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Abstract 
 

Regulatory roles of two small RNAs in the human pathogen Listeria 

monocytogenes and the evaluation of an alternative infection model. 

 

Listeriosis is a potentially lethal disease caused by the Gram-positive facultative 

intracellular pathogen Listeria monocytogenes (L.m.). L.m. is found ubiquitously 

in the environment and infects humans via ingestion of contaminated food. 

Contaminated products are usually derived from ruminants and involve dairy 

products and different kinds of processed meat. Listeriosis is a potentially life-

threatening disease with a total mortality rate of 20-30 %. The development of 

listeriosis may lead to meningitis and septicemia or other invasive diseases. 

Pregnant women are of increased risk of developing listeriosis and materno-fetal 

infection commonly lead to spontaneous abortion or still-birth.  

Regulation of gene expression, and specifically virulence gene expression, is 

essential for pathogenic bacteria to be equipped for handling counteractions from 

the host as well as thriving in the often hostile environment. In pathogenic 

Listeria, virulence gene expression is under the control of the global virulence 

gene regulator PrfA. The expression of prfA is highly regulated at the 

transcriptional, post-transcriptional and post- translational level. We have 

identified a novel type of post-transcriptional regulation of prfA-mRNA by a 

trans-acting riboswitch element (SreA). By binding to the leader region of prfA-

mRNA, SreA negatively regulates the expression of prfA. To our knowledge, 

this is the first description of a cis-acting riboswitch capable of functioning as a 

small RNA in trans, regulating targets at distant sites. 

To date, there have been around 100 sRNAs identified in Listeria 

monocytogenes, but experimental data is still limited. We have characterized a 

blood induced sRNA, Rli38, which is important for full virulence during oral 

infection of mice. Our data suggest that Rli38 regulates the expression of at least 

two proteins; OppD (Oligopeptide transport protein) and IsdG (heme degrading 

monooxygenase). Both of these proteins have been implicated in the infectious 

cycle of L.m. We speculate that the virulence phenotype of an rli38 mutant is 

possibly mediated through the effect of these proteins.  

L.m. is a complex pathogen, able to infect and replicate in a variety of organs and 

cause several distinctive forms of disease. These qualities of L.m. generate 

difficulties in simulating human listeriosis in animal models, as entailed by the 

multitude of models used in the field. In this work, we have evaluated the use of 

an alternative animal model in studying listeriosis. Our results describe the 

differentiated virulence potential of wildtype bacteria and a ∆prfA mutant strain 

in the chicken embryo by live/death screening and organ colonization. Large 
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differences in mean time to death were found between wild-type and the ∆prfA 

strains and ∆prfA cells displayed a considerable defect in colonization of the 

embryonal liver. The results presented in this thesis show that the chicken 

embryo infection model is a valuable and convenient tool in studying end-

outcome and organ colonization of Listeria monocytogenes. 

Taken together, this thesis describes the characterization of two previously 

unknown sRNAs in the human pathogen Listeria monocytogenes and the use of 

an alternative infection model for simulating listeriosis.  
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Populärvetenskaplig sammanfattning på svenska 
 

sRNA medierad reglering i den patogena bakterien Listeria monocytogenes 

och evaluering av en alternativ infektionsmodell. 

 

Att drabbas av sjukdomen listerios kan leda till ett potentiellt livsfarligt tillstånd, 

som orsakas av bakterien Listeria monocytogenes. Listeria är allmänt spridd i 

naturen och återfinns i jord, på vegetation och i vattendrag, där den lever på 

förmultnat material. På grund av dess stora spridning i naturen återfinns Listeria 

hos en stor mängd djur, vilka kan drabbas av allvarliga infektioner med letalt 

utfall. De viktigaste värdarna för utveckling av human listerios är kor, getter och 

grisar. Dessa djur kan förmedla en spridning av bakterien till människor genom 

kontaminering av mejeri och köttprodukter. Listeria avdödas generellt sett vid 

normal tillagning eller pasteurisering, men en initial kontaminering kan innebära 

införsel av bakterien till slakteriet eller mejeriet. Väl inne i produktions-

anläggningen har studier visat att Listeria kan överleva upp till 10 år.  

Listeria besitter en otrolig förmåga att uthärda och tillväxa i ogästvänliga 

miljöer, såsom låga (och höga) temperaturer, lågt pH, höga saltnivåer, oxidativ 

stress av fria syreradikaler. Normalt sett förvaras mejeri och köttvaror i kylar för 

att minimera bakteriell tillväxt, detta kan dock inte fullt appliceras på Listeria, 

som kan tillväxa kraftigt i kylskåpstemperaturer. Dessa egenskaper medför att 

även om en mycket liten mängd bakterier har kontaminerat exempelvis kött eller 

mejerivaror, kan en lagring i kylskåpet medföra tillväxt i bakteriemängd med 

resultatet att mycket höga doser av Listeria återfinns i varan efter några dagar. 

Det är därför av yttersta vikt att förstå hur Listeria infekterar, och hur infektionen 

är reglerad, samt i slutändan identifiera nya mekanismer som kan användas för 

att motarbeta utvecklingen av allvarlig sjukdom. 

När Listeria monocytogenes koloniserar friska immunokompetenta människor 

leder det oftast till en mild självbegränsade mag/tarm infektion. Listeria kan 

klassas som en opportunistisk patogen, vilket innebär att den oftast leder till en 

allvarlig infektion hos vissa patientgrupper med ett försämrat immunförsvar. 

Risken att drabbas av listerios ökar markant vid hög ålder, systemiska sjukdomar 

såsom cancer, blodsjukdomar (AIDS, Leukemi osv). Listerios hos dessa 

patientgrupper, kan leda till blodförgiftning och hjärn/hjärnhinne- inflammation 

med en dödlighet på 20-30 %. En annan viktig patientgrupp är gravida mödrar, 

som är särskilt utsatta för att drabbas av listerios på grund av den omställning av 

immunförsvaret som sker vid graviditet. Vid en infektion klarar sig mödrarna 

ofta bra, men infektionen har i de flesta fall en dödlig utgång för det ofödda 

barnet. Däremot har barnet en relativt god prognos om det föds levande. 
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I studie I (Paper I) beskriver vi en ny typ av RNA-medierad gen-reglering i 

Listeria. Majoriteten av virulensgener i Listeria monocytogenes regleras av 

proteinet PrfA. Detta protein återfinns endast hos patogena former av Listeria 

och är fullkomligt essentiellt för att åstadkomma en infektion, vilket speglas av 

att en mutant där PrfA inte uttrycks uppvisar 100 000 gånger sämre 

infektionspotential hos möss i förhållande till vildtyps genotypen. I Paper I har vi 

studerat riboswitchar, vilka är en specifik klass av RNA molekyler som 

kontrollerar uttrycket av nedströms-gener via bindning av en specifik metabolit 

(I detta fall S-adenosylmethionine). Beroende på tillgång av metaboliten kan 

riboswitchen anta olika utseende och därmed styra transkriptionen av nedströms-

genen. Vår studie har visat att riboswitchen; SreA, besitter förmågan att förutom 

att påverka uttrycket av nedströmsgenen, även nedreglerar uttrycket av 

virulensregulatorn PrfA. Detta sker genom specifik bindning mellan SreA och 

prfA-mRNA, vilket leder till en hämning av prfA translation. Vår studie är den 

första att visa att riboswitchar inte enbart kan reglera uttrycket av närliggande 

gener (cis-agerande), utan har även förmågan att specifikt reglera gener spridda i 

genomet (trans-agerande). 

I studie II och III (Paper II, III) har vi identifierat ett tidigare okänt litet RNA 

(small RNA (sRNA)). Detta sRNA döptes till Rli38 (RNA in Listeria 

monocytogenes). Till skillnad från konventionella RNA molekyler kodar inte 

Rli38 för något protein, utan har sin funktion direkt på RNA nivå. Våra resultat 

fastställer att Rli38 har en viktig roll för full virulens av Listeria i möss. Vi visar 

även att en mutant av Rli38, där man eliminerat genen för Rli38 från Listerias 

genom har en försämrad förmåga att kolonisera humana makrofager. Våra 

experiment indikerar att Rli38 reglerar uttrycket av två proteiner (OppD, IsdG) 

som båda är involverade i Listerias infektionscykel. Vi spekulerar även om att 

den effekt vi ser av mutanten vid infektion av möss är medierad via Rli38s effekt 

på dessa proteiner.  

Vi har även utvärderat effekten av en alternativ djurmodell för att åskådligöra 

Listeria infektioner. På grund av Listerias förmåga att överleva tuffa 

förhållanden och infektera en stor mängd skilda organismer, har det varit svårt 

att hitta en genomgående modell för att åskådliggöra listerios hos människan på 

ett ”optimalt” sätt. Av denna anledning har forskare inom fältet varit tvungna att 

förlita sig på ett flertal modellorganismer för att individuellt åskådliggöra olika 

delar av infektionscykeln. Möss är den absolut vanligaste djurmodellen, men 

även ökenråttor, marsvin, kaniner och apor används också flitigt. I studie IV 

(Paper IV) har vi utvärderat tillämpandet av kycklingembryon för att belysa 

viktiga hållpunkter och faktorer vid utvecklande av listerios. Vi har infekterat 9 

dagar gamla kycklingembryon med vildtyp eller prfA mutantformer av L. 

monocytogenes. 48 timmar efter infektion har samtliga embryon infekterade med 

vildtypsvarianten dött, jämfört med att 80% av embryona infekterade med prfA 

mutanten överlevde under hela durationen av experimenten. Vi bestämde även 

bakteriemängden i hela kyckling embryon, lever och skalle. Vi fann att prfA 

mutanten var avsevärt försämrad i sin kolonisering av hela embryon och även 
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levern. Till vår förvåning så observerade vi ingen skillnad i kolonisering av 

huvudet. Vi visar med vår studie att kycklingembryon är en värdefull 

infektionsmodell, som komplement till andra djurmodeller för att studera 

Listerias infektionscykel. 

Sammanfattningsvis visar min avhandling på en ny regulatorisk roll hos cis-

verkande riboswitchar och beskriver funktion och roll i infektionscykeln av två 

tidigare okända sRNA. Resultaten som presenteras i avhandlingen beskriver 

även en alternativ infektionsmodell för att simulera listerios.  
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Introduction 

 

The biology of Listeria monocytogenes 
 

The human pathogen Listeria monocytogenes (L.m) was probably documented 

for the first time in 1911 by the Swede; Hülphers, who isolated bacteria from 

necrotic livers in rabbits (Hülphers 1911). The first human case of listeriosis was 

first described in 1929 by Nyfeldt (Nyfeldt 1929). He isolated the bacteria from 

3 patients with a “mononucleosis- like” disease. The name Listeria 

monocytogenes was not given to the bacterium until 1940 by the committee of 

nomenclature (Gray and Killinger 1966).  

Listeria monocytogenes is a Gram-positive facultative intracellular human 

pathogen. It is found ubiquitously in nature, where it lives on decaying 

vegetation. The genus consists of several non-pathogenic and pathogenic strains, 

with L.m being the most common strain isolated from humans. Listeria possesses 

an amazing capability of growing in many adverse conditions such as high salt 

and low pH. Another important feature is its ability to multiply in temperatures 

down to the freezing point, enabling it to grow readily in refrigerators as well as 

surviving many food conservation procedures. Listeria is also able to produce 

biofilm, and has surprisingly been shown to survive within the same production 

environment for more than 10 years (Swaminathan and Gerner-Smidt 2007) 

making it a serious threat to consumers and an important contaminant for the 

food industry. 

Listeria monocytogenes is commonly found in both fresh and salt water samples, 

a survey of the canals in Holland isolated Listeria monocytogens from 21 % of 

the samples (Dijkstra 1982) and it has been isolated from up to 50 % of soil 

samples (Weis and Seeliger 1975). In addition to its abundance in nature it 

readily colonizes and infects a large array of domestic and farm animals, such as 

sheep and cattle. Listeriosis in domestic ruminants are a great risk factor for 

human colonization through contamination of dairy products, meat, fecal 

shedding and direct contamination (Ivanek, Grohn et al. 2006). Although fecal 

isolation of L.m. from cows is relatively common (6% was reported to be 

colonized in Sweden), development of clinical listeriosis is rare, but may lead to 

encefalitis/septicemia with a high mortality rate (Bundrant, Hutchins et al. 2011). 
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Listeriosis 
 

Listeria is a food borne pathogen able to infect a large variety of organs and 

cause a potentially life-threatening illness with 20-30 % mortality. Patients of 

greater risk are usually immuno-compromised, such as patients with 

immunosuppressive medicine, pregnant women and people of age-extremes. 

These groups of patients may develop a systemic form of listeriosis, leading to 

sepsis and/or meningitis and abortion or stillbirth of the unborn fetus. In healthy 

individuals, ingestion of large inoculums may lead to a self-limiting 

gastroenteritis. In 2007, 1554 cases of listeriosis were reported in the EU and the 

incidence is increasing. 99% of human listeriosis occurs due to ingestion of 

contaminated food (Mead, Slutsker et al. 1999). Food products of high risk are 

unpasteurized milk and cheese, processed meat products such as hot dogs and 

smoked seafood (Jacobson 2008). 

Ingested bacteria are initially exposed to the harsh environment of the stomach 

before reaching the intestine, Fig 1. The acidic milieu of the stomach is an 

important defense system for killing of bacteria, as shown by the fact that 

increasing pH by antacids or otherwise hampering with stomach chemical 

composition leads to an increased risk of developing listeriosis (Allerberger and 

Wagner 2010). Listeria breaches the intestinal barrier by inducing its own uptake 

by enterocytes or M cells thereby translocating itself into the blood and lymph 

system. Dissemination into the liver and spleen occurs rapidly without the need 

for replication within enterocytes (Pron, Boumaila et al. 1998). Intravenous 

inoculation of mice reveals that 60% of the bacterial load has been taken up by 

the liver after 10 minutes and hepatocytes contain roughly 90% of total Listeria 

after 6 hours post infection (Gregory, Sagnimeni et al. 1996). If the infection is 

not eradicated at the liver stage, bacteria can, after multiplication in hepatocytes 

and spleen, disseminate into the bloodstream and cause other invasive infections 

usually within the brain or the fetoplacental unit.  

Materno-fetal infections 
Pregnant women are at 20 times higher risk of developing listeriosis in relation 

to the general population (Southwick and Purich 1996). Infections are most 

common during the third trimester, although early infections are associated with 

the highest morbidity (Lamont, Sobel et al. 2011). The increased incidence 

during late pregnancy is probably related to the shift from Th1 to a Th2 directed 

immune response, thereby downregulating the cellular immune response. 

Pregnant women developing listeriosis seldom display severe systemic disease 

(Smith, Kemp et al. 2009; Lamont, Sobel et al. 2011) and the most common 

symptoms of the expecting mother at admission are fever and flu-like symptoms. 

Obstetric consequences of a materno-fetal transmission might be pre-term 

delivery or still-birth (~30%). Recurrent spontaneous abortions have been linked 

to Listeria, although the definite role of listeriosis has yet not been fully 

determined (Mylonakis, Paliou et al. 2002; Lamont, Sobel et al. 2011). Neonatal 
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listeriosis is commonly displayed as septicemia, meningitis, pneumonia (Smith, 

Kemp et al. 2009). Neonatal listeriosis is divided into 2 categories; early onset 

and late onset; early onset listeriosis is believed to occur through infection by the 

transplacental route and symptoms of disease appear at an age of 36 hours 

(Relier 1979). Late onset neonatal listeriosis usually occurs after birth at full 

term of healthy mothers and symptoms appear at an age of days to weeks. 

Possible routes of infections are through the mothers genital tract, fecal 

contamination, or environmental. Although neonatal listeriosis is a rare, it is 

nonetheless a very severe disease with a mortality of 35 % (Smith, Kemp et al. 

2009), although fetuses born alive generally have a good prognosis (Mylonakis, 

Paliou et al. 2002; Smith, Kemp et al. 2009).  

 

 

Figure 1. Schematic illustration of the successive steps of listeriosis. Briefly, 

bacteria infect humans via ingestion of contaminated food. After an initial 

colonization and multiplication in the liver and spleen, bacteria are able to 

disseminate into the brain or the fetoplacental unit, causing invasive disease. 

Illustration from (Cossart and Toledo-Arana 2008), reprinted with permission 

from journal. 

Immune response to L.monocytogenes 
Once L.m reaches the liver and starts to invade hepatocytes and liver 

macrophages (Kupffer cells), it is rapidly attacked by neutrophils, leading to 

phagocytosis of bacteria and induction of inflammation. The rapid uptake into 

resident cells in the liver is followed by a reduction in bacterial load during the 

first 6 hours. Neutrophils play an imortant role in the localized initial immune 

response, by phagocytosing bacteria, inducing inflammation and producing pro-
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inflammatory cytokines. Furthermore, neutrophil deficient mice display 

increased sensitivity towards infection (Rogers and Unanue 1993). Although 

most bacteria are initially killed by resident macrophages and neutrophils, the 

remaining bacteria grow within permissive macrophages until the adaptive 

immune response becomes functional (Stavru, Archambaud et al. 2011). The 

intracellular infection of neighboring cells enables L.m to spread to new cells 

without being exposed to antibodies from the humoral system. Thus, listerial 

immunity is mediated by CD8 T-cells, although B- cells seem to have a minor 

function during infection, possibly in the maintenance of T-memory cells (Shen, 

Whitmire et al. 2003). CD4 T-cells are also important for the clearance of 

Listeria by producing Th1 cytokines leading to activated macrophages by an 

increased production of IFN-γ (Pamer 2004), thereby increasing the ability to kill 

bacteria and produce cytokines. During a primary infection with sublethal doses 

of L.m in mice, bacterial counts are at their highest values 3 days post infection 

and CD8 T-cells are most abundant around day 5, and the infection is essentially 

cleared after 7 days (Busch and Pamer 1999).  

 

The infectious process; from a molecular point of view 
 

Listeria monocytogenes is able to infect and multiply within a wide variety of 

cells. In order to accomplish this, Listeria employs a multitude of virulence 

factors, most of them are under the control of the global virulence regulator 

PrfA. The mechanism of internalization, survival and spread into neighboring 

cells is described in the following section. See Figure 2 for a schematic 

presentation of the invasive process and the major virulence factors involved. 

Internalisation 
Once bacteria have survived the harsh environment of the stomach, the 

remaining bacteria reach the small intestine. Translocation of L.m from outside 

to inside occurs via either enterocytes or M cells in the Peyers patches. While 

entry into enterocytes is dependent of the virulence factor Internalin A, 

translocation across the M-cells occur in an Internalin A (InlA) independent 

manner (Lecuit, Sonnenburg et al. 2007). Expression of inlA is essential for a 

gastrointestinal infection. By binding to its eukaryotic receptor, E-cadherin 

(Mengaud, Ohayon et al. 1996), InlA induces its own uptake via clathrin-

mediated endocytosis (Veiga and Cossart 2005) leading to actin rearrangement. 

There have been over 20 Internalins described in Listeria and the best studied are 

InlA and InlB. While InlA is vital for enterocyte internalization, InlB together 

with its most important eukaryotic receptor Met (Shen, Naujokas et al. 2000) 

appears to be important for the crossing of the blood-brain barrier (Greiffenberg, 

Goebel et al. 1998). Furthermore, a recent study in gerbils discovered that 

Listeria targets the maternofetal barrier in an Inl A/B interdependent manner 

(Disson, Grayo et al. 2008). Other internalins have also been detected, although 
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their function remain more elusive (Lingnau, Chakraborty et al. 1996; Kirchner 

and Higgins 2008; Sabet, Toledo-Arana et al. 2008; Gouin, Adib-Conquy et al. 

2010; Dortet, Mostowy et al. 2011; Dortet, Mostowy et al. 2012). 

Escape into the host cell cytoplasm 
After internalization, Listeria resides within a vacuole for a short period of time 

until it is able to disrupt the membrane and enter the host cytosol. Listeria 

mediates the escape by the employment of three proteins (Listerolysin O (LLO), 

phospholipase A and B (PlcA/ B)). The vacuole becomes slightly acidic upon 

engulfment of the bacteria. This is an important step in order to activate the lytic 

activity of LLO specifically in the vacuole, thereby preventing unwanted damage 

elsewhere (Glomski, Gedde et al. 2002). PlcA/ B aids LLO in the escape from 

both primary and secondary vacuoles and a mutants lacking functional PlcA/ B 

is 500 fold less virulent in the mouse model of infection and is partly defective in 

escape from vacuoles (Smith, Marquis et al. 1995). 

Cell to cell spread 
Once Listeria reaches the host cell cytosol, it is able to replicate with a 

generation time of about 60-90 min (Gaillard, Berche et al. 1987; Portnoy, Jacks 

et al. 1988), by employing the hexose phosphate transporter (Hpt) to utilize 

glucose-1-phosphate as energy source (Chico-Calero, Suarez et al. 2002). 

Glucose -1-phosphate is a glycolysis intermediate found ubiquitously throughout 

the cytosol, thereby providing Listeria with a readily available source of 

nutrients. 

In order to avoid host cell immunity L.m has developed a mechanism of infecting 

neighboring cells by direct cell to cell spread. The spreading is made possible by 

polymerizing actin on the cell surface, thus producing an actin tail propelling the 

bacteria forward. The listerial protein responsible for this is ActA (Kocks, Gouin 

et al. 1992), which functions by mimicking the eukaryotic protein WASP 

(Welch, Iwamatsu et al. 1997). ActA is localized at the membrane where it 

recruits the host actin-related protein 2/3 complex (Arp2/3) to the outer surface 

on one side of the bacterium, where it deposits actin monomers (Welch, DePace 

et al. 1997). Continued elongation of the actin tail finally leads to a protrusion 

into the neighboring cell, where a double membrane vacuole is formed 

(Secondary vacuole). As for the primary vacuole, lysis is dependent on LLO and 

PlcA/B, although PlcA/B seems to play a larger role in the lysis of the secondary 

vacuole (Alberti-Segui, Goeden et al. 2007). Once the vacuole membrane is 

disrupted, Listeria cells are free to grow in the cytoplasm of the new cell and 

continue the infectious cycle. 
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Figure 2. Overview of the infectious process on the cellular and molecular level. 

See text for detailed description of the role of the major virulence factors. 

Illustration from (Cossart and Toledo-Arana 2008), reprinted with permission 

from journal. 

Modelling listeriosis 
 

Listeria monocytogenes is a complex pathogen able to cross three human barriers 

and cause a variety of diseases, ranging from mild gastroenteritis, hip infections, 

cutaneous infections and septicemia/meningitis. Due to its numerous tropisms 

and complex nature, many models have been employed to study in vivo functions 

of the pathogen.  

Probably, the most widely used infection model is intra-venous (i.v) inoculation 

of mice. Mice are naturally susceptible for the InlB, but non-permissive for the 

InlA, pathway of internalization (Lecuit, Dramsi et al. 1999), thus making them 

poor models of oral infection. The species barrier has now been bridged by the 

construction of transgenic mice expressing humanized E-Cadherin (Disson, 

Grayo et al. 2008). The genetically engineered mouse has made it possible to use 

orally infected mice to study both InlA/InlB roles during infection in the same 

organism. As described in the above section, this has unraveled the mystery of 

placental translocation (Disson, Grayo et al. 2008). 

Guinea pigs have been widely used to study the intestinal translocation of 

Listeria, since guinea pigs are natural hosts of L.m (E.G.D. Murray 1926) and 

express the human form of E-Cadherin (Lecuit, Vandormael-Pournin et al. 
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2001). However, there are important differences between the disease panorama 

in guinea pigs and that of humans; for instance, guinea pigs are not susceptible to 

invasive disease of the brain when orally infected (Gray and Killinger 1966). 

Furthermore, InlB appears to have no role in pathogenesis in guinea pigs due to 

lack of functional receptors. These findings render the guinea pig an unsuitable 

model for studying invasive forms of listeriosis as well as functional 

characteristics of internalization of other organs than the intestine.  

A recent publication by the Lecuit lab identified the gerbil as a promising 

infection model (Disson, Grayo et al. 2008). Gerbils are natural hosts of L.m 

infections (Pirie 1927). It is the only genetically unmodified organism used that 

is experimentally proven to be permissive for both InlA and InlB pathway of 

internalization. The drawback of working with gerbils is that they are not 

common “in house” laboratory animals, thus few methods have been developed 

specifically for the gerbil.  

The chicken embryo infection model 
Pioneering studies have been undertaken using the chicken embryo to model 

Listeria infection. These reports use the chorioallantoic route of infection (Figure 

3), where bacteria are introduced to the embryo by injection into the 

chorioallantoic cavity (CAC) (Terplan and Steinmeyer 1989; Olier, Pierre et al. 

2002; Olier, Pierre et al. 2003; Severino, Dussurget et al. 2007; Yin, Tian et al. 

2011). The chorioallantoic membrane (CAM) is formed at days 5-6 of 

gestational age (GA) by fusion of the allantois to the chorion (Melkonian, Munoz 

et al. 2002). The CAM is highly vasculated with capillaries penetrating the edge 

of the cavity and it has a long tradition of being used as an in vivo model of 

studying angiogenesis (Ponce and Kleinmann 2003). The CAM and the 

chorioallantoic cavity can be considered as the chicken’s lung and urinary 

bladder. Furthermore,  the CAM mediates ion transport, gas-exchange, acid-base 

balance, water and electrolyte reabsorption from the chorioallantoic cavity and is 

therefore essential for chicken development (Gabrielli and Accili 2010).  
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Figure 3. Schematic cartoon of anatomical appearance of the chicken embryo. 

CAC-Chorio-Allantoic Cavity, YS-Yolk Sac, AC-Amniotic Cavity, AS-Air Sac. 

Syringe depicts inoculation into the chorio-allantoic cavity. 

 

Full immunocompetence of the chicken embryo is not achieved until days to 

weeks after hatching (Mast and Goddeeris 1999), although in ovo vaccination 

studies with live vaccines have been shown to generate protective immunity 

against several avian pathogens (Johnston, Liu et al. 1997) when injected into 18 

day old GA chicken embryos. B and T lymphocytes start to appear between 5-7 

days of GA and gradually matures throughout the embryonic phase to develop 

into fully functional lymphocytes. The developmental time-points of the cells of 

the innate immunity have not been determined in detail, except for macrophages 

which have been reported to be functional at 12 days of GA (Qureshi, Heggen et 

al. 2000). Although the chicken has generated much knowledge in the 

immunology field, more work is needed to determine developmental time-points 

of the immune-cells. 

Similar to humans, listeriosis is an uncommon cause of death in broiler farms, 

but invasive infections such as septicemia and invasion of the brain occur 

(Cooper, Charlton et al. 1992). Carriage of L.m by broilers in French farms was 

found to be approximately 30% (Aury, Le Bouquin et al. 2011). Importantly, 

chicken as well as guinea pigs and gerbils, harbors a human homolog of E-

Cadherin (Lecuit, Dramsi et al. 1999). The use of chicken embryos in the 

eukaryotic research areas is widespread, suggesting that the chicken embryo 

infection model as an upcoming model organism to study Listeria infections. 
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Virulence gene regulation 
 

Appropriate temporal and spatial regulation of virulence by bacteria is of great 

importance to ensure maximal endurance in the environment as well as 

invasiveness and ability to persist defensive measures from the host. In Listeria 

monocytogenes, several factors have been shown to be implicated in the 

regulation of virulence genes, although the consensus is that no other factor can 

compare to the importance of the global virulence regulator PrfA. PrfA is vital 

for efficient infection in the mouse model as displayed by a 10
5
 difference in 

infectivity between wild-type and prfA mutants (Freitag, Rong et al. 1993). The 

alternative sigma factor sigma B (σ
B
) has also been shown to be an important 

factor during intragastric infection in the guinea pig model (Garner, Njaa et al. 

2006; Oliver, Orsi et al. 2010). The σ
B
 dependent stress response is important for 

Listeria to cope with harsh environments, such as low pH and oxidative stress 

(Ferreira, O'Byrne et al. 2001). Transcriptional profiling has revealed a vast 

number of genes regulated by σ
B
 (Hain, Hossain et al. 2008) including essential 

virulence factors such as Internalin A, B and PrfA (Kim, Marquis et al. 2005; 

Kazmierczak, Wiedmann et al. 2006). Interestingly, a σ
B 

mutant was not 

attenuated during intravenous inoculation of the guinea pig, suggesting that the 

pathogenicity phenotype seen in a σ
B
 mutant is largely due to defects during the 

gastrointestinal stage of infection (Garner, Njaa et al. 2006). Over the years, 

there have been several additional genes shown to influence expression of 

virulence factors in L. monocytogenes but the most important players in the 

control of overall pathogenicity is still PrfA and σ
B
, although the exact role of 

their joint interaction and regulation remains to be elucidated. 

PrfA 
PrfA is a 27 kDa protein of the cAMP receptor protein/Fumarate nitrate 

reductase regulator (Crp/Fnr) family of transcription factors (Lampidis, Gross et 

al. 1994). Homodimers of PrfA bind a 14 base-pair palindromic sequence (PrfA 

box) of its targets, leading to an activation of transcription in a similar manner as 

other Crp/Fnr factors (Korner, Sofia et al. 2003) (Sheehan, Klarsfeld et al. 1996). 

PrfA controls the expression of the major virulence factors in L. monocytogenes. 

PrfA transcriptional regulation consists of a direct and an indirect regulon, where 

the directly regulated genes contain a prfA box. Among the directly regulated 

genes are the core virulence factors (hly, plcA, plcB, mpl, actA, hpt, inlA, inlB, 

inlC, prfA). These factors are needed for infection, intracellular growth and cell 

to cell spread (Scortti, Monzo et al. 2007). Furthermore, the expression of more 

than 140 genes from a wide range of functional classes has been shown to 

depend on PrfA for expression (Milohanic, Glaser et al. 2003; Marr, Joseph et al. 

2006; Scortti, Monzo et al. 2007), although the precise mechanism of regulation 

is largely unknown. 
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Regulatory control of PrfA 
Since PrfA is such an important player in governing the expression of virulence 

in Listeria, identifying the regulatory input which governs the expression and 

activity of PrfA has received much attention since its identification.  

Transcription of prfA is achieved from three different promoters, Figure 4. 

Monocistronic prfA is synthesized from two promoters; P1prfA, P2prfA. The P1 

promoter contains a σ
A
 (housekeeping sigma factor) binding site while the P2 

promoter contains a σ
B
 binding site overlapping a σ

A
 binding site (Rauch, Luo et 

al. 2005; Schwab, Bowen et al. 2005). The physiological function of the 

monocistronic transcripts is believed to provide the bacterium with a constant 

supply of prfA transcript under various conditions (Scortti, Monzo et al. 2007). 

PrfA is also synthesized as part of a bicistronic transcript together with its 

upstream gene phospholipase A (plcA). PplcA contains a σ
A 

binding site, as well 

as a prfA box. By this constellation, PrfA is able to exert a positive feedback on 

PplcA by binding to the promoter, thereby stimulating its own synthesis 

(Mengaud, Dramsi et al. 1991). Transcription from PplcA is essential for 

virulence, indicating that the positive feedback at the PplcA promoter is 

responsible for the increased levels of prfA transcript during intracellular life 

(Camilli, Tilney et al. 1993). PplcA transcription in vivo is needed for escape into 

neighboring cells but not for escape of the phagocytic vacuole (Freitag, Rong et 

al. 1993). Interestingly, P1 and P2 promoters produce sufficient amounts of prfA 

transcript to activate the perfect prfA box at the hly promoter, but not the 

imperfect prfA box at the actA promoter (Scortti, Monzo et al. 2007).  

 

Figure 4. Three promoters contributing to transcription of prfA. P1 contains a σ
A
 

promoter and P2 harbors a stress response sigma factor σ
B
, binding site. PrfA-

boxes are boxed in red. 

Sensing of temperature is a convenient mechanism of human pathogens to 

regulate virulence gene expression. Virulence gene regulation in Listeria was for 

long known to be dependent on temperature, since only small amounts of 

virulence factors were produced at 30°C as compared to 37°C (Leimeister-

Wachter, Domann et al. 1992). Another layer of prfA regulation was added a 

decade ago, with the identification of a thermosensor structure in the 

5´untranslated region of prfA (Johansson, Mandin et al. 2002). The authors 

hypothesized that an RNA structure masking the SD site was present at lower 

temperatures. Due to the intrinsic capability of RNA to change its secondary 

structure, according to temperature, an alternative secondary structure would 

form at higher temperatures, thereby liberating the ribosome binding site. The 

authors further experimentally verified that the leader region indeed switched 

between two different structures upon changes in temperature, thereby 

controlling access to the Shine-Dalgarno.  
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A recent publication deciphered the role of a thermosensor in the enteric 

pathogen Yersinia pseudotuberculosis, showing the mechanism behind the 

virulence gene expression by the thermoregulated protein LcrF. A combination 

of protein and RNA elements are responsible for LcrF induction during higher 

temperatures. The Shine-Dalgarno of lcrF mRNA is unblocked upon entry into 

higher temperatures, allowing access for the ribosome and thereby initiating 

translation (Bohme, Steinmann et al. 2012). Unmasking SD sites through 

changes in RNA structure appears to be a quick and efficient way for bacteria to 

ascertain immediate translation of virulence genes upon entry into host cells. 

Many members of Crp/Fnr family of transcription factors bind cofactors which 

causes conformational changes that affect the activity of the protein. It is 

believed that also PrfA requires such a cofactor for its full activity. This idea 

originates both from the knowledge that CRP requires cAMP for activity and the 

identification of mutations within prfA that increases its interaction with target 

DNA (Ripio, Dominguez-Bernal et al. 1996; Ripio, Dominguez-Bernal et al. 

1997; Shetron-Rama, Mueller et al. 2003). These mutations in prfA are able to 

upregulate PrfA dependent genes grown in liquid culture to the same level seen 

intracellularly (Shetron-Rama, Mueller et al. 2003). These mutations mimic the 

conformational change that occurs upon binding of an activating molecule. The 

activating ligand is so far unknown but there are indications that it is linked to 

the sugar transporting phosphoenolpyruvate-sugar phosphotransferase system 

(PTS). Determining the identity and origin of the ligand would be an important 

discovery for the understanding of virulence regulation in Listeria. 

As described in this section, prfA expression and activity is regulated at several 

levels to ensure optimal levels of active PrfA during different stages of growth 

and infection. 

 

RNA regulation 
 

For a long period of time RNA was believed to be just a messenger, nothing 

more than a relay molecule on the path from DNA to protein. But in the 1980s 

information started to accumulate indicating that some RNA molecules were 

able to exert a function on its own, in addition to being an intermediary 

molecule. We now know that such RNA molecules possess many diverse 

intrinsic functions in both prokaryotes and eukaryotes. The actual names of these 

molecules are still under some debate, but in this text non-coding RNA (ncRNA) 

is reserved for eukaryotes and small RNA (sRNA) is reserved for prokaryotes, 

although most trans-acting sRNAs in prokaryotes are actually not coding for a 

protein. In eukaryotes, microRNAs are short non-coding RNAs that most 

commonly function via non-perfect base-pairing to mRNA targets resulting in 

inhibition of translation or/and mRNA decay, via interacting with a protein 
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complex (miRISC complex). MicroRNAs have been shown to play important 

roles in a vast array of human diseases (Sayed and Abdellatif 2011) and more 

than 60 % of the human genome have been predicted to interact with 

microRNAs (Friedman, Farh et al. 2009). Although much effort in the field is 

now concentrated to the eukaryotes, sRNAs were first identified in the 

prokaryotes with the identification of an antisense acting RNA in E. coli in the 

beginning of the 1980s. 

Figure 5 provides an overview of the regulatory roles of RNAs, which will be 

described in more detail in the following section. In short, elements in the 5´ 

untranslated region may harbor for example riboswitches or thermosensors (as 

described for PrfA regulation in the previous section). These elements respond to 

changes in temperature or nutrients and act in cis to control the expression of the 

downstream gene. Cis- acting antisense RNAs are encoded on the opposite 

strand of the regulated gene and are hence perfectly complementary to their 

targets. Trans-acting small RNAs (sRNA) may also influence the activity of the 

transcript; these molecules are usually expressed during certain conditions, such 

as during environmental stress. They tend to negatively regulate their mRNA 

target by non-perfect base-pairing at the 5´ region of the transcript. Some sRNAs 

are also able to bind and affect the activity of proteins, further described in the 

following section. 

 

 

Figure 5. An overview of the regulatory roles of various ncRNA and the fate of 

an mRNA. An mRNA is subject to regulation by several factors. 5´UTR regions 

are able to harbor riboswitches, thermoswitches (see PrfA section) and pH 

sensors as well as affecting stability of the transcript. 3´ UTRs are involved in 

transcription termination and stability. Cis-acting antisense RNAs are expressed 

from the opposite strand of the regulated gene. Trans-acting small RNAs are 

expressed distally from their targets and typically bind their RNA targets around 

the Shine-Dalgarno (SD). Exonucleases (red pacman) are able to degrade RNA 
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from both 5´and 3´direction in some Gram-positive bacteria. Endonucleases 

(purple pacman) target intragenic sequences within the transcript for degradation. 

Adapted from (Gripenland, Netterling et al. 2010) 

RNA regulation provides several advantages, such as an energetically low cost 

of production, compared to protein-based regulation. The possibility of a quicker 

response is emphasized by the fact that many sRNAs are expressed when 

bacteria are subject to different kinds of stress or host environments. 

Additionally, when the need for the sRNA regulation is not required, they are 

rapidly cleared, due to their short half- life. These qualities highlight the 

importance of post- transcriptional RNA regulation as a complement to protein 

factors for bacteria to thrive in different conditions and environments. 
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Riboswitches 
 

Riboswitches are metabolite-sensing non-coding RNAs. They control 

downstream transcription or translation by directly binding a metabolite. The 

binding leads to a conformational change within the intrinsic structure of the 

riboswitch transcript that mediates the downstream gene regulation. 

Riboswitches are made up by two domains, the aptamer domain and the 

expression platform. The aptamer domain is the sensor domain that binds the 

ligand. The second domain contains the expression platform, which upon 

changes in conformation leads to a positive or negative effect on expression. The 

genes downstream of each riboswitch are usually involved in biosynthesis of the 

bound metabolite (Breaker 2012). Typically, riboswitches are able to repress 

expression by interfering with transcription termination or translation initiation, 

upon binding the cognate metabolite, although examples of riboswitches that 

positively regulate expression upon ligand binding has also been described 

(Nygaard and Saxild 2005). Riboswitches acting at the transcriptional level 

commonly form a Rho independent terminator upon binding the metabolite, 

leading to a dislocation of the RNA polymerase. Translationally acting 

riboswitches generally function by interfering with the accessibility of the Shine-

Dalgarno region, thereby blocking ribosome access and translation (Bastet, Dube 

et al. 2011; Breaker 2011).  

Additional mechanisms of riboswitch action have been described, such as the 

glmS riboswitch, which is in the interface of being a riboswitch or a ribozyme. In 

the bacterium Bacillus subtilis, binding of glucosamine-6-phosphate (GlcN6P) to 

the glmS riboswitch, which is also the metabolite produced by the glmS 

riboswitch regulated gene, induces self cleavage of the mRNA leading to a 

reduction in GlmS expression and an increased degradation of the mRNA 

(Winkler, Nahvi et al. 2004; Collins, Irnov et al. 2007). Interestingly, the only 

riboswitch detected in all kingdoms of life; the tiamin pyrophosphate (TPP) 

riboswitch, acts in eukaryotes to control alternative splicing, by only allowing 

access to the splice site when TPP is bound to the riboswitch (Cheah, Wachter et 

al. 2007). The number of different classes of riboswitches identified is under 

some debate, due to the fact that the definition of an individual riboswitch class 

is somewhat unclear. Approximately between 17-24 different classes have now 

been experimentally verified (Garst and Batey 2009; Breaker 2011; Breaker 

2012) and it has been suggested that riboswitches control around 2 % of the 

genome in Bacillus subtilis (Wakeman, Winkler et al. 2007) indicating its 

importance of this type of regulation in microorganisms. 
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The SAM sensing riboswitch 
The S-Adenosylmethionine (SAM) sensing classes of riboswitches are among 

the most abundant and widespread classes of riboswitches. SAM is synthesized 

from methionine and ATP, and it functions as a co-enzyme, responsible for 

donating methyl groups in a large number of biological events (Parveen and 

Cornell). The toxic metabolite S-adensylhomocystine (SAH) is accumulated as a 

byproduct of the methylation reaction, highlighting the importance of careful 

regulation of these events.  

There are five different families of SAM riboswitches (I-V) where type I is the 

most common type. The SAM-I (S-box) riboswitch was originally identified in 

B. subtilis (Grundy and Henkin 1998), harboring the capability of discriminating 

between SAM and closely related molecules extremely well (Winkler, Nahvi et 

al. 2003). Specifically, the S-box riboswitch discriminates between the closely 

related molecules SAH and S-adenosyl-L-cysteine (SAC) (both lacking a methyl 

group) 100 and 10 000 fold respectively(Winkler, Nahvi et al. 2003). In B. 

subtilis, the S- box riboswitches act by forming a rho independent transcription 

terminator upon binding of SAM, leading to a reduction in genes involved in 

methionine biosynthesis and transport. 

The structure of the SAM-I riboswitch aptamer region in Thermoanaerobacter 

tengcongensis (Montange and Batey 2006) and in B subtilis (Lu, Ding et al.) has 

been determined by crystallization studies. Their combined efforts indicated a 

conserved SAM-binding aptamer region between the two species built up by four 

helical segments with SAM binding in the four-helical junction(Lu, Ding et al.). 

Studies have been undertaken to determine the mechanisms of regulation and the 

highly effective degradation of SAM riboswitches in B. subtilis (Tomsic, 

McDaniel et al. 2008; Shahbabian, Jamalli et al. 2009). Shahbabian and 

coworkers showed that the degradation of the short 220 nt riboswitch fragment 

of yitJ was dependant on the previously uncharacterized essential protein YmdA 

(shown to be RNaseY). They propose a mechanism for the yitJ-riboswitch 

degradation where the rate limiting step is an endonucleolytic cleavage by 

RNaseY, leaving products which are 3´-5´exonucleolytically cleaved by PNPase 

and RNase R. 5´-3´ exonucleotic activity by RNaseJ1 was shown to be important 

for degradation of the 3´terminal fragment (Shahbabian, Jamalli et al. 2009). 

Furthermore, RNaseY appears to be the initiator for degradation of all SAM 

dependant riboswitches in B. subtilis, although the mechanism for the complete 

pathway of degradation is still unknown. 
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Trans-acting sRNAs 
 

Trans acting small RNAs have two choices, to either bind a protein or to an 

RNA. The less common protein-binding small RNAs can act either by 

sequestering proteins or by modulating the activity of the protein (Storz, Vogel et 

al. 2011), exemplified in this text by the 6S RNA (see 6s RNA section, p36). The 

majority of bacterial sRNAs choose to bind a target mRNA leading to repression 

of target expression. The most frequent mode of action is the binding to a target 

in an antisense manner, near the ribosome binding site, thereby inhibiting 

ribosome access to the Shine-Dalgarno sequence. The lack of ribosomes on the 

transcript usually leads to an unprotected transcript, accessible to nucleases, 

which will initiate degradation of the transcript. Another plausible mode of 

action of an antisense acting sRNA is to derepress expression from the mRNA 

target. This is made possible by liberating the Shine-Dalgarno (SD) from an 

intrinsic inhibitory structure, opening up the transcript for the ribosome to 

initiate translation.  

 

Figure 6. Description of the two major pathways of sRNA:mRNA interaction. 

Upper panel depicts blocking of ribosomal access to the Shine-Dalgarno by 

pairing of the small RNA near the ribosome binding site of the mRNA. Lower 

panel illustrates the opposite mechanism, where the interaction with the small 

RNA liberates the ribosome binding site from an inhibitory structure, thereby 

allowing access by the ribosome. 



30 

 

An example of a sRNA able of acting in both these manners is DsrA, one of the 

earliest characterized small RNAs (Sledjeski, Gupta et al. 1996). It positively 

increases translation of the stress response sigma factor (RpoS, σ
s
) in E. coli by 

unblocking the ribosomal binding site, by a mechanism referred to as an anti 

antisense mechanism (Majdalani, Cunning et al. 1998). Furthermore, DsrA 

exerts negative regulation of the expression of the transcriptional silencer H-NS 

(Lease, Cusick et al. 1998). The effect seems to be mediated via direct base-

pairing of DsrA to both regions surrounding the start and stop codon. This blocks 

the SD site, leading to reduced translation efficiency and an increase in hns 

mRNA turnover (Lease, Cusick et al. 1998; Lease and Belfort 2000). 

 

Hfq 
RNA-binding sRNAs in Gram- negative bacteria most commonly require the 

help of the chaperone protein Hfq. Hfq was first discovered in the 1960s in E. 

coli and belongs to the Sm-like family of proteins that are known to be involved 

in splicing and mRNA degradation. Structural studies of Hfq have revealed a 

hexameric ring-like structure (Schumacher, Pearson et al. 2002). Hfq appears to 

interact with AU rich single- stranded regions of the sRNA. Due to its shape, 

Hfq is able to bind two transcripts, thereby mediating the sRNA:mRNA 

interaction, although binding requirements for the mRNA is still largely 

unknown (Vogel and Luisi 2011) A recent study identified a putative mechanism 

for cycling of sRNAs on Hfq (Fender, Elf et al. 2010). The authors propose that 

the displacement of RNAs on Hfq are concentration driven, leading to the 

formation of transient complexes of different RNAs with Hfq i.e. the different 

RNAs displaces themselves on the many Hfq binding sites, eventually leading to 

a complete displacement from Hfq (Fender, Elf et al. 2010). There are many 

ways of Hfq to aid in the interaction between sRNA and mRNA target; the 

general idea is that it facilitates interaction between the two transcripts. Such 

mechanisms can either be by increasing the rate of binding between the two 

molecules or by increasing the stability of the RNA duplex. Additionally, Hfq 

may alter the secondary structure of the RNA (Geissmann and Touati 2004; 

Kawamoto, Koide et al. 2006; Soper, Mandin et al. 2010; Storz, Vogel et al. 

2011; Vogel and Luisi 2011). The outcome of these events, results in either 

positive or negative regulation of translation and of RNA degradation.  

Although Hfq has been shown to be an important player for sRNAs in Gram- 

negative bacteria, data from Gram- positive bacteria indicate a more modest 

function for Hfq. In Listeria, Hfq is 46% identical to the E. coli version and they 

are to a certain extent functionally interchangeable. Ectopic Listeria Hfq is 

capable of restoring the growth defect seen in an E. coli hfq mutant. 

Furthermore, it is also able to interact with the E. coli sRNA RyhB and its target 

sodB mRNA to complement the loss of the endogenous Hfq (Nielsen, Lei et al. 

2010).  
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Transcription of hfq in Listeria is upregulated during various environmental 

stress conditions due to an increased σ
B
 dependant transcription. Although Hfq 

has been shown to be important for survival within the mouse liver and spleen, it 

is not essential for replication within the mouse macrophage cell-line J774 

(Christiansen, Larsen et al. 2004). Furthermore, to date only one sRNA (LhrA) 

has been shown to depend on interaction with Hfq in Listeria for its function 

(Christiansen, Nielsen et al. 2006; Nielsen, Lei et al. 2010), in contrast to the 

numerous Hfq-sRNA interactions described for Gram-negative bacteria. The 

modest phenotype of Hfq found in many Gram-positive bacteria suggests that 

there might be an additional unidentified factor interacting with small RNAs that 

at least partly functionally overlap with Hfq.  

 

sRNA partnership; the beginning of the end 
The final outcome of many sRNA-mRNA interactions lead to degradation of the 

duplex. In E. coli, this process is in many cases mediated by binding to 

endoribonuclease RNaseE (Masse, Escorcia et al. 2003; Morita, Maki et al. 

2005; Pfeiffer, Papenfort et al. 2009). In other cases, Hfq mediates binding to the 

target and is necessary for the process of degradation by nucleolytic activity 

(Kawamoto, Koide et al. 2006; Prevost, Desnoyers et al. 2011). RNase E 

mediated degradation in E. coli usually involves a multiprotein complex called 

the degradosome. This complex includes other nucleases and a helicase, which 

combines and mediates degradation. An initial endonucleolytic cleavage is made 

and followed up by 3’- 5’ exonucleolytic degradation. An example of sRNA 

mediated RNase E dependant degradation is the SgrS interaction together with 

ptsG mRNA. SgrS forms a complex together with Hfq and RNaseE, thus leading 

to a decrease in stability for the target and sRNA (Masse, Escorcia et al. 2003). 

Furthermore, it is the interaction with Hfq that in turn recruits RNase E to the 

complex thereby allowing transcript degradation (Morita, Maki et al. 2005).  

The Gram-positive bacterium Bacillus subtilis lacks the important player RNase 

E. Instead, it contains the interesting nuclease RNase J1 and J2, which has both 

endo- and exo- nuclease activity (Mathy, Benard et al. 2007). Transcripts may 

thereafter be degraded by either 3’-5’ or 5’-3’ exonuclease activity by various 

nucleases (Condon 2007). An interesting observation is that a highly structured 

5´ part of the transcript or bound proteins or ribosomes seem to stabilize the 

fragment considerably (Sharp and Bechhofer 2005; Mathy, Benard et al. 2007). 

As for B. subtilis, the opportunistic pathogen Stahylococcus aureus also lacks 

RNase E and the characteristics of general RNA degradation is vastly still 

unknown (Anderson and Dunman 2009), although a degradosome-like complex 

has been proposed (Roux, DeMuth et al. 2011). One out of the seven yet 

identified endonucleases in S. aureus is RNase III, which has been implicated to 

have a role in virulence gene regulation. Specifically, the small RNA, RNAIII 

regulates the expression of several virulence genes (described in more detail in 
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the RNAIII section) together with RNase III. By binding to spa mRNA, RNAIII 

can inhibit translation and induce an RNase III dependant degradation 

(Huntzinger, Boisset et al. 2005). Experiments also indicate that RNase III is 

essential for the negative regulation of spa. 

 

RNAIII 
RNAIII is one of the most studied trans-acting sRNAs in Gram- positive bacteria 

and it offers a complex variety of regulatory effects. It is a major virulence gene 

regulator in the opportunistic human pathogen Staphylococcus aureus. S. aureus 

is able to cause a wide variety of infections, ranging from mild skin infections to 

acute septicemia and death. The broad range of infections requires numerous 

virulence factors and regulatory systems to secure correct temporal expression. 

The system responsible for this is the accessory gene regulator (agr) locus, 

which encodes a quorum sensing system that via a two-component system 

regulates virulence gene expression. RNAIII governs the switch between the 

expression of secreted factors and inhibition of surface factors. The agr locus 

consists of two transcriptional units in divergent direction, Figure 7. 

Transcription of the two-component quorum sensing genes (agrBDCA) starts 

from the P2 promoter and the expression of the sRNA RNAIII is initiated from 

the P3 promoter. Expression from the P3 promoter also results in the production 

of a small peptide, δ-hemolysin (hld) encoded within RNAIII (Janzon, Lofdahl et 

al. 1989). The hld gene does not seem to play a large role in the regulatory 

cascade from the quorum sensing unit, but appears instead to have a function in 

lysing host cells. RNAIII expression peaks at late logarithmic and stationary 

phase. Its expression is influenced by AgrA, the response regulator of the agr 

locus (Novick, Ross et al. 1993). A recent publication (Reyes, Andrey et al. 

2011) highlighted the differentiated regulation of the P2 and P3 promoter, where 

SarA and SarR predominantly act on the P2 promoter, together with AgrA, and 

thereby having an indirect effect on RNAIII, since AgrA is a transcriptional 

activator of RNAIII.  
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Figure 7. Overview of regulation and the transcriptional units of the agr system. 

The autoinducer peptide (AIP) binds to the transmembrane protein AgrC, leading 

to an activation of AgrA, which, in turn, functions as a transcriptional activator 

of P2 and P3. Positively regulated targets of RNAIII are boxed in green and 

negatively regulated targets are boxed in red.  

The 514 nucleotide long RNAIII is structurally relatively conserved among 

staphylococcal species and consists of 14 stemloops (Benito, Kolb et al. 2000). 

RNAIII is able to mediate both positive and negative regulation of target genes 

and none of the identified interactions seem to stringently require binding of Hfq.  

An example of positive regulation by RNAIII is the α-hemolysin (hla) 

interaction. The 5´ part of RNAIII binds to an inhibitory structure located 

upstream of the hla coding region. When RNAIII sequesters the inhibitory 

structure, the ribosome binding site is liberated and translation can initiate 

(Morfeldt, Taylor et al. 1995). A recent publication suggested an additional 

target upregulated by RNAIII. By fishing for targets with RNAIII as bait they 

were able to identify binding of the map mRNA to RNAIII. Map protein is an 

adhesion molecule that also function as an immune response modulator 
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(Harraghy, Hussain et al. 2003). Their findings indicate a direct binding of 

hairpin 4 of RNAIII to the 5’ region of map mRNA(Liu, Mu et al. 2011). 

There are several described targets downregulated by RNAIII and all of them 

have been shown to interact with the middle and 3´ parts of RNAIII. An 

interesting target is the transcriptional regulator Rot. RNAIII pairs via stem-loop 

7 or 13 together with loop 14 to the 5´ region of rot mRNA, forming a kissing 

complex (loop-loop interaction) between the two individual loops of both rot 

mRNA and RNAIII. The duplex blocks ribosome access, presumably resulting in 

degradation of the target by RNaseIII (Geisinger, Adhikari et al. 2006; Boisset, 

Geissmann et al. 2007). 

RNAIII has also been shown to negatively regulate expression of coa mRNA 

(Chevalier, Boisset et al. 2010), encoding a staphylocoagulase involved in 

immunoescape, SA1000, a fibrinogen- binding protein, SA2353 (Boisset, 

Geissmann et al. 2007) and spa mRNA (Huntzinger, Boisset et al. 2005), an 

immunoglobulin G binding protein (Goding 1978).  

VrrA in Vibrio cholerae 
A recently discovered small RNA is VrrA in the human pathogen Vibrio 

Cholerae (Song, Mika et al. 2008). V. cholera is the causative agent of cholera. 

Infection leads to an acute severe diarrheal disease with a loss of fluid up to 1 

liter per hour that results in metabolic acidosis and potential death (Nelson, 

Harris et al. 2009). VrrA is a 140 nt long small RNA, well conserved within 

Vibrio species and it is transcribed from a sigma E (σ
E
) dependent promoter. In 

Gram- negative bacteria, such as E. coli, Shigella and Yersinia, σ
E
 responds to 

envelope stress and hence guides transcription accordingly (Rhodius, Suh et al. 

2006). Song and colleagues discovered VrrA somewhat serendipitously while 

characterizing a transposon mutant library for factors important for biofilm 

formation. After establishing that the transposon insertion was within a small 

RNA, (VrrA) they discovered that increased levels of the outer membrane porin 

A (OmpA) was observed in a vrrA mutant. OmpA is a highly abundant protein 

involved in several biological events such as biofilm formation. When V. 

cholerae is subjected to ultraviolet light the levels of VrrA increases and it acts 

by direct basepairing with ompA mRNA around the ribosome binding site, 

thereby blocking ribosomal access to the Shine Dalgarno. Interestingly, in E. coli 

and Salmonella, OmpA is also regulated by sRNAs via an Hfq dependent 

antisense mechanism (Udekwu, Darfeuille et al. 2005; Papenfort, Pfeiffer et al. 

2006). When testing for VrrA-ompA mRNA interaction in a V. cholerae in wild-

type and hfq mutant no significant difference in OmpA expression was observed, 

suggesting that Hfq does not have an essential role in the ability of VrrA to bind 

ompA mRNA. The effect of VrrA on ompA mRNA leads to reduced amounts of 

OmpA, resulting in an increased release of vesicles. The elevated amounts of 

vesicles surrounding the bacteria protects them from UV damage, supposedly by 

absorbing the UV light before it reaches the bacteria (Song and Wai 2009). To 

further confirm the effect on virulence gene expression, the authors tested the 
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vrrA mutant and ompA mutant in the infant mouse infection model. The vrrA 

mutant produces high amounts of OmpA, an increase in virulence of the mutant 

would therefore be expected, since OmpA has been shown to be involved in 

colonization of tissue cultured epithelial cells in E.coli. Indeed, the vrrA mutant 

had increased colonization capability and the ompA mutant was attenuated 

(Song, Mika et al. 2008). 

In a later study, a second target of VrrA, OmpT, was identified (Song, Sabharwal 

et al. 2010). Outer membrane porin T (OmpT) is one of the most abundant porins 

in V. cholera. It is tightly regulated by cAMP receptor protein (positive 

regulation) and ToxR (negative regulation). The authors provide evidence that 

VrrA binds near to the Shine-Dalgarno site of ompT mRNA, thereby preventing 

ribosome access. The regulatory effect was dependent on the Hfq protein. By 

introducing point mutations in a region of vrrA complementary to ompA, they 

were able to abolish the negative effect of VrrA on ompT mRNA. Furthermore, 

when introducing complementary mutations in the ompT target the repressive 

effect by VrrA on ompT mRNA was restored (Song, Sabharwal et al. 2010).  

The VrrA sRNA involvement in regulation of OmpA and OmpT is an example 

of both Hfq dependant and independent mechanisms of riboregulation, which 

might give VrrA an extra ability to differentially regulate its targets according to 

different molecular cues. 

 

 

Figure 8. VrrA negatively regulates the expression of ompA by sequestering the 

SD site. Thus, VrrA leads to a decreased expression of OmpA, thereby 

promoting vesicle formation which increases the survival during exposure to UV 

irradiation. Illustration from (Gripenland, Netterling et al. 2010). Reprinted with 

permission from journal. 
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6S analogs in Legionella pneumophila 
A recent study has identified 6 novel sRNAs in the Gram- negative human 

pathogen Legionella pneumophila, an opportunistic intracellular pathogen able to 

cause severe pneumonia and potential death (reviewed in (Newton, Ang et al. 

2010)). The secondary structure of one of the identified sRNAs resembled that of 

the E. coli 6S RNA. In E. coli, 6S RNA mimics the secondary structure of the σ
70

 

promoter thereby inhibiting binding of RNA Polymerase holoenzyme containing 

σ
70 

(housekeeping sigma factor). Therefore, transcription from σ
70

 dependent 

promoters seizes and expression from σ
S
 (stationary phase sigma factor) 

promoters is enhanced (Wassarman and Storz 2000; Trotochaud and Wassarman 

2005). 6S RNA accumulates during stationary phase and upon binding of σ
70

, 

transcription from σ
S
 dependent promoters is promoted, thus helping the bacteria 

to better cope with the stress of entering stationary phase. Additionally, 6S RNA 

can also function as a template for synthesizing product RNA (pRNA) which is 

responsible for the release of 6S RNA from the σ
70

 holoenzyme. This event is 

required for transition of the bacteria from stationary phase (Wassarman and 

Saecker 2006; Cavanagh, Sperger et al. 2011). 

 

Figure 9. Left panel: Without 6S RNA, the RNA polymerase (RNAP) is free to 

bind to the promoter and initiate transcription. Right panel: 6S RNA sequesters 

the RNAP, resulting in a promoterless RNAP. 

 

As seen in E. coli, 6S RNA in Legionella also accumulates in post- exponential 

phase and coimmunoprecipitates with core RNA polymerase. Interestingly two 

fragments were detected of around 180 and 150 nucleotides, with the smaller 

transcript originating by 3´ processing, removing the Rho independent terminator 

of the large transcript. For unknown reasons the authors were only able to detect 

the 150 nt long fragment after coimmunoprecipitation with RNAP and not the 

180 nt transcript (Faucher, Friedlander et al. 2010). Transcriptomic studies of the 

Legionella 6S RNA suggests a different array of regulatory effects compared to 
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the E. coli counterpart. In E. coli most effects of 6S RNA are negative, in 

contrast to the regulation in Legionella. Transcriptomic studies of 6S RNA in 

Legionella reveal an abundance of positively regulated genes, and many genes 

affected were intriguingly not σ
S 

dependent. The mechanism for this is still 

unclear. Phenotypic experiments were also undertaken and giving a role in 

virulence for 6S RNA. During infection of THP1 macrophages, 6S RNA mutant 

(ΔssrS) was attenuated, indicating the importance of 6S RNA during infection by 

Legionella. 

 

Trans-acting sRNAs in Listeria 
Around 100 small RNAs have so far been identified in Listeria monocytogenes 

(Izar, Mraheil et al. 2011). The first small RNA discovered in Listeria was 4.5S, 

a 276 nt long sRNA that associates with SRP ( Signal Recognition Peptide) 

which have a role in preparing proteins for secretion (Barry, Kelly et al. 1999).  

In 2006 three new sRNAs were identified by coimmunoprecipitation with Hfq 

(LhrA-C) (Christiansen, Nielsen et al. 2006). The authors also determined that 

Hfq had a positive effect on the half-life of LhrA but did not affect the stability 

of the LhrB-C and that they were all expressed inside HepG2 cells. Interestingly, 

lhrC is present in five copies in wild-type Listeria EGDe, suggesting a complex, 

currently unknown regulatory role for LhrC (Christiansen, Nielsen et al. 2006). 

In a more recent study they identified and characterized a σ
B
 dependant small 

RNA called SbrA. SbrA contains a putative σ
B
 promoter and the expression is 

upregulated in σ
B
 inducing conditions such as high salt and addition of ethanol. 

The half-life of SbrA is 5-6 minutes and its stability is not affected by the 

absence of Hfq, neither does it bind Hfq in coimmunoprecipitation experiments. 

The authors were not able to identify any mRNA targets of SbrA, indicating 

another mode of action than antisense pairing with a mRNA (Nielsen, Olsen et 

al. 2008). 

Mandin and colleagues further identified nine novel sRNAs via a computer-

based search and via gel shift assays experimentally verified binding of mRNA 

targets for three of the small RNAs (Mandin, Repoila et al. 2007). One of the 

identified RNAs was RliB. It harbours five 29 nt repeats interspaced with 35-36 

nucleotides and is absent in the non-pathogenic strain Listeria innocua. This 

resembles a CRISPR system, which is a method for bacteria to protect 

themselves from invading phages and plasmids (Mandin, Repoila et al. 2007). 

LhrA 
LhrA is a 268 nt long Hfq dependant sRNA (Christiansen, Nielsen et al. 2006; 

Nielsen, Lei et al. 2010). It is encoded within an ORF (lmo2257) LhrA is 

expressed at both early exponential and stationary phase and its stability is 

greatly enhanced by the presence of Hfq. Several targets have so far been 

identified for LhrA. LhrA has been shown to interact with lmo0850 mRNA 
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(unknown function) via an antisense mechanism. LhrA binds to the 5´ part of the 

lmo0850 transcript and inhibit translation initiation. This interaction is enhanced 

by Hfq (Nielsen, Lei et al. 2010). The LhrA-lmo0850 mRNA interaction was the 

first duplex identified in Gram-positive bacteria that was dependant on Hfq 

(Nielsen, Lei et al. 2010). Additional targets for LhrA were identified with a 

microarray approach where 284 genes were affected in a deletion mutant of 

LhrA. Two of the more intensely studied targets were lmo0302 and chiA. 

Lmo0302 is a protein of unknown function and ChiA is a chitinase. Chitinases 

are a family of proteins that are involved in energy acquisition by enabling the 

hydrolysis of chitin. Chitinases’ physiological role in Listeria monocytogens are 

still a bit unclear, but the chitin binding proteins have been shown to be 

important for intravenous mouse infection, although they do not seem to have 

any effect in the ability of Listeria to adhere and grow within tissue cultured 

cells (Chaudhuri, Bruno et al. 2010). LhrA interacts with lmo0302 and chiA 

mRNA directly in an Hfq dependent manner, where Hfq promotes the duplex 

formation. Hfq facilitates the interaction between LhrA and both chiA and and 

lmo0302 mRNA. By binding to the target mRNAs, LhrA masks the Shine-

Dalgarno thus inhibiting translation (Nielsen, Larsen et al. 2011). Interestingly 

LhrA interacts specifically with chiA and not the other chitinase protein(ChiB), 

present in Listeria (Nielsen, Larsen et al. 2011). It can be speculated that the 

reason for this is that the chitinases display individual roles during the course of 

infection or in the environment. 
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Aims of thesis 
 

 Determine whether a riboswitch element can function in trans. Paper I 

o What are the intracellular targets of SreA and what effects does 

binding lead to? 

o To functionally characterize the interaction of putative target/s. 

 

 Identify and characterize the small RNA Rli38. Papers II and III. 

o Determine factors influencing the expression of Rli38. 

o Elucidate the role of Rli38 in the pathogenic lifecycle of 

Listeria. 

o Identify putative binding partners and gene expression 

implications. 

 

 To establish whether the chicken embryo infection model is a valuable 

tool to model listeriosis. Paper IV. 

o What are the methodological considerations of the chicken 

embryo infection? 

o Is PrfA important to establish a lethal infection in the chicken 

embryo? 

o What are the advantages and disadvantages of using the 

chicken embryo infection model? 
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Results and Discussion 
 

This part of my thesis will cover the results from papers I-IV and an extended 

discussion concerning the data presented in the individual papers. Only the parts 

of Paper II concerning Rli38 is covered within this thesis. 

SreA-a two-faced molecule (Paper I). 
 

Riboswitches are metabolite binding cis-acting RNA elements, controlling the 

expression of genes usually involved in the biosynthesis or transport of the 

sensed metabolite. Riboswitches are widespread in prokaryotes and preferably 

functions by causing transcription termination upon binding of its cognate 

ligand, which in the case of the SAM-I riboswitch is S-adenosylmethionine 

(SAM). During the logarithmic growth phase (i.e. nutrient rich condition) SAM 

concentration is high leading to the formation of the terminator structure, thereby 

producing a short transcript. We hypothesized that one such short transcript, 

named SreA (S-box riboswitch element A), lying in front of lmo2419, contained 

intrinsic abilities of regulation, besides regulating transcription of the 

downstream genes. It is feasible to imagine that such a molecule, already part of 

an RNA regulatory machinery, would be able to act in trans on distally encoded 

genes.  
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Figure 10. Schematic model of our hypothesis. Upper panel: during nutrient 

poor conditions (absence of SAM), an antiterminator structure is formed and 

transcription continues into the downstream ABC transporter operon. Lower 

panel: In nutrient rich conditions an anti-anti-terminator structure is formed, 

leading to the formation of a transcriptional terminator. Only the short riboswitch 

fragment (e.g. SreA) is produced, which we predict to have regulatory functions. 

Figure is adapted from figure S1, Paper 1. 

To test our hypothesis, we constructed a knock-out mutant of the riboswith 

element, corresponding to the terminated transcript (SreA) and performed a 

whole genome array to identify genes putatively regulated by SreA. In total, 9 

genes displayed differentiated expression profiles in a ∆sreA mutant compared to 

wild-type and two putative targets were chosen for further studies. The 

expression of lmo0049, encoding a homolog of the autoinducing peptide AgrD 

from Staphylococcus aureus (Rieu, Weidmann et al. 2007), was decreased in the 
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mutant, whilst the expression of lmo2230, encoding a putative arsenate 

reductase, was increased in the ∆sreA strain. The altered expression of lmo0049 

and lmo2230 in the ∆sreA mutant was restored to wild-type levels upon 

expressing SreA in trans from a plasmid (Fig.1, Paper I), indicating a true effect 

by SreA. Additionally, when supplementing the ∆sreA strain with a different, but 

highly identical, SAM-1 riboswitch (SreB), we were able to restore lmo2230-

mRNA levels to similar amounts as seen with SreA. A possible mechanism for 

the effects seen on the target genes can be through fluctuations in intracellular 

SAM concentrations, since the available SAM concentration in a sreA knock out 

strain might be increased as compared to a wild-type and complemented mutant 

strain. In order to address this point, we constructed a mutant unable to bind 

SAM and to form the antitermination structure. As seen in figure 2B, Paper I, the 

regulatory effect exerted by SreA on lmo2230 mRNA, is independent of SAM 

binding, as well as of fluctuations in intracellular SAM pools, potentially caused 

by a ∆sreA mutant.  

Identifying the molecular target of SreA 
Literature analysis of previously described regulation of lmo2230 revealed that 

expression of lmo2230 was activated by two regulators; the master virulence 

regulator PrfA and the stress response sigma factor σ
B
. To establish whether the 

altered expression of these virulence factors could be the reason for the increased 

expression of lmo2230 in a ∆sreA strain, we decided to determine the protein 

levels of the two regulators by western blotting. The cytosolic level of σ
B
 was 

similar in a ∆sreA mutant compared to wild-type, but the concentration of PrfA 

was increased two-fold in the ∆sreA strain. (Figure 3A, Paper I), suggesting that 

the effect seen on lmo2230 is mediated through a reduced activation of 

expression by PrfA. Furthermore, the elevated levels of PrfA, in a ∆sreA strain, 

was restored to wild-type levels or lower, upon expressing SreA in trans. The 

stringently PrfA regulated virulence factor hly, encoding Listeriolysin O, showed 

increased amount of transcript in an ∆sreA strain, presumably due to an 

upregulation of PrfA.  

Determining the SreA:prfA-mRNA interaction. 
Our initial experimental data suggested a direct or possibly indirect interaction of 

SreA and PrfA. To investigate a potential direct interaction on the RNA level 

between these molecules, we compared the sequence complementarity between 

SreA and the prfA-untranslated region (UTR). Indeed, a possible interaction site 

was identified between paired region 3 of SreA and the distal side of the 5´-UTR 

of prfA. To experimentally validate the interaction we used Escherichia coli as 

an ectopic system (E. coli lacks SAM-I riboswitches), harboring a plasmid 

containing a prfA-gfp fusion together with a sreA expressing vector (pMK4 

based). prfA expression could thereby be monitored by measuring fluorescence 

on agar plates and western blots. A clear reduction in fluorescence was observed 

in the strains harboring the prfA-gfp plasmid together with the SreA expressing 

plasmid, compared to a strain carrying prfA-gfp and the pMK4 vector control 
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plasmid (Figure 5C, Paper I). This result is indicative of a direct interaction 

between prfA and SreA.  

In order to further investigate the interaction we introduced mutations in a GC-

rich region of the sreA and prfA hybrid. Pairing wild-type sequence prfA (prfAwt) 

together with sreA harboring base substitutions (sreAM1), at a putative interaction 

site, weakened the repressive effect of SreA, as seen by a decreased production 

of GFP (Fig. 5c). In order to determine the effect of introducing complementary 

mutations in the prfA UTR (prfAM1*), we had to switch to an in vitro system, 

since genetic manipulations in that area interfered with the integrity of the prfA 

thermosensor. The putative direct interactions between wild-type and M1 

sequences in prfA-UTR and sreA were therefore analyzed by performing a native 

gel shift assay. When incubating wild-type configurated SreA (SreAwt) together 

with prfA-UTR (prfAwt), a shift of the prfA-UTR was seen. In contrast, when 

incubating SreAwt with prfAM1* the shift was almost obliterated, but when adding 

SreAM1 to prfAM1* a shift similar to wild-type RNA-species was observed (Figure 

6A, Paper I).  

To further validate the putative inhibitory effect of SreA on PrfA translation, we 

performed an in vitro transcription/translation experiment. Briefly, prfA-gfp 

plasmid was incubated with either in vitro synthesized SreA or an unrelated 

sRNA (VrrA (Song, Mika et al. 2008)) as negative control. Expression of GFP 

was measured by western blotting and a clear reduction of translation was 

observed by the addition of SreA, but not for VrrA (Figure 6B, Paper I).  

Taken together, our results show that SreA is able to bind and directly affect 

translation of prfA without the requirement of other cellular factors such as 

SAM. Interaction sites for sRNAs together with their mRNA targets are usually 

around the SD-site, but interestingly the predicted interaction site of SreA with 

prfA-UTR is approximately 80 bases upstream of the SD of prfA, suggesting a 

different mode of action. In order to fully determine the SreA:prfA–UTR 

interaction, more in depth functional experiments are needed.  

 

The regulatory circuit 
In addition to being one of the regulators of prfA expression, SreA and also SreB 

are themselves regulated by PrfA. SreA/B both contains putative PrfA boxes 

with four mismatches and expression of sreA and sreB is greatly reduced in a 

∆prfA strain (Figure 4A, Paper I). PrfA levels are known to increase drastically 

upon internalization of eukaryotic cells, we were therefore interested in 

determining the intracellular concentration of SreA and SreB, which turned out 

to be increased 7-fold upon entry into HeLa cells (Figure 4B, Paper I). The in 

vivo effect of activation by PrfA is in part dependent on the integrity of the PrfA 

box. For instance, the perfect PrfA boxes of hly and plcA are more sensitive to 

activation by PrfA as compared to PrfA boxes with one or two mismatches, such 
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as the promoters of actA or inlAB (Scortti, Monzo et al. 2007). We can therefore 

speculate that the physiological role of SreA is to prevent the formation of 

unnecessarily high amounts of PrfA, by forming a regulatory loop, where 

increasing amounts of PrfA, activates transcription of SreA, which in turn leads 

to decreased translation of prfA. To our knowledge this is the first time a cis-

acting riboswitch has been shown to function as a trans-acting sRNA, by 

regulating targets at distant sites.  

 

Figure 11. Schematic model of the regulatory input and output of SreA and 

PrfA. Low T = low temperature. 

Other novel functions ascribed cis-acting elements 
In 2008, André et al. identified an S-box riboswitch controlling the transcription 

of downstream antisense RNAs (Andre, Even et al. 2008). The authors describe a 

mechanism where the synthesis of the ubiG operon, encoding enzymes 

responsible for SAM metabolisation, is inhibited by an antisense RNA under the 

control of an S-box riboswitch. This provides a mechanism for the ubiG operon 

to be synthesized during abundant SAM conditions (no read through) but not 

during starvation conditions where expression of the ubiG operon is blocked by 

the antisense RNA (Andre, Even et al. 2008).  

A recent publication identified a cis-acting antisense RNA able to function in 

trans by base-pairing to its target (Sayed, Jousselin et al. 2011), revealing a 

novel regulatory mechanism for this class of molecules. The S. aureus encoded 

small RNA SprA1 forms a duplex with the cis-acting antisense RNA SprA1AS by 

overlapping 3´ends. Intriguingly, the authors identified an additional non-

overlapping binding site of their 5´ends. The authors show that the trans 

interaction was essential for translational blockage of the SprA1-encoded 

cytolytic peptide. Their study show that antisense RNAs are not locked within 

their functional class and additional trans-functions might be ascribed to already 

existing antisense RNAs in the future. 
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The identification and characterization of the sRNA 
Rli38 (Papers II-III) 
 

Paper II is an extensive study of the complete transcriptome of L. monocytogenes 

involving the work of many collaborators. My contribution to this paper is the 

identification and characterization of the small RNA Rli38, hence only the work 

concerning Rli38 from Paper II will be covered in this thesis. 

The aim of this investigation was to identify novel sRNAs in Listeria 

monocytogenes. By a combination of a comparative homology screen and a 

tiling array we were able to propose and detect the small RNA: Rli38 (Figure S3, 

Paper II). The expression profiles of many small RNAs are significantly altered 

during different environmental or infectious situations it may encounter. This 

prompted us to investigate whether Rli38 displayed these characteristics. Indeed, 

Rli38 is differentially expressed during various kinds of environmental stress 

(Fig. 2A, Paper III). Specifically, expression increases during exposure to 

hydrogen peroxide, which is a physiologically relevant condition during the 

infectious cycle of Listeria, especially during internalization into macrophages. 

Furthermore, in addition to upregulation by oxidative stress, human blood is also 

able to induce the expression of Rli38 approximately 25-fold (Figure 2A, Paper 

II).  

A rli38 deletion mutant strain is attenuated in mice 
rli38 is present in several virulent bacterial strains (Figure 1B, Paper III), but 

absent in the non-virulent strain; Listeria innocua. These phylogenetical data 

together with the expression characteristics of Rli38 prompted us to investigate 

whether Rli38 was indeed involved in the colonization and infection of the 

murine host. As seen in Figure 1A, Paper II, the ∆rli38 strain is defective in 

colonizing several organs of the hEcad mouse. To exclude possible unwanted 

side-effects generated by the rli38 deletion, we infected mice with a 

chromosomally complemented strain together with wild-type and mutant strains. 

Indeed, we could restore the defects seen in colonization of the liver and spleen 

in the ∆rli38 strain by expressing Rli38 in trans, indicating that the effect is 

mediated by Rli38 and not due to polar effects on downstream genes (Figure 5A, 

Paper III). The liver and spleen are among the most macrophage dense organs of 

mice, allowing us to hypothesize that the defect in colonization could possibly be 

mediated by an inability to infect and reside within macrophages. To address this 

point we infected human THP-1 derived macrophages with wild-type and ∆rli38 

mutant cells. The results (Figure 5B, Paper III) illustrated a decreased bacterial 

load of the ∆rli38 mutant bacteria at 3 hours post infection (p.i.) compared to the 

wild-type strain. This is possibly due to a decreased uptake or a prolonged 

intracellular lag period until start of growth. The molecular mechanisms leading 

to these physiological effects are still unknown, but to gain insight into 

mechanistically features of Rli38 we undertook a proteome approach. 
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Rli38 is needed for full expression of OppD and IsdG 
In order to investigate global changes in protein expression, we carried out 2D-

DIGE experiments with wild-type, mutant and a complemented mutant 

expressing Rli38 in trans. We observed a reduced expression of at least two 

proteins, OppD and IsdG (Fig. 4A, 4B, Table 1, Paper III), that was restored in 

the complemented mutant. oppD encodes an oligopeptide transport protein that is 

part of the oligopeptide permease operon, which is responsible for transporting 

peptides between 3-7 residues into the cell (Borezee, Pellegrini et al. 2000). 

Intriguingly, a knock out mutant of the first gene in the operon (OppA) is 

important for listerial uptake into the mouse liver and spleen and displays a 

decreased colonization of macrophages (Borezee, Pellegrini et al. 2000). This 

suggests that the phenotypical effect seen in the mouse and macrophages of the 

∆rli38 mutant could be mediated by a decreased expression of OppD.  

The proteome approach also revealed that the heme monooxygenase IsdG 

displayed a reduced expression in a ∆rli38 mutant. IsdG is involved in 

facilitating the use of heme as an iron source, specifically by breaking the 

tetrapyrrol ring of heme to release iron. This is a physiologically important 

machinery for Listeria, since the concentration of available iron in blood is 

particularly low, and the hematological route is an important pathway for 

Listeria to disseminate within the human body. Maintaining precise intracellular 

iron concentration is of utmost importance for bacteria, since iron is a potential 

toxic molecule, by producing reactive oxygen species. Furthermore, IsdG is 

regulated by Fur in Listeria (McLaughlin, Xiao et al. 2012). The fur transcript 

harbors a potential interaction site with Rli38 (Table S3, Paper II). Interestingly, 

Fur is negatively regulated during exposure to blood (data not shown); a 

condition where Rli38 displays increased expression. 

The precise molecular mechanism underlying the effects of Rli38 is currently 

unknown, but the results presented in this thesis suggest an important role for 

Rli38 in regulating iron homeostasis and host colonization.  

 

An alternative infection-model (Paper IV) 
 

Listeria monocytogenes is a complex pathogen able to grow in a wide array of 

adverse conditions and invade a large number of hosts. Many infection models 

have been employed to increase knowledge of the disease but the choice of 

animal model is under constant debate and no “perfect” infectious model has 

been found. We set out to investigate the use of the chicken embryo infection 

model and examine the role of PrfA during infection. The chicken embryo is a 

widely used model organism throughout the scientific field and has generated 

great advances in especially developmental biology, but also in virology and 

immunology, potentiating its role as a useful model for listeriosis. 
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Methodological considerations 
We initialized this study by evaluating infectious routes and bacterial dose 

needed to colonize and kill the chicken embryo. We concluded that infection by 

puncturing a small hole in the shell and subsequent injection of small volume of 

bacteria was the preferred method. Injecting into other locals proved to be either 

technically difficult or generated unwanted secondary effects. We chose to use 9 

day old chicken embryos due to their relative robustness; younger embryos 

proved to be too fragile and often resulted in non-reproducible results. 

Additionally, we examined the infectious dose needed to induce stable and 

reproducible infections. Addition of ~500 bacteria per egg proved to generate 

efficient infection and limited unspecific changes due to general effects of 

bacterial growth.  

 

A ∆prfA strain is unable to kill chicken embryos 
To assess the virulence potential of EGDe (wild-type) and the isogenic ∆prfA 

mutant in chicken embryos, we injected 0.1 ml of bacteria containing solution of 

each strain into the chorioallantoic sac of the embryo. After an initial 

transilumination after 2 hours post infection (p.i.) to exclude unspecific fatalities, 

we assessed the viability of the embryo 3x/24 hours for 72 hours. Wild-type 

infected embryos died rapidly after infection and 100% had died 48 hours p.i, 

whilst the ∆prfA mutant displayed a very modest killing ability for the entire 

duration of the experiment (Figure 1, Paper IV).  

 

The ∆prfA strain is attenuated in the liver but not in the brain.  
To further characterize the infectious process we were interested to examine 

whether the attenuation of the ∆prfA strain was accompanied by a reduced 

colonization. In order to determine total bacterial load within the entire embryo, 

we homogenized whole embryos at 36 hours post-infection and measured colony 

forming units (CFU) by plating. We detected an almost ten-fold reduction of 

CFUs in the ∆prfA strain, as compared to wild-type (Figure 2, PaperIV). 

Subsequently, when determining the bacterial load from the liver of the embryo, 

we observed approximately a 100-fold difference in CFUs (Figure 3A, Paper 

IV). Surprisingly, we detected similar amounts of bacteria from wt and ∆prfA 

isolated from the heads of the chicken (Figure 3B, PaperIV). This might suggest 

that Listeria monocytogenes uses an alternative pathway, other than PrfA, to 

infect the brain of the chicken. It can also be dependent of other factors due to 

the species differences. Further experiments are needed to clarify this. 

Guinea pigs and rabbits have been used as animal models for a long time to 

simulate intestinal infection by L.m. Invasive listeriosis of these animals shows a 

different picture than that of humans, due to the inability of L.m. to cause 

infection of the central nervous system in guinea pigs and rabbits (Lecuit 2007), 
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which also have been shown to be non-permissive of InlB-dependent 

internalization (Khelef, Lecuit et al. 2006). This might be a relevant drawback 

for the chicken embryo infection model as well, since it lacks 2 lysines in the c-

Met receptor, shown to be important for the c-Met/InlB interaction (Niemann, 

Jager et al. 2007). 

Taken together, we show in this study that the chicken embryo infection model is 

a convenient organism to model listeriosis and that researchers can determine the 

virulence potential of mutants, although some limitations exist.  

From an historical perspective, studies of the chicken embryo were even 

performed by Aristotle, who opened the shell of chicken eggs at different time 

points to look at the development of the embryo (Stern 2005). Since then, the 

abundance of scientists applying their research on the chicken embryo model has 

generated a laboratory model system with a plethora of available genetic tools 

and well-studied physiology, in addition to its ease of handling and maintenance, 

which are all vital characteristics for a successful model organism.  
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Conclusions 
 

 Cis-acting riboswitches are able to function in trans as small RNAs. 

 

 The two S-box riboswitches, SreA and SreB, in Listeria monocytogenes 

are capable of controlling the expression of the master virulence 

regulator; PrfA, by interacting with its 5´untranslated region. 

 

 The novel small RNA Rli38 has a role in pathogenesis of mice. A 

∆rli38 mutant displays a defect in colonizing the spleen and liver of 

mice. The defect might be due to an inability to colonize macrophages.  

 

 Rli38 is differentially expressed during exposure to various kinds of 

stress and the most prominent levels are seen during exposure to human 

blood. A global target search reveals altered expression of OppD and 

IsdG, two proteins linked to heme utilization and pathogenesis. 

 

 We have evaluated the use of chicken embryos as a model system for 

Listeria monocytogenes infections. Our study reveals the difference in 

pathogenecity of wild-type and a ∆prfA mutant in the chicken embryo 

model system, reporting an attenuation of mean time to death (MTD) of 

the ∆prfA strain, compared with the wild-type strain. We also observed 

a greatly reduced colonization of the entire embryo and the liver, but 

surprisingly not in the head of the chicken, possibly suggesting a PrfA-

independent colonization of the central nervous system. 
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