. ivanovii, which affects only animals, mainly sheep and cattle, with limited 

infections reported in humans (Cummins, Fielding, & McLauchlin, 1994; Lessing, 

Curtis, & Bowler, 1994). A major difference between L. monocytogenes and the 

non-pathogenic L. innocua is the absence of most of the virulence gene cluster, 

including the master regulator of virulence, the Positive Regulatory Factor A 

(PrfA) regulator (Chakraborty, Hain, & Domann, 2000; Glaser et al., 2001). 

Listeria monocytogenes was first identified in 1926 by E.G.D. Murray during an 

outbreak that affected rabbits and guinea pigs (E. G. D. Murray, Webb, & Swann, 

1926). The first case of a human listeriosis infection was described in 1929 by 

Nyfeldt, and in 1940 it was given its current name by Pirie (Pirie, Pirie, & Harvey, 

1940). In the 1980s it was identified as a food-borne pathogen (Farber & 

Peterkin, 1991). Although the number of infections per year is moderately low 

(approximately 23,150 cases were estimated worldwide in 2010), the mortality 

among infected individuals is very high (20–30%).  

Individual isolates of L. monocytogenes also exhibit clear differences in terms of 

their ability to cause disease. Serotyping based on somatic and flagellar antigens 

discriminates 13 serotypes of L. monocytogenes, divided between four lineages 

(I, II, III and IV) at present (Lomonaco, Nucera, & Filipello, 2015; Orsi, Bakker, & 

Wiedmann, 2011; Piffaretti et al., 1989; Rasmussen, Skouboe, Dons, Rosen, & 

Olsen, 1995; Wiedmann et al., 1997). Lineage I contains serotypes 1/2b, 3b, 4b, 
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4d and 4e; whilst Lineage II includes 1/2a, 1/2c, 3a, and 3c (Orsi et al., 2011; 

Piffaretti et al., 1989). Lineages I and II are predominately associated with clinical 

and food isolates. Lineage III, which consists of 4a, 4c and some 4b strains, was 

thought to contain three distinct groups, IIIA, IIIB and IIIC, but IIIB has been 

renamed as Lineage IV (D. Liu, 2006; Rasmussen et al., 1995; Roberts et al., 2006; 

Ward, Ducey, Usgaard, Dunn, & Bielawski, 2008). Lineage III and IV strains are 

far less isolated and appear to be mostly associated with ruminants and non-

primate animals (Orsi et al., 2011; Wiedmann et al., 1997). Approximately 95% 

of all food or clinical isolates belong to 1/2a, 1/2b, or 4b serotypes (Farber & 

Peterkin, 1991; Swaminathan & Gerner-Smidt, 2007; Tappero, Schuchat, 

Deaver, Wenger, & Mascola, 1995), with 1/2a being most commonly found in 

food and 4b causing disease most often (Glaser et al., 2001).  

For decades, L. monocytogenes pathogenicity has been mainly studied using a 

subset of bacterial strains including EGD, EGDe, LO28 and 10403S which belong 

to the L. monocytogenes evolutionary lineage II, a group which is rarely 

associated to major human listeriosis outbreaks. On the other hand, listeriosis 

outbreaks in humans are mostly associated to lineage I, but these strains have 

been poorly characterized and the molecular mechanisms that contribute to 

their higher virulence remained unknown until recent times (Bécavin et al., 

2014; Maury et al., 2016). In 2008, the L. monocytogenes pathogenicity island III 

(LIPI-III) was discovered in a subset of lineage I strains (mainly 4b strains), 

suggesting that it could be associated to the higher virulence potential of these 

bacteria. LIPI-III encodes a cluster involved in the production of Listeriolysin S 

(LLS), a haemolytic and cytotoxic protein shown to be required for L. 

monocytogenes virulence in vivo, in a mouse intra-peritoneal infection model 

(Cotter et al., 2008). LLS has also been reported as the first bacteriocin in the 

Listeria genus and suggested to have a role in the modulation of the host 

microbiota, which is critical for the infection outcome (JJ, J, P, & J, 2017). Besides 

LIPI-III, there are two other pathogenicity islands: LIPI-I, present in all pathogenic 

L. monocytogenes and containing many of the well-established virulence factors 

associated with pathogenesis (Vázquez-Boland et al., 2001); and LIPI-II, a 

pathogenicity island found exclusively in the ruminant pathogen L. ivanovii 

(Domínguez-Bernal et al., 2006). 

LIPI-III was revealed to be consistently absent from all lineages II and III L. 

monocytogenes and from all other species tested (L. innocua, L. welshimeri, L. 
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seeligeri, L. ivanovii, and L. grayi), as well as from some lineage I strains (of those 

tested 52% possessed the island). Strains LIPI-III positive, such as F2365 and 

H7858, were responsible for epidemic outbreaks of listeriosis in California 

(1985) and the US (multistate; 1998–99), respectively. Other strains containing 

LIPI-III were also associated with listeriosis-outbreaks, like the one in Halifax 

(1981), Lausanne (1987), Illinois (1994) and North Carolina (2000). In contrast, 

relatively few lineage I outbreak-associated strains lack LIPI-III, being the 

Massachusetts (1985) and the UK (1989) ones, some of the exceptions (Cotter 

et al., 2008). 
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L. monocytogenes in the environment 

L. monocytogenes is a ubiquitous organism mostly found in the soil, but it can 

be isolated from a wide range of habits including water, plants, decaying 

vegetation, the intestinal tract of animals (e.g., cattle, goats, deer) and their 

faeces (Gray & Killinger, 1966). Survival of L. monocytogenes in the soil is 

influenced by factors such as the composition of the soil, water content, pH, 

temperature, the competing microbiota, geographical and meteorological 

conditions, irrigation from contaminated sources, as well as human and animal 

faecal contamination. Consequently, crops can be contaminated with this 

pathogen during harvest, which may introduce it into the food processing 

environment. However, the agricultural produce can become contaminated 

while being processed if adequate cleaning and decontamination practices are 

not in place (Fig. 2).  

 

Fig. 2 – Schematic representation of how L. monocytogenes colonize different 

environmental niches and can reach the food chain, by way of entering the food 

processing setting. Ready-to-eat foods represent the highest risk in term of 

contamination by this bacterium. Adapted and reprinted with permission from 

(NicAogáin & O’Byrne, 2016). 
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There is an increased public health risk since the bacteria can grow slowly even 

in properly refrigerated food, and it can survive processing based on low pH (as 

low as pH 2.5) or high salt (up to 3M NaCl) conditions (Gandhi & Chikindas, 

2007). The ability to colonize food-processing surfaces and form persistent 

biofilms, also poses a great concern to the food industry, since this could be the 

cause of recurrent cross-contamination of food products (Beresford, Andrew, & 

Shama, 2001; V. Ferreira, Wiedmann, Teixeira, & Stasiewicz, 2014; Orgaz, Puga, 

Martínez-Suárez, & SanJose, 2013; Renier, Hébraud, & Desvaux, 2011; Tresse et 

al., 2007; Van Houdt & Michiels, 2010). Common sources of L. monocytogenes 

in the food chain include Ready-to-eat food products (RTE) (e.g., deli meats and 

smoked salmon), unpasteurised milk and dairy products (e.g., soft cheeses), and 

raw vegetables (EFSA, 2017), which represent a risk for consumers.  
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Listeriosis 

The infection caused by L. monocytogenes is called listeriosis. Despite being a 

relatively uncommon disease, it causes a high proportion of severe cases and 

deaths, mainly in the more susceptible population: elderly and 

immunocompromised people, as well as pregnant women and infants. 

Therefore, the EU/EEA focus on the surveillance of listeriosis and the 

contamination of consumer products with L. monocytogenes. Notification of 

listeriosis cases in humans is compulsory in the vast majority of the EU/EEA 

Member States. Confirmed listeriosis cases reported from 2013 to 2017 in the 

EU/EEA show a statistically significant increasing trend (EFSA, 2017). In the latest 

report in 2019, the EU trend of confirmed listeriosis cases remained stable, after 

a long period of increasing trend. Despite this, still 2,621 confirmed cases of 

listeriosis were registered and the overall EU case fatality was higher (17.6%) 

compared with 2018 and 2017 (13.6% and 15.6%, respectively). This makes 

listeriosis one of the most serious food-borne diseases under EU surveillance 

(EFSA, 2019). 

L. monocytogenes is a facultative intracellular pathogen with the ability to make 

the transition from saprophytic lifestyle to a highly virulent state within the host, 

having a number of stress adaptations that both allows its survival in the 

environment, its survival and colonization the host intestinal tract. Usually, 

infection results from the ingestion of contaminated food (Fig. 3), and even 

though the dose of infection is not known, it is estimated to be 109 CFU in 

healthy individuals. This leads to an illness that is mostly expressed as a 

gastrointestinal disorder with associated symptoms such as nausea, vomiting, 

diarrhoea and abdominal pain, together with mild fever, which usually resolve 

themselves within a day (Farber & Peterkin, 1991; Swaminathan & Gerner-

Smidt, 2007). However, a much lower dosage of bacteria (102) can affect 

individuals with a weakened immune system, including older people, patients 

with HIV, individuals after transplantations or under immunosuppressive 

therapy (Farber & Peterkin, 1991; McLauchlin, 1996). In high-risk populations, 

the number of more severe cases of listeriosis is much higher, and if the infection 

is able to develop undetected by the immune system it can cause systemic 

listeriosis, which presents more serious symptoms, leading to a high rate of 
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hospitalizations and case fatality (Mead et al., 1999; Scallan et al., 2011; 

Vázquez-Boland et al., 2001). 

Fig. 3 – Stages of L. monocytogenes infection of a human host. If contaminated 

food is ingested, the bacterium can cross the intestinal barrier, travelling 

through the blood and lymphatic systems and reaching the liver and spleen, 

where L. monocytogenes can replicate. In immunocompromised people, the 

bacterium can be released into the blood stream, and in immunocompromised 

people, it can cross the blood-brain barrier causing severe cases of meningitis or 

encephalitis. In pregnant women the bacterium poses a stark risk because of its 

ability to pass the fetoplacental barrier, increasing the danger of premature 

birth or abortion. Adapted and reprinted with permission from (Radoshevich & 

Cossart, 2017). Licence number: 5165950571460. 

 

After ingestion, the bacteria reach to the gastrointestinal tract and it is either 

excreted to the environment in the faeces, or it crosses the intestinal epithelial 

barrier and translocate to the liver or spleen via the bloodstream and lymphatic 

system (Cossart & Toledo-Arana, 2008) (Fig. 3). There it replicates in the 

hepatocytes and in case of impaired defence mechanisms, the bacterium is 

released again into the circulatory system, increasing the risk of bacterial 
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septicaemia. L. monocytogenes very unique intracellular lifestyle and its ability 

to cross several host barriers pose a grave danger for more serious health 

complications. It can cross the blood-brain barrier causing meningitis, 

encephalitis, or meninge-encephalitis, which are very serious diseases and can 

potentially be fatal. Besides, it can also cross the placental barrier in pregnant 

women, causing a neo-natal infection which can result in the death of the foetus, 

spontaneous abortion, or in extreme cases the death of the mother (Allerberger 

& Wagner, 2010; Cossart & Toledo-Arana, 2008). 
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Invasion and infection 

After ingesting contaminated food, L. monocytogenes travels through the 

gastrointestinal tract of the mammalian host until it reaches the intestinal 

epithelium, where it initiates the entry process and its intracellular lifestyle. The 

invasion of non-phagocytic cells is mediated by two internalins, InlA and InlB 

(Fig. 4), which bind to the epithelial surface proteins of the host cells E-cadherin 

and c-Met, respectively, activating signalling cascades that lead to the 

internalization of the pathogen (Pizarro-Cerdá & Cossart, 2018). InlA exhibits a 

C-terminal LPXTG domain that allows it to be anchored to L. monocytogenes cell 

wall (Gaillard, Berche, Frehel, Gouln, & Cossart, 1991), while its N-terminal has 

a leucine-rich region (LRR) that interacts with the host receptor E-cadherin 

(Lecuit, Ohayon, Braun, Mengaud, & Cossart, 1997; Mengaud, Ohayon, Gounon, 

Mege, & Cossart, 1996). E-cadherin is a transmembrane glycoprotein present in 

the cells of the intestine, placenta and blood-brain barrier, and the interaction 

with InlA is species-specific (Lecuit et al., 1999). InlB binds to Met, a receptor for 

HGF (Hepatocyte Growth Factor), allowing the pathogen to enter the 

hepatocytes, and also collaborating with InlA during placental invasion (Disson 

et al., 2008; Gessain et al., 2015) and entrance into epithelial cells (Y. Shen, 

Naujokas, Park, & Ireton, 2000). InlB C-terminal region is characterized by the 

presence of glycine-tryptophan (GW) repeats that favour loose binding to 

bacterial membrane (Braun et al., 1997; Jonquières, Bierne, Fiedler, Gounon, & 

Cossart, 1999), and the N-terminal region displays LRRs that are essential for 

binding to Met in a species-specific manner (Khelef, Lecuit, Bierne, & Cossart, 

2006; Y. Shen et al., 2000). The interaction between InlB and Met triggers a 

signalling cascade that allows the rearrangement of the actin cytoskeleton in an 

Arp2/3 complex dependent manner (Bierne et al., 2001; Ireton & Cossart, 2003; 

Ireton, Payrastre, & Cossart, 1999). Consequently, the bacteria are engulfed and 

internalized in a membrane-bound vacuole into the cytoplasm of the host cells. 

Once inside the host, L. monocytogenes secrets listeriolysin-O, LLO (encoded by 

hly), and two phospholipases C, PlcA and PlcB. Together, they are capable of 

creating pores in the vacuolar membrane that disrupt it, allowing the bacterium 

to translocate to the host cell cytoplasm (Dramsi & Cossart, 2003; Geoffroy et 

al., 1991; Mengaud, Geoffroy, & Cossart, 1991). There the bacterium adapts to 

the cytosolic conditions and make use of the host cell metabolism, using the 

nutrients and metabolites to grow and replicate. L. monocytogenes takes up 
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glucose-1-phosphate, the primary degradation product of glycogen and highly 

available in the host cytoplasm, using a hexose phosphate transporter (Hpt). 

This allows the bacteria to produce enough energy to replicate inside the host 

(Chico-Calero et al., 2002; Ripio et al., 1997). Through the expression of actin-

polymerising protein (ActA), L. monocytogenes can make use of the host’s actin 

cytoskeleton to create flagellum-independent motility. Using the Arp2/3 

system, the bacteria re-arrange and polymerises the host’s actin filaments in 

order to form a polar tail, capable of propelling the bacteria through the 

cytoplasm (around 10 µm per minute) and eventually in direction of the host-

cell membrane. Once there, it forms a protrusion into the neighbouring cell by 

pushing through the membrane, ultimately leading to the bacterial engulfment 

in a double membrane vacuole, efficiently achieving cell-to-cell spread (Tilney & 

Portnoy, 1989). Once again, the bacteria make use of LLO, PlcA and PlcB to lyse 

and escape the vacuole, being able to begin replicating again in a new cell, and 

perpetuating the cycle (Alberti-Segui, Goeden, & Higgins, 2007). 

 

Fig. 4 – Schematic representation of L. monocytogenes colonization of the 

intestine. The figure illustrates of the transition between SigB and PrfA 

regulatory events. SigB is important for survival in the host and the ability of the 

bacteria to reach and enter intestinal epithelial cells. PrfA regulated genes are 

mainly involved in the processes required for virulence once the bacteria are 

inside the host cells. The figure shows all the steps involved in the infection 

process: attachment and internalization of the bacteria, escape from the 

phagosome, intracellular replication of the bacteria using hot cell nutrients, use 

of the host cell Arp2/3 system for bacterial mobility, and cell-to-cell spread. The 
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virulence factors required for each step are also shown. The human microbiota 

is shown lying on top of the microvilli of the epithelial cell. Adapted and 

reprinted with permission from (Tiensuu et al., 2019). For the National Cancer 

Institute © (2021) Terese Winslow LLC, U.S. Govt. has certain rights. 

The direct cell-to-cell spreading mechanism enables L. monocytogenes 

dissemination throughout the various infected tissues, while at the same time 

being protected from the host’s immune defences. Phagocytosis by 

macrophages also allows the bacteria to evade the humoral immune response 

of the host as well, since once inside the cell, the bacteria can lyse the 

phagosome and escape it, using LLO and ActA. By doing this, it avoids the fusion 

of the phagosome with the lysosome, which contains digestive enzymes, and 

successfully prevents its own degradation inside the macrophages (Disson & 

Lecuit, 2013; Hamon et al., 2007). 
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Regulators of gene expression 

Bacterial survival and pathogenesis strongly rely on its ability to adjust gene 

expression in response to specific stimuli, in order to avoid unnecessary 

energetic costs. In L. monocytogenes, gene expression is finely tuned in a way 

that allows the transcription of specific sets of genes in response to a specific 

environment, including the transition from a saprophytic to a pathogenic 

lifestyle. The bacteria are able to rapidly adapt and even change the 

transcriptional pattern depending on the specific phase of infection.  

In the first genome sequence study of L. monocytogenes, 201 putative 

transcriptional regulators were identified (Glaser et al., 2001). PrfA was the first 

transcriptional regulator identified as responsible for modulating the expression 

of virulence genes (Leimeister-Wächter, Haffner, Domann, Goebel, & 

Chakraborty, 1990). A number of other transcriptional regulators have been 

reported for L. monocytogenes, including sigma factors of RNA Polymerase 

(RNAP) (Lynne A. Becker, Çetin, Hutkins, & Benson, 1998), the heat shock-

related negative regulators (HrcA and CtsR) (Hu, Oliver, et al., 2007; Hu, 

Raengpradub, et al., 2007) a number of two-component regulatory systems (G. 

Williams, Khan, & Schweiger, 2005), regulatory RNAs (Mellin & Cossart, 2012) 

and other regulators.  

Two-component systems (TCSs) are some of the best studied strategies bacteria 

use to detect and transmit environmental stimuli in order to generate an 

appropriate transcriptional response. Typically, a TCS is constituted by a sensor 

(a histidine kinase, HK) that monitors external signals and a response regulator 

(RR) that controls gene expression. The signal transduction is accomplished 

through phosphorylation of the RR by the HK, once a change in the extracellular 

environment is detected. This triggers a conformational change that activate the 

RR’s effector domain, resulting in either the stimulation or repression of the 

expression of target genes (Stock, Robinson, & Goudreau, 2000; Zschiedrich, 

Keidel, & Szurmant, 2016). In L. monocytogenes, TCSs play an important role in 

adaptation to many stress factors encountered in nature, during the food 

processing environment and inside the host, as well as being implicated in 

virulence. For example, LisRK plays a role in stress-sensing and in modulating the 

virulence potential of L. monocytogenes, as well as the tolerance to important 

antimicrobials used in food and medicine (Cotter, Emerson, Gahan, & Hill, 1999; 

Cotter, Guinane, & Hill, 2002); CheY/CheA TCS is associated with the regulation 
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of flagellin expression, and seems to also play a role in the virulence of Listeria, 

since it appear to be important for both adhesion and invasion of Caco-2 cells 

(L. Dons, Olsen, & Rasmussen, 1994; Lone Dons et al., 2004); VirRS has been 

identified to contribute to L. monocytogenes virulence by regulating the 

modification of cell surface components and the deletion of virR results in a 

severe decrease in the virulence of the bacteria, both when infecting mice as 

well as in invasion of cell-cultured experiments (Mandin et al., 2005). 

Small trans-acting regulatory RNAs (sRNAs) are regulatory molecules between 

100-500 nt that control gene expression in response to different environmental 

cues. This happens usually by direct base-pairing between the sRNA and a region 

close to the Shine-Dalgarno region of the target mRNA, often destabilizing the 

latter by the action of RNases. In L. monocytogenes, more than 100 sRNAs have 

been identified but the role for the majority of these in gene regulation remains 

unknown (Toledo-Arana et al., 2009a). The expression of several sRNAs is 

induced when L. monocytogenes enters a host cell (Mraheil et al., 2011). One 

intracellularly induced sRNA is Rli27, which has been shown to bind the 5′-UTR 

of lmo0514, a cell-wall-binding LPxTG protein. The 5′-UTR of lmo0514 can form 

a repressive RNA-hairpin, preventing translation initiation, but Rli27 binding to 

the 5′-UTR disrupts the hairpin and translation can be initiated, allowing for the 

intracellular expression of Lmo0514 (Quereda, Ortega, Pucciarelli, & García-del 

Portillo, 2014). 
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PrfA 

Most virulence genes in L. monocytogenes, including prfA, hly, plcA, plcB, and 

actA, are under the control of the positive regulator factor A, PrfA, the master 

regulator of virulence (Scortti, Monzó, Lacharme-Lora, Lewis, & Vázquez-

Boland, 2007). PrfA is 27 kDa, and is a site-specific DNA-binding protein, that 

belongs to the cAMP receptor protein (Crp) / Fumarate nitrate reductase 

regulator (Fnr) family of transcriptional regulators group. It forms a symmetrical 

homodimer, containing the DNA-binding motif. This motif binds to 5’-

TTAACANNTGTAA-3’, a palindromic sequence (PrfA-box’) located at the position 

-41bp of the promoters to which the PrfA–RNA polymerase (RNAP) complex is 

brought to initiate transcription. The level of PrfA-dependent expression is 

determined by both the levels of PrfA and its affinity to the target promoter 

(Kreft & Vázquez-Boland, 2001).  

Published data suggests that PrfA requires the binding of a cofactor for full 

activity, and it was recently proposed that glutathione (GSH) could fulfil this 

function (Fig. 5). It was shown that bacterial and host-derived glutathione were 

required to activate PrfA. Based on a genetic selection, a mutation in the gene 

encoding a glutathione synthase was identified which exhibited reduced 

virulence gene expression and an attenuated infection (150-fold) in mice 

compared to the WT strain. Also, genome sequencing of suppressor mutants 

that arose spontaneously in vivo revealed a single nucleotide change 

in prfA resulting in an amino acid change in the protein that locked it in an active 

conformation (PrfA*) and completely bypasses the requirement for glutathione 

during infection. This supports a model in which glutathione dependent PrfA 

activation is mediated by allosteric binding of glutathione to PrfA (Reniere et al., 

2015). There have been reported several different PrfA* mutants, including 

G145S, Y63C, S71C, E77K, A94T, L140F, Y154C, L148P, G155S, and P219S. These 

have been used to identify novel virulence factors in transcriptomic and 

proteomic analysis (Hansen et al., 2020; Miner, Port, Bouwer, Chang, & Freitag, 

2008; Miner, Porta, & Freitag, 2008; Mueller & Freitag, 2005; Port & Freitag, 

2007; Velge et al., 2007; Wong & Freitag, 2004; Xayarath, Smart, Mueller, & 

Freitag, 2011; Xayarath, Volz, Smart, & Freitag, 2011). The crystal structures of 

PrfA in complex with glutathione reveal the structural basis for a glutathione-

mediated allosteric mode of activation of PrfA in the cytosol of the host cell. 

Furthermore, by binding to PrfA in the cytosol of the host cell, glutathione 
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causes a conformational change that increases the binding of PrfA to the PrfA-

box and promotes transcription of PrfA-regulated genes (Hall et al., 2016). This 

constitutes the post-translational PrfA regulation mechanism.  

 

Fig. 5 – Regulation of PrfA expression and activation. (a) The prfA monocistronic 

transcript is expressed from two different promoters, the P1 (regulated by SigA) 

and the P2 (regulated by both SigA and SigB). Also, a PrfA-regulated bicistronic 

transcript is generated from the PplcA promoter. (b) The prfA mRNA is post-

transcriptionally regulated, through a thermosensor which inhibits ribosome 

binding at low temperatures. (c) Post-translational modification of PrfA. 

Reduced glutathione (GSH) binds PrfA and promotes binding to the PrfA binding 

site (green box). Adapted and reprinted with permission from (Tiensuu et al., 

2019). 

The expression of PrfA is temperature-dependent and tightly controlled by an 

RNA thermosensor (Fig. 5). The thermosensor is located in a large 116-

nucleotide 5’UTR (untranslated region) upstream of the coding region of prfA 

mRNA. It forms a secondary structure (RNA hairpin) which prevents the 

translation of prfA by obstructing access of its Shine-Delgarno sequence to the 
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ribosomes. The hairpin is stable only at low temperatures (below 30°C), and it 

partially disrupts at higher temperatures (37°C), enabling binding of the 

ribosome and translation initiation, which is consistent with the requirement for 

upregulation of virulence associated genes inside the mammalian host 

(Johansson et al., 2002). This represents the post-transcriptional regulatory 

mechanism of PrfA. There is yet another mechanism of regulation of PrfA 

expression, this time at the transcriptional level, which will be described below 

(SigB and virulence). 
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Sigma factors of RNA polymerase 

Bacteria respond to changing environmental conditions by switching the global 

pattern of expressed genes. A key mechanism for global switches of the 

transcriptional program depends on alternative sigma factors that bind the RNA 

polymerase core enzyme and direct it towards the appropriate stress response 

genes. Competition of different sigma factors for a limited amount of RNA 

polymerase is believed to play a central role in this global switch (Mauri & 

Klumpp, 2014). 

Bacterial genomes encode multiple interchangeable sigma factors of RNA 

polymerase. In general, a sigma factor is temporarily bound to the inactive core 

of RNA polymerase to form a holoenzyme, the active form essential for 

transcription initiation (Borukhov & Nudler, 2003). The RNA polymerase 

holoenzyme participates in the recognition of a distinct set of promoters with a 

strictly defined sequence. It is involved only in the initiation of transcription and 

dissociates at the early elongation stage. A set of genes expressed because of 

the association of a given sigma factor with the RNA polymerase core enzyme 

defines the regulon of that sigma factor. The ability to target RNA polymerase 

to a specific promoter sequence by a specific sigma factor allows rapid and 

powerful transcriptional reprogramming in any given conditions encountered, 

increasing the chances of survival for the bacteria. Five RNA polymerase sigma 

factors are encoded in the genome of L. monocytogenes (Glaser et al., 2001). 

The primary sigma factor Sigma A (SigA) is encoded by rpoD (lmo1454) and 

recognised as a housekeeping sigma factor responsible for transcription in the 

growing cell. It belongs to the Sig70 family of sigma factors and is characterised 

by a high similarity to the principal sigma factor, SigA, of Bacillus subtilis, a 

closely related bacterium (Metzger et al., 1994). The group of four remaining 

sigma factors, described as secondary or alternative sigma factors includes: 

Sigma B (SigB) responsible for the expression of the general stress response 

(GSR) regulon; Sigma H (SigH), which plays a role in alkaline stress response 

(Phan-Thanh & Mahouin, 1999); Sigma L (SigL), involved in facilitating resistance 

against stress conditions associated with low storage temperatures, exposure to 

organic acids and elevated NaCl salt concentrations (Raimann, Schmid, Stephan, 

& Tasara, 2009); and Sigma C (SigC), involved in heat stress response (C. Zhang, 

Nietfeldt, Zhang, & Benson, 2005). These alternative sigma factors are utilized 

under specific environmental stresses (O’Byrne & Karatzas, 2008; Glaser et al., 
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2001). As a result of sigma factor competition for RNAP (Fig. 6), any increase in 

activity or levels of one sigma factor indirectly represses binding of other sigma 

factors to core RNAP and thus transcription of the genes they control. Such 

control has been proposed to contribute to the switch of the global gene 

expression program of the bacteria (Nyström, 2004).  

 

Fig. 6 – Representation of sigma factor competition for RNA polymerase (RNAP) 

in bacterial transcription. In L. monocytogenes possesses 5 sigma factors (SigA, 

SigB, SigH, SigL, SigC) competing for the availability of RNAP in order to 

transcribe its regulon. RNAP is the limiting factor in this setting, and its lower 

number in relation with the greater availability of sigma factors allows for 

competition between genes to be transcribed at a specific condition. Adapted 

and reprinted with permission from (de Vos, Bruggeman, Westerhoff, & Bakker, 

2011). 

 

Analysis of global control of gene expression in Escherichia coli suggests that 

reproduction and maintenance activities are also at odds in bacteria and that 

this antagonism may be a consequence of a battle between transcription factors 

for limiting RNA polymerase (Nyström, 2004). A mutation in the rpoS gene 

(encodes the general stress response regulator in E. coli, equivalent to SigB in L. 

monocytogenes) not only abolishes transcription of SigS-dependent genes in 



 

22 
 

stationary phase, but also causes the super-induction of other genes, for 

example Sig70-dependent ones (housekeeping genes). Analysis showed that this 

super-induction of Sig70-dependent genes is resulting from an increased 

amount of Sig70 bound to RNA polymerase in the absence of competing SigS. In 

addition, overproducing  Sig70 (to compete against SigS for RNAP) mimics the 

effect of an rpoS mutation by causing super-induction of Sig70-dependent 

genes, silencing of SigS-dependent genes, and inhibiting stress resistance 

development in stationary phase (Farewell, Kvint, & Nyström, 1998). Sigma 

factors appear to compete in vivo indicating that RNAP is not made in excess in 

the cell, and it is a limiting factor for transcription, which constitutes a central 

element of the sigma factor competition model. 
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Alternative Sigma factor B (SigB) 

Sigma B (SigB) is the alternative sigma factor B, encoded by sigB or lmo0895, the 

sigma factor that positively regulates the transcription of class II stress response 

genes in L. monocytogenes. It was identified in L. monocytogenes based on the 

homology with SigB from non-pathogenic but closely related bacteria B. subtilis 

and was first described in L. monocytogenes by two independent research 

groups in 1998 (Becker et al., 1998; Wiedmann et al., 1998). SigB has been 

reported to be associated with the bacterial stress response in a range of 

different conditions, including osmotic pressure (Becker et al., 1998), low pH 

(Wiedmann et al., 1998), high pH (Giotis, Muthaiyan, Blair, Wilkinson, & 

McDowell, 2008; Giotis et al., 2010), cold shock and heat shock (Bayles & 

Wilkinson, 2000; Becker et al., 1998), high hydrostatic pressure (Wemekamp-

Kamphuis, Karatzas, Wouters, & Abee, 2002), blue and red light (Ondrusch & 

Kreft, 2011), low O2 (Toledo-Arana et al., 2009), bile (Begley et al., 2005; Zhang 

et al., 2011), antibiotics (Begley, Hill, & Ross, 2006; Palmer, Wiedmann, & Boor, 

2009; Shin, Brody, & Price, 2010; Zhou et al., 2012), hydrogen peroxide (Becker 

et al., 1998), ethanol (Ferreira et al., 2001), disinfectants (Van Der Veen & Abee, 

2010), detergents (E. M. Ryan, Gahan, & Hill, 2008) and starvation (A. Ferreira 

et al., 2001; Herbert & Foster, 2001). The involvement of SigB in tolerance to 

freeze-thawing cycles (Wemekamp-Kamphuis et al., 2002) and biofilm 

formation have also been reported (Van Der Veen & Abee, 2010). Many of these 

environments are encountered by the pathogen in nature, during food 

processing and at various stages of infection, indicating the role of SigB in 

survival and pathogenesis of L. monocytogenes. 
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Regulation of SigB 

SigB regulation can also take place at the transcriptional level. Transcription of 

sigB, comprised in an 8-gene operon, along with rsbR, rsbS, rsbT, rsbU, rsbV, 

rsbW, sigB, and rsbX, is initiated upstream from rsbV (Becker et al., 1998) (Fig. 

7). Transcription of this operon is dependent on the presence of SigB (Becker et 

al., 1998), suggesting that a stimulation of SigB activity will rapidly result in an 

increase in sigB transcript. Different stresses are known to induce transcription 

from the SigB promoter upstream from rsbV, including salt, ethanol, organic 

acid, heat shock, entry into stationary phase and growth at cold temperatures 

(Becker et al., 2000; Becker et al., 1998).  

The high degree of conservation between the sigB operons in B. subtilis and L. 

monocytogenes (Fig. 7) suggest that similar regulatory mechanisms apply in the 

latter (Becker et al., 1998; Wiedmann et al., 1998). This has generally been 

proven true, except that in L. monocytogenes, there is no close homologue of 

RsbP which means that both energy-related and environmental stress responses 

is thought to be transmitted via RsbT (after release from the stressosome) and 

carried out through the RsbU phosphatase (Chaturongakul & Boor, 2004). The 

remaining of the signal transduction cascade appears homologous to that 

observed in B. subtilis (Fig. 10), which will be described in detail below. 

Fig. 7 – Conserved sigB operon in L. monocytogenes and B. subtilis. Genes 

belonging to the sigB operon are represented by open arrows, while sigB is 

shown in green and rsbX in red. Genes in dark grey are outside the operon. 

Angled arrows indicate the promotors, while the loops show the putative 

transcriptional terminators. The numbers show the percentages of amino acid 

sequence identity between the homologues. Adapted and reprinted with 

permission from (O’Byrne & Karatzas, 2008). License number: 5165951266960. 
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SigB and survival of L. monocytogenes inside the host 

The GSR regulon in L. monocytogenes corresponds to the genes under the 

control of SigB, and these are well defined and many contribute to a variety of 

stress resistance mechanisms including acid tolerance (Wemekamp-Kamphuis 

et al., 2004; Wiedmann et al., 1998), bile tolerance (Begley et al., 2006; Zhang et 

al., 2011), cell wall acting antimicrobials (Begley et al., 2006), gastrointestinal 

tract conditions (Toledo-Arana et al., 2009), osmoregulation (Katy R. Fraser, Sue, 

Wiedmann, Boor, & O’Byrne, 2003; Sue, Fink, Wiedmann, & Boor, 2004), visible 

light (O’Donoghue et al., 2016; Ondrusch & Kreft, 2011; Tiensuu, Andersson, 

Rydén, & Johansson, 2013) and virulence (Kazmierczak, Wiedmann, & Boor, 

2006; H. Kim, Boor, & Marquis, 2004; H. Kim, Marquis, & Boor, 2005; Rauch, Luo, 

Müller-Altrock, & Goebel, 2005). Many of these environments are encountered 

by the pathogen in nature, during food processing environment, the transition 

from a saprophytic to a host-associated lifestyle and at various stages of 

infection, showing that SigB plays an important role in the survival and 

pathogenesis of L. monocytogenes.  

During passage through the gastrointestinal tract, L. monocytogenes often 

encounters a wide range of pH values, both in nature and inside the host. The 

bacteria need to survive the highly acidic pH of the stomach (pH~2), as well as 

the less acidic pH of the duodenum (ph~6), and again low pH of the phagosome, 

once inside the host cells. The response to acid stress is accomplished by 

different systems, all of which are at least somewhat SigB-dependent, and it 

includes: adaptative acid tolerance response (ATR) (Davis, Coote, & O’Byrne, 

1996; O’Driscoll, Gahan, & Hill, 1996); the glutamate decarboxylase (GAD) 

system (Cotter, Gahan, & Hill, 2001); and the arginine deaminase system (Ryan 

et al., 2009). ATR, in which a short adaptive period at a nonlethal pH induces 

metabolic changes that allow the organism to survive a lethal pH (Foster & Hall, 

1990), which has been shown to require SigB (A. Ferreira et al., 2001). The 

transcription of GAD system (gadA-E) is induced after exposure to acidic 

conditions (except gadA), and there were identified two SigB-promoters 

upstream from the gadCB operon and gadD (Wemekamp-Kamphuis et al., 

2004). When exposed to low pH, the extracellular glutamate is transported into 

the cell via the glutamate/γ-aminobutyrate (GABA) antiporters, GadT1 or 

GadT2, and converted to GABA by enzymes GadD1-D3 (Gahan, Hill, Seveau, & 

Dussurget, 2014). This reaction consumes a proton, contributing to the 
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reduction of the acidity of the cell cytoplasm (Karatzas, Brennan, Heavin, 

Morrissey, & O’Byrne, 2010). GABA itself is less acidic than glutamate and its 

accumulation in the cell cytoplasm also contributes to an increase in pH (Cotter 

et al., 2001). The ADI (Arginine deiminase) system increases the cytoplasmic pH 

through the conversion of arginine to ornithine, and ammonia, with the latter 

being converted to ammonium through the addition of an intracellular proton 

(Ryan et al., 2009). Arginine is either synthesised from glutamate via the arginine 

synthesis pathway or transported into the cell via the ArcD transporter (Gahan 

et al., 2014). Its conversion to citrulline is regulated by the ArcA protein encoded 

by lmo0043, which transcription is up regulated by SigB (Hain et al., 2008). 

After passing the stomach, bacteria are confronted with high osmotic stress and 

bile salts during the transit through the duodenum and the small intestine. The 

bacteria employ several mechanisms to overcome osmotic stress, including the 

uptake of compatible solutes, like glycine betaine, glutamate and carnitine, from 

the extracellular environment (D. Liu, Lawrence, Ainsworth, & Austin, 2005; 

O’Byrne & Booth, 2002; Smith, 1996). The uptake system of glycine betaine in 

response to osmotic stress (Ko, Smith, & Smith, 1994), is encoded by betL 

(Sleator, Gahan, Abee, & Hill, 1999), and has a SigB promoter upstream from it 

(Fraser et al., 2000). Carnitine has been shown to be critical for growth and 

survival in the murine gastrointestinal tract (Sleator & Hill, 2010; Sleator, 

Wouters, Gahan, Abee, & Hill, 2001) and it is transported into the cell via the 

OpuC transport system, which consists of four genes (opuCA, opuCB, opuCC, 

opuCD) and is preceded by a SigB-dependent promoter (Fraser et al., 2000). 

Absence of either OpuC or SigB almost completely abolished carnitine uptake 

(Katy R. Fraser et al., 2003). Bile is secreted from the liver and consists of a 

combination of water with dissolved electrolytes, lipids, inorganic anions, 

vitamins, proteins, peptides, amino acids and heavy metals (Boyer, 2013). L. 

monocytogenes can protect itself from bile salt toxicity by using the bile salt 

hydrolase enzyme (Bsh). The bsh gene is under the control of both PrfA and SigB 

and deletion of either sigB or prfA, or both, was shown to reduce or completely 

abolish the ability of the bacteria to tolerate bile stress in vitro (Begley et al., 

2005; Zhang et al., 2011). 

In a recent review, based on a compilation of previous transcriptomic and 

proteomic studies, a list of SigB regulon members has been generated across 

different strains of L. monocytogenes. The list consists of 304 genes, of which 
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more than 30% have yet unknow function (Liu et al., 2019), which highlighted 

the need for more experimental work to define the function of a lot of these 

genes. This would be essential to provide a more thorough understanding of the 

regulatory networks under SigB control. 

 

 

SigB and virulence 

SigB has great significance in the transition of L. monocytogenes from 

saprophyte to pathogen since it is essential for the survival of the bacteria in the 

gastrointestinal tract conditions (as described above). Moreover, once the 

bacterium becomes intracellular, there is a transition of gene expression 

regulator from SigB to PrfA. The importance of SigB becomes smaller, and 

another master of regulation assumes a much more important and central role 

in the expression of the necessary virulence genes for infection, PrfA. 

Regardless, one cannot overlook the role SigB plays in the early stages of cell 

infection and also in the regulation of PrfA and PrfA-regulated genes. 

The transcription of prfA (Fig. 5) can be initiated from three different promoter 

sites: the PplcA which is located upstream of plcA and initiates the synthesis of 

a bicistronic mRNA constituted by plcA and prfA (Camilli, Tilney, & Portnoy, 

1993); and P1prfA and P2prfA, both located upstream of prfA (Freitag, Rong, & 

Portnoy, 1993), recognized by SigA and SigA and SigB, respectively (Nadon, 

Bowen, Wiedmann, & Boor, 2002). The promoter PprfA2 is a functional SigB-

dependent promoter and SigB contributes to virulence via the regulation of prfA 

expression. An attenuated phenotype in infection models was observed for both 

L. monocytogenes ΔsigB;ΔPprfA1 and ΔPprfA1;ΔPprfA2 double mutants (Nadon 

et al., 2002a). This constitutes the transcriptional mechanism by which PrfA is 

regulated and to which SigB contributes. Interactions between PrfA and SigB  

pathways ensure the rapid induction and transition in gene expression to 

facilitate infection and virulence, as well as subsequent downregulation to avoid 

overexpression of virulence genes, reducing cytotoxic effects (Ollinger, Bowen, 

Wiedmann, Boor, & Bergholz, 2009). 
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SigB has been associated with L. monocytogenes invasion of human epithelial 

cells by controlling inlA and inlB expression (Fig. 4). Its contribution has been 

evaluated by examining intracellular growth, adherence, and inlA/inlB transcript 

levels in wild-type and ΔsigB isogenic mutant strains in distinct intestinal 

epithelial cells lines (H. Kim et al., 2004, 2005). InlA and InlB are two of the 

internalin proteins produced by L. monocytogenes, under the control of SigB 

(Kazmierczak, Wiedmann, & Boor, 2006), that enable the cells to bind to human 

E-cadherin and Met proteins (Bonazzi, Lecuit, & Cossart, 2009), respectively. 

Invasion of both epithelial and hepatocyte human cell lines is significantly 

reduced in a mutant lacking SigB, and this correlates with a reduction in inlAB 

transcription in this strain (H. Kim et al., 2005). The role of SigB has also been 

confirmed to be relevant during the gastrointestinal stage of listeriosis in the 

guinea pig model (Garner, Njaa, Wiedmann, & Boor, 2006). 
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SigB and motility 

L. monocytogenes is flagellated and motile at temperatures below 30°C, but not 

at the mammalian physiological temperature (37°C) (Peel, Donachie, & Shaw, 

1988). This is reflected by the temperature-dependent transcription of the 

flagellar motility genes, controlled by the repressor MogR and anti-repressor 

GmaR, as well as DegU, the orphan RR (Gründling et al., 2004; Kamp & Higgins, 

2009; Shen et al., 2006; Shen & Higgins, 2006). At 37°C, the motility genes are 

repressed by MogR binding to the promoter regions, blocking its transcription 

and rendering the cells non-motile (Gründling et al., 2004; Shen & Higgins, 

2006). At temperatures below 30°C, and despite MogR being constitutively 

transcribed even at these temperatures, it no longer is capable of repressing the 

expression of the motility genes (Shen & Higgins, 2006). GmaR, the anti-

repressor of motility, is believed to bind to and sequester MogR from its DNA-

binding sites, thus allowing for the cells to again regain motility. It is the 

temperature-dependent expression of GmaR that results in the temperature-

dependency of the motility genes (Shen et al., 2006). Transcription of gmaR is 

constitutively activated by DegU, regardless of the temperature, but a 

regulation process only allows GmaR protein production at lower temperatures 

(Kamp & Higgins, 2009). It has also been shown that transcription of gmaR is 

MogR-repressed, resulting in a positive feed-back regulation of MogR 

expression (Kamp & Higgins, 2009). GmaR also functions as a thermometer 

protein, since it suffers conformational changes in response to temperature 

shifts that affect its binding to MogR, and the stability of the MogR:GmaR 

complex. At 37°C this complex is destabilized, MogR is released, and free to 

repress the transcription of the motility genes as well as that of gmaR itself, 

despite DegU still activating the transcription of the latter. The minimal amount 

of GmaR produced at 37°C is unable to bind to MogR, due to its altered 

conformation. Free GmaR is less stable, and it is degraded in a temperature-

independent way. Subsequently, the transcription of the motility genes remains 

repressed by MogR. At lower temperatures, the MogR:GmaR complex is 

stabilized, allowing for the activation of the expression of more GmaR by DegU, 

which in turn will bind to more MogR and  prevent the repression of the flagellar 

motility genes by the repressor (Kamp & Higgins, 2009, 2011). 

The flagellar motility cluster is downregulated in the presence of salt stress, at 

24°C, and that at the same temperature a ΔsigB mutant strain showed an 
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increased motility in soft agar (Raengpradub, Wiedmann, & Boor, 2008). This 

suggests that SigB negatively regulates motility-associated gene expression, 

which had been described by others (Hain et al., 2008; Ollinger et al., 2009). 

Also, blue light represses motility in L. monocytogenes because of increased 

activation of SigB through Lmo0799 (Ondrusch & Kreft, 2011; Tiensuu et al., 

2013). MogR has two known promoters, P1 and P2, and a SigB box has been 

identified in P1, associating the repression of the motility genes by MogR with 

SigB directly. P1 also generates a long 5’ UTR that lies anti-sense and overlapping 

with three of the genes required for flagellum, inhibiting their transcription. The 

mRNA transcribed from P2 is constitutively expressed, and does not rely on SigB, 

while the P1 transcript is not expressed in a ΔsigB mutant strain. The increased 

motility in a ΔsigB mutant strain can be partly due to lower expression of mogR 

since it will only be transcribed from P2. Also, absence of the long mogR 

transcript (from P1 and regulated by SigB), that leads to reduced flagellum gene 

expression due to base pairing and processing, could contribute to the increased 

motility of the ΔsigB mutant strain (Toledo-Arana et al., 2009). An increased 

expression of this anti-sense RNA was observed in light conditions, in an 

Lmo0799-dependent-SigB activation manner, which in turn negatively affects 

the motility of the bacteria (Tiensuu et al., 2013). 

Flagellar motility is highly advantageous survival mechanism used by bacteria in 

the extracellular environment but has also a high energetic cost for them. It 

allows them to move towards or from specific conditions to guarantee optimal 

bacterial fitness (Armitage, 1999) and to adhere to surfaces, increasing biofilm 

formation and cellular invasion in some cases (Lemon, Higgins, & Kolter, 2007; 

O’Neil & Marquis, 2006). Being a facultative intracellular pathogen of mainly 

mammalian hosts, whose temperature is usually 37°C, L. monocytogenes 

regulates both its virulence (RNA thermosensor of PrfA, as described above) and 

its motility, in response to temperature. Down-regulation of flagellar motility 

during host infection is important since flagella can be recognized by the host 

immune system and stimulate innate immune responses that inhibit the 

bacterial survival during infection (Hayashi et al., 2001; Molofsky et al., 2006). 

Also, expression of the flagella could create a competition with the actin-

polymerization based motility inside the host cells. 
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SigB regulatory pathway 

In B. subtilis, extracellular stimuli induce a SigB activation regulatory pathway 

(Fig. 8). The activation of SigB in response to physical (i.e., environmental) and 

nutritional (i.e., energy) stress is controlled by two separate but overlapping 

partner switching mechanisms (Alper et al., 1996; Price, 2001). Under non-stress 

conditions, the two SigB activating pathways do not receive a stress input, so 

SigB is inactive and the GSR is not induced. The activity of SigB is regulated 

primarily at the post-translational level by modulation of its interaction with an 

anti-sigma factor, called RsbW (Hecker et al., 2007). Free RsbW can interact with 

SigB, preventing the productive interaction between SigB and RNA polymerase 

core enzyme that leads to the transcription of the GSR. The RsbW antagonist 

protein (or anti-anti-sigma factor) called RsbV can bind to RsbW, releasing SigB 

and allowing the initiation of transcription. The ability of RsbV to associate with 

RsbW is determined by the phosphorylation state of RsbV. In the 

unphosphorylated form it interacts with RsbW, releasing SigB, whereas in the 

phosphorylated form it dissociates from RsbW, allowing the SigB-RsbW 

interaction to occur. This regulatory mechanism is called “partner switching” 

(RsbW switches between RsbV and SigB). The overall phosphorylation state of 

RsbV is regulated by the actions of two dedicated phosphatases, called RsbU and 

RsbP, and the kinase activity of RsbW. The phosphatase activity of RsbU depends 

on its interaction with RsbT, a serine-threonine kinase (O’Byrne & Karatzas, 

2008; Rodriguez Ayala, Bartolini, & Grau, 2020). RsbT is a protein that along with 

RsbRA (and its paralogs, acting as putative sensor proteins) and RsbS form a 

large multiprotein sensory complex (1.5-1.8 KDa) known as the stressosome 

(Marles-Wright et al., 2008; Marles-Wright & Lewis, 2010) In the presence of an 

environmental stress stimulus, RsbT phosphorylates RsbRA and RbsS, leading to 

the release of RsbT from the complex, and in turn activating the phosphatase 

activity of RsbU and culminating with the activation of SigB. On the other hand, 

when the bacteria are exposed to an energy stress, the SigB regulatory cascade 

starts with the protein phosphatase 2C (PP2C)-type RsbP (which 

dephosphorylates RsbV) and the agonist RsbQ, which forms an active complex 

with RsbP (Brody, Vijay, & Price, 2001; Vijay, Brody, Fredlund, & Price, 2000).  

In the absence of energy stress, the RsbQ:RsbP complex is not formed and RsbP 

remains inactive, not being able to dephosphorylate RsbV. This energy stress 

sensing pathway does not exist in L. monocytogenes. When the cells are not 
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experiencing significant stress, RsbV exists mainly in the phosphorylated form, 

which allows the anti-sigma factor RsbW to prevent the association of SigB with 

RNA polymerase. Under these conditions the kinase activity of RsbW out-

competes the phosphatase activities of RsbU and RsbP. However, when the cells 

experience stresses the phosphatase activity increases, resulting in a more 

stable interaction between RsbV and RsbW, the release of SigB and the 

induction of transcription of the SigB regulon. Thus, it appears that the 

phosphorylation state of RsbV is the principal determinant of whether the SigB 

regulon is expressed or not (O’Byrne & Karatzas, 2008). 

 

Fig. 8 – Schematic representation of the SigB activation signalling cascade in L. 

monocytogenes and B. subtilis. (1) The stressosome is composed by RsbR, RsbS 

and RsbT. (2) When stress is detected, RsbT is acts as a kinase, phosphorylating 

RsbR and RsbS, (3) leading to the release of RsbT from the stressosome. (4) Free 

RsbT interacts transiently with RsbU, promoting its phosphatase activity. (5) 

RsbU dephosphorylates RsbV (anti-anti-sigma factor), which allows RsbV to bind 

to RsbW (anti-sigma factor). (6) SigB becomes free to interact with RNA 

polymerase, promoting the expression of the SigB regulon involved in stress 

response. Up to this point the L. monocytogenes and the B. subtilis SigB 

activation pathways are the same. (7) In B. subtilis, an alternative pathway exists 

that dephosphorylate RsbV in order for it to interact with RsbW, and it is only 
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triggered in response to nutritional stress. If the bacteria sense an energy stress, 

RsbP and RsbQ interact and form an active complex, where RsbP is able to 

dephosphorylate RsbV. 
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Stressosome 

The upstream members of SigB signalling cascade form a high molecular weight 

complex of 1.8 MDa called the stressosome, both in B. subtilis and L. 

monocytogenes (Impens et al., 2018; Marles-Wright et al., 2008; Marles-Wright 

& Lewis, 2010) (Fig. 9 and 10). This complex is responsible for the integration of 

environmental signals and, as a result, the stimulation of the protein partner-

switching cascade that leads to SigB activation. This stress-sensing organelle is 

also found in proteobacteria, firmicutes, actinobacteria, cyanobacteria, and in 

Bacteroides and Deinococcus (Pané-Farré, Lewis, & Stülke, 2005). All genes 

required for the stressosome formation are conserved in L. monocytogenes and 

studies into the L. monocytogenes and B. subtilis SigB activation pathways have 

accepted the well characterised B. subtilis stressosome (Fig. 9) headed pathway 

as a model. In recent years, a study has confirmed the presence of the 

stressosome construct in L. monocytogenes (Impens et al., 2018) (Fig. 10). 

 

Fig. 9 – Cryo-EM structures of the stressosome of B. subtilis. The N-terminal 

domains of RsbR are colored yellow and the stressosome core (RsbS and 

remaining RsbR domains) is colored blue. The purple represents the density of 

RsbT in the complex. Adapted and reprinted with permission from (Marles-

Wright et al., 2008). 
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Fig. 10 – Assembly of the core icosahedral structure of the stressosome in L. 

monocytogenes. Only the STAS domains of RsbR (blue) and RsbS (red) are 

shown. (c) A schematic diagram of the stressosome core. (d) Representation of 

a stressosome unit, constituted by two dimers of RsbR and RsbS. Adapted and 

reprinted with permission from (Williams et al., 2019) The cryo-electron 

microscopy supramolecular structure of the bacterial stressosome unveils its 

mechanism of activation. 

 

In B. subtilis, the stressosome is composed of RsbRA and its paralogs (RsbRB, 

RsbRC, RsbRD, and YtvA), RsbS and RsbT forming a pseudo-icosahedral core with 

turrets on its surface (Chen, Lewis, Harris, Yudkin, & Delumeau, 2003; Marles-

Wright et al., 2008; Martinez, Reeves, & Haldenwang, 2010; Pané-Farré et al., 

2005) (Fig. 9). Their homologs in L. monocytogenes are designated RsbR 

(lmo0889), its paralogs RsbR2 (Lmo0161), RsbL (Lmo0799), RsbR3 (Lmo1642), 

and RsbS and RsbT (Impens et al., 2018). The stoichiometry of the RsbR paralogs 

in the stressosome remains largely unknown in both species. The stressosome 
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is composed by RsbR, RsbS and RsbT proteins, with approximately 40 copies of 

RsbR and 20 copies each of RsbS and RsbT. The structure is composed of a core 

region made up of RsbS:RsbT complexes, into which the C-terminal region of 

RsbR is embedded, leaving the N-terminal region of the RsbR protein to protrude 

as a turret (Marles-Wright & Lewis, 2010) (Fig. 9). RsbR N-terminal domains are 

thought to be the putative sensory elements of the stressosome, and associate 

in a dimer formation (Murray et al., 2005).  

It has been revealed that the RsbR N-terminal domain in L. monocytogenes can 

bind to the small membrane-tethered peptide Prli42, which has been suggested 

to anchor the stressosome to the cell membrane and to contribute to oxidative 

stress sensing (Impens et al., 2018). Prli42 is a tail-anchored membrane 

miniprotein which interacts with RsbR, RsbS and three RsbR paralogues 

(Lmo0161, Lmo1642 and the blue-light receptor Lmo0799). Through this 

interaction, Prli42 mediates SigB-dependent response to oxidative stress, shown 

by a reduced expression of the SigB-dependent gene lmo2230 in a Δprli42 

isogenic mutant strain, after oxidative stress. Prli42 was also found to be 

essential for survival inside macrophages, an environment where the bacteria 

are exposed to oxidative stress (Impens et al., 2018). Since the N-terminal 

domains of RsbR are thought to act as the stress sensors of the stressosome, it 

is hypothesized that in L. monocytogenes, Prli42 would tether a portion of 

stressosomes to the bacterial membrane and facilitate the transmission of the 

stress signals. In the same study, all the RsbR paralogs were also found 

associated with the stressosome, with the exception of Lmo1842, which was not 

detected. This might be consistent with the low transcription levels of this 

corresponding gene (Bécavin et al., 2017; Wurtzel et al., 2012).  

In a recent study, Williams and colleagues (Williams et al., 2019) presented the 

in vitro assembly of the L. monocytogenes stressosome proteins purified from E. 

coli, revealing that it has an icosahedral shape with a 2:1:1 RsbR:RsbS:RsbT 

stoichiometry and an hexagonal basic structural subunit composed of two 

dimers of RsbR and one dimer of RsbS, that form a rigid structure that is 

responsible for the stressosome integrity (Fig. 10). According to their model, the 

stressosome consists of multiple copies of three proteins RsbR, RsbS and RsbT, 

which are anchored to the cell membrane by Prli42. A key phosphorylation site 

of RsbR is partially hidden by a flexible loop, of which the “open” or “closed” 

position can modulate stressosome activity (Williams et al., 2019). The stress 
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signal is hypothesized to be transduced to the stressosome via Prli42, and a 

series of phosphorylation modifications culminate in the release of RsbT from 

the stressosome complex and allowing its binding to RsbU. Which in turn 

activates its phosphatase activity towards RsbV, allowing the RsbV-RsbW 

interaction and consequently leaving SigB free to bind to RNAP, and initiate 

transcription of the SigB-dependent regulon, in a stressed cell. 

While the current understanding of the stressosome structure has been 

thoroughly reviewed in several studies (Marles-Wright & Lewis, 2010; Pané-

Farré, Quin, Lewis, & Marles-Wright, 2017; Tiensuu, Guerreiro, Oliveira, 

O’Byrne, & Johansson, 2019; A. H. Williams et al., 2019), there is yet to be a 

structural model that includes all RsbR paralogs, in both strains. Despite the high 

level of variability in the N-terminal structures of RsbR and its paralogues 

(Murray et al., 2005), a level of redundancy in their sensing function has been 

shown, as all the paralogues are able to sense and contribute individually to 

ethanol stress response (Cabeen et al., 2017; Kim et al., 2004). So far, only one 

of L. monocytogenes RsbR paralogs, Lmo0799, has been proved to sense stress 

(blue light stress) and activate SigB in a stressosome-dependent manner. 
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Lmo0799 (RsbRL) and blue light stress 

L. monocytogenes is known for its ubiquity being widely found in the 

environment; hence it makes sense that it possesses specific mechanisms that 

enable it to sense and appropriately respond to the presence of light. The blue 

light photoreceptor Lmo0799 (RsbRL) has been shown to be involved in this 

sensory function (Ondrusch & Kreft, 2011; Tiensuu et al., 2013). Lmo0799 

contains a C-terminal STAS domain, but unlike the other RsbR paralogs, it also 

possesses a Light, Oxygen or Voltage (LOV) domain at its N-terminal region. It 

shares significant similarity with YtvA, its homologue in B. subtilis (Losi, Polverini, 

Quest, & Gärtner, 2002; Losi, Quest, & Gärtner, 2003). YtvA protein was the first 

confirmed bacterial LOV-carrying photoreceptor (Gaidenko, Kim, Weigel, Brody, 

& Price, 2006; Huala et al., 1997; Losi et al., 2002, 2003). There are several 

similarities between these two species’ blue light sensing proteins, including the 

conservation of several amino acids required for its functionality. Cys62 and 

Cys56 in YtvA and Lmo0799, respectively, are essential for the activation of SigB 

in response to blue light stress, and its alteration to either a serine or alanine 

residue inhibits SigB activation in response to blue light (Ávila-Pérez et al., 2006; 

Gaidenko et al., 2006; O’Donoghue et al., 2016). Despite this, the deletion of 

lmo0799 did not lead to greater killing of L. monocytogenes by blue light 

(O’Donoghue et al., 2016), even though its induction of SigB-dependent genes 

required Lmo0799 (Ondrusch & Kreft, 2011; Tiensuu et al., 2013). This was a 

surprising discovery, since it suggests that Lmo0799 does not appear to be 

required for survival at lethal doses of blue light. A possible explanation would 

be that indirect stress signals (e.g., oxidative damage caused by ROS) are 

produced because of a higher dose of light, and those can be sensed 

independently of Lmo0799 (maybe by another RsbR paralog), thus ensuring an 

effective stress response independent of the traditional light sensing 

mechanism. Moreover, while SigB was proven to be required for resistance to 

lethal blue light, its absence was found beneficial for growth in sub-lethal levels 

(O’Donoghue et al., 2016).  

The reason the bacteria possess a light stress response is somewhat unclear. It 

could be because light may alert the cell to inhospitable environments, such as 

at the surface of the soil. Alternatively, light has also been suggested to act as a 

virulence priming agent, preparing the cell for entry into a new host after 

shedding from previous hosts (Hecker, Pané-Farré, & Völker, 2007). Lmo0799 
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also mediates stress survival through the formation of opaque rings, a 

phenotype induced after cycles of dark and light, which grants better survival to 

reactive oxygen species (ROS). The transcription of SigB-dependent genes has 

been shown to be higher after exposure to blue-light only at 30°C, while there 

were no differences between light and dark conditions at 37°C. These results 

indicated that light sensing is lacking in L. monocytogenes at 37°C, which is the 

temperature within the mammalian host, where light is absent. However, 

outside the host (30°C and below), SigB is activated by light and thereby it 

facilitates the bacterial survival in the non-host environment (Dorey, Lee, Rotter, 

& O’Byrne, 2019). 

In conclusion, the blue-light receptor (Lmo0799) has been shown to be the only 

RsbR paralog involved in sensing a specific stress and transducing the signal 

through the stressosome, culminating with SigB activation. In addition, blue light 

is the only stress demonstrated to be both sensed through the stressosome 

complex and leading to an increased SigB activation.  
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Stressosome phosphorylation regulation: Bacillus vs Listeria 

RsbX is believed to function as a phosphatase, dephosphorylating the 

stressosome proteins and resetting the stressosome post-stress, that way 

regulating stress response in the bacteria (Fig. 8). This has been shown to be 

true in B. subtilis (Benson & Haldenwang, 1992; Boylan et al., 1992; Chen et al., 

2004; Voelker et al., 1997; Yang et al., 1996). On the other hand, not much is 

known about RsbX and its function as a putative phosphatase in the stressosome 

regulatory mechanism of L. monocytogenes, except it seems to be involved in 

reducing SigB activation after stress (Xia, Xin, Li, & Fang, 2015). In their paper Xia 

et al. observed that RsbX acts as a negative regulator of L. monocytogenes SigB 

activity during the recovery period after a primary stress or in stationary phase, 

thus affecting its survival under secondary stress. Because of the lack of 

knowledge of how RsbX actually functions in L. monocytogenes, is therefore 

worth looking at how this protein behaves in the closely related bacteria B. 

subtilis. RsbX has been shown to have a phosphatase activity towards RsbRA and 

RsbS, being required to reset the stressosome post-stress (primary stress) and 

recruit RsbT back to the complex (Chen et al., 2004; Yang et al., 1996). As 

expected, in the absence of RsbX, the activity of SigB increases very much and 

uncontrollably (Benson & Haldenwang, 1992; Boylan et al., 1992; Voelker et al., 

1997). 

In B. subtilis, activation of the stressosome is followed by phosphorylation of the 

conserved serine and threonine residues of RsbS and RsbRA, by the kinase RsbT. 

Even in unstressed cells, the stressosome appears to be phosphorylated in 

residue T171 of RsbRA, which also seems to be a pre-requisite for the release of 

RsbT and subsequent activation of SigB, since phosphorylated RsbS is unable to 

retain RsbT, therefore initiating the SigB signalling cascade (Chen et al., 2003; 

Kim et al., 2004). RsbRA has been suggested to be phosphorylated by RsbT even 

before the stressosome complex is formed, being required for the formation of 

the complex with RsbS. If RsbRA is phosphorylated, RsbT seems to have a higher 

kinase affinity towards the RsbS S59 residue, increasing its phosphorylation 

levels in the complex (Chen et al., 2003). The phosphatase activity of RsbX at 

RsbRA-P and RsbS-P is thereafter required to reset the stressosome to a pre-

stress state with the recruitment of RsbT back to the complex (Chen et al., 2004; 

Yang et al., 1996). When the bacteria experience a significative stress, the kinase 

activity of RsbT towards RsbS outcompetes the phosphatase activity of RsbX for 
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RsbS-P (Chen et al., 2003). B. subtilis mutants RsbSS59A (non-phosphorylatable at 

S59), RsbTD78N (inactive kinase) and ΔrsbT are not able to respond to osmotic 

stress in vivo (Gaidenko & Price, 2014; Kang, Brody, Akbar, Yang, & Price, 1996; 

Kang, Vijay, & Price, 1998). RsbRA has also been shown to be dephosphorylated 

by the phosphatase activity of RsbX, more specifically the residue T205, but only 

if RsbRA is in complex with RsbS as well. The T171 site of RsbRA does not seem 

to be a target for the phosphatase activity of RsbX (Chen et al., 2004). It is 

relevant to note that phosphorylation of RsbRA in both T171 (which seems to 

be constitutively phosphorylated) and T205 is only possible after extreme stress 

conditions, and tha this phosphorylation event prevents stressosome hyper-

activation and limits SigB activation (Eymann et al., 2011; Liebal, Millat, Marles-

Wright, Lewis, & Wolkenhauer, 2013). This is the one of the negative feedback 

loops partially responsible for a transient SigB stress response, essential for 

energy saving and return to homeostasis. SigB activation reaches its maximum, 

under ideal laboratory conditions, 10–40 min after stressosome activation, after 

which SigB activity rapidly decreases to a level slightly higher than that of pre-

stress level (U. Voelker et al., 1995). To reinforce a transient and controlled SigB 

response, RsbX, functions as a serine-threonine phosphatase that is responsible 

for the dephosphorylation of RsbS and RsbRA. This is the second negative 

feedback regulatory loop of SigB activity and constitutes the fine-tuning 

mechanism that allows RsbT to be again sequestered into the stressosome 

(Price, 2001; Yang et al., 1996), reverting the stressosome to its inactive 

conformation. The phosphatase activity of RsbX is low under non-stress 

conditions, which supports this model (Chen et al., 2004). Also, the rapid 

dephosphorylation of RsbS-P by RsbX is contrasted by its slow 

dephosphorylation towards RsbRA-P, suggesting RsbS phosphorylation state 

plays a key role in allowing RsbT to return to the complex and also that 

dephosphorylation of RsbRA does not seem to be a usual event in the cell.  

Expression of rsbX is mediated through a SigB-regulated promoter, leading to 

high expression RsbX after stress exposure, creating a positive feedback loop. 

This ensure that the more SigB is activated, the higher the levels of RsbX in the 

cell, required to later restrict the levels of SigB activity after stress. It has also 

been suggested that the phosphatase activity of RsbX in vitro is very weak and 

the number of RsbX proteins is also small, which could imply that it might be 

enhanced in vivo in order for this protein to play a physiological role in the cells 
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(Chen et al., 2004). Manganese has been proposed to enhance RsbX activity, 

which could then be a determinant factor in the function of this phosphatase in 

vivo (Yang et al., 1996). As expected, in the absence of RsbX, the activity of SigB 

increases to very high and uncontrolled levels (Benson & Haldenwang, 1992; 

Boylan et al., 1992; Uwe Voelker et al., 1997). It is important to note that it has 

been found that in several species there is RsbTX fusion protein, implying their 

function might be more associated than previously thought (Unpublished results 

by Conway et al.). 

RsbRA paralogues’ function remains unclear, but it has been proposed that they 

could act as SigB regulators in the environmental stress signalling pathway. 

Three of these proteins (RsbRB, RsbRC, RsbRD) have conserved threonine 

residues on their C-terminal regions which can be phosphorylated by RsbT, 

besides being able to interact with each other and with RsbS in vitro (Akbar et 

al., 2001). 

There seems to be two regulatory mechanisms to control SigB activation in B. 

subtilis. The first mediated by the phosphatase activity of RsbX mainly towards 

RsbS, which allows a rapid reset of the stressosome to it pre-stress architecture, 

after a stress signal. The second relying on the phosphorylation of the T205 site 

of RsbR and associated with the slow kinetics of dephosphorylation of RsbR-P by 

RsbX. This one ultimately allows for the modulation of the stress response when 

the bacteria are exposed to very high levels of stress, and the cells need an extra 

mechanism to regulate the activation of the very expensive stress regulon that 

could ultimately become a disadvantage for the bacterial fitness. The existence 

of this second mechanism seems even more important considering the lower 

levels of RsbX phosphatase activity observed in the bacterial cells. The molecular 

details of how RsbX dephosphorylates the stressosome proteins are not yet 

understood. 

Once again, the importance of the regulation of SigB activation, in the absence 

of stress, post-stress or in the presence of a very harsh stress, is highlighted by 

the mechanisms used by the cells to achieve homeostasis and balance 

survival/growth. In B. subtilis, RsbX seems to be important to dephosphorylate 

RsbS post-stress and subsequent return of RsbT to the complex, returning the 

stressosome to a pre-stress conformation. Stimulation of the expression of more 

RsbX is triggered by the activation of SigB that resulted from the activation of 
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the stressosome by stress, which would in turn help restore SigB activity levels 

to a pre-stress condition’s one. The same could be also speculated in the case of 

non-stress conditions, where RsbX would control unnecessary SigB activation, 

by maintaining RsbS dephosphorylated and RsbT associated with the 

stressosome. When the bacteria are exposed to an extreme stress, or one could 

think even in prolonged stress conditions, the levels of SigB activity and the 

energy used by the cells to deploy the highly costly stress response regulon can 

become a burden and out-balance the protection benefits it confers to the cell. 

In this case, there seems to be an additional control of SigB activation, the 

phosphorylation of T205 of RsbR, which somehow results in a diminished stress 

response. How this happens is not yet known, but it could suggest that this 

phosphorylation event somehow locks the stressosome in a conformation that 

does not allow for RsbT release. The slow kinetics of the dephosphorylation of 

RsbR T205 by RsbX also enable the bacteria to regulate its SigB activity levels, by 

giving it more time to regain some energy balance. 

In comparison, L. monocytogenes RsbR1 has two phosphorylation sites, T175 

and T209, whereas in RsbS this residue is S56, equivalent to T171, T205 and S59, 

respectively, in B. subtilis. RsbR1 T175 also shows a basal level of 

phosphorylation, even in non-stressed cells (Misra et al., 2011) and has been 

reported to be required for acid stress response (He et al., 2019). The structure 

of the C-terminal domains of both RsbR1 and RsbS showed great proximity 

between both proteins’ phosphorylatable residues and their closeness to the 

stressosome surface. Thus, they would be accessible by RsbT for 

phosphorylation (Williams et al., 2019). The model from B. subtilis predicts that 

RsbRA T171 would be already phosphorylated in unstressed condition and that 

the environmental signal would trigger RsbRA T205 and RsbS S59 

phosphorylation (Eymann et al., 2011). Interestingly, T209 and S56 are located 

near RsbR1’s flexible loop, which could influence the access for the kinase RsbT, 

depending on the configuration of the loop being “open” or “close”, allowing or 

preventing access for RsbT and therefore the phosphorylation of the residues 

(Williams et al., 2019).  

A recent study by Desseaux and colleagues (2020) has shown that in actively 

growing cells (exponential phase of growth) L. monocytogenes RsbR1 and RsbS 

localize mostly in the cytosol in a fully phosphorylated state regardless of the 

presence of osmotic stress. On the other hand, RsbT distributes between the 
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cytosolic and membrane-associated fractions. RsbT was shown to act as a kinase 

on RsbR1 and RsbS, and this way to be required for maximum SigB activation in 

response to an osmotic stress. Cytosolic RsbR1 interacts with RsbT, an 

interaction that lessens at the membrane in the presence of RsbR1 paralogues 

(RsbR2, RsbR3 and RsbL). From these observations, a model was put forward in 

which phosphorylated RsbR1 and RsbS maintain basal levels SigB activity in 

unstressed cells, to ensure a rapid increase in response to stress. It was also 

hypothesized that the active RsbR1-RsbS-RsbT complex forms only transiently 

and that membrane-associated RsbR1 paralogues could modulate its assembly, 

which is the first suggestion of the potential function of RsbR2 and RsbR3 

paralogs. Overall, it was proposed that SigB activation might be modulated by 

cytosolic and membrane-associated complexes responding to distinct 

environmental stimuli. The dynamics of assembly and disassembly of these 

stressosome complexes could be fine-tuned by RsbR1 paralogues, especially at 

the membrane, making these paralogues a new regulatory element controlling 

stressosome function (Dessaux, Guerreiro, Pucciarelli, O’Byrne, & García-del 

Portillo, 2020). 

Regardless of these new findings, L. monocytogenes stressosome assembly and 

phosphorylation dynamics and patterns, as well as how they affect SigB 

activation in vivo are not yet fully understood. The same is true for the putative 

action of RsbX as the stressosome phosphatase. It is hypothesized that RsbX is 

responsible for the dephosphorylation of RsbR and RsbS residues, returning the 

stressosome to a ready state when it comes to stress sensing, although it has 

not yet been proven to act as phosphatase. 
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Aims 

An efficient and tightly controlled gene expression is vital for an appropriate 

response to environmental stimuli and survival of the bacteria to harsh 

conditions. This is even more true in a bacterium that can inhabit such a range 

of different environments and survive many very stressful and harmful 

conditions, as is the case of L. monocytogenes. SigB is essential in the activation 

of the general stress response regulon in response to a stimulus, but at least as 

important is a strict control of SigB activation and deactivation. The SigB 

activation pathway involves a number of proteins known as anti and anti-anti-

sigma factors that ultimately allow for the release of SigB from a partner 

switching mechanism and its interaction with RNA polymerase. At the top of this 

pathway lies the stressosome that kicks off the whole signalling cascade in the 

presence of a stress by phosphorylation of two of its proteins (RsbR1 and RsbS) 

and release of the third, RsbT. In B. subtilis, RsbX has been shown to acts as a 

phosphatase thought to be responsible for the dephosphorylation of these 

proteins, post-stress and return to and subsequent maintenance of cell 

homeostasis. Therefore, the aims of this thesis were as follow: 

• To determine if RsbX is indeed involved in the negative regulation of 

SigB activation in L. monocytogenes, both after exposure of the bacteria 

to a stressful condition and in the absence of stress. 

• To investigate whether RsbX is required to maintain bacterial fitness and 

competitiveness, as well as if it plays role in stress response, by way of 

possibly regulating SigB activity. 

• To discover any possible phenotypes associated with RsbX (those being 

dependent or not on its possible effect on SigB activity). 

• To examine a possible role of RsbX for the virulence of L. monocytogenes 

and determine whether it is a consequence of its potential effect on SigB 

activation. 
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Materials and Methods 

Construction of genetically modified L. monocytogenes 

For complementation of the ΔrsbX + rsbX mutant strain, the prsbX plasmid was 

constructed using the IPTG-inducible pIMK3 plasmid (Monk, Gahan, & Hill, 

2008). The plasmid was transformed by conjugation into the L. monocytogenes 

ΔrsbX mutant strain, obtaining the ΔrsbX + rsbX mutant strain (Trieu-Cuot, 

Carlier, Poyart-Salmeron, & Courvalin, 1991). 

The L. monocytogenes EGD-e ΔsigB; ΔrsbX mutant strain was constructed by PCR 

amplification of around 800 b.p. flanking both sigB and rsbX, based on the 

protocol on Arnaud et al., 2004. The first fragment was digested and cloned into 

a pMAD vector (pMAD::ΔsigB), and the same for the second fragment but this 

time it was cloned into pMAD::ΔsigB, creating pMAD::ΔsigB; ΔrsbX. The 

construct was confirmed by endonuclease digestion and sequencing using 

specific primers for pMAD, and after transformed into electrocompetent L. 

monocytogenes EGD-e by electroporation. Transformants were selected at 30°C 

on BHI agar plates supplemented with erythromycin, and isolated colonies were 

grown at 39°C overnight in BHI with the same concentration of erythromycin. 

To obtain integrants, serial dilutions were plated onto BHI agar with 

erythromycin and X-gal and grown at 41°C overnight. Blue colonies were 

selected and grown at 30°C in BHI medium overnight, and again incubated at 

39°C for 3h. The cultures were serially diluted and plated in LB agar plates with 

X-gal and grown at 30°C for 2 days. The appearance of white colonies suggested 

the excision and loss of the plasmid, and theses were screened for erythromycin 

resistance and the deletion of both sigB and rsbX was confirmed by PCR. 

 

Growth curves and growth rate determination 

Three replicates of cultures of the different L. monocytogenes strains tested 

were grown overnight, in BHI medium, at 37°C. The cultures were diluted to an 

OD600 of 0.05, further incubated at the right temperature (37°C or 23°C) and 

OD600 was examined every hour until stationary phase was reached. The data 

was plotted as growth curves graphics and the growth rate (doubling time) was 

calculated. 
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Biofilm formation assay 

The protocol followed was based on the one from Harvey et al., 2007. Cultures 

were grown overnight in TSB (tryptic soy broth) medium at 37°C, after which 

they were diluted 1/500 following another overnight incubation at the same 

temperature. A second dilution was required (1/20), before aliquoting it to 96-

well round bottom sterile plates. The plates were incubated statically to produce 

biofilm, in bench light conditions, at either 23°C or 37°C, over a period of 24h, 

48h and 72h. After the corresponding incubation time, the cultures were 

aspirated from the wells and washed three times with sterile water to remove 

loosely attached bacteria. After drying the plates at 37°C for 45 min, a solution 

of 1% crystal violet was used to stain the biofilms growing at the bottom of the 

96-well plates, followed by 3 washes with sterile water and again air-dried for 

30 min at 37°C. To destain the wells, a solution of 95% ethanol was added. The 

absorbance was read using a plate reader, at 595 nm, to determine the 

concentration of crystal violet and therefore how much biofilm was formed in 

each well. The data was plotted as bar graphs, where the error bars represent 

the standard deviation between the three biological replicates. 

 

Acid survival assay 

Cultures were grown overnight in BHI medium, at 37°C and 23°C, after which 

IPTG was used to induce the complementation of the ΔrsbX + rsbX mutant strain, 

for 1.5h. The cultures were then pelleted and resuspended in BHI acidified to a 

pH of 2.5, as incubated at either 37°C or 23°C, for 160 min or 420min, 

respectively, during which several samples were taken. Each sample was serially 

diluted and plated onto BHI agar plate, incubated at 37°C for 24h, after which 

the number of colonies in each was counted and the CFU/mL determined and 

plotted in a survival graphic. A 2-way ANOVA test with multiple comparisons was 

performed on the date from three biological replicates, at a confidence level of 

95%. 
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Motility plate assay 

Overnight cultures were grown at 37°C, followed by spotting of a 2 µL aliquot 

onto a soft agar plate (0.3% agar) that was subsequently incubated 24h at the 

laboratory temperature (~23C°C), and photographed. 

 

RNA isolation 

The protocol followed essentially Loh et al., 2012. Overnight cultures were 

grown at 37°C in BHI medium, followed by diluting the cultures 1/100 and 

growth at either 37°C or 23°C, respectively. It is important to note that, for dark 

condition the cultures were wrapped in aluminium foil to avoid contact with 

light. When the cultures reached an OD600 of around 0.8, a 5% phenol in 95% 

ethanol solution was added to stop transcription and enzymatic activities, and 

the samples collected. From this point forward, all the steps were done on ice 

or at 4°C in order to avoid RNA degradation. The samples were centrifuged 

shortly and resuspended in a solution containing glucose, Tris-HCl and EDTA, 

after which were transferred to tubes containing glass beads and 

phenol:chloroform. The bacteria were disrupted using a FastPrep machine and 

after centrifuged shortly, the aqueous phase incubated 5 min at room 

temperature with TriReagent, and again centrifuged. Again, the aqueous phase 

was mixed with chloroform, centrifuged, and one more chloroform extraction 

was performed before precipitating the RNA with isopropanol in the freezer for 

30 min. Centrifugation followed, and the pellet was washed with 75% ethanol, 

and resuspended in diethyl pyrocarbonate (DEPC)-treated water, before a 

DNase treatment was performed to remove any DNA left. After, a 

phenol/chloroform/IAA solution was added, the samples centrifuged, the 

aqueous phase was extracted with chloroform, and after centrifugation the 

pellet resuspended in Sodium Acetate and ethanol, incubated in the freezer for 

1h to precipitate the RNA. The air-dried pellet, after centrifugation, was 

resuspended in DEPC-treated water and the concentration of RNA isolated 

measured using a NanoDrop machine. 
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Northern blot analysis 

Northern blotting protocol was based on Tiensuu et al., 2013, with minor 

alterations. A total of 20 µg of isolated RNA plus Sodium acetate and pure 

ethanol, were precipitated overnight, at -20°C, after which they were 

centrifuged 30 min, and the pellet resuspended in RNA sample buffer (DEPC-

treated water, 10x HEPES, formamide, formaldehyde). The samples were 

denatured at 65°C for 3min, a 6x formamide dye was added, and loaded onto a 

1.2% agarose with HEPES and formaldehyde. The gel was run in HEPES, for 

approximately 4h, at 100V, and after the RNA was transferred to a Hybond-N 

membrane by capillary transfer. The membranes were cross-linked with UV-

light, pre-hybridized in Rapid hyb buffer (GE Healthcare UK Limited) for 2h at 

60°C, followed by addition of the radioactively labelled DNA fragment prepared 

using the Prime-a-Gene® Labelling System as recommended by the company, 

and incubated at the same temperature overnight. The membranes were 

washed twice in solutions containing SDS and SSC, for 15min and then exposed 

in a phosphorimager cassette and developed using the Typhoon FLA9500 

scanner. 

 

Protein extraction 

i) Common protein extraction method 

The protein extraction method used is mostly based on the protocol described 

in Fliss et al., 1991, with only minor alterations. Samples were grown at the 

appropriate temperature, until a certain OD600 was reached, when they were 

harvested. The pellets were resuspended in 1 mL of SET buffer (NaCl, EDTA, Tris-

HCl), the samples centrifuged shortly, and again resuspended in acetone and 

kept on ice for 10 min before centrifugation. The pellets were treated with a 

solution containing mutanolysin to digest the cell wall, DNase and RNase A to 

get rid of any DNA and RNA present in the sample, and incubated 30 min at 37°C. 

Thereafter, 4x SDS-PAGE protein sample buffer was added to a final 

concentration of 1x, and the samples were boiled 15min, at 95°C. The samples 

were loaded onto a gel, in a quantity that was corrected based on their OD600 or 

based on a Coomassie gel staining. 
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ii) Protein extraction and sub-cellular fractionation 

The protocol was based on Dessaux et al., 2020 and 2021 with only some minor 

alterations and used for Phos-tag™ analysis. Overnight cultures were grown at 

37°C, diluted 1/100 in BHI medium, and grown again until an OD600 of 

approximately 0.4 was reached. After this, the samples were collected and 

boiled for 20 sec before centrifugation for 18 min at 4°C, and a washing step 

with PBS. The pellets were resuspended in TS buffer (Tris-HCl, MgCl2, sucrose), 

centrifuged, and resuspended in lysis buffer containing mutanolysin, RNase A 

and a protease inhibitor cocktail, before being incubated at 37°C for 5h while 

slowly rotating. After this step the protoplasts were obtained (bacterial cells 

without cell wall) by centrifugation, washed with PBS, and resuspended in 500 

µL of a solution containing Tris, Protease inhibitor cocktail and DNase, and lysed 

by sonication. A step of centrifugation was added to remove unbroken cells, and 

the supernatant (lysed cells) underwent 2 rounds of ultracentrifugation. The 

supernatant obtained after the first centrifugation corresponded to the 

cytosolic fraction of the protein extraction, and after the second centrifugation 

the pellet obtained and resuspended in 500 µL of Tris, corresponded to the 

membrane fraction. This samples were used for Phos-tag™ western blot 

analysis. 

 

iii) Whole cell protein extraction 

The protocol follows essentially Peter et al., 1993 with alterations, and it was 

used for protein extraction of samples destined for virulence factor expression 

detection. Overnight cultures were grown at 37°C, diluted 1/100 in BHI medium, 

and grown until an OD600 of around 0.8 was reached. The equivalent of 1 OD-

unit was harvested, the pellets washed with PBS, before being resuspended in 

Buffer A (KCl, Tris-HCl, EDTA, and glycerol) plus DTT (dithiothreitol) and a 

Protease inhibitor cocktail and transferred to tubes containing glass beads. The 

samples were disrupted using a FastPrep machine, centrifuged, and the 

supernatant transferred to a new tube containing sodium deoxycholate and 

incubated 10 min at room temperature. Thereafter, ice-cold trichloroacetic acid 

(TCA) was added to each sample and incubated 1h on ice, followed by 

centrifugation, a wash in acetone and resuspension in 200 µL of Laemmli 

Loading Buffer. The samples were then boiled 10 mi at 95°C. 
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iv) Supernatant protein extraction 

The protocol used is based on the one described in Netterling et al., 2015 and it 

was used for LLO detection. Bacterial cultures were grown overnight at 37°C, 

diluted 1/100 in BHI medium and grown until the OD600 was approximately 0.8. 

The samples were harvested and the supernatant filter-sterilized with a 0.22 µm 

filter, and 1 mL of sterile-filtered supernatant was mixed with sodium 

deoxycholate for 10 min at room temperature, followed by a TCA precipitation 

step for 1h on ice. After, the samples were centrifuged for 30 min, the pellet 

resuspended in ice-cold acetone and centrifuged for another 30 min before the 

pellets were dried and resuspended in 15 µL of 1x Laemmli sample buffer. 

 

Western blot analysis 

i) Regular Western blot 

Samples were boiled for 15 min at 95°C before being loaded onto either 10% 

SDS-PAGE gels (virulence factor analysis samples), 12% SDS-PAGE gels (SigB and 

FlaA samples) or a 4–20% Mini-PROTEAN® TGX™ Precast Protein Gels and ran in 

Running Buffer (tris, glycine, SDS) at 80V for 15min, plus 200V for 1h more (or 

35 min in the case of the pre-cast gels). The separated proteins were transferred 

to a nitrocellulose membrane by a semi-dry transfer method (30 min, at 25V), 

followed by a 1h blocking step in 5% skimmed milk. The membranes were 

washed 3 times in 1% PBS-T and incubated with the primary antibodies 

overnight at 4°C, followed by another 3 washes in PBS-T and incubation with the 

horseradish peroxidase conjugated secondary antibody for 1h at room 

temperature. An ECL Prime Western Blotting System was used for the detection 

and the membrane was exposed and the signal detected. 

 

ii) Phos-tag™ western blotting 

SuperSep™ Phos-tag™ (Fujifilm) are precast polyacrylamide gels containing a 

Phos-tag™ molecule with a Zn2+ ion. This molecule binds specifically to 

phosphate groups of the proteins during SDS-PAGE, allowing for separation of 

the proteins and detection of isoforms as different bands based on their level of 
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phosphorylation level. After protein extraction and sub-cellular fractionation of 

samples, they were separated on this specific pre-cast gels for an initial 15 min 

at 80V, followed by 95 min at 140V. It was also required a pre-treatment of the 

gels, to remove any Zinc ions, consisting of 3x 20 min washes in transfer buffer 

(Tris, glycine, methanol, EDTA) and 1 wash in transfer buffer without EDTA for 

an extra 10 min. The remaining of the procedure was as described above. 

 

In vivo cross-linking 

The protocol essentially follows Lougheed et al., 2014, with some minor 

modifications. Overnight cultures were grown at 37°C, diluted 1/100 in BHI 

medium, and grown in darkness (flasks wrapped in aluminium foil) until OD600 

0.8 was reached. Next, 0.5 M of NaCl was added to some of the cultures and 

incubated for an additional 5 min, before formaldehyde was added to a final 

concentration of 0.74% to cross-link. After 10 min of incubation with the 

formaldehyde, the reaction was quenched using ice-cold and sterilized glycine 

solution in PBS, and the samples harvested and the protocol for general protein 

extraction was followed. The samples (either non-boiled to avoid reversion of 

cross-linking or boiled to reverse the cross-linking) where loaded onto a 4–20% 

Mini-PROTEAN® TGX™ Precast Protein, before western blotting using RsbR1 or 

RsbT (1:500 dilution) primary antibodies. 

 

Competition experiments 

Cultures were grown overnight at 37°C, and after adjusted to an OD600 of 0.05 in 

BHI medium at final ratios of 1:1,000, 1:1 and 1,000:1 of mixtures of WT and 

ΔsigB and WT and ΔrsbX strains and grown at the appropriate temperatures. 

Passages into fresh medium were done every 24h, by diluting the cultures 

1/100. Everyday samples were taken, serially diluted in PBS, plated onto BHI 

agar plates, and incubated at 37°C for 24h. Differences in colony morphology 

distinguished the WT from both ΔsigB and ΔrsbX mutant strains. The ΔsigB 

mutant incubated for an extra 7 days at 30°C, showed a difference in colony 

colour that distinguished it from the WT strain. The ΔrsbX mutant colonies were 

significantly smaller than those of the WT strain. This method allowed the WT 
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to be distinguished from the ΔsigB with a precision of 98.3%, and from the ΔrsbX 

mutant with 100% precision. This was calculated based on confirmation by PCR 

of a sample population of WT vs ΔsigB and WT vs ΔrsbX, respectively.  

 

JEG-3 cells infection experiment 

The protocol essentially follows Dessaux et al., 2021. Human placental epithelial 

cells, JEG-3, were propagated in Nunc 24-well plates in DMEM (Dulbecco’s 

Modified Eagle Medium) medium supplemented with 10% (v/v) foetal bovine 

serum (FBS) and 2 mM L-glutamine, until 80% confluency was reached. The 

bacterial cultures were grown overnight at 37°C, statically. The cells were 

infected, at a multiplicity of 10:1 (bacteria/human cells), and after 30 min of 

infection, non-internalized bacteria were removed by 3 washes with pre-heated 

PBS, supplemented with CaCl2 and MgCl2. The infected cells received a 

gentamicin treatment, by being incubated in in fresh DMEM with FBS and 100 

µg/mL of gentamicin, for 30 min, before the medium was replaced with DMEM 

with FBS and 10 µg/mL of gentamicin. At 1h and 6h post-infection, the cells were 

washed twice pre-warm PBS and lysed in 100 µL of lysis solution (PBS, Triton X-

100 and SDS) plus 400 µL of PBS. The number of intracellular bacteria was 

determined by platting serial dilutions of the cell lysates onto BHI agar plates, 

subsequent incubation at 37°C for 24h, and colony counting. 

 

Chicken embryo infection experiment 

The protocol used is based on Andersson et al., 2015 and Gripenland et al., 2014. 

Chicken embryos were obtained from a local farmer and handled in accordance 

with current Swedish guidelines. The eggs were incubated at 37.5°C in a 

humidified (50%) rotary incubator, for 9 days. The bacterial cultures were grown 

overnight, at 37°C in BHI medium, with agitation, after which 1 mL was 

centrifuged, washed once in sterile PBS, and resuspended in 1 mL of PBS. A serial 

dilution was made in PBS to obtain around 5,000 CFU/mL (dilution pre-

determined beforehand). At the time of infection, the outside of the eggs was 

desinfected with 70% ethanol, an opening for the injection was made on the 

allantoic cavity and the eggs were infected with 100 µL of diluted bacterial 
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solution (around 500 CFU per egg). A negative control was used by infecting the 

eggs with 100 µL of sterile PBS. The hole was sealed with paraffin and adhesive 

tape, and the eggs re-incubated at 37.5°C. The infection dose was determined 

by spreading the serial dilutions of the bacterial overnight cultures onto BHI agar 

plates. The eggs were checked 2h post infection to determine if there was any 

trauma caused by the infection process itself, not associated with the bacterial 

infection, and if so, those eggs were removed. As for screening of the eggs, to 

determine which ones were alive and which ones were dead, the eggs were 

trans-illuminated. The eggs were candled at 2h and 24h, and every 2h after that 

until 50h, and again at time-point 51h and 72h. To determine the viability of 

each egg at each of the time-points, three parameters were taken under 

consideration: embryo movement and presence and status of the blood vessels. 

If the two were compromised (no movement and reduced blood vessels) the egg 

was scored as dead. After a maximum of 13 days, the surviving eggs were 

euthanized by placing them at -20°C for at least 24h. 
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Results & Discussion 

An efficient transcriptional response plays a key role in allowing bacteria to 

survive in different environments and harsh stresses. This becomes increasingly 

important in pathogenic bacteria that require multiple stress adaptations and 

response mechanisms to survive and colonize the host. In the case of L. 

monocytogenes, SigB plays a fundamental role in granting these bacteria the 

ability to survive and prosper in a wide range of different ecological niches. SigB 

is responsible for the expression of the general stress response regulon of L. 

monocytogenes, responsible for its survival in low pH (Wemekamp-Kamphuis et 

al., 2004; Wiedmann et al., 1998), osmolarity stress (Katy R. Fraser et al., 2003; 

Sue et al., 2004), in the presence of bile salts (Begley et al., 2005; Q. Zhang et al., 

2011) and cell wall acting antimicrobials (Begley et al., 2006), all essential for its 

survival in nature, in the food processing environment and especially during its 

transition from saprophyte to pathogen.  

In B. subtilis, RsbX has been shown to act as a phosphatase, responsible to return 

and maintain the stressosome in a conformation that allows it to be ready for 

stress sensing. RsbX does this by dephosphorylating RsbRA and RsbS, both 

stressosome proteins (Chen et al., 2003, 2004; Eymann et al., 2011; Yang et al., 

1996). A similar role as been suggested for RsbX in L. monocytogenes, where it 

downregulates SigB active post-stress and in stationary phase of growth, where 

it is known the bacteria are experiencing energy stress (Xia et al., 2015). 

We have set out to investigate whether RsbX indeed functions in L. 

monocytogenes the same way it does in B. subtilis, acting as the phosphatase 

responsible for the reset of the stressosome. If so, this protein has vital 

importance in the return of the cell to homeostasis and preventing the waste of 

unnecessary energy in a highly costly process allowing for a more cost-effective 

stress response mechanism in the cell.  
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RsbX downregulates SigB activity even in non-stressed conditions 

To examine the role of RsbX in L. monocytogenes a series of different mutant’s 

strains were constructed, including a ΔrsbX, a complemented ΔrsbX mutant 

strain carrying an IPTG-inducible copy of rsbX that was incorporated into the 

ΔrsbX strain chromosome (ΔrsbX + rsbX), as well as a ΔsigB; ΔrsbX double mutant 

strain. The latter was used to differentiate effects exerted by RsbX and SigB, 

respectively. The first intent was to investigate whether RsbX is involved in 

downregulating SigB activity levels when the bacteria are not experiencing any 

stress. To measure SigB activity levels we followed the expression of two genes 

by Northern blot analysis: lmo2230, which encodes a putative arsenate 

reductase; and lmo0596, encoding a putative transmembrane protein of 

unknown function (Milohanic et al., 2003; Kazmierczak et al., 2003) (Paper I, Fig. 

2). These two genes act as read-out systems for SigB activity, because the 

expression of both is strongly SigB regulated. On the other hand, the expression 

of lmo1699 has been proven to be negatively regulated by SigB, and the gene 

seems to only be expressed at lower temperatures (Palmer, Chaturongakul, 

Wiedmann, & Boor, 2011). We also examined expression of other genes, 

including inlA and inlB, two adhesins responsible for the attachment and 

invasion of L. monocytogenes into host cells that have been previously shown to 

be under the regulation of SigB (H. Kim et al., 2005) (Paper III, Fig. 1). 

It has been shown that light induces SigB activity, through the stressosome and 

the subsequent phosphorylation cascade. The protein responsible for the light 

sensing is Lmo0799, also known as RsbL, one of RsbR1 paralogs (Dorey et al., 

2019; O’Donoghue et al., 2016; Ondrusch & Kreft, 2011; Tiensuu et al., 2013). 

Because of this, precautions needed to be taken throughout the project in order 

to avoid unnecessary triggering of the SigB activation cascade by light exposure, 

such as wrapping bacterial growth flasks in aluminium foil. Also, we chose to use 

light as a stress for some experiments, whereas darkness was considered an 

unstressed condition. We observed an induced expression of lmo2230 and 

lmo0596, in the strain lacking RsbX, even at dark conditions (unstressed) (Paper 

I, Fig. 2). In contrast, expression of the SigB-repressed lmo1699 was greatly 

reduced in the same strain. Similar results were observed at both 37°C and 23°C. 

These results are what one would expect in a ΔrsbX mutant strain, if RsbX acts 

as a phosphatase that dephosphorylates the stressosome. Absence of RsbX 

would result in a stressosome that is permanently in an activated state, and 
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therefore the transduction cascade would remain also activated, leading to 

constant SigB activity. Increased SigB activity also increased expression of inlA 

and inlB, as will be further discussed below (Paper III, Fig. 1). The effect observed 

in the ΔrsbX mutant strain could be at least partially complemented in a ΔrsbX + 

rsbX mutant strain. When the cells were exposed to light (stressed), the 

difference in the expression levels of lmo2230 and lmo0596, between the WT 

and the ΔrsbX strains was less pronounced, as the WT exhibited already high 

levels of both genes. This once again shows that light activates SigB, as it had 

been described before. But more importantly, the loss of RsbX does not affect 

the cell the same way at a stress condition as it does in non-stressed conditions. 

So far, we observed an increase in SigB activity when RsbX was not present, but 

we needed to confirm that this increase was due to actual post-translational 

effects, not transcriptional or translational issues with the mutant strain, since 

sigB and rsbX lie adjacent to each other (Fig. 7). Thus, we followed the protein 

levels of SigB in the same conditions as the Northern blots, and detected that, 

at 37°C, the levels were similar in both the WT and the ΔrsbX strains (Paper I, 

Fig. 2), This suggests that the increase observed in the read-out genes 

expression was indeed caused by an excess activation of SigB in the absence of 

RsbX. However, at 23°C in light conditions, the levels of SigB protein were 

increased in the ΔrsbX mutant strain compared with the WT, indicating that 

increased SigB protein might have been responsible for the increased expression 

of lmo2230 and lmo0596, and not just the effect of RsbX on SigB activity. Similar 

results had been observed before; higher levels of SigB in a strain lacking RsbX, 

but only following stress (Xia et al., 2015). The increased SigB levels are likely to 

be caused by a positive feedback regulation of the sigB operon by SigB itself 

since there is a SigB promoter upstream of rsbV (Fig. 7). Hence, an increase in 

SigB activity will lead to an increase in SigB levels as well, which could at least 

partially explain the elevated expression of SigB regulated genes, at 23°C, in a 

strain absent of RsbX. 

Overall, the data indicates that RsbX is responsible for suppressing SigB activity, 

and maybe even its levels, when L. monocytogenes is in a non-stressed 

environment, which aligns with what has been shown to be the role of RsbX in 

B. subtilis (Chen et al., 2003, 2004). Our data, together with other studies, could 

suggest that RsbX functions in L. monocytogenes in a way that it keeps the 

stressosome in a ready-state conformation when the bacteria are not 
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experiencing any substantial stress condition, being capable of efficient stress 

sensing. However, after the stressosome detects an environmental stimulus 

that activates it, RsbT is released from this complex, and the signal transduction 

cascade is initiated. After a series of phosphorylation and dephosphorylation 

events, this pathway culminates with SigB being free to interact with RNAP and 

lead to the transcription of the SigB stress response regulon. After such an event, 

RsbX is evermore needed, in order to reset the stressosome to its pre-stress 

state and allowing the bacteria to recover homeostasis and avoiding 

unnecessary energy spending. Despite the evidence pointing towards this 

hypothesis, the exact mechanism by which RsbX resets the stressosome is yet 

to be discovered, and further investigations are required. 
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Increased SigB activity has a negative effect on the bacterial 

competitiveness and overall fitness in mild stress conditions 

We have shown that the loss of SigB or a reduced SigB activity can have a 

beneficial effect for the bacteria, as these kinds of strain display a growth 

advantage when compared to the wild-type strain, at higher temperatures 

(Paper II, Fig. 5 and 6). We proved that mild stress laboratory conditions, as 

encountered in standard mutant construction protocols or transposons libraries 

generation, including different incubation temperatures, have a bias tendency 

towards sigB operon mutations that negatively affect SigB activity levels. The 

growth rate of strains that presented phenotypes associated with an impaired 

SigB activity (no ring formation in motility agar plates in cycles of light and 

darkness, and increased acid sensitivity) and a sigB null mutant, was 

considerably higher than the wild-type strain (Paper II, Fig. 5). These findings 

suggested an association between reduced SigB activity and increased bacterial 

fitness at mild temperature stress conditions. To further test this hypothesis, a 

mixed-culture competition experiment was performed where the WT strain was 

co-cultured with the ΔsigB mutant strain, at a 1000:1 proportion. The cultures 

were grown over a period of 5 days, being daily passaged into fresh medium, 

and each equivalent dilution plated in agar plates to determine the proportion 

of each strain in culture. When grown at an elevated temperature, and although 

in disadvantage of 1000:1, the mutant lacking SigB managed to take over the 

culture in 5 days, outcompeting the WT and dominating it by 80:20 (Paper II, 

Fig. 6). The same happened when the initial proportion was of 1:1. On the other 

hand, the WT strain failed to dominate the culture when in disadvantage 

(1:1000). Overall, this experiment suggests that strains with reduced SigB 

activity can outcompete the WT when co-cultured, confirming again the growth 

advantage of a ΔsigB mutant strain, in mildly high temperatures.  

Strains with deficient SigB activity have also been suggested to have a growth 

advantage at conditions other than mild heat stress, specifically light and salt 

stress (Abram et al., 2008; O’Donoghue et al., 2016). Prolonged incubation of E. 

coli at stationary phase showed a selective pressure towards the occurrence of 

mutations that negatively affect RpoS, the Sigma factor responsible for the 

general stress response in this bacterium and equivalent to SigB in L. 

monocytogenes, leading to a phenotypic growth advantage (Finkel, 2006; 

Zambrano & Kolter, 1996). Loss of RpoS function could lead to a fitness 
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advantage when the environmental conditions justify the re-allocation of the 

resources usually used for the costly stress response, for growth instead (Gudelj 

et al., 2010; Maharjan et al., 2013). The emergence of mutations that favour 

growth over the ability to respond to potentially lethal stress appear to be a 

general biological principal. 

As said above, we observed a high occurrence of mutations in genes that 

positively regulate SigB activity, and potentially lead to a reduction in its levels 

of activity, showing a selective pressure towards this outcome (Paper II, Fig. 8). 

The incidence of unidentified premature stop codons (PMSCs) was investigated 

in the genome sequence of more than 20,000 strains of L. monocytogenes 

deposited in public databases, and it was found that the rate of mutation in the 

sigB operon was much greater for rsbT, rsbU and rsbV, genes that positively 

regulate SigB activity in the signal transduction pathway. On the other hand, the 

PMSC rate for the negative regulators of SigB was considerably lower, avoiding 

a scenario where SigB would not be able to be deactivated. In the case of rsbW, 

the gene that encodes the protein known as the anti-sigma factor (RsbW) in the 

signal cascade that binds and sequesters SigB, no occurrence of PMSCs could be 

observed, demonstrating the essential role control of SigB activity plays in 

keeping bacterial fitness or even survival. Like rsbW, essential housekeeping 

genes, like sigA, also showed a very low rate of PMSCs, which proves the PMSCs 

detected are reliable, rather than sequencing errors. Is also important to point 

out that mutation in the sigB gene itself were not detected, which suggests that 

partial loss of SigB function is more beneficial for the cell, than complete loss of 

SigB activity. 

The previous observation raised questions regarding the opposite effect, would 

an increased SigB activity have a negative impact to growth and competitiveness 

of L. monocytogenes? To answer this, we followed the growth of the strain 

lacking RsbX, which has increased SigB activity levels, even in the absence of 

stress (Paper I, Fig. 3). The growth rate of such mutant strain was very similar to 

WT when grown at 37°C in BHI media, but at 23°C we observed a slight growth 

defect. At this temperature, the growth advantage of a ΔsigB mutant strain was 

also more pronounced, as well as that of a ΔsigB; ΔrsbX double mutant strain, 

showing that the growth defect observed was SigB dependent. However, the 

growth difference observed was only marginal, and the strain lacking RsbX still 

reached a similar OD600 as that of the WT strain, after a prolonged incubation. 
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The next question was: Will the slight growth defect exhibited by the rsbX null 

strain impact its competitiveness with a WT strain? To investigate this, 

competition experiments were performed, as described previously, but this 

time with the strain lacking RsbX, that was co-cultured with the WT strain in 

different ratios (Paper II, Fig. 7). When the ΔrsbX mutant strain was in advantage 

in relation with the WT (1000:1), the WT still managed to overtake the culture 

outcompeting the mutant, over a period of 5 days. When the initial proportion 

of the two strains was the same (1:1), WT still predominantly dominated the 

cultures. In contrast, when the ΔrsbX mutant strain was in disadvantage (1:1000) 

it failed to dominate the population after 5 days of incubation. All together these 

results are consistent with the hypothesis that an increased SigB activity 

produces a fitness disadvantage in the bacteria. The reduced competitiveness 

and the slight growth disadvantage of a strain lacking RsbX appears to also be 

responsible for the reduced infectivity and intracellular growth of this strain in 

in vivo infection experiments, both in a cell line and in a model organism, as will 

be discussed later (Paper III, Fig. 3 and 4). 
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SigB activity is essential for the survival of L. monocytogenes in 

lethal stress conditions 

So far, an increased SigB activity seems to have a negative effect in the growth 

and overall fitness of L. monocytogenes, when the bacteria are exposed to mild 

stress conditions. Therefore, the next step was to examine the effect of SigB 

once the cells were exposed to a lethal stress. We chose acidic pH stress in order 

to further investigate this, since acid stress response has long been linked with 

SigB (Wemekamp-Kamphuis et al., 2004; Wiedmann et al., 1998). Once exposed 

to a lethal pH of 2.5, the sigB deletion mutant and the other SigB deficient strains 

were shown to be extremely sensitive to acidic stress, much more than WT 

strain, showing a significant decrease in their viable count 30 min after the start 

of the experiment (Paper II, Fig. 1). The WT strain seemed to exhibit a high level 

of resistance to lethal acidic conditions, in agreement with other data (Paper I, 

Fig. 4). Once again, the dichotomy in terms of SigB activity and behaviour 

between a ΔsigB and a ΔrsbX mutant strain, raises the question whether the 

later would on the other hand be more resistant to stress than a WT strain. The 

absence of RsbX significantly increased the survival of the bacteria when 

exposed to a pH of 2.5, at 37°C, compared with the WT strain (Paper I, Fig. 4). 

Note that the same was not observed when the same assay was performed at 

23°C, as the WT and ΔrsbX mutant strains showed similar survival, and overall, 

all strains tested were more resistant to acidic stress. As mentioned before, the 

ΔsigB mutant strain showed a much-reduced survival, which also was observed 

for the ΔsigB; ΔrsbX double mutant strain. This suggests that the increase 

tolerance to low pH of the ΔrsbX mutant strain was due to its upregulated levels 

of SigB activity and by consequence increased expression of SigB dependent 

genes, which would keep this mutant in a ready-state and therefore better 

equipped for survival of lethal environments. 

If elevated initial levels of SigB activity seem to be responsible for the improved 

survival of a strain lacking RsbX, we hypothesized that the same could be 

observed in a WT strain after a mild stress adaptation. For this the WT strain was 

pre-exposed to a pH of 5.0, at 37°C, before a survival assay was performed at pH 

2.5 (Paper I, Fig. 4). In line with our hypothesis, the WT strain exhibited an 

increased acid resistance following pre-treatment at pH 5.0, while the same had 

no effect in the ΔrsbX mutant strain which showed an already higher acid 

resistance, without pre-treatment. In order to confirm if SigB activity was indeed 



 

65 
 

induced by a pre-treatment at pH 5.0, the expression levels of lmo2230 and 

lmo0596 was followed by RT-qPCR (Paper I, Fig. 4). As expected, the strain 

lacking RsbX showed a higher SigB activity than the WT in the absence of stress 

adaptation and no induction once a pre-stress was introduced beforehand. 

Hence, the ΔrsbX mutant strain showed similar levels of SigB activity regardless 

of stress adaptation, which in turn explains its increase acid resistance. In 

contrast, the WT showed significantly increased levels of SigB activity after 

stress adaptation, explaining its increased survival to acid stress after a pre-

treatment at mild acid conditions. 

Overall, we showed that loss of SigB activity confers a competitive advantage to 

L. monocytogenes when exposed to no or sublethal stress conditions (in this 

case, mild heat stress), indicated by both an increased growth rate and improved 

competitiveness in mixed cultures. This result was complemented by the fact 

that the absence of RsbX, albeit increasing the SigB levels on the cell, actually 

shows a fitness disadvantage both in terms of growth rate (very slight growth 

defect) and also reduced competitiveness. This had been reported before by 

other studies, where fast growing phenotypes arise from strains lacking SigB or 

with reduced SigB activity when exposed to stress conditions such as inhibitory 

doses of blue light (O’Donoghue 2016; Doctoral thesis, NUI Galway), glucose 

limitation (Chaturongakul & Boor, 2004), growth at cold temperatures 

(Brøndsted, Kallipolitis, Ingmer, & Knöchel, 2003), and osmotic stress (Abram et 

al., 2008). 
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SigB activation is a trade-off between growth and survival 

There are different possible explanations for the negative effect of SigB on 

bacterial growth. One of which could be the energy burden the expression of 

the SigB regulon poses for the cell. Comprising more than 300 genes, the 

majority associated with stress response and repair functions, it represents a 

huge energy cost for the bacteria to keep it from being expressed. If the cells are 

free from this burden, it could mean that more resources are available for the 

biosynthesis and growth. The other hypothesis involves the Sigma factor 

competition and the fact that the cell has limited transcriptional resources, as 

shown before in E. coli, where the RNAP plays a role as a limiting factor for 

transcription (Peel et al., 1988). Since there are less RNAP than Sigma factors, 

the latter must compete for binding the RNAP. Once SigB is removed from the 

pool of Sigma factors, SigA would be allowed a greater access to the RNAP, and 

being a house keeping Sigma factor, leads to the more efficient transcription of 

growth-related genes. This has been proposed to explain the occurrence of rpoS 

mutations in E. coli (Farewell, Kvint, & Nyström, 1998; Notley-McRobb, King, & 

Ferenci, 2002; Nyström, 2004). 

Either being because of an excess of energy previously used for stress response, 

or because of a direct increase in the transcription of genes that contribute to 

bacterial growth, or more possibly a combination of the two, the strain lacking 

SigB shows a growth advantage. On the other hand, a strain absent of RsbX, 

having an over active SigB, would have an excessive energy burden with 

unnecessary stress response mechanisms, not allowing the bacteria to use 

enough energy directed towards growth. At the same time, the SigB will be 

made more available for interaction with RNAP and transcription of the SigB 

regulon, which will in turn be very costly for the bacteria. This costly overactive 

system causes a fitness impairment in L. monocytogenes, manifested in a very 

slight growth defect, but more pronounced competitiveness disadvantage of a 

rsbX deletion mutant. There seems to exist a trade-off between stress response 

and growth, or more straightforwardly between survival and growth. On one 

hand, SigB seems to be essential for the survival of the bacteria in a lethal stress 

condition, on the other hand when only faced with a mild stress, SigB activity 

seems to be disadvantageous for the cell, as seen by the decreased fitness of a 

strain with an overactive SigB and the increased aptness of one deficient of it. 
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RsbX is important for biofilm formation 

SigB has been previously shown to contribute to the proper biofilm formation in 

L. monocytogenes (Hsu et al., 2020; Van der Veen, 2010). Because of this we 

tested the strain lacking RsbX (having an increased SigB activity/levels) for its 

ability to form biofilm (Paper I, Fig. 5). We observed that, whilst at 37°C there 

was less biofilm formation in the ΔrsbX mutant, there was more biofilm being 

formed in the ΔsigB and the ΔsigB; ΔrsbX double mutant strain. This suggests 

that biofilm formation at this temperature is SigB repressed. On the other hand, 

at 23°C, both the ΔrsbX and ΔsigB mutant strains showed a decreased amount 

of biofilm formed when compared with the WT strain. A similar phonotype was 

observed for the ΔsigB; ΔrsbX double mutant strain at the same temperature, 

suggesting that at 23°C the biofilm formation requires a more intricate SigB 

regulation of the expression of certain genes under SigB control. 

 

RsbX is essential for L. monocytogenes´ motility 

Another phenotype associated with RsbX, and indeed the strongest we 

observed, was its importance for L. monocytogenes motility. Biofilm formation 

and motility have previously been shown to be connected. Strains lacking the 

motility apparatus have been shown to have a decreased biofilm production, 

with the oppositive being also true, decreased ability to form biofilm can be 

often associated with reduced motility (Hsu et al., 2020; Lemon et al., 2007). The 

strain lacking RsbX shows both a much-reduced motility on soft agar motility 

plates as well as a decreased in the formation of biofilms compared to the WT 

strain (Paper I, Fig. 5). Is important to note that L. monocytogenes is only motile 

at lower temperatures, below 30°C, so all the motility experiments were 

performed at 23°C (Peel et al., 1988). Another interesting observation was that 

this strain, whilst not being able to spread on the agar plate after 24h of growth, 

it instead formed a “colony” shaped dense clump at the initial point of the 

inoculum, stacking up on top of the agar and being uncapable of spreading 

horizontally on the plate surface. In contrast, the ΔsigB as well as the ΔsigB; 

ΔrsbX double mutant strains showed a motility phenotype similar to that of the 

WT strain. It is important to note that the motility phenotype observed in the 

ΔrsbX mutant was at least partially complemented in the ΔrsbX + rsbX strain. 

This suggests that RsbX is positively regulating motility through a process that 
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seems to somehow rely on SigB. Since flagellin, FlaA, is one of the major 

components of the flagella and its absence has been associated with lack of 

motility, we decided to investigate how FlaA was being expressed in the non-

motile ΔrsbX mutant strain (L. Dons, Rasmussen, & Olsen, 1992) (Paper I, Fig. 5). 

We were unable to detect any FlaA protein in the ΔrsbX mutant, a result which 

could be complemented in the ΔrsbX + rsbX mutant strain, expressing rsbX in 

trans. The absence of FlaA explains why the strain lacking RsbX is non-motile, 

and also suggests that RsbX positively regulates FlaA levels and therefore 

regulating motility in L. monocytogenes. Once again, the ΔsigB; ΔrsbX double 

mutant strain showed similar motility as well as FlaA expression to that of the 

ΔsigB mutant strain, hinting that the motility phenotype could be associated 

with SigB, more specifically with its higher activity/levels in the ΔrsbX mutant 

strain. 

The mechanism responsible for the motility phenotype observed still remains 

unknown, but our data strongly argues that it involves an RsbX-dependent 

regulation of motility, through a downregulation of SigB activity. SigB has 

previously been suggested to be involved in motility, and a decreased motility 

phenotype has been associated with an increased SigB activity state, after 

exposure of L. monocytogenes to blue-light, which is detected by the 

stressosome component RsbL (Ondrusch & Kreft, 2011; Raengpradub et al., 

2008; Hain et al., 2008; Tiensuu et al., 2013). The involvement of SigB in motility 

regulation is not yet fully understood, but it is at least partially mediated by the 

SigB dependent expression of MogR, the motility repressor. There is also an 

effect of SigB on a SigB dependent RNA lying antisense of the motility genes 

operon and that has also been associated with repressing the expression of the 

motility genes (Toledo-Arana et al., 2009). We have also observed that the 

expression of several motility genes seems to be downregulated in the ΔrsbX 

mutant strain, suggesting that RsbX plays a role in regulating motility genes 

expression (unpublished results by Tiensuu et al.). As mentioned before, the 

expression of lmo1699, a known chemotaxis protein, is also reduced in the ΔrsbX 

mutant strain (Paper I, Fig. 2), which could indicate that RsbX is involved in a 

dedicated mechanism that regulates motility through regulation of SigB activity. 

Whether this mechanism is mediated through MogR, the antisense RNA or 

another mechanism remains to be elucidated. 
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RsbX only slightly alters the phosphorylation patterns of the 

stressosome 

As described above, activation of SigB requires the release of RsbT from the 

stressosome complex, which in turn is dependent on the phosphorylation of 

both RsbR1 and RsbS by RsbT (Chen et al., 2003; Eymann et al., 2011). In L. 

monocytogenes, RsbR1 has two possible phosphorylation sites, T175 and T209, 

which rely on the kinase activity of RsbT (Dessaux et al., 2020; Dessaux, 

Pucciarelli, Guerreiro, O’Byrne, & García-Del Portillo, 2021). Since RsbX is 

expected to act as a phosphatase resetting the stressosome post-stress, and we 

have detected higher levels of SigB activity in the strain lacking RsbX, we decided 

to investigate the phosphorylation pattern between the WT and the ΔrsbX 

mutant strain. To do this we used Phos-tag™ gel, which allows the separation of 

the different phosphorylation isoforms of RsbR1 (Dessaux et al., 2020) (Paper I, 

Fig. 6). We used two different strains as phosphorylation controls: one 

expressing RsbR1T175A, which has a mutated T175 phosphorylation site, meaning 

it is only phosphorylated on the remaining site, T209, thus producing only a 

monophosphorylated isoform of RsbR1; and a strain with a mutated RsbT 

protein, that renders it deficient of its kinase activity, RsbTN49A, bring unable to 

phosphorylate RsbR1. Despite RsbX showing an involvement in the reduction of 

SigB activity/levels, the ΔrsbX mutant strain has surprisingly little effect on the 

phosphorylation pattern of RsbR1 compared with the WT strain. We would 

expect an increase in the phosphorylated forms of RsbR1 in a ΔrsbX mutant 

strain, but that is not what we observed. The greatest difference we observed 

was a decreased signal for the band corresponding to the mono-phosphorylated 

form of RsbR1. 

In B. subtilis, RsbX has been shown to act as a phosphatase that removes the 

phosphate groups of RsbR and RsbS (Chen et al., 2004; Eymann et al., 2011; Yang 

et al., 1996). We were therefore surprised that the absence of RsbX did not 

cause a larger shift in the phosphorylation pattern of RsbR1 in L. 

monocytogenes. This suggests that the function of RsbX in L. monocytogenes 

might be more complex and pleiotropic than expected, especially when it comes 

to its involvement in the reset of the stressosome to its stress-sensing mode. 

Overall, it could suggest that the phosphorylation and dephosphorylation events 

that lead to the release of RsbT and subsequent SigB activation, and the return 

of RsbT to the stressosome complex post-stress, might be different between L. 
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monocytogenes and B. subitilis and could be more intricate than initially 

expected.  
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RsbX is important in the maintaining the stressosome architecture 

As already mentioned, SigB activation requires RsbT release from the 

stressosome (Chen et al., 2003; Hardwick et al., 2007), causing a change in the 

composition of the latter. Since absence of RsbX causes SigB to be constitutively 

activated, we expect that the ΔrsbX mutant could show a structurally different 

composition of the stressosome to that of the WT strain. We followed this by 

performing an in vivo, and in culture, crosslinking experiment, using 

formaldehyde as a crosslinker, and Western blot analysis to detect RsbR1 (Paper 

I, Fig. 7). Despite not having such a large effect on the phosphorylation pattern 

of RsbR1, the absence of RsbX dramatically altered how cross-linked RsbR1 

samples migrate on a native gel. We detected a large slowly migrating RsbR1 

complex in the WT strain, which could possibly correspond to stressosome(s) 

complexes. On the other hand, a strain lacking RsbX had a considerably changed 

appearance of RsbR1 crosslinked signal, with almost no noticeable high 

molecular weight complexes. This could suggest that RsbX is required for 

formation of a complete stressosome complex, possibly by allowing RsbT to 

return to the complex. We used the strain expressing a RsbTN49A protein, as a 

kinase-deficient strain, where the stressosome is expected to not be able to 

release RsbT, thereby preventing structural changes to the stressosome 

formation. In this mutant strain, we observed a slowly migrating large RsbR1 

complex similar to that of the WT strain. When examining RsbT crosslinking 

pattern, we have observed a reduction in the high molecular weight complexes 

in the ΔrsbX mutant strain, in comparison with the WT and RsbTN49A mutant, 

even though the effect was not as striking as the one observed for RsbR1. Since 

RsbT is believed to be released from the stressosome complex after stress-

activation, this result was not what we anticipated (Chen et al., 2003; Hardwick 

et al., 2007). 

Interestingly, the overall signal of cross-linked RsbR1 in the ΔrsbX mutant strain 

seemed to be decreased in comparison with the WT strain, despite its levels 

being similar between these two strains in the non-cross-linked samples. This 

could suggest that RsbR1 protein complexes could not enter the gel in the ΔrsbX 

mutant strain samples, causing a reduction in the overall signal. Alternatively, 

the cross-linked conformation of the complexes could have hidden part of the 

peptide that the RsbR1 antibodies recognize on the protein, not allowing its 

proper detection. The fact that when the samples were heated, and the 
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crosslinking was reversed, an increase in the amount of monomeric and possibly 

dimeric forms of RsbR1 in the ΔrsbX mutant strain was observed. This suggests 

that both of the above hypotheses could be correct. Overall, the data seems to 

indicate that RsbX is important to maintain a normal stressosome complex 

architecture, even though further investigation is required to determine the 

mechanism by which RsbX interacts with the stressosome. 
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RsbX slightly modulates virulence factors’ expression by its effect 

on SigB activity 

SigB plays a fundamental role in allowing L. monocytogenes to survive the harsh 

conditions encountered in the gastrointestinal tract, to reach the epithelial cells 

of the lining of the intestine and start their intracellular lifestyle (Gahan et al., 

2014). Until this point of the infection, SigB control the transcription of most of 

the genes necessary, but once the bacteria are inside the host cells, PrfA become 

the main transcription regulator, tightly controlling which set of genes are 

transcribed at different stages of the infection (Vázquez-Boland et al., 2001). 

However, the SigB and PrfA pathways interact at different points, to allow for a 

more efficient and rapid modulation of the expression of the appropriate genes 

required for the survival and pathogenesis of the bacteria (Chaturongakul et al., 

2011; Gaballa, Guariglia-Oropeza, Wiedmann, & Boor, 2019; Kazmierczak, 

Wiedmann, & Boor, 2006; McGann, Raengpradub, Ivanek, Wiedmann, & Boor, 

2008; Nadon, Bowen, Wiedmann, & Boor, 2002; Ollinger, Bowen, Wiedmann, 

Boor, & Bergholz, 2009; Rauch et al., 2005). One of the ways SigB contributes to 

virulence is by regulation of prfA transcription, since one of the three promoter 

sites that regulate the expression of this gene has been shown to be SigB-

dependent (Nadon et al., 2002). Another way is the association of SigB with the 

initial stages of cell infection, by controlling the expression of both inlA and inlB, 

the genes involved in the adherence and internalization of the bacteria. A strain 

lacking SigB has been shown to have a reduced invasion of different cell lines, 

associated with a reduced level of the inlAB transcript (H. Kim et al., 2005). SigB 

has also been confirmed to be important for the infection of the guinea pigs 

(Garner et al., 2006). 

Hence, we thought it would be interesting to investigate if constitutively active 

SigB (as observed in a ΔrsbX mutant strain; Paper I) shows an altered virulence 

regulation in L. monocytogenes. We started by looking at the expression levels 

of different virulence genes in several strains, including WT, ΔsigB, ΔrsbX and 

ΔrsbX + rsbX mutant strains, by Northern blot analysis (Paper III, Fig.1). 

Expression of most virulence factors did not seem to be greatly affected by the 

deletion of rsbX, since their expression levels in this mutant were similar to 

those of the WT strain. An exception was observed for inlA and inlB, whose 

expression was increased in a ΔrsbX mutant strain, which correlates to the 

higher levels of SigB activity/levels in this strain and the SigB dependency of 
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these two genes. On the other hand, inlA and inlB expression was almost 

unaffected in the ΔsigB mutant strain when compared with the WT strain, 

suggesting that the SigB activity is quite low at dark conditions in the WT strain. 

Interestingly, the ΔsigB mutant showed an increased expression in two other 

virulence genes, actA and hly. Similar results have been shown before, where an 

increase in the expression of certain virulence factors was detected in a strain 

where sigB had been deleted (Ollinger et al., 2009). The expression of the prfA 

bicistronic transcript under the regulation of the PplcA promoter (first band on 

the blot) did not show any changes between the different strains tested. The 

same seems to be true for the monocistronic transcripts, except there seems to 

be a slight reduction in the smaller monocistronic transcript level in the ΔsigB 

mutant strain, which makes sense considering it being under the regulation of 

the SigB-dependent promoter P2prfA (Nadon et al., 2002). Intriguingly, the 

protein levels of the equivalent virulence factors did not seem to follow the 

transcript levels (Paper III, Fig. 2). This could be explained by the fact that many 

of the genes encoding virulence factors have been shown to also be controlled 

at a post-transcriptional level, such as PrfA, LLO and ActA (Johansson et al., 2002; 

Lebreton & Cossart, 2017; Loh, Gripenland, & Johansson, 2006; A. Shen & 

Higgins, 2005; Stritzker, Schoen, & Goebel, 2005; Wong, Bouwer, & Freitag, 

2004). InlB showed a reduced level in the ΔsigB mutant strain when compared 

with the WT, and an increase in the ΔrsbX mutant, which again correlates with 

its SigB dependency and aligns with the RNA-expression results. Expression of 

PrfA essentially followed the RNA-expression levels, with reduced levels in the 

ΔsigB mutant. However, we also observed slightly increased PrfA levels in the 

ΔrsbX mutant strain. It has been suggested that the SigB-dependent prfA 

transcript, contributes to the majority of prfA transcripts in both intra- and 

extracellular bacteria, which could then explain the effect observed on the 

protein level (Kazmierczak et al., 2006). Absence of SigB activity reduced ActA 

expression, which was opposite to what was observed when following actA 

expression. The reason for this is unclear but could indicate that the GSR regulon 

somehow affects post-transciptional regulation of ActA expression. Finally, 

expression of LLO was similar in all tested strains, apart from a small reduction 

in the ΔsigB mutant strain. Except for PrfA expression, the rsbX 

complementation strain (ΔrsbX + rsbX strain) was unable to restore virulence 

factor expression to levels observed in the WT strain.   
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RsbX affects the uptake and proliferation of L. monocytogenes in 

vivo 

The next step was to infect cells, in this case JEG-3 cells which is a human 

epithelial placental cell line. Translocation through the placental barrier requires 

the essential and interdependent action of both InlA and InlB (Disson et al., 

2008), and the same seems to be true for this cell-line (Pizarro-Cerdá, 

Kühbacher, & Cossart, 2012). The results showed that the strain lacking RsbX 

seems to be slightly better at invading the cells, as their uptake into the cells was 

a bit compared to the WT strain (Paper III, Fig. 3). The uptake stands for the 

number of bacteria that were able to enter the cells at 1h p.i., in relation to the 

number of bacteria inoculated at the beginning of the infection experiment. This 

could be a consequence of the increased expression/levels of InlA and InlB which 

are responsible for the initial stages of the infection, the adherence and the 

internalization of the bacteria, as a result of an increased SigB activity in this 

mutant strain. In contrast, the index of proliferation was reduced in a ΔrsbX 

mutant strain. The relative proliferation stands for the ratio in the bacterial 

numbers between 6h p.i., and 1h p.i., representing how much the bacteria could 

replicate inside the cells. The fact that this number was lower in the ΔrsbX 

mutant in comparison to the WT strain, shows that despite this strain having an 

advantage at the initial stages of infection, once it makes its way inside the JEG-

3 cells, it cannot grow and replicate as well as the WT strain. This could be 

because the absence of RsbX increases SigB activity/levels and negatively 

impacts the overall fitness of the bacteria (Paper I and II). Despite not showing 

a big effect on growth at 37°C in a rich medium, the ΔrsbX mutant strain could 

have more difficulties coping inside the host cell environment, intensifying the 

negative effects of an excess of SigB activation, and therefore increasing the 

growth defect of this strain. Once again, the results observed in the ΔrsbX 

mutant did not seem to be complemented in the ΔrsbX + rsbX strain, which could 

also be explained by the fact that the expression of rsbX was only induced for 

1.5h with IPTG, before the infection experiment was started, which might not 

have been enough to sufficiently induce complementation in this strain. The lack 

of complementation could suggest that the role of RsbX in these processes 

might be more complex and intricate than expected, or even that the exact 

stoichiometry of RsbX vs SigB (activity) is required for the virulence of this 

bacterium.  
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RsbX is necessary for an efficient infection in the chicken embryo 

model 

The opposite effects we observed in the ΔrsbX mutant strain regarding bacterial 

uptake and intracellular proliferation led us to examine the ability of such strain 

to infect an animal model in vivo. We performed a chicken embryo infection 

experiment, because despite the use of different cell lines to study the virulence 

properties of L. monocytogenes was proven very useful on many levels, it has 

been shown that cultured cell lines are not able to mimic the complexity of an 

in vivo infection (Disson & Lecuit, 2013). Other animals, mainly mammals, have 

been used as model organisms to study listeriosis, but their use normally 

requires animal husbandry houses, causing a huge increase in the costs and 

time-consumption. As well as the high ethical demands required to work with 

these animals and the high dose of infection (at least 106 bacteria) required for 

a successful infection (D’Orazio, 2014). Thus, the chicken embryo model 

presents an alternative way to assess L. monocytogenes virulence that is 

reliable, low-cost, with an easy set-up process, requiring only approximately 5 x 

102 bacteria to successfully infect an embryo. It has been shown that strains 

lacking PrfA or LLO are avirulent (Gripenland, Andersson, & Johansson, 2014; 

Jiang et al., 2005), and the same patterns of infectivity were observed between 

a chicken embryo and a mice model, when the same strains were tested in both 

models (Jiang et al., 2005; Severino et al., 2007). This highlights the chicken 

embryo as an appropriate L. monocytogenes’ infection model. Also, infection of 

the chicken embryo model with L. monocytogenes requires most of the same 

virulence factors as other infection models. Since the chicken embryos are only 

used until they are a maximum of 13 days old, no ethical permission is required 

to work with this model (Andersson et al., 2015). 

Absence of RsbX caused a decreased efficiency in the killing of chicken embryos, 

represented by the 4h delay in the death of the first eggs in this mutant strain 

compared with the embryos infected with the WT strain (Paper III, Fig. 4). The 

same difference in time (4h) was observed between these two strains when the 

percentage of survival reaches zero, meaning all embryos have died from 

infection. This could be explained similarly to what happened during the 

infection of JEG-3 cells with a ΔrsbX mutant strain. The increased SigB 

activity/levels in this strain represent a burden for the bacteria, causing it to 

waste unnecessary energy in the expression of the SigB regulon, instead of 
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focusing its transcriptional resources into virulence associated activities. Again, 

the conditions found inside the chicken embryo could also exacerbate the 

fitness defect this strain has been proven to have, leading to bacteria that 

cannot multiply and spread as well as the WT strain is able to do. Importantly, 

the chicken embryo model does not require InlA or InlB, the two adhesins 

usually associated with invasion of host cells, for pathogenicity (Gripenland et 

al., 2014). Expression of E-cadherin (receptor of InlA) has been shown to be 

downregulated inside chicken embryos after day 6 post-hatching (Roy & 

Bandyopadhyay, 2014). In addition, c-Met in chicken embryos lacks the critical 

lysines at position 599 and 600 to mediate a stable InlB:c-Met interaction 

(Gripenland et al., 2014). This could also explain why the ΔrsbX mutant strain, 

despite having an increased level of the InlA and InlB adhesins, still is less 

infective compared to the WT strain. 

In contrast, the ΔsigB mutant seemed to have an increase infectivity over the 

chicken embryos, showing a 4-6h faster killing of the first eggs when compared 

with a WT strain, and less time needed to kill all chicken embryos. It should be 

noted that in one of the replicates there seemed to exist one egg overall more 

tolerant to a L. monocytogenes infection, which should probably be taken into 

consideration when looking at the average results plotted in a survival graphic 

(egg in question marked with *). The reason for the greater pathogenicity of a 

strain lacking SigB could be partially explained by the fact that some of the 

virulence factors expression seemed to be upregulated in this mutant, at least 

at the RNA level. On the other hand, it could also be possible that the increased 

fitness observed in this strain compared with the WT, could be giving it also an 

advantage in an infection associated environment, allowing this strain to be 

more infective than the WT. Since it is not known yet which adhesins are 

involved in the invasion of this organism model, we do not know which 

regulation mechanism controls this event, which leaves open the possibility that 

SigB could somehow play a part in it. This opens an interesting new topic for 

further investigation.  
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Conclusions 

Overall, the work carried out in this thesis led us to conclude that RsbX, a 

putative phosphatase in L. monocytogenes, continuously supresses SigB 

activity/levels, even when the bacteria are not experiencing stress. Thus, 

strengthening the hypothesis that RsbX is involved in the reset and maintenance 

of the stressosome in a ready state where it is capable of stress sensing. Even 

though the mechanism responsible for RsbX involvement in the SigB activation 

pathway is not yet understood. 

Besides, the SigB-mediated general stress response is a very costly process for 

the bacteria and when L. monocytogenes is not experiencing a major stress, a 

deletion of SigB can be beneficial for the cells, increasing the bacterial fitness 

under no stress or mild stress conditions. Increased SigB activity (such as in a 

ΔrsbX mutant strain) on the other hand, causes a loss of competitiveness for the 

bacteria and overall fitness under the same conditions. Conversely, when L. 

monocytogenes is exposed to a lethal stress, the cost the SigB activated general 

stress response regulon is outweighed by the protection benefits granted to the 

bacteria, and SigB becomes essential for survival. 

Hence, RsbX seems to indeed act as a “gatekeeper” that avoids unnecessary SigB 

activation and consequently the high energetic costs associated with it, not only 

allowing the bacteria to return to homeostasis after stress response, but also 

preventing needless gene expression and saving energy. Additionally, our results 

suggest that RsbX is involved in maintaining a normal stressosome composition 

and architecture, while at the same time not dramatically affecting its 

phosphorylation status. 

Moreover, RsbX is required for the motility of L. monocytogenes, a process that 

seems to be associated with its ability to repress SigB activity/levels and its 

effects on the expression of FlaA, an important flagella protein. RsbX is also 

suggested to be positively involved in the formation of biofilm in this bacterium, 

a process that could perhaps be uncoupled to SigB. 

Furthermore, RsbX seems to have a subtle effect on the virulence of L. 

monocytogenes, more pronounced during the early stages of infection, 

adhesion and invasion into host cells, which are processes that have been shown 

to be SigB regulated. Because of its role regulating SigB activity during the 
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intracellular stages of infection, RsbX also contributes to the competitiveness 

and overall fitness of the bacteria inside the host cells, playing a role in the 

infectivity of L. monocytogenes. 
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dois! Não posso deixar de agradecer ao meu Padrinho e a titi Mena que sei que 

estão sempre a torcer por mim, que ficam felizes com todas as minhas vitórias 

e que me apoiam sempre em qualquer decisão. Tenho muitas saudades vossas. 

Um beijinho muito grande e um obrigada à Liliana, e também à princesa Sofia, 

a minha sobrinha linda de quem eu tenho muitas saudades. A todos os outros, 

um grande obrigada por tudo! Thank you everyone for everything!  
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