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Abstract 

Listeria monocytogenes is a Gram-positive bacterium that is found ubiquitously 
throughout the world. It is a major foodborne intracellular pathogen and can cause 
a range of human diseases. It invades the cells of mammalian hosts, escapes the 
intracellular vacuole, replicates in the cytosol and spreads to neighbouring cells 
using actin-based motility. After breaching the intestinal barrier L. monocytogenes 
causes systemic infections in immunocompromised people.  

The intracellular lifecycle of L. monocytogenes is under the control of the regulator 
PrfA which regulates major virulence genes. It is widely characterised and well-
studied. However, many studies on L. monocytogenes have used population level 
snapshot data which masks the kinetics of single cell interactions. Individual host 
cells and individual L. monocytogenes cells are heterogenous and infection 
outcomes depend on these heterogenous interactions. 

By designing a live cell imaging model, designed to specifically study single-cell 
interactions between bacteria and host cells, this study revealed novel host-
pathogen interactions during infection. Successful replicative invasions are a rare 
event, only 9.1% (±1.2%) of host cells are susceptible to infection and only 0.4% 
(±0.05%) of the bacterial population can successfully form replicative invasions. L. 
monocytogenes forms aggregates in response to a proteinaceous host factor >10 
kDa with the aggregates being PrfA regulated and ActA mediated. This is a novel 
strategy the bacteria use to increase invasion success rate through multiple 
invasion events. Aggregating bacteria were 3.5-fold more invasive than a non-
aggregating mutant, formed 4-fold more replicative invasions in HeLa and 10-fold 
more in primary HUVEC cells. Additionally, in a competition assay the wildtype 
outcompeted the non-aggregating mutant by 10-fold.  

Aggregates were also shown to preferentially interact with and invade cells in the 
G2/M phase and this was due to InlB-Met interactions, as Met is upregulated 
during the G2/M phase. Host cells depleted of Met showed a 2.5-fold reduction in 
the number of associated bacteria. 

RNA-Seq analysis of L. monocytogenes treated with the causative host factor 
upregulated PrfA regulated virulence genes, and genes involved in iron uptake and 
glycerol metabolism. Analysis of gene expression between the wildtype and the 
non-aggregating mutant showed that aggregation downregulates genes involved in 
cationic peptide resistance. However, the process of aggregation did not upregulate 
the PrfA virulence regulon. 

Overall, this study has demonstrated the value of live imaging single cell 
interactions between human cells and pathogens and how this can uncover novel 
interactions that lead to a greater understanding of the biology of infection. 
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1. Introduction 

 

1.1 Listeria monocytogenes  

 

The genus Listeria includes 21 species of Gram-positive rod-shaped bacteria that 

are found ubiquitously throughout the world, mostly as soil-borne saprophytic 

bacteria. Two species, L. monocytogenes and L. ivanovii, are mammalian pathogens 

and the causative agents of the human disease listeriosis (Quereda, Moron-Garcia, 

Palacios-Gorba et al., 2021). L. monocytogenes is most commonly found in water, 

soil and decaying vegetation (Rolhion and Cossart, 2017). It is a resilient species 

that is able to grow in a range of temperatures with growth reported at 

temperatures as low as -0.4°C (Chan and Wiedmann, 2009) and as high as 45°C 

(Bayles, Annous and Wilkinson, 1996), high salt concentrations of up to 10% 

salinity, and a pH range of 4.5-10 (Arizcun, Vasseur and Labadie, 1998). This 

capacity for stress tolerance allows L. monocytogenes to contaminate man-made 

niches such as farms (infected crops and livestock) and food processing 

environments, transmit to and contaminate food and subsequently colonise the 

gastrointestinal tract of human hosts (Figure 1.1). Once inside the host L. 

monocytogenes has a variety of mechanisms that allow it to invade eukaryotic host 

cells, establish an intracellular niche, evade the immune system, and disseminate 

throughout the hosts body (NicAogain and O'Byrne, 2016). This can cause severe 

complications and outcomes such as meningitis and pre-term abortions, as L. 

monocytogenes is able to cross both the blood-brain barrier and the placental 

barrier (Radoshevich and Cossart, 2018). 
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Figure 1. 1. L. monocytogenes routes to infection in humans. Transmission routes 

for L. monocytogenes between soil, water, farms, industry, food products and 

humans. Transmission routes of L. monocytogenes hosts are shown by the arrows. 

(Adapted from Quereda, Moron-Garcia, Palacios-Gorba et al., 2021) 

 

1.2 Listeriosis 

 

L. monocytogenes was first identified by E.G.D. Murray in 1926 as the bacteria 

responsible for an outbreak of mononucleosis of rabbits in Cambridge (Murray, 

Webb and Swann, 1926). It was later shown to be responsible for meningitis 

outbreaks in humans, eventually being recognised as an important food-borne 

pathogen affecting humans, livestock and wild animals (Gray and Killinger, 1966). 

The disease has a variety of clinical symptoms. In immunocompetent individuals it 

is usually a self-limiting disease that causes acute febrile gastroenteritis after the 

ingestion of heavily contaminated foods. However, ingestion of contaminated foods 

by immunocompromised individuals can cause invasive listeriosis as the bacteria 
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crosses the intestinal barrier and infects other organs in the body (D'Orazio, 2019) 

(Figure 1.2). 

 

The minimum infectious dose of L. monocytogenes is unclear and to date no 

epidemiological data has been able to establish the levels of contamination in food 

associated with listeriosis cases. It is estimated that an infectious dose for healthy 

individuals is 1.0 x 107 – 1.0 x 109 CFUs and 1.0 x 105 – 1.0 x 107 CFUs in high risk 

individuals (Pouillot, Klontz, Chen et al., 2016; Quereda, Moron-Garcia, Palacios-

Gorba et al., 2021). 

 

 
Figure 1. 2. Clinical presentations of listeriosis in humans. Schematic showing the 

various clinical presentations of listeriosis and where in the body they occur. Once 

L. monocytogenes crosses the intestinal barrier it can cause systemic infections of 

the spleen and liver, and these can develop further into septicaemia and 

neurolisteriosis. In pregnant women it can spread to the unborn fetus through and 

colonise the neonate upon birth. (Adapted from Quereda, Moron-Garcia, Palacios-

Gorba et al., 2021) 
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1.2.1 Febrile gastroenteritis 

 

Febrile gastroenteritis occurs when immunocompetent individuals ingest heavily 

contaminated foods, in most cases the foods are contaminated with >1.0 x 109 

CFU/ml of L. monocytogenes (Quereda, Moron-Garcia, Palacios-Gorba et al., 2021). 

The disease has an average incubation time of 24 hours with a range of 6 to 240 

hours (Goulet, King, Vaillant et al., 2013). It usually passes without any severe 

complications in healthy individuals. Febrile gastroenteritis caused by L. 

monocytogenes is characterised by the primary symptoms of diarrhoea, fever, 

headache and muscular or joint pain (Ooi and Lorber, 2005). 

 

1.2.2 Invasive listeriosis 

 

The most common outcomes of invasive infections are: septicaemia, 

neurolisteriosis and pregnancy-associated infections. Between 2009 and 2013 the 

largest study to date on listeriosis outcomes – the Multicentric Observational 

National study on LISteriosis and ListeriA (MONALISA) – was performed in France. 

This study examined: 107 maternal-neonatal cases, 427 bacteraemia cases and 252 

neurolisteriosis cases. Listeriosis was shown to be a severe disease with a very poor 

prognosis. Over 80% of infected mothers experienced severe neonatal 

complications, and only 39% of patients with neurolisteriosis survived and made a 

full recovery. The mean incubation period of listeriosis is eight days but is variable 

depending on the clinical type (Charlier, Perrodeau, Leclercq et al., 2017). 

 

Septicaemia listeriosis symptoms are similar to other bacterial septicaemia 

infections: vomiting, nausea, fever, chills and malaise. It has a mortality rate of 46% 

within 3 months (Doganay, 2003). Neurolisteriosis presents clinically in several 

ways, the 2 most common are meningitis and meningoencephalitis. Common 

clinical symptoms include fever, seizures, tremors and ataxia.  It can also present as 

brain abscesses and brain stem infections which cause fever, headache, nausea and 

vomiting (Mylonakis, Hohmann and Calderwood, 1998). Pregnancy associated 
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listeriosis has non-typical symptoms that vary case-to-case but typically presents 

with flu-like symptoms or similar symptoms to a urinary tract infection. Contracting 

L. monocytogenes during pregnancy can cause fetal complications from infection of 

placental tissue or infection of the fetus through chorioamnitis. These can cause 

fetal loss or a high neonate mortality rate after birth. Post-birth complications also 

occur from L. monocytogenes neonatal colonisation via the birth canal, causing 

neonatal meningitis seven to fourteen days after birth (Schlech, 2019). 

 

1.2.3 Localised infections 

 

Localised listeriosis infections represent only 10% of all cases. The majority of these 

are cutaneous and are an occupational hazard for farmers and veterinarians who 

are exposed to infected animal tissue. Cutaneous infections present as pustular 

non-painful, self-limiting eruptions from the skin from which L. monocytogenes can 

be isolated. They are generally mild and easily treatable (McLauchlin and Low, 

1994). Other rare forms of localised listeriosis include, hepatitis, peritonitis, 

endocarditis, bile-tract infections, eye infections and musculoskeletal infections 

(Badar, Bhuiyan and Nabeel, 2022; Charlier, Fevre, Travier et al., 2014; Charlier, 

Leclercq, Cazenave et al., 2012; Hof, 2017; Samant, Uyemura, Sarbagya et al., 

2022). 

 

1.2.4 Incidence rates of listeriosis 

 

L. monocytogenes has the highest mortality rate of all foodborne pathogens in the 

western hemisphere. In 2019 the mortality rate in the EU was 17.6%, with an 

estimated incidence rate of two to five cases per million people per year (European 

Food Safety, European Centre for Disease and Control, 2021). Due to the COVID-19 

pandemic monitoring of L. monocytogenes case and fatality rates were interrupted. 

The latest analysed five-year period (2015-2019) showed a stabilisation in case 

numbers in the EU and European Economic Area, after many years of a trend of 

increasing cases. However case fatality rate increased from 2018 (European Food 
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Safety, European Centre for Disease and Control, 2021). The biggest risk factors for 

contracting invasive listeriosis are: age (elderly or neonate), pregnancy, alcoholism, 

HIV, cancer, diabetes, immunity defects, drug immunosuppression (e.g. steroids), 

liver and kidney disease (Goulet, Hebert, Hedberg et al., 2012). In the elderly most 

cases are reported in individuals over the age of 64 (European Food Safety, 

European Centre for Disease and Control, 2021). In pregnancy cases the incidence 

rate of listeriosis is 13-fold higher than in the general population (Silk, Date, Jackson 

et al., 2012). 

 

In EU-regulated food supply chains, incidence of unsatisfactory L. monocytogenes 

testing at retail sites is low (European Food Safety, European Centre for Disease and 

Control, 2021). L. monocytogenes was not detected in hard cheeses and only 2.1% 

of meat products when monitored against the criteria set out by the EU in 

Regulation (EC) No 2073/2005. However, during food processing the unsatisfactory 

result rate is higher for all ready-to-eat (RTE) products – with the highest 

unsatisfactory rate being fish products, L. monocytogenes was detected in 5.8% of 

these (European Food Safety, European Centre for Disease and Control, 2021). 

Humans are frequently exposed to subclinical exposures of L. monocytogenes – 

healthy adults will have on average two incidence cases of L. monocytogenes 

carriage per year, however this is short lived as faecal shedding of L. 

monocytogenes in these cases lasts for four days (Grif, Patscheider, Dierich et al., 

2003). These points demonstrate the need for robust and careful monitoring of L. 

monocytogenes in the food supply chain and the population to manage cases of 

listeriosis. 

 

1.3 L. monocytogenes as a tool for studying cell biology 

 

As well as being a human pathogen – L. monocytogenes has been utilised as a 

model for studying biological processes due to its remarkable ability to invade, 

survive and replicate in both professional phagocytes and a variety of non-

phagocytic cells. L. monocytogenes has also been used as a model system for 
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understanding pathogenicity of other cytosolic pathogens such as Salmonella 

enterica and Shigella flexneri (Hamon, Bierne and Cossart, 2006). There are many 

examples where studying L. monocytogenes has led to new insights in cellular 

biology (Rolhion and Cossart, 2017).  

 

Studying the intracellular motility of L. monocytogenes led to the discovery of the 

Arp2/3 complex, the first actin nucleator discovered in eukaryotic cells (Welch, 

Iwamatsu and Mitchison, 1997). Studying the interactions between host cells and L. 

monocytogenes during bacterial invasion discovered that clathrin-dependent 

endocytic machinery is key for actin polymerisation and bacterial entry. Previously 

it was thought to only be involved in endocytosis of small molecules and objects 

<150 nm in size (Conner and Schmid, 2003; Veiga and Cossart, 2005). Studying the 

main virulence regulon of L. monocytogenes led to the discovery of the first RNA 

thermo-sensor for regulating virulence in bacteria. Since its discovery several of 

these have been discovered in other bacteria such as Escherichia coli and Yersinia 

pseudotuberculosis (Bohme, Steinmann, Kortmann et al., 2012; Johansson, 2009; 

Johansson, Mandin, Renzoni et al., 2002). MicroRNA studies in mice have shown an 

interplay between L. monocytogenes interactions with gut microbiota and the host 

- host microRNA expression triggered by L. monocytogenes infection is 

downregulated by intestinal microbiota (Archambaud, Sismeiro, Toedling et al., 

2013). 

 

Due to being a wide-spread pathogenic organism and its usefulness as a cell biology 

tool, the biology of L. monocytogenes infection is widely studied and well 

characterised. 
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1.4 L. monocytogenes pathogenesis and virulence 

 

1.4.1 SigB and environmental stress tolerance  

 

L. monocytogenes success as a food-borne pathogen begins with the colonisation of 

RTE foods. It has a range of mechanisms that allow it to survive and proliferate in 

most of the processes used for food preservation and protection. Salting of food is 

a common preservation method but L. monocytogenes can survive high salt 

conditions – once exposed to osmotic shock it upregulates gbu (glycine-betaine 

transporter) and betL (carnitine ABC transporter) and uses these transporters to 

adapt to the high-salt environment (Burgess, Gianotti, Gruzdev et al., 2016). 

Refrigeration is another common food preservation method as many bacteria do 

not grow at these low temperatures because biological membranes fluidity is 

reduced and gene expression is slowed or halted due to stabilised secondary 

structures in nucleic acids. L. monocytogenes has a cold shock response whereby it 

severely reduces its growth rate, upregulates the production of branched chain 

fatty acids and transporters that help to retain membrane fluidity and induces RNA 

helicases and cold-shock proteins that melt RNA secondary structures and allow 

protein synthesis to continue at low temperatures (Hingston, Chen, Allen et al., 

2017). L. monocytogenes also carries genes for efflux pumps that help it resist many 

of the common disinfectants used in the food processing pipeline such as 

benzalkonium chloride. L. monocytogenes can tolerate the presence of 

benzalkonium chloride by utilising the efflux pump from the benzalkonium chloride 

resistance locus (bcrACB) (Dutta, Elhanafi and Kathariou, 2013).  Many of these 

stress-related regulatory responses are under the control of alternative sigma 

factor B (SigB) – a regulon containing up to 300 genes that fall under the General 

Stress Response (GSR) of L. monocytogenes and are involved in a range of stress-

tolerance mechanisms such as metabolism, flagella synthesis, pH homeostasis, 

osmolarity regulation, antimicrobial resistance and quorum sensing (Guerreiro, 

Arcari and O'Byrne, 2020; Liu, Orsi, Gaballa et al., 2019).  
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1.4.2 Pathogenesis – SigB and stress tolerance in the host 

 

Upon ingestion of contaminated foods L. monocytogenes is exposed to the low pH 

of the stomach acid (pH 1-2) (Smith, Liu and Paoli, 2013). SigB plays a crucial role in 

L. monocytogenes survival in this condition as  it upregulates the transcription of 

gad genes which encode a glutamate decarboxylase (GAD) system, which 

transports an electron from a molecule of glutamate and converts it into γ-

aminobutyrate. This reaction modulates intracellular pH of the bacteria by electron 

transfer (Gahan and Hill, 2014). A second SigB regulated response to stomach acid 

pH is upregulation of the arginine deaminase pathway (arcABC) which exports 

ornithine from the cell and imports arginine. This generates ammonia, which 

associates with a proton in the cytoplasm and modulates cytoplasmic pH (Gahan 

and Hill, 2014). 

 

Bile is another host defence in the gastrointestinal tract, it acts as a natural 

antimicrobial containing a mixture of acids, cholesterol, phospholipids and 

biliverdin. It causes bacterial protein unfolding/aggregation, cell membrane 

degradation and oxidation of the bacterial cytosol (Cremers, Knoefler, Vitvitsky et 

al., 2014). L. monocytogenes utilises a bile salt hydrolase (Bsh) which deconjugates 

bile salts and the membrane transporter BilE which acts as a bile exclusion system, 

allowing it to tolerate and survive the secretion of host bile (Begley, Gahan and Hill, 

2005; Sleator, Wemekamp-Kamphuis, Gahan et al., 2005). 

 

Exposure to bile salts induces another transcriptional change in L. monocytogenes – 

the activation of the positive regulatory factor A (PrfA) regulon. PrfA is the main 

virulence regulator in L. monocytogenes (Gahan and Hill, 2014). Both bsh and bilE 

are also under the control of PrfA, and exposure to bile salts induces a 

transcriptional upregulation of PrfA but not of SigB (Guariglia-Oropeza, Orsi, 

Guldimann et al., 2018). This suggests that bile acts as a signal for L. monocytogenes 

to switch from SigB transcriptional profile to the virulent PrfA transcriptional profile 

and subsequent upregulation of the Listeria Pathogenicity Island 1 (LIPI-1) genes, 
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preparing it for host intracellular invasion (Toledo-Arana, Dussurget, Nikitas et al., 

2009) (Figure 1.3). 

 

L. monocytogenes reaches the intestinal lumen where it is exposed to further 

environmental stresses and the presence of the host microbiota. The host resident 

microbiota provides colonisation resistance against invading pathogenic organisms 

through a number of interactions such as inhibiting growth to outcompete the 

invading pathogen and production of antimicrobial peptides and synthesis of short 

chain fatty acids to help maintain the intestinal barrier (Rolhion and Chassaing, 

2016). However, L. monocytogenes has evolved factors that allow it to combat and 

evade the defence mechanisms of the host microbiota. It can utilise alternative 

metabolic sources such as ethanolamine to bypass the competition of the 

microbiota (Archambaud, Nahori, Soubigou et al., 2012). It can also produce 

bacteriocins such as listeriolysin S (LLS) which is bactericidal, killing competing 

bacteria from the host microbiota such as species of the Allobaculum and 

Alloprevotella genus (Cotter, Draper, Lawton et al., 2008). By reducing the presence 

of these L. monocytogenes alters the gut microbiota to promote intestinal 

colonisation, as LLS deficient strains are impaired in their capacity to compete with 

intestinal microbiota and survive in the intestinal lumen (Quereda, Dussurget, 

Nahori et al., 2016). 

 

SigB regulated genes also aid survival in the host intestinal lumen as it deals with a 

high osmolarity environment (Becattini and Pamer, 2017). Similar to its response to 

osmotic shock in the food preparation pipeline, the genes for membrane 

transporters betL, gbu and opuC are upregulated by SigB (Becattini and Pamer, 

2017) . Other SigB GSR factors induced at this stage include proline synthetase 

(ProAB) which promotes accumulation of the osmo-protectant proline, the serine 

protease HtrA that degrades misfolded proteins and RelA which is a guanosine 

tetra- penta- phosphate ((p)ppGpp) synthesase. Intracellular modulation of 

(p)ppGpp is essential for osmotolerance (Burgess, Gianotti, Gruzdev et al., 2016).  
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1.4.3 Pathogenesis - activation of the PrfA regulon 

 

In addition to regulating the GSR, SigB also regulates key virulence genes. PrfA, the 

master virulence regulator is encoded on LIPI-1 and has three transcriptional 

promoters (discussed further in section 1.5), one of which is positively regulated by 

SigB. SigB also regulates the Internalin genes inlA and inlB which are essential for 

eukaryotic cell invasion and crossing the intestinal barrier (Liu, Orsi, Gaballa et al., 

2019). Therefore, the exposure of L. monocytogenes to the stresses involved in 

reaching the intestinal lumen primes its gene expression to prepare to switch to an 

intracellular lifestyle. Inside of the host cell PrfA and PrfA-regulated virulence gene 

expression upregulation allows the bacteria invade eukaryotic cells, survive and 

replicate intracellularly and to spread from cell-to-cell (de las Heras, Cain, Bielecka 

et al., 2011). 

 

LIPI-1 contains the prfA gene itself and many PrfA regulated virulence genes: 

listeriolysin (hly), phospholipases (plcA and plcB), actin-assembly inducing protein 

(actA), zinc metalloprotease (mpl) and a nucelomodulin (orfX). Outside of LIPI-1 

PrfA also regulates bile salt hydrolase (bsh) a range of internalins (inlA, inlB, inlC) 

(de las Heras, Cain, Bielecka et al., 2011) These genes are integral for L. 

monocytogenes infection and intracellular life cycle (Figure 1.3). 
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Figure 1. 3. The PrfA regulon and gene functions in L. monocytogenes intracellular 

lifecycle. A) Schematic of L. monocytogenes intenalin-mediated invasion of a non-

phagocytic cells. Internalisation occurs either through Internalin A (InlA) binds to E-

cadherin which induces receptor clustering and internalisation or by InlB which 

binds to Met, which induces receptor mediated endocytosis. L. monocytogenes is 

internalised into a vacuole which is lysed by LLO, phospholipases and 

metalloprotease (Mpl). LLO modulates the host environment allowing. L. 

monocytogenes cytosolic replication. ActA promotes actin polymerisation by 

mimicking the Arp2/3 complex to recruit actin filaments to the polar end of the 

bacterial cells. This propels L. monocytogenes through the host cytoplasm and 

forms protrusions into neighbouring cells where InlC weakens the apical junctions 

facilitating cell-to-cell spread. B) Schematic of PrfA virulence cluster in L. 

monocytogenes. Green arrows represent open reading frames and black vertical 

lines show transcriptional terminators. Black arrows show transcriptional units. PrfA 

boxes are shown in red and blue circles show SigB-regulated genes. 
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1.4.4 Crossing the intestinal barrier – InlA, InlB and LAP 

  

In order to establish a successful infection L. monocytogenes must cross the host 

intestinal epithelial barrier. L. monocytogenes has 3 main strategies for achieving 

this: Transcytosis through goblet cells, translocation involving Listeria adhesion 

protein (LAP) or invasion of M-cells and Peyers patches (Quereda, Moron-Garcia, 

Palacios-Gorba et al., 2021). 

 

Transcytosis of goblet cells is achieved through Internalin A (InlA) mediated 

invasion. InlA is one member of the internalin family, a group of 25 genes in L. 

monocytogenes. The internalins are composed of signal peptide sequence, followed 

by a leucine-rich repeat (LRR) region responsible for protein-protein interactions, a 

conserved inter-repeat domain and variable C-terminal regions. InlA has a LPXTG 

motif that covalently binds it to the cell wall (Camejo, Carvalho, Reis et al., 2011). 

The host receptor for InlA is E-cadherin (E-cad), a transmembrane adherent 

junction protein.  Once InlA binds to E-cad it triggers a cascade that leads to 

clustering of E-cad, recruitment of clathrin endosomal machinery and cytoskeletal 

rearrangement driven by the Arp2/3 complex – eventually leading to internalisation 

of L. monocytogenes. InlB plays a role in this process in vivo but it is dispensable 

with little to no invasive loss (Nikitas, Deschamps, Disson et al., 2011). 

 

LAP is an alcohol acetaldehyde that promotes adhesion of L. monocytogenes to 

intestinal epithelial cells through interaction with heat shock protein 60 (Hsp60), a 

chaperonin that has a secondary function as a receptor (Wampler, Kim, Jaradat et 

al., 2004). Translocation involving LAP occurs at the tip of intestinal villi and this 

induces an immune response, invoking activation of the Nuclear Factor kB (NF-kB), 

secretion of pro-inflammatory cytokines and activation of the myosin light chain 

kinase (MLCK) (Drolia, Tenguria, Durkes et al., 2018). MLCK disrupts the epithelial 

cell tight junctions, weakening the epithelial layer and allowing the bacteria to pass 

through to the lamina propria (Drolia, Tenguria, Durkes et al., 2018). 
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Peyer’s patches are found in regions of the intestinal epithelium where there are 

many Microfold cells (M-cells). M-cells are highly specialised epithelial cells that 

sample from the intestinal lumen and pass them to the antigen presenting cells of 

the Peyer’s patches – this mechanism allows specific immune monitoring and 

response against invading pathogens (Chiba, Nagai, Hayashi et al., 2011). L. 

monocytogenes hijacks this system by utilising Internalin B (InlB). InlB is another 

member of the internalin family, and its variable C-terminal region has glycine and 

tryptophan (GW) repeats that are involved in non-covalent cell wall interactions 

(Jonquieres, Bierne, Fiedler et al., 1999). The host receptor for InlB is the tyrosine-

protein kinase Met (Met) receptor, sometimes called human growth factor receptor 

(HGFR) or c-Met (Bottaro, Rubin, Faletto et al., 1991). Met has a much wider tissue 

distribution than E-cad and thus InlB is important for invasion into several cell types 

including hepatocytes, fibroblasts and endothelial cells (Braun, Ohayon and Cossart, 

1998). M-cell and Peyer’s patch invasion has been shown to be reliant on InlB in 

mouse models (Chiba, Nagai, Hayashi et al., 2011). Similar to InlA, InlB binding 

induces phosphorylation, ubiquitination and clathrin mediated endocytosis of the 

bacteria into the host cell. After M cell invasion L. monocytogenes can either pass 

through the intestinal barrier by transcytosis or spread to adjacent enterocytes 

(Rey, Chang, Latour-Lambert et al., 2020). These points demonstrate that L. 

monocytogenes has several strategies for invading several different types of host 

cells. 

 

1.4.5 Entry and proliferation in eukaryotic cells – LLO, PlcAB, Mpl 

 

L. monocytogenes is able to invade and proliferate within both phagocytic and non-

phagocytic cells. Once inside these cells (either through one of the previously 

described methods or by phagocytosis by immune cells) the bacteria become 

internalised into the cell in a membrane bound compartment called the endosome 

or phagosome. L. monocytogenes has a number of virulence factors, enabling 

escape of this vacuole and escape into the cytosol – where it can proliferate and 

spread to neighbouring cells (Camejo, Carvalho, Reis et al., 2011) (Figure 1.3). 
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Listeriolysin O (LLO) - encoded by the hly gene - is a cholesterol dependent cytolysin 

that binds to cholesterol and forms large pores on the membrane. LLO activity is 

mostly restricted to the endosomal environment to stop host cell lysis after the 

bacteria has escaped the vacuole into the cytosol by two mechanisms. Firstly, it is 

pH sensitive and most active in the low pH present in the endosome/phagosome 

(Bavdek, Kostanjsek, Antonini et al., 2012). Secondly, it has a PEST-like (rich in 

proline (P), glutamic acid (E), serine (S) and threonine (T)) sequence – a collection of 

26 amino acids at the N-terminal of the protein – that interacts with adaptor 

protein 2 (AP2) of the host cell endocytosis machinery which promotes LLO removal 

and thereby preserves plasma membrane integrity in the host cell preventing 

premature host cell lysis (Chen, Nguyen, Mitchell et al., 2018). The PEST-like 

sequence also undergoes a cysteine glutathionylation in the cytosol that is 

inhibitory to LLO activity (Portman, Huang, Reniere et al., 2017). In endosomes and 

phagosomes, the presence of oxidoreductases prevents cysteine glutathionylation 

and preserves LLO activity (Portman, Huang, Reniere et al., 2017). This tight 

regulation of LLO is important to L. monocytogenes virulence as damaging the host 

cell would expose the bacteria to immune system recognition. At the 

transcriptional level LLO mRNA expression is restricted in the cytosol by codon-

restriction in the PEST-encoding region and the formation of a ribosomal blocking 

secondary structure (Chen, Nguyen, Mitchell et al., 2018; Peterson, Portman, Feng 

et al., 2020). 

 

LLO also has many secondary functions both inside and outside of the host cell. It 

participates in dampening of the DNA damage response through degradation of the 

sensor Mre11 (Samba-Louaka, Pereira, Nahori et al., 2014). It can induce histone 

modifications that lead to increased expression of cytokines and drives 

inflammation (Nguyen, Peterson and Portnoy, 2019). LLO can modulate the 

immune response through mechanisms such as mitogen-activated protein kinase 

(MAPK) activation (Witte, Archer, Rae et al., 2012). The MAPK signalling 

transduction pathway is essential for the host immune response. LLO is implicated 

in activation of the pathway by phosphorylation to promote entry into epithelial 

cells (Weiglein, Goebel, Troppmair et al., 1997).  LLO also modulates the adaptive 
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immune response, it can induce CD4+ T lymphocyte unresponsiveness by triggering 

a transcriptional response that drives the expression of negative regulators of T-cell 

receptor signalling (Gekara, Zietara, Geffers et al., 2010). LLO interacts with 

mitochondria and leads to mitochondrial fragmentation, breaking of the 

mitochondrial network into visually punctate structures (Stavru, Palmer, Wang et 

al., 2013). It may also play a role in controlling the phagocytosis rate of bacteria by 

host macrophages. Treating macrophages with recombinant LLO compromised 

phagocytosis of L. monocytogenes. One hypothesis is that the bacterial population 

uses LLO to coordinate host cell uptake and reduce internalisation at high 

multiplicities of infection. This reduces the probability of replicative invasions in 

macrophages (Moran, Feltham, Bagnall et al., 2022). 

 

LLO has been implicated in L. monocytogenes utilisation of vacuole-bound 

intracellular niches in certain cell types. In macrophages L. monocytogenes 

expressing lower levels of LLO may enter a slow-growing state inside spacious 

Listeria containing phagosomes (SLAPs) (Birmingham, Canadien, Kaniuk et al., 

2008). In epithelial cells similar structures called epithelial Listeria containing 

phagosomes (eSLAPS) have been observed – but a key difference is that inside of 

the eSLAPS L. monocytogenes was able to proliferate just as fast as in the cytosol 

(Peron-Cane, Fernandez, Leblanc et al., 2020). This constituted alternative 

intracellular niches for L. monocytogenes that might promote long term 

colonisation of host tissue.  

 

Other virulence factors are involved in assisting vacuole escape include 

Phospholipase A (PlcA) and Phospholipase B (PlcB) that cleave the phosphate-

glycerol bond of the hydrophilic head of phospholipids to aid in vacuole escape (de 

las Heras, Cain, Bielecka et al., 2011). They also subvert the hosts autophagic 

defences by stalling pre-autophagosomal structures and thus prevent clearance of 

L. monocytogenes in infected cells (Tattoli, Sorbara, Yang et al., 2013). 

Metalloprotease (Mpl) activates the proenzyme forms of the phospholipases in the 

acidified vacuole environment (Alvarez and Agaisse, 2016).  
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Overall, vacuole escape is an integral step in the intracellular life cycle of L. 

monocytogenes and LLO is integral to L. monocytogenes virulence, both inside and 

outside of the host cell. 

 

1.4.6 Cell-to-cell spread: ActA 

 

Once in the host cytosol L. monocytogenes become motile via actin polymerisation. 

The actA gene is upregulated and expresses the actin-assembly inducing protein 

ActA.  ActA enables L. monocytogenes to nucleate and polymerise actin directly and 

constitutively (Kocks, Gouin, Tabouret et al., 1992). It does this by imitating the host 

cells natural actin machinery and binding to the actin-nucleation complex Arp2/3 

(May, Hall, Higgs et al., 1999). This drives actin recruitment, branching of actin 

filaments and these propel the bacteria through the host cytosol. The recruitment 

of Arp2/3 and Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) proteins 

also disguises the bacteria from autophagic recognition and avoid degradation 

(Cheng, Chen, Engstrom et al., 2018). The “actin comet tails” (named for their 

appearance in microscopy images) also allow the bacteria to form membrane 

protrusions and spread to neighbouring cells (Dowd, Mortuza, Bhalla et al., 2020) 

(Figure 1.3). 

 

ActA is composed of 640 amino acids (AA) (Figure 1.4) (Pillich, Puri and 

Chakraborty, 2017). It harbours a signal peptide at AA1-30 that is required for direct 

transport of ActA to the bacterial membrane and a transmembrane domain at 

AA589-610 (Travier and Lecuit, 2014). It has 3 distinct regions, the N-region, P-

region and C-region. The N-region of ActA (AA30-264) is essential for host actin 

polymerisation, especially the region AA117-126 (Pistor, Chakraborty, Walter et al., 

1995). The N region does not directly stimulate actin polymerisation, it mediates 

actin nucleation with the Arp2/3 complex which is bound by region AA126-158 

(Welch, Iwamatsu and Mitchison, 1997). ActA is located on the poles of the 

bacterial cells so that actin is recruited locally to these areas, facilitating 

intracellular movement. The P region contains 4 proline rich repeats in the region 
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AA264-387 that bind to Ena/VASP proteins which in turn bind to actin filaments and 

the actin binding protein profilin (Theriot, Rosenblatt, Portnoy et al., 1994). This 

region is important in modulating the length of actin comet tails (Lasa, Gouin, 

Goethals et al., 1997). The C region is not implicated in actin tail formation and 

forms a hydrophobic region. ActA has also been shown to have important 

secondary functions. ActA mediated aggregation and biofilm formation, which is 

driven by direct ActA-ActA interactions, has been shown to be critical in the lumen 

to promote persistence in the colon and the cecum and fecal shedding (Travier and 

Lecuit, 2014). Removal of the C-region of ActA inhibited this aggregation (Travier, 

Guadagnini, Gouin et al., 2013). ActA is also implicated in invasion of host cells 

through actin cytoskeleton rearrangement and the formation of pseudopods that 

facilitate effective invasion of host cells (Suarez, Gonzalez-Zorn, Vega et al., 2001). 

 

 

 
 

Figure 1. 4. Structure of the ActA protein. Schematic showing the 3 regions of ActA. 

Highlighted areas are involved in actin tail formation and intracellular motility. 

Numbers show the amino acid (AA) location of these regions (Adapted from Travier 

and Lecuit, 2014). 

 

 

Other virulence factors are involved in L. monocytogenes ability to spread cell-to-

cell. Internalin C (InlC) helps to weaken cortical tension between host cells and is 

involved in elongating membrane protrusions (Rajabian, Gavicherla, Heisig et al., 

2009). Host cell lamellipodin (Lpd) is important to L. monocytogenes intracellular 



 37 

motility, it interacts with phosphatidylinositol (3,4)-bisphosphate [PI(3,4)P2] and 

VASP recruited to the bacterial cell surface via ActA. This recruitment is essential for 

intracellular motility and altering host levels of Lpd affected protrusion formation 

and intracellular velocity (Wang, King, Goldrick et al., 2015). Once the bacteria 

reach the new uninfected host cell they must escape the double membrane vacuole 

caused by protruding through the membranes. It uses PlcA, PlcB and LLO in the 

mechanisms previously described to achieve this. LLO is dispensable in escaping 

double membrane vacuoles in epithelial cells suggesting it may not be required for 

L. monocytogenes systemic spread after the initial stages of infection (Alberti-Segui, 

Goeden and Higgins, 2007). Overall, several virulence genes contribute to the cell-

to-cell spread of L. monocytogenes, with actA being the most important gene for 

intracellular motility. 

 

1.4.7 L. monocytogenes and the host immune response 

 

Infection with L. monocytogenes invokes a strong immune response in the host 

(Zenewicz and Shen, 2007). The innate immune response is critical for early control 

of L. monocytogenes infection (Zenewicz and Shen, 2007). Neutrophils are rapidly 

recruited to the site of infection by IL-6 secretion. They engulf and kill bacteria and 

secrete chemokine colony stimulating factor 1 (CSF-1) and monocyte 

chemoattractant protein 1 (MCP-1). These recruit macrophages which are essential 

for bacterial clearance (Guleria and Pollard, 2001). L. monocytogenes can infect 

macrophages, inducing secretion of Tumour necrosis factor a (TNF-α) and 

Interleukin 12 (IL-12). These drive natural killer cells to secrete Interferon g (IFNg), 

activating macrophages and increasing their bactericidal activity (Tripp, Wolf and 

Unanue, 1993).  

 

Macrophages are activated through toll-like receptors (TLR) which recognise ligands 

such as peptidoglycan, flagellin and bacterial DNA (Zenewicz and Shen, 2007). In L. 

monocytogenes infection, TLR2 is the most important TLR, in vitro studies have 

shown that TLR2 deficient macrophages secrete less cytokines in response to L. 
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monocytogenes infection (Seki, Tsutsui, Tsuji et al., 2002). Binding of a recognised 

ligand to its TLR initiates a signalling cascade which results in the activation of the 

transcription factor NF-kB. This results in expression of different cytokine and 

antigen-presentation related genes (Zenewicz and Shen, 2007).  

 

The host recognises intracellular bacteria, transcriptional changes occur in 

macrophages and dendritic cells infected with L. monocytogenes, they present 

greater levels of antigenic surface molecules (such as LLO which has been shown to 

confer resistance to L. monocytogenes infections) for T cell activation and secrete 

higher amounts of pro-inflammatory cytokines (Brzoza, Rockel and Hiltbold, 2004). 

A protein that has been shown to detect cytosolic L. monocytogenes is NOD2, a 

cytosolic nucleotide-binding oligomerization domain protein. Its ligand is muramyl 

dipeptide which is a component of bacterial peptidoglycan and recognition of 

cytosolic L. monocytogenes initiates a signalling cascade that is distinct from the 

TLR signalling (Inohara, Ogura, Fontalba et al., 2003).  

 

 TLR activation and signalling drive the adaptive immune response by activation of 

dendritic cells (DCs) which in turn stimulate T cells which are required for final 

clearance of bacteria (Bhardwaj, Kanagawa, Swanson et al., 1998). CD4 and CD8 T 

cells compromise most of the adaptive immune response to L. monocytogenes due 

to its intracellular niche (Zenewicz and Shen, 2007). Infected cells and antigen 

presenting cells present L. monocytogenes antigens to the CD4 and CD8 T cells. T 

cells mediate anti-Listeria immunity by targeting and lysing infected cells with 

perforin to expose intracellular bacteria to nearby activated macrophages (Harty 

and Badovinac, 2002). Primary T cell response peaks at 7-9 days and then contracts 

to a smaller population of memory T cells which have a lower stimulation threshold 

for activation and upon secondary infection can quickly control of and eliminate the 

bacteria (Busch, Pilip, Vijh et al., 1998). 

 

L. monocytogenes has evolved several mechanisms that allow it to survive the host 

immunes response. InlC is secreted in infected cells to facilitate cell-to-cell spread 

and prevents NF-kB activation, dampening cytokine expression and neutrophil 
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recruitment (Gouin, Adib-Conquy, Balestrino et al., 2010). L. monocytogenes also 

secretes nucelomodulins that induce epigenetic changes in host cells. For example, 

Listeria virulence factor OrfX targets RybP in the host cell nucleus that dampens 

macrophage oxidative response to infection (Prokop, Gouin, Villiers et al., 2017). L. 

monocytogenes is also capable of modifying its cell wall by N-deacelytation of its 

peptidoglycan (PG) (Boneca, Dussurget, Cabanes et al., 2007). PG is an important 

target for the innate immune system, and modification of PG by N-deacelytation 

has been shown to be key to avoiding optimal immune system recognition by NOD2 

detection and conferring resistance to lysozyme (Boneca, Dussurget, Cabanes et al., 

2007). The control of L. monocytogenes by the host immune response is vital in 

preventing systemic infections. 

 

1.4.8 Systemic infections: Septicaemia 

 

In immunocompromised people L. monocytogenes breaches the intestinal barrier 

and spreads to the lamina propria. From here it enters the blood and spread to 

other organs, the central nervous system and the brain. It does this by circulating in 

the host blood stream, intracellularly in mononuclear phagocytes and 

polymorphonuclear leukocytes but also freely in the blood plasma as extracellular 

bacteria (Drevets, 1999).  During blood infection L. monocytogenes remodels its cell 

surface, increasing the amount of InlA and LAP to increase host cell invasions 

(Quereda, Moron-Garcia, Palacios-Gorba et al., 2021). L. monocytogenes can also 

incorporate D-alanine residues into its cell wall lipotechoic acids through D-alanine-

D-alanyl carrier protein ligase operon (dltABCD) which reduces susceptibility to 

cationic antimicrobial peptides and a ΔdltA mutant was shown to have reduced 

numbers of bacteria in the blood of infected mice (Abachin, Poyart, Pellegrini et al., 

2002). 
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1.4.9 Liver and Spleen infection 

 

Once in the bloodstream L. monocytogenes can colonise the spleen and liver via the 

portal vein as early as 4 hours after infection (Melton-Witt, Rafelski, Portnoy et al., 

2012). L. monocytogenes can also colonise these organs by travelling from the 

intestine via the mesenteric lymph nodes into the bloodstream (Bou Ghanem, 

Jones, Myers-Morales et al., 2012). InlB is critical to invasion of these organs, L. 

monocytogenes without a functional inlB gene has reduced invasion in a range of 

cell types including JEG-3 and HeLa and a reduced burden in both the spleen and 

liver of orally infected mice (Quereda, Rodriguez-Gomez, Meza-Torres et al., 2019). 

 

When L. monocytogenes infects the liver, it leads to death of Kupffer cells – a type 

of professional phagocyte in the liver – and this drives an inflammatory response 

leading to monocyte recruitment to the liver (Bleriot, Dupuis, Jouvion et al., 2015). 

When L. monocytogenes infects the spleen the early stages of infection are 

controlled by neutrophils, dendritic cells and macrophages. CD8α+ dendritic cells 

are recruited to the spleen and these have been identified as a potential reservoir 

for L. monocytogenes to enter the reticuloendothelial system (Edelson, Bradstreet, 

Hildner et al., 2011). They are intrinsically susceptible to L. monocytogenes due to 

their delayed phagosomal acidification and are an entry point for L. monocytogenes 

to establish invasive infections (Edelson, Bradstreet, Hildner et al., 2011; Witter, 

Okunnu and Berg, 2016). 

 

1.4.10 Brain infection 

 

Compared to the other forms of invasive listeriosis, neurolisteriosis remains poorly 

understood. L. monocytogenes invades the central nervous through two main 

pathways: retrograde axonal transport and crossing of the blood-brain barrier 

(Oevermann, Zurbriggen and Vandevelde, 2010). Retrograde axonal transport 

occurs through either the oral or the olfactory epitheliums. This most commonly 

occurs in either ruminants or neonates during birth when L. monocytogenes may be 
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exposed to these areas in large numbers (Pagelow, Chhatbar, Beineke et al., 2018). 

Crossing of the blood-brain barrier (or the blood-cerebrospinal fluid barrier) can 

occur when L. monocytogeenes that are carried extracellularly in the bloodstream 

adhere to and invade/cross the surface of the barrier (Grundler, Quednau, Stump et 

al., 2013). Intracellular L. monocytogenes may also be carried across the barrier by 

infected leukocytes (Greiffenberg, Goebel, Kim et al., 1998). 

 

The key virulence factors involved in brain infection are the internalins and LLO 

(Banovic, Schroten and Schwerk, 2020). InlA and InlB are required in in vitro models 

for invasion of human choroid plexus papilloma cells – deletion of either of these 

genes causes a reduction in invasion of these cells (Grundler, Quednau, Stump et 

al., 2013). InlB specifically may be important for crossing the blood brain barrier – in 

vitro studies in brain microvascular endothelium cell line HBMEC have shown that 

an InlB-deficient mutant has the greatest drop in invasion capacity (Greiffenberg, 

Goebel, Kim et al., 1998). The recently discovered Internalin F (InlF) may also play a 

role in bacterial invasion of the brain, InlF deficient mutants have a reduced entry 

into human brain microvascular endothelial cell line as well as decreased load in the 

brain in infected mice (Ghosh, Halvorsen, Ammendolia et al., 2018). LLO-mediated 

cytotoxicity against HBMEC cells enables L. monocytogenes to penetrate the brain 

microvascular endothelial layer (Zhang, Bae and Wang, 2015). Neurolisteriosis is the 

most poorly understood of L. monocytogenes invasive infections, future research 

will elucidate its pathogenesis and provide a greater understanding of the disease. 

 

1.4.11 Placental and neo-natal infection 

 

L. monocytogenes can cross the placental barrier in pregnant women either 

through extracellular bacteria in the blood infecting trophoblasts or by cell-to-cell 

spread from the maternal phagocytes (Bakardjiev, Theriot and Portnoy, 2006). The 

route and infection outcomes are dependent on the infectious dose (Vazquez-

Boland, Krypotou and Scortti, 2017). InlA and InlB facilitate placental barrier 

crossing through a co-operative mechanism (Gessain, Tsai, Travier et al., 2015). 
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Syncytiotrophoblasts are the placental cell type that are in direct contact with 

maternal blood. These express both E-cad and Met on the surface and thus InlA and 

InlB are used by L. monocytogenes to enter these cells (Charlier, Disson and Lecuit, 

2020). However, these cells do not have intrinsic PI3K activity that is required for 

internalisation of L. monocytogenes. InlB activation of the Met pathway promotes 

PI3K activity and cytoskeletal rearrangement facilitating bacterial internalisation 

(Disson, Grayo, Huillet et al., 2008). Another internalin – Internalin P (InlP) – has 

also been implicated in placental invasion. InlP binds to afadin and promotes 

bacterial transcytosis through the placental epithelial layer (Faralla, Rizzuto, Lowe 

et al., 2016). These examples demonstrate the adaptability of L. monocytogenes to 

invade a range of tissues due to its array of virulence factors. 

 

1.5 Regulation of virulence factors 

 

The ability of L. monocytogenes to infect hosts and form these systemic infections is 

due to the regulation of its virulence genes. The two main regulons L. 

monocytogenes uses for mammalian infection – SigB and PrfA – are tightly 

regulated to promote efficient infection. There are a number of regulatory 

mechanisms for each (Toledo-Arana, Dussurget, Nikitas et al., 2009). 

 

1.5.1 SigB regulation 

 

Stress tolerance and stress response are vital for L. monocytogenes to infiltrate the 

food production pipeline and survive the journey from food to the gastrointestinal 

tract and beyond. The GSR in L. monocytogenes is driven by SigB which is 

responsible for the regulation of approximately 300 genes. SigB binds directly to the 

RNA polymerase core which induces the transcriptional changes in this collection of 

genes.  
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1.5.2 Regulation of SigB by the stressosome 

 

The activity of SigB is regulated by the anti-sigma factor RsbW and anti-anti-sigma 

factor RsbV, proteins at the center of a complex regulatory system in L. 

monocytogenes known as the stressosome (Guerreiro, Pucciarelli, Tiensuu et al., 

2022). In unstressed conditions RsbV is in a phosphorylated state. However, a 

complex of proteins made of RsbR, RsbS, RsbL and RsbT senses osmotic stress, 

acidic stress, or blue light and release RsbT. RsbT activates RsbU phosphatase, 

which dephosphorylates RsbV. RsbV binds to RsbW and releases SigB which binds 

to RNA polymerase (Guerreiro, Arcari and O'Byrne, 2020) (Figure 1.5). 

 

Two component systems are also responsible for SigB regulation. Two component 

systems are sensor/signal transduction systems that are widespread in many 

species of bacteria (Chan, Hu, Chaturongakul et al., 2008). Currently 16 systems are 

described in L. monocytogenes (Chan, Hu, Chaturongakul et al., 2008). One of these 

is the LisR/LisK system which has been shown to regulate genes involved in 

remodelling of the cell envelope (Nielsen, Andersen, Mols et al., 2012). The 

molecular mechanisms behind these two component systems are currently unclear, 

but LisRK has been implicated in activating SigB in various conditions such as cold 

temperatures, low pH and the presence of antibiotics (Cotter, Emerson, Gahan et 

al., 1999). Treating L. monocytogenes with cefuroxime, an antibiotic that targets the 

cell wall and which activates cell-envelope related genes activates LisRK.  LisRK 

responds to changes in membrane fluidity through an unknown mechanism 

(Kallipolitis, Ingmer, Gahan et al., 2003) 

 

There is evidence to suggest a regulatory crosstalk between the PrfA and SigB 

regulons (Gaballa, Guariglia-Oropeza, Wiedmann et al., 2019). However, the role 

that SigB plays in the activation and modulation of virulence is still an open 

question. SigB is vital for the bacteria to reach and survive in the gastrointestinal 

tract, and it also regulates inlA and inlB for crossing the intestinal barrier (Ollinger, 

Wiedmann and Boor, 2008). But the mechanisms by which L. monocytogenes 



 44 

establishes systemic infections and an intracellular niche are mostly under the 

control of the PrfA regulon (Tiensuu, Guerreiro, Oliveira et al., 2019). 

 

 

 

Figure 1. 5. Regulation of SigB in response to stress in L. monocytogenes. The 

stressosome is a complex of proteins containing RsbT. In unstressed conditions 

RsbT remains in the core of this structure. Stress conditions lead to phosphorylation 

of the complex and the core of RsbT is released. This initiates a cascade that 

activates SigB downstream. RsbU dephosphorylates RsbV which couples with RsbW. 

RsbW is normally bound to SigB – so this binding releases SigB which then binds to 

RNA polymerase (Adapted from Guerreiro, Arcari and O'Byrne, 2020). 

 

1.5.3 PrfA regulation 

 

PrfA is a 237 residue 27 kDa protein. It belongs to a family of transcription factors 

termed cAMP receptor proteins/fumarate nitrate reductase regulators (Crp/Fnr) 

(Wang, Feng, Zhu et al., 2017). PrfA is a homodimer that consists of a N-terminal β-

barrel domain, an α-helix linker region that links the N- and C-terminal domains, 

and a DNA binding domain at the C-terminal, utilising a “winged” helix-turn-helix 

(HTH) motif, with the HTH domain being complimented with β-strands and loops 
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(Eiting, Hageluken, Schubert et al., 2005). HTH domains are found in many 

transcriptional factors as the α-helices are capable of binding to the major groove 

of DNA (Brennan and Matthews, 1989). PrfA activates transcription of its regulon by 

binding to a palindromic promoter region (PrfA box) of canonical sequence 

tTAACanntGTtAa, which contains seven conserved nucleotides (bold capital letters) 

and a tolerance of two mismatches. The PrfA box is located at -41bp or -42bp in the 

target promoters (Scortti, Monzo, Lacharme-Lora et al., 2007). The PrfA regulon 

contains the core virulence genes: the LIPI-1 genes (Figure 1.3), inlA and inlB, bsh as 

well as many as 145 other genes that may be indirectly influenced by PrfA including 

transporters, metabolic enzymes, regulators and proteins of unknown function 

(Milohanic, Glaser, Coppee et al., 2003). Interestingly many of these genes also fall 

under SigB regulation – demonstrating the close link between these regulons 

(Ollinger, Wiedmann and Boor, 2008). 

 

1.5.4 PrfA transcriptional regulation  

 

Variation in sequences of the PrfA boxes in the promoters of genes alter its affinity 

for PrfA. For example, Phly promoter is perfectly symmetrical and has a high affinity 

for PrfA whereas PactA has two nucleotide mismatches and has a lower affinity 

(Williams, Thayyullathil and Freitag, 2000) (Figure 1.6).  The promoter sites 

upstream of prfA play an important role in controlling transcription of the gene. P1 

and P2 are regulated by Sigma factor A (SigA) and both SigA/ SigB respectively and 

produce monocistronic transcripts of prfA (de las Heras, Cain, Bielecka et al., 2011). 

This highlights the close link between the stress response and transition into a 

virulent pathogenic state. The P2 region has a PrfA box that allows PrfA to 

negatively regulate itself, however this has been shown to not affect virulence in 

mice (Tiensuu, Guerreiro, Oliveira et al., 2019). The P3 promoter is PrfA regulated 

and produces bicistronic transcripts of plcA and prfA. This is dependent on PrfA 

activation at temperatures above 30°C, and constitutes a positive feedback loop 

(Leimeister-Wachter, Domann and Chakraborty, 1992) (Figure 1.6). 
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1.5.5 PrfA post-transcriptional regulation  

 

The 5’ end of the prfA mRNA acts as an RNA thermosensor. At temperatures below 

37°C a stem-loop blocks the ribosomal binding site. However, at temperatures 37°C 

or higher, such as in the host, the stem-loop melts and allows ribosomal binding to 

the Shine-Dalgarno site permitting efficient translation (Johansson, Mandin, 

Renzoni et al., 2002). S-adenosylmethionine (SAM) riboswitches also play a key role 

in post transcriptional regulation. Two key ones, SreA and SreB are involved in prfA 

regulation. Binding of SAM to a riboswitch causes early transcriptional termination 

and the generation of small RNAs 100-250 nucleotides long. Through an unknown 

mechanism, these bind to the 5’ end of the prfA mRNA where the thermosensor 

hairpin is located and inhibit prfA expression, however they only do so when the 

thermosensor is in a melted state and the ribosomal binding site is exposed (Loh, 

Dussurget, Gripenland et al., 2009) (Figure 1.6). 

 

1.5.6 PrfA post-translational regulation  

 

Crp transcriptional regulators typically have a co-factor that is required for full DNA 

binding affinity (Hall, Grundstrom, Begum et al., 2016). For a long time, it was 

hypothesised that PrfA had a co-factor but none had been identified. It was 

eventually identified as glutathione (GSH) - an antioxidant that protects cells from 

oxidative damage. GSH binds to PrfA directly and increases the DNA binding affinity 

of PrfA to the PrfA box. L. monocytogenes is able to synthesise its own glutathione 

and also transport exogenous GSH, which is found in high quantities in the host cell 

cytosol, and thus GSH acts as a signalling molecule that informs the bacterium that 

it in the intracellular environment and triggers upregulation of PrfA regulated 

virulence genes (Reniere, Whiteley, Hamilton et al., 2015) (Figure 1.6). 

 

Carbon sources act as another layer of regulation. In its saprophytic state L. 

monocytogenes utilises environmental sugars such as cellobiose and glucose, which 

are taken up by the phosphoenolpyruvate phosphotransferase system (PTS) and 
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have been shown to inhibit virulence factor expression  (Milenbachs, Brown, Moors 

et al., 1997). It is proposed that PTS-dependent sugars are transported trans-

membrane and the phosphoryl group of Enzyme II A (EIIA) is transferred to Enzyme 

II B, leaving EIIA in an unphosphorylated state. In its unphosphorylated state EIIA 

sequesters PrfA activity through an unknown interaction with PrfA (Freitag, Port 

and Miner, 2009). However, when L. monocytogenes is grown in non-PTS sugars, in 

particular those that will act as carbon sources in the intracellular environment 

such as glycerol and glucose-1-phosphate, EIIA is in a phosphorylated state, does 

not act on PrfA and virulence gene expression is not inhibited (Chico-Calero, Suarez, 

Gonzalez-Zorn et al., 2002; Johansson and Freitag, 2019).  
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Figure 1. 6. Regulation of PrfA in L. monocytogenes. Transcription of prfA is 

regulated by the three promoters P1, P2 and P3 which are regulated by SigA, 

SigA/SigB and PrfA respectively. Post-transcriptional regulation involves an RNA 

thermoswitch that melts at 37°C and the SAM riboswitches SreA and SreB. The PrfA 

protein is regulated post-translationally by glutathione, when unbound (red 

protein) PrfA has weak DNA binding activity (red broken arrow). Glutathione 

couples to PrfA (green protein) and greatly increases the transcription of PrfA 

regulon (green arrow). PTS sugars such as glucose inhibit PrfA activity but host 

intracellular sugars such as glycerol do not. PrfA-box regulates virulence gene 

transcription by having variable symmetry and affinity for PrfA, for example Phly 

(green gene arrow) has a perfectly symmetrical PrfA box whereas PactA (red gene 

arrow) has 2 nucleotide mismatches and a lower affinity for PrfA binding. 

 

1.5.7 CodY regulation of prfA and sigB 

 

CodY acts as a virulence regulator that may be a key pivot in the SigB to PrfA switch 

that is essential in L. monocytogenes transition from saprophyte to pathogen. CodY 

plays a key role in sensing branched chain amino acids (BCAA) that act as a sensory 

cue for the bacteria. CodY binds to BCAA when they are in excess and acts as a 

transcriptional repressor of many genes involved in amino acid biosynthesis (Lobel, 
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Sigal, Borovok et al., 2012). However, when BCAA concentrations are low – such as 

in the host cytosol – CodY is freed and prfA expression is increased. The binding site 

for this is 15bp downstream of the prfA start codon and it has been suggested that 

DNA looping plays a role in CodY regulation of prfA transcription (Lobel, Sigal, 

Borovok et al., 2015). Additionally, CodY represses sigB transcription in conditions 

of nutrient excess while repressing genes involved in metabolism and motility 

(Bennett, Pearce, Glenn et al., 2007). The overlap in CodY regulation between these 

two regulons therefore plays a role in L. monocytogenes sensing the intracellular 

environment and fine-tuning gene expression to survive in the host (Bennett, 

Pearce, Glenn et al., 2007; Lobel and Herskovits, 2016). 

 

1.5.8 VirR Regulation 

 

A third regulon involved in L. monocytogenes virulence is VirR – the regulator from 

the two-component sensing system VirR/VirS. The VirR/VirS system has been 

shown to control genes involved in modification of the bacterial cell surface to 

combat cationic peptide and a strain of L. monocytogenes with a ΔvirR mutation 

showed a 100-fold reduction in establishing systemic infections in mice (Mandin, 

Fsihi, Dussurget et al., 2005) Specifically, VirR/VirS has been shown to regulate the 

dltABCD operon and mprF (Mandin, Fsihi, Dussurget et al., 2005). These genes 

encode proteins that are involved in esterification of the bacterial cell surface with 

amino acids by lysinylation of phosphatidyl-glycerol by MprF and d-alanylation of 

cell wall teichoic acid by DltA. This lends resistance to cationic peptides by reducing 

the negative charge of the surface (Thedieck, Hain, Mohamed et al., 2006).  

Although it is less well studied than PrfA and SigB, it is thought that the VirR system 

works to protect L. monocytogenes from the environment and certain antimicrobial 

responses from the host immune system (such as defensins) or antimicrobial 

compounds (Kang, Wiedmann, Boor et al., 2015). 
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1.5.9 Other regulatory mechanisms 

 

Several other regulators play an important role in L. monocytogenes switch to a 

pathogenic organism. MogR acts as a repressor for flagella genes and is controlled 

by a thermosensor antirepressor that releases MogR at 37°C (Shen and Higgins, 

2006). This is important for L. monocytogenes as flagellins antigenicity are an 

important signal for the host immune response (Shen and Higgins, 2006). Cold 

shock proteins CspA, CspB and CspD which were originally thought to be involved in 

stress tolerance, aggregation and biofilm formation have recently been shown to 

play a role in virulence. Csp deficient mutants have lower transcript levels of prfA 

and PrfA-regulated virulence genes and impaired epithelial cell invasion (Eshwar, 

Guldimann, Oevermann et al., 2017).  

 

1.6 Live-cell imaging of infection as a mechanism to study and 

understand the real time events involved in L. monocytogenes 

invasion of cells. 

 

There is a large degree of complexity in interactions between L. monocytogenes and 

the host. The bacteria has a large array of virulence factors, many with secondary 

functions. This dynamic nature of the bacteria coupled with the complexity of 

infection outcomes means that there are potentially many host-cell interactions 

that are still undiscovered.  Live cell imaging of infection has been widely used to 

study and discover novel interactions between pathogens and hosts. For example, 

in Salmonella live cell imaging was used to show the biogenesis and dynamics of 

Salmonella-induced filaments which are crucial for Salmonella to traffic nutrients 

into the Salmonella-containing vacuoles in which it establishes its intracellular niche 

(Drecktrah, Levine-Wilkinson, Dam et al., 2008). In Mycobacterium tuberculosis live 

cell imaging discovered members of the Ras superfamily of low molecular weight 

GTPase which are crucial in the phagosomal arrest that M. tuberculosis uses to 

avoid phagosome-lysosome fusion and maturation and providing it with a vacuole 

in which it persists (Kyei, Vergne, Chua et al., 2006). Live cell imaging has also 
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already been successfully deployed in studies of L. monocytogenes such as for 

studying clathrin-mediated uptake via the internalins, vacuole escape and 

phagosome interactions with LLO and the dynamics of cell-to-cell spread driven by 

a small population of pioneer bacteria (Henry, Shaughnessy, Loessner et al., 2006; 

Loessner, Kramer, Ebel et al., 2002; Ortega, Koslover and Theriot, 2019; Veiga, 

Guttman, Bonazzi et al., 2007). 

 

“Seeing is believing” is a phrase that could not be truer when assessing the value of 

imaging interactions between human cells and pathogens. Advances in imaging 

technology means that it is feasible to image the entire infection process, from the 

exposure of bacteria to host cells up to the establishment of successful infections 

with excellent temporal resolution (Bain, Gow and Erwig, 2015). In addition, 

individual interactions can be followed over time to understand the relationship 

between the pathogen and host and monitor different outcomes. Previous studies 

have typically used snapshot data which masks the kinetics of these interactions, 

however these do not capture individual interactions between single host cells and 

bacteria. 

 

Probabilistic infection outcomes during individual host pathogen interactions are 

the consequence of heterogeneity of host and pathogen at the single cell level. 

Only a subset of interactions results in replicative infections. At the single cell level 

the host has inherently noisy transcription factors and effector gene production, 

particularly in signalling pathways involved in the host control of L. monocytogenes 

infection, such as NF-kB activation (Adamson, Boddington, Downton et al., 2016), 

TLR2 and TLR4 signalling (Kellogg, Tian, Etzrodt et al., 2017) and cytokine 

production (Bagnall, Rowe, Alachkar et al., 2020).Host cells such as Caco-2 and JEG3 

cells have also showed single cell heterogeneity with temporally transient 

susceptibility to L. monocytogenes replicative invasions (Costa, Pinheiro, Reis et al., 

2020).These heterogenous factors means some host cells are more permissive than 

others at the time of infection and are a contributing factor for the rarity of 

replicative invasions.  
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Pathogens cell-to-cell variability allows rapid adaptability to environmental 

changes, and diversification of their phenotype across the population, enhancing 

their survivability in the host (Norman, Lord, Paulsson et al., 2015).  Both the SigB 

and PrfA regulon in L. monocytogenes has been shown to be heterogenous at the 

single cell level in response to environmental triggers, demonstrating how virulence 

gene expression can vary between individual bacteria (Guldimann, Guariglia-

Oropeza, Harrand et al., 2017). The numerous and complex transcriptional, post-

transcriptional and post-translational regulatory systems that control the PrfA 

regulon may contribute to this cell-to-cell heterogeneity.   

 

The single cell variability is also important during the intracellular lifecycle, for 

example during epithelial cell invasion, a small population of “pioneer” bacteria is 

present that promote cell-to-cell spread (Ortega, Koslover and Theriot, 2019). L. 

monocytogenes is able to switch from an active motile state to a persistent, non-

replicative state in a subset of epithelial cells (Kortebi, Milohanic, Mitchell et al., 

2017).  

 

Because of this inherent variability in host and pathogen, interactions between two 

seemingly similar cells may result in different infection outcomes (Garcia-Del 

Portillo, 2008). Examples of this can be seen in other intracellular pathogens such as 

Salmonella where invasions of macrophages can result in either bacterial killing and 

clearance (McIntrye, Rowley and Jenkin, 1967) or persistence leading to systemic 

host invasions (Stapels, Hill, Westermann et al., 2018).  Live cell imaging can 

capture, characterise and quantify these interactions and outcomes at the single 

cell level.  

 

 Thanks to the widely studied virulence mechanisms of L. monocytogenes, it should 

be possible for imaging experiments to uncover novel and undescribed interactions 

between host cells through a combination of long-term imaging, targeted 

manipulation of previously characterised key virulence factors and the 

development of an appropriate infection model. This could lead to a greater 

understanding of the infection process of L. monocytogenes, potentially providing 
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new therapeutic targets which can be used to help eradicate L. monocytogenes 

from the food processing pipeline and combat listeriosis on a global scale. 

 

1.7 Aims 

 

A live cell approach to study and quantify single cell interactions between L. 

monocytogenes and host cells, will lead to a greater understanding about the 

heterogenous host-pathogen interactions and how these affect the probabilistic 

infection outcomes. To do this, an experimental model that can be utilised to 

monitor single cell events is required, and these events will need to be quantified 

and characterised to understand their relevance to infection outcomes.  

 

In order to achieve this, the aims of this study are to: 

 

i) Use live-cell microscopy approaches to develop an in vitro infection 

model for monitoring single-cell host pathogen interactions of L. 

monocytogenes  

 

ii) Characterise key interactions between L. monocytogenes and host cells 

and mechanistically understand regulation of probabilistic infection 

outcomes 

 

iii) Use molecular microbiology and next-generation sequencing to 

characterise the role of PrfA regulon in controlling outcomes of single-

cell host pathogen interactions of L. monocytogenes 
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2. Materials and Methods 
 

2.1 Bacterial strains, media and growth conditions 

 

L. monocytogenes were routinely grown at 37°C shaking 200 rpm in Tryptone Soya 

Broth (TSB) (Oxoid) or with additional 1.5% (w/v) agar (Oxoid) on a plate unless 

otherwise stated. Where required media was supplemented with antibiotic 

(Erythromycin 5 μg/ml, Chloramphenicol 7 μg/ml). 

 

Escherichia coli were routinely cultured at 37°C shaking 200 rpm in Luria Bertani 

(LB) broth (1% (w/v) tryptone, 1% (w/v) NaCl, 0.5% (w/v) Yeast Extract) or with 

additional 1.5% (w/v) agar (Oxoid) on a plate unless otherwise stated. Where 

required media was supplemented with antibiotic (Erythromycin 300 μg/ml, 

Chloramphenicol 35 μg/ml). 

 

Table 2. 1. Table of bacterial strains used in this study. Designated strain names 

used in the text are displayed in brackets. 

 

Bacterial strain Features Source 

Escherichia coli DH5α 80dlacZΔM1, recA1, endA1, 

gyrA96, thi-1, hsdR17, (rk-

mk+), supE44, relA1, deoR, 

Δ(lacYZA -argF) U169, phoA 

(Hanahan, 

1983) 

Listeria monocytogenes 

EGDe::InlAM 

Wildtype, serotype 1/2a. 

Murinised InlA protein. Used 

as background strain for all 

strains in this study 

(Wollert, 

Pasche, Rochon 

et al., 2007) 

Listeria monocytogenes 

EGDe::InlAm::ΔactA 

EGDe:InlAm with actA 

deletion 

Roberts 

(unpublished 

data) 
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Listeria monocytogenes 

EGDe::InlAm:: actA-ΔC  

 

EGDe::InlAm with partial 

deletion of actA gene (C-

terminal region) of EGDe, 

deletion of nucleotides 693-

1179. 

(Travier, 

Guadagnini, 

Gouin et al., 

2013), This 

study 

Listeria monocytogenes 

EGDe:: InlAm:: ΔinlB 

EGDe::InlAm with inlB 

deletion  

This study 

Listeria monocytogenes 

EGDe:: InlAm:: GFP  

(Lm-GFP) 

EGDe::InlAm with integrated 

pAD1-cGFP  

(Moran, 

Feltham, 

Bagnall et al., 

2022) 

Listeria monocytogenes 

EGDe:: InlAm dsRed 

(Lm-dDsRed) 

EGDe::InlAm with pJEBAN6  (Moran, 

Feltham, 

Bagnall et al., 

2022) 

Listeria monocytogenes 

EGDe:: InlAm:: PactA-GFP 

(Lm-PactA-GFP) 

EGDe::InlAm with integrated 

pAD3-PactA-GFP  

(Moran, 

Feltham, 

Bagnall et al., 

2022) 

Listeria monocytogenes 

EGDe:: InlAm::dsRed::PactA-

::GFP dsRed 

(Lm-dsRed-PactA-GFP) 

EGDe::InlAm with integrated 

pAD3-PactA-GFP and 

pJEBAN6 

(Moran, 

Feltham, 

Bagnall et al., 

2022) 

Listeria monocytogenes 

EGDe:: actA-ΔC ::dsRed  

(Lm-actA-ΔC-dsRed) 

EGDe::InlAm:: ΔactA-ΔC with 

pJEBAN6 

This study 

Listeria monocytogenes 

EGDe::actA-

ΔC::dsRed::PactA-GFP dsRed 

(Lm-actA-ΔC-dsRed-PactA-

GFP) 

EGDe::InlAm:: actA-ΔC 

integrated pAD3-PactA-GFP 

and pJEBAN6 

This study 
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Listeria monocytogenes 

EGDe::ΔsigB::dsRed::PactA-

GFP dsRed 

EGDe:: InlAm  with sigB 

deletion and integrated pAD3-

PactA-GFP and pJEBAN6 

Roberts 

(Unpublished 

data) 

Listeria monocytogenes 

EGDe::ΔinlB::GFP 

EGDe::InlAm ΔinlB with 

integrated pAD1-cGFP 

This study 

Listeria monocytogenes 
EGDe::ΔactA::PactA-GFP 

EGDe::InlAm ::ΔactA with 
integrated pAD3-PactA-GFP 

This study 

   
 

 
2.1.1 Preparation of bacterial inocula for infection assays 

Bacterial inocula were prepared by taking a single colony of the bacteria from a TSB 

agar plate and placing in TSB (with antibiotics for plasmid strains see Table 2.2) and 

culturing overnight at 37°C shaking at 200 rpm. 5 ml of this overnight culture was 

sub-cultured into 100 ml fresh TSB media in a glass conical flask (with antibiotics for 

plasmid strains – see Table 2.1) and incubated at 37°C. After three hours the OD600 

of the culture was measured by placing 1 ml into a cuvette and analysing the OD600 

in a spectrophotometer (Jenway). Readings were taken every 30 minutes until 

OD600 reached a value between 0.5-0.6. The culture was then centrifuged in a 

benchtop centrifuge (Eppendorf) at 3500 x g for 15 mins at room temperature. The 

supernatant was then removed and the pellet was resuspended in an equivalent 

volume of room temperature PBS (Sigma). The sample was centrifuged again at 

3500 x g for 15 mins at room temperature. This wash step was repeated until three 

washes were completed. After the third wash the pellet was resuspended in 2 ml of 

PBS with 15% (v/v) glycerol (Fisher). This solution was aliquoted into 70 μl aliquots 

and was snap frozen by placing into liquid nitrogen for a few seconds. The bacterial 

inocula were stored at -80°C in PBS with 15% (v/v) glycerol. The viable count for 

each inoculum batch was recorded by taking three of the frozen samples, serially 

diluting to a dilution factor of 1.0 x 10-8 and placing 20 μl of this sample onto a TSB 

agar plate. This was incubated overnight at 37°C and the average of the three 

samples was recorded as the CFU/ml for the batch of inocula for use in 

experiments. 
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2.2 Plasmids  

 

Table 2. 2. List of plasmids used in this study. Cm = Chloramphenicol, Erm = 
Erythromycin. 

Plasmid Features Antibiotic Source 

pAD1-cGFP Integrative plasmid with 

constitutive GFP expression 

Cm (Balestrino, 

Hamon, Dortet et 

al., 2010) 

pAD3-PactA-

GFP 

Integrative plasmid 

expressing GFP under 

control of PactA 

Cm (Balestrino, 

Hamon, Dortet et 

al., 2010) 

pJEBAN6 Plasmid expressing 

constitutive dsRedExpress 

Erm (Andersen, 

Roldgaard, Lindner 

et al., 2006) 

pAULA Cloning vector, pJDC9 

derivative, MCS inside lacZ, 

ori (Ts) 

Erm (Chakraborty, 

Leimeister-

Wachter, Domann 

et al., 1992) 

pAULA- ΔinlB pAULA vector containing 

300bp flanking each side of 

inlB 

Erm This study 

pAULA-actA-

ΔC 

pAULA vector containing 

300bp flanking each side of 

actA and actA gene with 

deletion of nucleotides 1324 

– 1824 

Erm This study 

 

The plasmids constructed for this study were designed in Snapgene. DNA strands 

were either synthesised externally by GeneArt (ThermoFisher) or obtained by PCR 

(Section 2.3). 
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2.3 DNA manipulation 

 

2.3.1 DNA Extraction 

 

Plasmid DNA was extracted from E. coli using the QIAprep Miniprep Kit (Qiagen) 

following the manufacturer’s instructions. 5 ml of an overnight culture of E. coli was 

centrifuged at 3500 x g for 10 mins at 4°C. The supernatant was removed and the 

pellet was resuspended in 500 μl of P1 (RNAase A containing) buffer. The solution 

was transferred to a 1.5 ml Eppendorf tube and 500 μl of buffer P2 (NaOH and SDS-

containing buffer, prewarmed to dissolve SDS) and the tube was inverted until the 

solution was clear and viscous. Neutralising buffer N3 was added and the tube was 

inverted 4-6 times and the tubes were centrifuged at 13000 x g for 10 mins in a 

benchtop centrifuge (Eppendorf). The supernatant was transferred to a provided 

spin column and this was centrifuged at 13000 x g for 1 min to bind the DNA to the 

column membrane. 750 μl of Ethanol-containing wash buffer was added to the 

column and this was centrifuged at 13000 x g for 1 min. This was step was repeated 

then the column was centrifuged a final time at 13000 x g for 1 min to remove all 

traces of wash buffer. 50 μl of pre-warmed (37°C) purified water (MilliQ) was added 

directly to the column membrane and left for up to 5 mins, the DNA was eluted by 

centrifuging the column at 13000 x g for 1 min. DNA quality and quantity was 

analysed using a Nanodrop spectrophotometer (ND-1000). 

 

 

 

 

 

2.3.2 Restriction endonuclease digestion  

 

All of the restriction enzymes and accompanying buffers were purchased from New 

England Biolabs and used according to the manufacturer’s instruction. Table 2.3 

lists the restriction enzymes that were used for specific DNA fragments to clone 
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into plasmid restriction sites. 1-2 μg of DNA fragment or plasmid to be digested was 

added to a 1.5 ml Eppendorf tube with 5 μl of 10x buffer, 1 μl of each restriction 

enzyme and the reaction was made up to 50 μl with water. Digestion was 

performed by placing the tubes in a 37°C water bath for 2 hours. 

 

2.3.3 Purification of restriction digests and PCR products 

 

Purification of restriction digests and PCR products was performed using the 

QIAQuick PCR Purification Kit (Qiagen) following the manufacturer’s instructions. 

Five volumes of PB binding buffer were added to one volume of PCR/Digest product 

and mixed briefly. This was transferred to a Mini-Elute column and this column was 

placed in a 2 ml collection tube and centrifuged for 1 min to bind DNA. Flow-

through was discarded and 750 μl of ethanol-containing PE buffer was added to the 

column to wash the sample and removed enzymes, buffers and nucleotides. The 

column was centrifuged at 13000 x g for 1 min, the flow-through was discarded and 

the column was centrifuged again to remove remaining traces of wash buffer. 50 μl 

of pre-warmed (37°C) purified water (MilliQ) was added directly to the column 

membrane and left for up to 5 mins, the DNA was eluted by centrifuging the 

column at 13000 x g for 1 min. DNA quality and quantity was analysed using a 

Nanodrop spectrophotometer (ND-1000). 

 

2.3.4 Agarose gel electrophoresis 

 

Agarose gels were prepared by adding 1% (w/v) agarose to TE buffer (0.5 M Tris, 

5.7% acetic acid (v/v), 10 mM EDTA adjusted to pH 8.0). This solution was heated 

until agarose was fully dissolved then left to set in a gel mould with a gel comb to 

set the required number of sample wells. Samples were mixed with 6x DNA loading 

dye (Thermofisher) and applied to the wells. The gel was electrophoresed in TE 

buffer containing 5 μg/ml of ethidium bromide. DNA fragments were then 

visualised using an ultraviolet transilluminator (GelDoc). 
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2.3.5 Gel purification of DNA fragments 

 

If DNA fragments were required to be separated by gel electrophoresis before 

purification then a QIAQuick Gel Extraction Kit (Qiagen) was used. The desired DNA 

fragment was cut from the gel under UV light using a razor blade. The gel fragment 

was placed into a 1.5 ml Eppendorf tube containing the manufacturer’s 

recommended amount of buffer QG depending on the gel fragment size. The tube 

was warmed in a 65°C water bath and vortexed every 2 mins until the gel had fully 

dissolved into the buffer. The solution was transferred to a column and centrifuged 

at 13000 x g for 1 min to bind the DNA to the column. 750 μl of ethanol-containing 

PE buffer was added to the column. 

 

2.3.6 Ligation  

 

Ligation of digested plasmid vector and desired digested and purified DNA 

fragment. Ligations were mixed at ratios of 1:3, 1:5 and 1:10 (Vector:Insert) and the 

concentrations were determined by Nanodrop spectrophotometer readings (ND-

1000). 1 μl of T4-ligase (400U) (New England Biolabs) and 1 μl of 10x ligation buffer 

(50mM Tris-HCl pH 7.5, 10mM MgCl2 1mM ATP, 10mM DTT) and the solution was 

made up to 10 μl total with purified water (MilliQ). The mixture was placed in a 

bath of room temperature water and transferred to a cold room to be incubated at 

4°C overnight. Ligation reaction was analysed by gel electrophoresis (see section 

2.3.4). 

 

 

 

2.3.7 Polymerase Chain Reaction 

 

PCR was performed in a thermal cycler (Techne) and each reaction was composed 

of 2 μl of 1 mM of both the required forward and reverse primer (Table 2.3), 5 μl of 

10 x PCR Buffer (Roche Molecular Biochemicals) 5 μl of 2.5mM dNTPs (Bioline), 0.3 
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μl of Taq polymerase, 1 μl of the proof-reading polymerase Pwo and 1 μl of the 

template DNA. The solution was made up to 50 μl with distilled water (MilliQ). The 

thermal cycler was set to run: 1 cycle of 94°C for 1 min for initial denaturation, 30 

cycles of: 94°C for 15 sec  to denature, TA °C for 30 sec to anneal (TA is the annealing 

temperature – the lowest melting temperature of the two primers minus 5°C) and 

72°C for 1 min+ to elongate (elongation step has a variable time limit depending on 

fragment size, 1 min was added for every kb of fragment length) and one final 

elongation step at 72 °C for 5 mins. All primers were synthesised and purchased 

from Sigma-Aldrich and are listed in Table 2.3 along with any details of restriction 

enzyme.  

 

Table 2. 3. Primer list for PCR reactions. Underlining indicates restriction enzyme 

digestion sites 

 

Primer Sequence (5’-3’) Enzyme Notes 

dInlB-F1 
 

ACAGGATCCAATACT

ACACCACCTTCC 

BamHI Forward primer for amplification of 

300bp 5’ of inlB for pAULA- ΔinlB 

dInlB-R1 TTAGCATGCACTATCC

TCTCCTTGATTC 

SphI Reverse primer for amplification of 

300bp 5’ of inlB for pAULA- ΔinlB 

dInlB-F2 TTAGCATGCCTGAAA

AAGACCTAAAAAAGA

AG 

SphI Forward primer for amplification of 

300bp 3’ of inlB for pAULA- ΔinlB 

dInlB-R2 AACGTCGACATAAGT

AAAAGTCCTCCG 

SalI Reverse primer for amplification of 

300bp 3’ of inlB for pAULA- ΔinlB 

V-actAC-

F 

CAGAAGAAGAAATTG

ATCGCCTAG 

- Primer flanking 5’ end of deleted 

region in actA-ΔC used to screen 

and validate mutant 

V-actA-C-

R 

AGAACACGCCAATAG

CTAAC 

- Primer flanking 3’ end of deleted 

region in actA-ΔC used to screen 

and validate mutant 
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2.3.8 DNA sequencing 

 

Any plasmids or synthesised fragments that were used for downstream applications 

were validated by Sanger sequencing, performed externally by Eurofins. Samples 

were prepared by adding 4 μM of primer, 150-300 ng of plasmid DNA and distilled 

water (MilliQ) to a 1.5 ml Eppendorf. Once the results were received the sequences 

were analysed by BLAST (Boratyn, Camacho, Cooper et al., 2013) to check the 

sequence against a reference strain or if the DNA was mutated or novel the 

sequence was checked in Snapgene.  

 

2.4 Strain constructions 

 

2.4.1 Plasmid construction 

 

Several plasmids were constructed for this study and a list of all plasmids is shown 

in Table 2.2. These plasmids were constructed by the DNA manipulation methods 

described in Section 2.3 whereby a fragment with compatible restriction 

endonucleases was either synthesised or generated through PCR, and this was 

ligated into a digested vector to form the new plasmid. Plasmids were used to 

generate new strains by first cloning into E. coli to produce a high number of 

plasmids and stable plasmid-producing strain for storage. These were then 

extracted, purified and transformed into L. monocytogenes. 

 

2.4.2 Preparation of chemically competent DH5α Escherichia coli 

 

Chemically competent E. coli were prepared by adding 2 ml of E. coli DH5α 

overnight culture into 200 ml LB media with 30 mM MgCl2 and growing at 37°C 

200rpm in a shaking incubator until mid-log phase. The culture was pelleted by 

centrifuging at 3500 x g 4°C for 15 min and resuspending in 60 ml of a solution of 10 

mM MgCl2, 50mM CaCl2 and 10 mM MES. The solution was incubated on ice for 20 
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min and then pelleted again for 5 min at 3500 x g 4°C and resuspended in 12 ml of 

the same solution mixed 50% (v/v) with glycerol. The bacteria were aliquoted into 

200 μl in 1.5 ml Eppendorf tubes, snap frozen in liquid nitrogen and stored at -80°C 

until required. The bacteria were gently thawed on ice when required.  

 

2.4.3 Transformations with competent DH5α E. coli 

 

Competent DH5α cells were retrieved from -80°C storage and placed on ice. 100 μl 

of DH5α was added to up to 100 ng of plasmid in a 1.5 ml Eppendorf tube. This 

mixture was left for ice for 30 mins then transferred to a 42°C water bath for 90 

seconds. It was then placed on ice for 2 mins and 750 μl of LB broth was added to 

each tube and incubated at 37°C 200 rpm for 45 mins. 200 μl of the solution was 

placed onto and LB agar plate (with antibiotic for plasmid selection see Table 2.2) 

and incubated overnight at 37°C. Successful colonies were transferred to a fresh 

agar plate and screened for presence of desired plasmid using colony PCR (see 

section 2.4.6). 

 

2.4.4 Preparation of electrocompetent L. monocytogenes cells 

 

A single colony from a streaked agar plate of L. monocytogenes EGDe::InlAm was 

added to 10 ml of TSB in a 50 ml conical tube (Falcon). The tube was incubated 

overnight at 37°C 200 rpm and 1 ml of this overnight culture was sub-cultured into 

100 ml of TSB supplemented with 0.5M sucrose. This was incubated at 37°C and 

200 rpm for 4 hours. 1 mg of penicillin G was then added to the culture and it was 

incubated at 37°C 200 rpm for a further 2 hours. The solution was centrifuged 

(Eppendorf) at 3000 x g for 2 mins at 4°C. The supernatant was removed and the 

pellet was resuspended in 50 ml of 0.5M sucrose with 1mM HEPES adjusted to pH 

7.5. The solution was centrifuged again at 3500 x g for 20 mins and this process was 

repeated until three wash steps had been completed. After the third wash the final 

pellet was resuspended in 300 μl of the sucrose/HEPES solution for use in 
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transformations. These bacteria were viable for transformations for up to a week 

when kept at 4°C. 

 

2.4.5 Transformations with electrocompetent L. monocytogenes 

TSB was pre-warmed to 37°C and electroporation cuvettes were cooled in plastic 

packaging on ice. 2 μg of plasmids to be transformed were added to the cuvettes 

and 50 μl of competent L. monocytogenes cells were added to the cuvettes. The 

cuvettes were then placed in the electroporator (BioRad Gene Pulser II) which was 

set to 2.5 kV, 25 μF and 200 Ω. Sample was pulsed, and if a successful time constant 

of 3-5 ms was achieved the sample was transferred to 1 ml of the pre-warmed TSB. 

Samples were incubated at 37°C for 1 hour. 250 μl were then plated onto TSB-

antibiotic (see Table 2.2) plates and grown overnight at 37°C. Colonies were patch 

plated onto TSB agar with appropriate antibiotic (Table 2.2). These were incubated 

at 37°C overnight.  

2.4.6 Colony PCR 

Colony PCR was performed using MyTaq Red Mix (Bioline). A single colony of the 

bacteria for desired screening was transferred by using a 2 μl pipette tip to a 

solution containing 25 μl of 2x MyTaq Red mix, 1 μl of 100 μM forward and reverse 

primers (final concentration of 20 μm) and 23 μl of distilled deionised water 

(MilliQ). The PCR cycling conditions were set to the manufacturer’s 

recommendations. 1 cycle of 95°C for 1 min for initial denaturation, 30 cycles of 

95°C for 15 sec to denature, primer specific annealing temperature for 15 sec to 

anneal and 72°C for 30 seconds for extension (increased for long template lengths), 

and 1 cycle of 72°C for 5 mins for a final extension. Colony PCR samples were 

checked on an agarose gel by electrophoresis (section 2.3.4) against a negative and 

positive control and positive samples were processed for plasmid extraction for a 

digestion and sequencing to confirm results. 
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2.4.7 Induced homologous recombination with pAULA  

For the knockout and partial knockout strains (see Table 2.1) additional steps were 

required after transformation to drive the plasmid onto the genome and screen for 

recombinant bacteria. Colonies identified with a positive colony PCR were 

transferred onto a fresh TSB agar plate with 5 μg/ml erythromycin. These were 

incubated overnight at 42°C. The colonies were then transferred again to a fresh 

TSB agar plate with 5 μg/ml erythromycin and incubated overnight at 42°C. A 

colony PCR was performed (section 2.4.6) to identify positive colonies. These were 

then transferred to TSB and cultured overnight at 30°C and 200 rpm in a shaking 

incubator. The colonies were sub-cultured into fresh TSB every day by taking 1 ml 

of the overnight culture and pipetting it into 10 ml of fresh TSB and incubating at 

30°C and 200 rpm in a shaking incubator. On day 6 each overnight culture was 

serially diluted in PBS to a dilution factor of 1.0 x 10-7. Dilution factors 10-5 to 10-7 

were transferred to TSA plates and quantified by spread plate method and 

incubated overnight at 42°C. The colonies from the lowest successful dilution factor 

were transferred to fresh TSB agar plates – one with 5 μg/ml antibiotic and one 

without. All colonies that grew on the control plate but were inhibited by the 

antibiotic on the erythromycin agar plate were screened with colony PCR to 

confirm the presence of the required gene. 

2.4.8 Construction of individual mutant strains 

All the strains constructed in this study were created using the methods described 

in Section 2.4. Mutant strains without fluorescent proteins, such Listeria 

monocytogenes EGDe::InlAm::ΔinlB, were constructed by PCR of the desired gene, 

insertion of the PCR product or synthesised strand of DNA into pAULA by restriction 

cloning, transformation into electrocompetent L. monocytogenes and induced 

homologous recombination. Strains with fluorescent proteins such as Listeria 

monocytogenes EGDe:: actA-ΔC dsRed (Lm-actA-ΔC-dsRed) were constructed by 

the same method, with an additional transformation of the fluorescent protein 
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plamid into the mutant background strain (See Table 2.2). All DNA strands for 

cloning were obtained by PCR except for actA-ΔC which was synthesised. 

2.5 Mammalian Cell Culture 

 

2.5.1 Culturing of HeLa Cells 

 

HeLa cells were grown in Dulbecco's modified eagle media (DMEM, Sigma) 

supplemented with 10% (v/v) fetal calf serum (FCS, Gibco) and 1% (v/v) non-

essential amino acids (Gibco) at 37°C 5% CO2 (v/v). Cells were maintained by sub-

cultivating at a ratio between 1:2 to 1:6 split 2-3 times a week depending on cell 

density. Passage number was maintained between passage 8-20. For use in 

infection assays the cells were counted using a 1:1 ratio of 4% (v/v) Sigma Trypan 

Blue:Cell Suspension on a haemocytometer and seeded at a density of 2.0 x 105 

cells in either a 1-compartment imaging dish or a 4-comparment imaging dish 

(Greiner Bio One) the day before invasion assay and incubated at 37°C 5% CO2 (v/v). 

 

2.5.2 Culturing of HeLa cells transfected with E2F1-Venus 

 

HeLa cells transfected with E2F1-Venus were obtained from Ankers et al. (2016), 

this cell line was constructed by transfection using a bacterial accessory 

chromosome (BAC), details of which can be found in their study. Transfected HeLa 

cells were cultured as described in 2.5.1 however the cell media was supplemented 

with 10 μg/ml of Geneticin (Gibco) during sub-cultivation.  
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2.5.3 Culturing of HUVEC cells 

 

HUVEC cells (Thermo Fisher) were recovered from cryopreservation at a density of 

2.5 x 103 viable cells / cm3. Viable cells were counted from the cryopreservation vial 

by mixing 10 μl of defrosted cells with 10 μl of trypan blue solution and counting 

under a microscope on a haemocytometer. The contents of the cryopreservation 

vial were diluted to a concentration of 1.25 x 104 cells/ml in Human Large Vessel 

Endothelial Cell Basal Medium (HLVEM, Thermo Fisher) supplemented with Large 

Vessel Endothelial Supplement (Thermo Fisher). 15 ml of this suspension was 

transferred to a 75 cm2 cell culture flask (Corning). The solution was swirled to 

distribute HUVEC cells evenly across the flask surface then incubated at 37°C and 

5% CO2 (v/v) for at least 24 hours. To subculture the HUVEC cells the culture 

medium was removed from the flask and replaced with 4 ml of Trypsin/EDTA 

solution (Thermo Fisher). The solution was spread over the surface of the flask then 

3 ml of Trypsin/EDTA solution was removed. The flask was incubated at 37°C for 2 

minutes. The cells were viewed under a microscope until rounded and the flask was 

gently tapped to loosen cells from flask surface. 3 ml of Trypsin Neutralizer Solution 

(Thermo Fisher) was added to the flask and the solution was transferred to a 15 ml 

conical tube (Corning). The tube was centrifuged (Eppendorf) at 180 x g for 7 mins. 

Supernatant was removed and the pellet was resuspended in 4 ml of HLVEM. Cells 

were mixed with a pipette to ensure homogenous resuspension and counted under 

a microscope using 1:1 trypan blue solution and a haemocytometer. The cells were 

diluted in the HLVEM and seeded in a fresh T75 flask (Corning) at a cell density of 

2.5 x 103 cells/cm2. These were incubated at 37°C 5% CO2 (v/v) and not disturbed 

for at least 24 hours. Once cell density reached 80% confluency the subculture 

procedure was repeated again. The cells were not used for more than 16 

population doublings after the initial recovery as per the providers 

recommendations. 
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2.5.4 Culturing of Caco-2 cells 

 

Cryopreserved Caco-2 cells were thawed by agitation in a 37°C water bath. The 

contents were transferred to a 15 ml tube (Corning) with 9 ml of DMEM culture 

medium. The tube was centrifuged at 125 x g for 5 mins and the supernatant was 

discarded. The cells were resuspended in 15 ml DMEM and transferred to a 75 cm2 

culture flask (Corning) and incubated at 37°C 5% CO2 (v/v). The media was 

refreshed every 2-3 days and sub-culturing was performed when cells reached 80% 

confluency. To subculture the cells culture medium was removed and discarded 

and the cell layer was washed with PBS. 3 ml of Trypsin-EDTA solution was added 

and the cells were incubated at 37°C for 2 mins. 8 ml of DMEM was added to 

neutralise Trypsin and cells were further removed from flask surface by gentle 

pipetting. Viable cell count was calculated by counting the cells under an inverted 

microscope in a 1:1 solution of Trypan Blue solution in a haemocytometer. The cells 

were diluted to a density of 1 x 104 cells / cm2 and transferred to a fresh 75 cm2 cell 

culture flask (Corning) and incubated at 37°C 5% CO2 (v/v) until required for 

experiments or ready for sub-culturing. 

 

2.6 Aggregation assay 

 

2.6.1 Preparation of Spent Media 

 

1 ml of host cells were seeded into an imaging dish in DMEM supplemented with 

FCS and L-glutamine at a cell density of 2.0 x 105 cells/ml and incubated overnight 

at 37°C 5% CO2 (v/v). The next day the DMEM was aspirated off the cells, they were 

washed with PBS and the media was replaced with serum-free DMEM (no FCS). The 

cells were incubated overnight at 37°C 5% (v/v) CO2. The next day this “spent 

media” was removed from the host cells and kept at 37°C until ready for use. 
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2.6.2 Aggregation assay 

 

1 ml of spent media was added to a 75 cm2 imaging dish and the bacterial inoculum 

was added to a final bacterial cell density of 1.0 x 107 CFU/ml. In some experiments 

a control was also performed, this was the same serum free media that hadn’t been 

incubated overnight on mammalian cells. The dish was sealed with parafilm and 

either incubated at 37°C 5% CO2 (v/v) in a cell culture incubator or incubated at 

37°C 5% CO2 (v/v) on the incubation unit of LSM 880 while imaged. A time series 

was taken every 15 seconds in an individual tile with brightfield, 488nm and 561nm 

lasers using the z-stack function taking 4 slices with 12.24 μM distance between the 

first and last slice. In non-fluorescent strains the 488 nm laser and brightfield was 

used for analysis. 

 

2.6.3 Denaturation of proteins in spent culture media.  

 

1 ml of spent media was placed in a 1.5 ml Eppendorf tube and heated to 100°C in a 

heat block (Grant) for 2 mins. After heating the boiled spent media was transferred 

to an imaging dish and an aggregation assay was performed (Section 2.6.2) to 

analyse changes in bacterial response compared to spent media alone. 

 

2.6.4 Protein fractionation by size on spent media 

 

Fractionation of spent media was performed using a Microcon Centrifugal 10k Filter 

Device. Column was inserted into a tube and 0.5 ml of spent media was added to 

the column taking care not to touch membrane with pipette tip (spin was repeated 

multiple times to produce larger volumes). The device was transferred to a table 

top centrifuge (Eppendorf) and centrifuged at 14,000 x g for 30 mins to elute flow-

through. A new 1.5 ml Eppendorf tube was placed over the top of the device and 

centrifuged at 1000 x g for 3 mins to retrieve concentrate. This process was 

repeated until enough concentrate and flow-through was isolated to perform the 

aggregation assay (Section 2.6.2). 
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2.6.5 GFP expression analysis 

 

For analysing GFP expression in single cells by microscopy, the aggregation assay 

was performed as described in 2.6.2 and the images were analysed in FIJI 

(Schindelin, Arganda-Carreras, Frise et al., 2012). Endpoint images at 2 hours were 

analysed by using the freehand draw tool in FIJI to mark regions of interest 

pertaining to individual bacteria for both the spent media sample and the fresh 

media sample. These were then analysed in the GFP channel by using the mean 

Intensity function to determine GFP expression. 

 

2.6.6 RNA extraction 

 

RNA extraction was performed using Purelink RNA Extraction Kit (Invitrogen) and 

Lysing Matrix E tubes (MP Biomedicals. Fresh lysozyme solution (10 mM Tris-HCl, 

0.1 mM EDTA, 10 mg/ml lysozyme), 10% SDS (v/v) in RNAse-free water and lysis 

buffer (supplemented with 10 μl of 2-mercaptoethanol per 1 ml of buffer) were 

prepared before extraction. Bacterial cells were pelleted by centrifuging at 13000 x 

g for 3 mins and the supernatant was discarded. 100 μl of lysozyme solution was 

added and the pellet was resuspended by vortex. 0.5 μl of 10% (v/v) SDS solution 

was added and mixed via vortex. 350 μl of lysis buffer was added and mixed by 

vortex. The lysate was transferred to a Lysing Matrix E tube and homogenised in a 

rotor stator homogeniser (FastPrep FP120) at 6.5 speed setting for 45 seconds. The 

tube was centrifuged at 2600 x g for 5 mins and the supernatant was transferred to 

a RNAse-free microcentrifuge tube. 250 μl of 100% (v/v) ethanol was added to the 

tube and mixed by vortex to remove precipitate. The sample was transferred to a 

kit spin cartridge and centrifuged at 12000 x g for 15 seconds to bind RNA to 

column. Flow-through was discarded and 700 μl of Wash Buffer 1 (was added to the 

column. The column was centrifuged at 12000 x g for 15 sec and both the flow 

through and collection tube were discarded. The column was placed in a new 

collection tube and 500 μl of Wash Buffer 2 was added to the column. This was 

centrifuged at 12000 x g for 15 sec, and flow-through was discarded. The wash step 
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with Wash Buffer 2 was repeated and after flow-through was discarded again the 

column was centrifuged at 12000 x g to remove any residual wash buffer. The 

collection tube was discarded and the column was transferred to a recovery tube 

(RNAse free 1.5ml tube provided by kit) and 50 μl of RNAse free water was carefully 

added directly to the column membrane. This was incubated for 1 min at room 

temperature to elute RNA and then centrifuged at 12000 x g for 2 mins. All 

downstream work with RNA after this point was performed on ice to help preserve 

samples. RNA quantity was analysed by placing 1 μl of sample into a Nanodrop 

spectrophotometer (ND-1000). Super RNAse Inhibitor (Invitrogen) was added to the 

samples at a concentration of 1U/μl to inhibit any potential RNAse activity. 

 

2.6.7 Removing genomic DNA from RNA samples 

 

Genomic DNA (gDNA) was removed using TURBO DNAse kit. 0.1 volume of 10x 

TURBO DNAse buffer and 1 μl of TURBO DNAse was added the RNA samples and 

gently mixed. The samples were incubated in a 37°C water bath for 30 mins. The 

solution was mixed by vortex and 2 μl of DNAse inactivation reagent was added. 

The sample was incubated for 5 mins at room temperature and flicked 2-3 times 

during incubation to keep inactivation reagent suspended throughout the mixture. 

Sample was centrifuged at 10,000 x g for 90 sec and the supernatant was 

transferred to a fresh RNAse free collection tube. Samples were frozen at  -80°C 

until ready for sequencing. 

 

2.6.8 Quality Control of RNA samples  

 

A small aliquot of each sample was taken before storage at -80°C for analysis of 

RNA integrity, concentration and presence of gDNA using an Agilent Tapestation 

System. 5 μl of the gel supplied loading dye (Agilent) was added to 1 μl of RNA 

sample in a 0.2 ml PCR tube. This was briefly centrifuged and the samples were 

heated at 72°C for 3 mins then placed on ice for 3 mins. Once cooled they were 

briefly vortexed and centrifuged to remove condensation from tube lids. The 



 72 

samples were transferred to the Agilent TapeStation System and analysed using the 

‘Prokaryotic RNA’ and ‘No Ladder’ user setting. RIN values and gels were shared 

with the sequencing facility to ensure samples were high enough quality for RNA-

Seq. 

 

2.6.9 RNA-Seq 

 

RNASeq was performed by the Genomic Technology Core Facility. A ribosomal 

depletion kit (Illumina) was used to deplete ribosomal RNA from the provided 

samples as per manufacturer’s instructions. An RNA sample prep kit (Illumina 

Stranded Total RNA Prep) was used to fragment and denature RNA, synthesise first 

and second strands, adenylate 3’ prime ends, ligate anchors, clean up fragments 

and amplify and clean up the library.  Additional probes to efficiently deplete the 

rRNA from L. monocytogenes. were added during the probe hybridization step on 

recommendation from in silico analysis performed by Illumina.  Libraries were 

added to an eqimolar pool which was quantified by qPCR (KAPA). The pool was 

then denatured and loaded onto one lane of an SP NovaSeq 6000 flowcell using the 

XP workflow, at 200pM with 1% (v/v) PhiX spiked in. The NovaSeq 6000 was run in 

XP mode with (sequencing lengths: Read 1: 59bp, i7 index: 10bp, i5 index: 10bp, 

Read 2: 59bp). 

 

2.6.10 Analysis of RNA-Seq results 

 

Unmapped paired-end sequences from an Illumina HiSeq4000 sequencer were 

tested by FastQC. Sequence adapters were removed, and reads were quality 

trimmed using Trimmomatic_0.39 (Bolger, Lohse and Usadel, 2014). The reads were 

mapped against the reference Listeria monocytogenes EGDe Genome and 

annotation. Counts per gene were calculated using featureCounts (subread_2.0.0) 

(Liao, Smyth and Shi, 2014). Normalisation, Principal Components Analysis, and 

differential expression was calculated with DESeq2_1.36.0 (Love, Huber and 

Anders, 2014). 
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2.7 Internalisation assay 

 

2.7.1 Internalisation of bacteria by host cells 

 

HeLa cells were cultured in an imaging dish to a density of 2.0 x 105 cells and 

incubated overnight as described in section 2.5.1. Bacterial inocula (section 2.1.1) 

of the constitutively dsRed expressing L. monocytogenes in both the wildtype (Lm-

dsRed) and actA-ΔC mutant (Lm-actA-ΔC-dsRed) were defrosted on ice and then 

added to 3 ml of cell media with no FCS at 1.0 x 107 CFU/ml. Cell media was 

aspirated off of the host cells in the imaging dish, they were washed with PBS and 1 

ml of the media containing bacteria was added to the imaging dish. This was 

incubated at 37°C 5% CO2 (v/v) for 2 hours. 

 

2.7.2 Fixing and Staining  

 

DMEM was removed from the imaging dish and the cells were washed twice with 

PBS. 1 ml of 4% (v/v) paraformaldehyde suspended in PBS was added and the 

dishes were incubated at room temperature for 20 mins. The PFA was removed and 

the cells were washed 3x in PBS. The cells were incubated with blocking buffer (1% 

(v/v)  BSA, 22.52 mg/ml glycine, 0.1% (v/v) tween-20) for 30 mins and washed with 

PBS three times to remove residual buffer. 300 μl of diluted (1:500 from supplier 

stock - 8 μg/ml) rabbit anti-Listeria antibody (Abcam, ab35132) and incubated at 

room temperature for 20 mins. They were washed 3x in PBS and then secondary 

antibody donkey anti-rabbit IgG Brilliant Violet 421 (Biolegend) was added and 

incubated at room temperature for 20 mins and then washed 3x in PBS. 

 

2.7.3 Imaging 

 

Images were taken with a Zeiss 880 confocal microscope with 40x objective (1.4 

NA) immersion oil lens. Images were taken using the Zen Black software. For 

excitiation of dsRed a wavelength of 561 nm at 1% strength was used and for 
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Brilliant violet 421 a wavelength of 405nm at 0.2% was used. Z-stack images were 

taken with 5 slices and a distance of 12.24 μm between the first and last slices. 

 

2.7.4 Analysis of fixed images 

 

Images were analysed by loading into FIJI and counting the number of bacteria in 

each aggregate. Internalised bacteria were recorded as those that were excited by 

the 561 nm laser for dsRed but were not excited by the 405 nm laser settings – 

representing that they had been internalised and could not be stained with the 

anti-Listeria antibody. The number of internalised bacteria and the size of 

internalised aggregates was recorded. Additionally, the size of each external 

aggregate, total number of aggregates and total number of host cells were 

recorded. The number of associated bacteria per cell was calculated by taking the 

total number of associated bacteria and dividing the total number of host cells. 

Probability of invasion was calculated by dividing the number of invading bacteria 

by the total number of imaged bacteria. Aggregate size probability was calculated 

by calculating the number of aggregates of a given size by the total number of 

objects (an object being defined as an aggregate of bacteria). 

 

2.8 Infection Assay 

 

2.8.1 Infection Assay in HeLa cells 

HeLa cells were seeded from a cultured flask into an imaging dish to a density of 2.0 

x 105 and incubated overnight. Bacterial inocula were defrosted on ice and then 

added to 3 ml of cell media with no FCS at 1.0 x 107 CFU/ml. The imaging dish was 

loaded onto a Zeiss 880 confocal microscope with an incubation unit set to 37°C 

and 5% CO2 (v/v). Images were taken using a 40x objective (1.4NA) oil immersion 

lens. For GFP excitation the 488 nm laser (3% strength) was used, and for dsRed the 

561 nm (0.5% strength). A 9-tile scan of the HeLa cells before the addition of 

bacteria was taken using the Z-stack function taking 4 slices across 12.24 μm 



 75 

between the first and last slice. The media was pipetted off the HeLa cells, they 

were washed with 2 ml PBS and then 1 ml of bacteria in media was added to give a 

multiplicity of infection (MOI) of 20 based on the CFU/ml of the inocula and the 

density of the HeLa cells. 

A time series was taken every 15 seconds in an individual tile with brightfield, 

488nm and 561nm lasers using the z-stack function taking 4 slices with 12.24 μM 

distance between the first and last slice. After 2 hours, the media was pipetted off, 

the cells were washed 3 times with PBS and 2 ml of DMEM containing 10 μg/ml of 

gentamicin was added to the dish. A time series 9-tile scan was taken imaging every 

3 minutes with the same imaging settings described for the first 2 hours.  

2.8.2 Infection Assay with HUVEC cells 

HUVEC cells were seeded from a cultured flask into an imaging dish to a density of 

2.0 x 105 and incubated at 37°C 5% CO2 (v/v) overnight. Bacterial inocula were 

defrosted on ice then added to 3 ml of Human Large Vessel Endothelial Cell Basal 

Medium at a bacterial cell density of 2.5 x 106 CFU/ml. The imaging dish was 

transferred to a Zeiss 880 confocal microscope with an incubation unit set to 37°C 

and 5% CO2 (v/v). Images were taken using a 40x objective (1.4NA) oil immersion 

lens. The cells were washed gently with cell media then 1 ml of bacteria in cell 

media (Lm-dsRed-PactA-GFP, Lm-actA-ΔC-dsRed-PactA-GFP) was added to the host 

cells at a MOI of 5. A time series was taken every 15 seconds in an individual tile 

with brightfield, 488nm and 561nm lasers using the z-stack function taking 4 slices 

with 12.24 μM distance between the first and last slice. After 2 hours, the media 

was pipetted off, the cells were washed 3 times with Human Large Vessel 

Endothelial Cell Basal Medium and 2 ml of Human Large Vessel Endothelial Cell 

Basal Medium containing 10 μg/ml of gentamicin was added to the dish. A time 

series 9-tile scan was taken imaging every 3 minutes with the same settings as 

described for the first 2 hours.  
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2.8.3 Infection Assay Data Analysis 

 

The Z-stack images for the infection assays were analysed in ZEN Black. A maximum 

intensity projection was generated from the Z-stacks to produce a single plane 

image. This image was then manually analysed to look for individual events that 

lead to replicative invasions. Replicating bacteria were identified by tracking 

individual cells over time, once a replicative invasion had been identified it was 

tracked through the time points to identify individual invasion events. Infection 

assay success was analysed by calculating the number of successful replicative 

invasions and recording it as a proportion of the total number of host cells present 

in the image at the first time point. 

 

Representative images of invasions were generated by using the crop function and 

exporting the image as .tif file using the export function in ZEN. 

 

2.8.4 Gentamicin Protection Assay in HeLa cells 

 

Cultured HeLa cells were seeded at a density of 2.0 x 105 in a 6 well plate and 

incubated overnight at 37°C 5% CO2 (v/v). Subsequently the DMEM was aspirated 

off the cells and the cells were washed in PBS. PBS was aspirated off and serum-

free DMEM containing 1.0 x 107 CFU/ml L. monocytogenes was added to the 6 well 

plates to give a MOI of 20 (this was changed as a variable in MOI experiments). The 

plates were incubated for 2 hours at 37°C 5% CO2 (v/v). The serum-free DMEM was 

then aspirated from the wells and the wells were washed in 2 ml of PBS twice and 

then 2 ml of serum-free DMEM supplemented was added to all the wells except the 

wells being analysed for the first time point which were processed immediately. 

Remaining plates were then incubated until the required time point. Bacterial cells 

were retrieved and enumerated by aspirating the serum-free DMEM from the 

wells, washing the wells in 1 ml of PBS three times and then adding 1 ml of PBS with 

0.5% (v/v) triton to lyse the host cells for 2 mins. This solution was then mixed with 

pipette in the well and transferred to a 1.5 ml Eppendorf. A serial dilution up to a 
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dilution factor of 10-5 was performed in PBS and 20 μl of all the dilutions was 

transferred in triplicate to a TSB agar plate. Plates were left to dry on the bench and 

then transferred to an incubator and incubated overnight at 37°C. Colonies were 

counted and multiplied by the dilution factor to retrieve the CFU/ml for each well. 

 

2.8.5 Co-infection Assay with HeLa cells 

HeLa cells were seeded from a cultured flask into an imaging dish to a density of 2.0 

x 105 and incubated overnight. The strains used in the co-infection assay were Lm-

GFP and Lm-actA-ΔC-dsRed (Table 2.1). Both strains used in the co-infection assay 

were defrosted on ice from inocula and then added to 3 ml of cell media with no 

FCS at 5.0 x 106 CFU/ml – making a total bacteria density of 1.0 x 107 CFU/ml. The 

imaging dish was transferred to a Zeiss 880 confocal microscope with an incubation 

unit set to 37°C and 5% CO2 (v/v). Images were taken using a 40x objective (1.4NA) 

oil immersion lens. For GFP excitation the 488nm laser (1.5% strength) was used, 

and for dsRed the 561nm (0.5% strength). A 9-tile scan of the HeLa cells before the 

addition of bacteria was taken using the Z-stack function taking 4 slices across 12.24 

μm between the first and last slice. The media was pipetted off the HeLa cells, they 

were washed with 2 ml PBS and then 1 ml of bacteria in media was added to give a 

multiplicity of infection (MOI) of 20 based on the CFU/ml of the inocula and the 

density of the HeLa cells. 

A time series was taken every 15 seconds in an individual tile with brightfield, 

488nm and 561nm lasers using the z-stack function taking 4 slices with 12.24 μM 

distance between the first and last slice. After 2 hours, the media was pipetted off, 

the cells were washed 3 times with PBS and 2 ml of DMEM containing 10 μg/ml of 

gentamicin was added to the dish. A time series 9-tile scan was taken imaging every 

3 minutes with the same settings as described for the first 2 hours. 
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2.8.6 Competition Assay Data Analysis 

 

The Z-stack images for the infection assays were analysed in ZEN Black. A maximum 

intensity projection was generated from the Z-stacks to produce a single plane 

image. This image was then manually analysed to look for individual events that 

lead to replicative invasions. Replicating bacteria were identified by tracking 

individual cells over time, once a replicative invasion had been identified it was 

tracked through the time points to identify individual invasion events. The 

proportion of successful replicative invasions was analysed separately for each 

strain by calculating the number of successful replicative invasions and recording it 

as a proportion of the total number of host cells present in the image at the first 

time point. These were directly compared between mutants 

 

Representative images of invasions were generated by using the crop function and 

exporting the image as .tif file using the export function in ZEN. 

 

2.9 MET Depletion 

 

2.9.1 MET staining on HeLa cells 

 

HeLa cells were cultured in an imaging dish to a density of 2.0 x 105 and incubated 

overnight. DMEM was removed from the imaging dish and the cells were washed 

twice with PBS. 1 ml of 4% paraformaldehyde (v/v) suspended in PBS was added 

and the dishes were incubated at room temperature for 20 mins. The PFA was 

removed and the cells were washed 3x in PBS. The cells were incubated with 

blocking buffer (1% (w/v) BSA, 22.52 mg/ml glycine, 0.1% (v/v) tween-20) for 30 

mins and washed with PBS three times to remove residual buffer. 5 μg/ml of 

primary goat Anti-MET antibody (Abcam) suspended in blocking buffer was added 

to the dish and left for 1 min. The cells were washed 3x with PBS by adding the PBS 

and leaving it for 20 mins before removing and changing the PBS. After the washes 

the secondary antibody 10 μg/ml Alexafluor 488 anti-Goat (Abcam) was added and 
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incubated at room temperature for 30 mins. The cells were washed 3x with PBS for 

20 mins per wash. DAPI Vectashield was added to the dish to preserve fluorescence 

and to stain cell nuclei with DAPI. The cells were imaged using a Zeiss 880 confocal 

microscope and a 40x objective (1.4NA) oil immersion lens. 488nm laser at 2% 

strength was used for excitation settings and background signal was removed by 

calibrating against a negative control with no staining. 

  

2.9.2 MET depletion of HeLa cells 

 

To deplete the cell surface of MET, 2 μg/ml of primary antibody was added to 

serum free DMEM and this was incubated on the cells for 1 hour at 37°C 5% CO2 

(v/v). Treating the cells with this antibody was previously shown to deplete the 

levels of Met on the cell surface, as Met is activated and internalised after exposure 

to the antibody (Li, Dick, Lu et al., 2019). The cells were then washed with serum-

free DMEM and incubated for 2 hours in serum-free DMEM.  

 

2.9.3 Infection assay on MET depleted HeLa cells 

 

After MET depletion Lm-dsRed was added to the host cells at a MOI of 20 in serum 

free media and incubated for 2 hours at 37°C 5% CO2 (v/v). Fixing of the cells and 

bacteria and imaging occurred as described in section 2.9.1, bacteria were also 

imaged in these settings using  

 

2.9.4 Analysis of MET depleted infections 

 

Analysis of depleted MET cells was done using FIJI to measure aggregate size and 

the average number of bacteria per cell. Aggregate size was analysed by using the 

Freehand tool to draw around the aggregates of bacteria identified by dsRed signal. 

They were analysed using the Measure function to calculate the average GFP signal 

across each identified object. Individual bacteria were also counted and divided by 

the total number of cells identified by DAPI stain.  
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2.10 Data analysis and presentation 

 

2.10.1 Graphs and figures 

 

Numerical data was tabulated into Graphpad Prism 9 software and graphs were 

generated using this software. Imaging data and representative images were 

annotated in Zen Black software and exported as .tif files. They were assembled 

into panels in Microsoft Powerpoint. Schematic figures were designed using 

BioRender. 

 

2.10.2 Statistical analyses 

Statistical analysis was performed using GraphPad Prism 9 software. Data was 

tested for normal distribution. Two-sample comparison was conducted using paired 

t-test for data that was normally distributed and non-parametric Mann Whitney 

test for data that was not normally distributed and. Multiple sample comparisons 

were analysed using ANOVA for normally distributed data and Kruskal-Wallis 

ANOVA for data that was not normally distributed. 
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3. Using live cell imaging to study Listeria 

monocytogenes infection 
 
3.1 Introduction 

The ability to follow host pathogen interactions via live cell confocal microscopy 

may provide new insights into understanding the kinetics of bacterial invasion, 

replication and spread, allowing real-time visualisation of L. monocytogenes 

interactions with host cells. These interactions should be clearly and accurately 

imaged and tracked over long periods of time to monitor infection outcomes. To 

achieve this, the experimental model must spatially separate individual interactions 

between host cells and bacteria in the field of view with enough of these events 

visible to provide an informative data set. Specifically, L. monocytogenes must be 

clearly visible and trackable both inside and outside of host cells, and bacteria that 

have established an intracellular invasion and begun replication must be 

identifiable.  

3.2 Development of an experimental model for imaging L. 

monocytogenes infection  

 
3.2.1 Establishing a host cell model for L. monocytogenes infection 

HeLa cells are the most characterised cell line in terms of host response to L. 

monocytogenes infection. They were compared to another widely used cell line, 

Caco-2 (Francis and Thomas, 1996). Using these cell lines as an in-vitro model has 

advantages and disadvantages. Immortalised cell lines are not an accurate 

physiological representation of the environment L. monocytogenes encounters in 

the human body. However, they are able to be cultured in imaging dishes, survive 

long periods of time in imaging conditions and can be cultured quickly. There is a 

large body of widely-cited literature using both cell lines with L. monocytogenes.  
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HeLa cells and Caco-2 cells were infected with L. monocytogenes that constitutively 

expresses dsRed in addition to GFP tagged to the PrfA-regulated PactA promoter 

(Lm-dsRed-PactA-GFP), this strain allows tracking of an invidual bacterium’s fate 

inside of host cells (Moran, Feltham, Bagnall et al., 2022). This bacterial strain was 

chosen as the constitutive red fluorescent protein allows the bacteria to be tracked 

by imaging at all times, and the chromosomally integrated PactA-GFP acts as a 

marker for the upregulation of PrfA-regulated virulence genes (PactA contains a 

PrfA box). Individual Caco-2 cells were not distinct from each other, were more 

heterogenous in shape than HeLa cells and formed structures that were difficult to 

image (Figure 3.1). For these reasons, HeLa cells were chosen as the host cell model 

in this study. 

 

 

Figure 3. 1. Testing the suitability of Caco-2 cells and HeLa cells for imaging 

infection. Representative images of 3 biological replicates of Lm-dsRed-PactA-GFP 

infection of Caco-2 (left) and HeLa (right) cells. Lm-dsRed-PactA-GFP were infected 

with Lm-dsRed-PactA-GFP at MOI=20 and incubated for 2 hours, then gentamicin 

was added and the cells were imaged for a further 12 hours. Caco-2 cells points of 

interest are labelled: (1) formation of large difficult to image structures (2) 

heterogenous cell morphologies (3) individual cells were difficult to distinguish 

using brightfield. Scale bar 10 μm. 
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3.2.3 Optimising multiplicity of infection for imaging experiments 

The multiplicity of infection (MOI) is a key variable in infection assays as it will affect 

the number of interactions between bacteria and host cells and affect the overall 

outcome of the infection. The aim of this study is to follow individual host-pathogen 

interactions over time and observe enough replicative outcomes, an interaction 

whereby L. monocytogenes successfully invades a host cell and replicates inside the 

host cell. This will allow a mechanistic understanding of the regulation of 

probabilistic infection outcomes. This requires spatially separated events for the 

purpose of understanding the relationship between an interaction and the infection 

outcome at the single cell level. Therefore, the imaging assay requires accurate 

optimisation, as if too high number of bacteria are present individual invasions 

cannot be reliably resolved or there may be additional cytotoxic effect from the 

presence of bacteria. If too few bacteria are present too few invasion events will be 

observed in the field of view of the microscope. A gentamicin protection assay 

(Section 2.8.4) was used to analyse the effect of MOI on HeLa cell invasion (Figure 

3.2). At 3 hours after the addition of gentamicin there were 3.53 x 104 (±3.62 x 103) 

CFU/ml at MOI=20 which was at least 3-fold higher than all other MOIs. Similarly, at 

8 hours MOI=20 had a CFU/ml of 1.34 x 105 (±3.1 x 104), at least 6.5-fold higher than 

all other conditions. Additionally, there was a deleterious effect of using a high 

MOI=100 as at sampled time points after the addition of gentamicin it showed the 

lowest CFU/ml of all conditions (Figure 3.2A). HeLa cells were then infected with 

Lm-dsRed-PactA-GFP at MOI=20 and imaged for 8 hours, and this showed that at 

MOI=20 multiple events where L. monocytogenes invades host cells and establishes 

a replicative invasion are visible over 9 imaged tiles, and these events are spatially 

distinct and interactions can be individually analysed (Figure 3.2B). 
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Figure 3. 2. Optimisation of MOI for use in imaging experiments. A) Gentamicin 

protection assay where HeLa cells were infected with different MOIs of wildtype L. 

monocytogenes for 2 hours. First data point is taken immediately before addition of 

gentamicin and X-axis shows time after addition of gentamicin. Data points show 

the average of 3 replicates with error bars representing the standard deviation. B) 

Representative images from 3 biological replicates of HeLa cells infected with Lm-

dsRed-PactA-GFP at MOI=20 for 2 hours. Gentamicin was added after 2 hours and 

the cells were imaged for 8 hours. The images show the cells after 8 hours in 3 

different locations. White arrows show individual replicative invasion events. Scale 

bar 20 μm. 
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3.2.4 Live cell imaging, the optimised infection assay  

 A successful model for imaging cell imaging was devised where HeLa cells seeded 

at 5.0 x 105 are infected with Lm-dsRed-PactA-GFP at MOI=20. The dsRed reporter 

allows bacteria to be tracked extracellularly to image their initial interactions with 

host cells. Gentamicin then is used to kill extracellular bacteria and bacteria that 

have successfully invaded host cells will go on to establish successful infections. 

These can be tracked via the expression of the PactA-GFP reporter which is 

upregulated in the host cytosol (Figure 3.3A). This optimised assay allows tracking 

of individual bacteria, host cells and interaction events. The conditions also spatially 

separate individual infections and allow continuous tracking over long periods of 

time (Figure 3.3B). 
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Figure 3. 3. Optimised infection model for studying L. monocytogenes infection in 

live cell imaging experiments. A) Schematic diagram of the infection assay. HeLa 

cells are infected with Lm-dsRed-PactA-GFP at MOI=20, incubated for 2 hours and 

then washed. Gentamicin is added to kill extracellular bacteria and remains in the 

media for the duration of the experiment. Intracellular bacteria express GFP from 

the PactA-GFP (promoter (green bacteria) and replicative invasions can be tracked 

over time. B) Representative confocal microscopy images of infection of HeLa cells 

at MOI=20 with the Lm-dsRed-PactA-GFP. The top panel shows the first 1.5 hours of 

infection before the addition of gentamicin and the bottom panel shows a replicative 

invasion event after gentamicin addition for up to 6 hours of the 8 hours imaged after 

infection. Images on the left show the individual fluorescent channels at 5 hours and 

the final image merged with the brightfield channel. Scale bar 10 μm.  
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3.3 Analysing infection strategies of L. monocytogenes  

A triplicate of HeLa cell invasion assays were performed using the optimised 

conditions. The experiments identified 3 key observations that may be important 

for L. monocytogenes infection of host cells, which subsequently are investigated in 

detail in this work.  

3.3.1 Replicative host cell invasion is a rare event   

The number of invasion events was quantified by tracking replicative invasions over 

time. Replicative invasions were identified by L. monocytogenes PactA-GFP 

expression and intracellular replication. While all HeLa cells interacted with multiple 

bacteria over the course of the experiment, only 9.1% (±1.2%) of host cells were 

permissive to replicative invasions by L. monocytogenes (Figure 3.4A). This 

observation is even more striking when considering the bacterial population. The 

probability that an individual bacterium can successfully establish a replicative 

invasion in a host cell is extremely low, with only 0.4% (±0.05%) of the bacterial 

population able to do so (Figure 3.4B). This demonstrates that replicative invasions 

are a rare event. 
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Figure 3. 4. The two infection outcomes of L. monocytogenes infection in HeLa 

cells. A) Proportion of HeLa cells that hosted replicative invasions by Lm-dsRed-

PactA-GFP after 2 hours infection at MOI=20. Bar represents the mean, error bars 

represent standard deviation and circles represent values of 3 individual replicates. 

B) Proportion of Lm-dsRed-PactA-GFP that were able to establish successful 

replicate invasions in HeLa cells after 2 hours infection at MOI=20 over 3 biological 

replicates. Bar represents the mean, error bars represent standard deviation and 

circles represent values of individual replicates  

 

3.3.2 L. monocytogenes uses aggregation to interact with host cell 

surface 

During the first 2 hours of the infection experiments, bacteria tend to form distinct 

cluster or aggregates which were localised on the membranes of the host cells. 

Notably, the aggregation was associated with upregulation of PactA-GFP expression 

(Figure 3.5) (Supplementary Video 1 – Section 9.1). Interestingly, ActA secondary 

function in driving bacterial aggregation which aids biofilm formation and intestinal 

colonisation has been previously described (Travier and Lecuit, 2014). The 

upregulation of actA expression outside of the host has not been reported before. 

actA expression is tightly regulated and has an asymmetrical PrfA box due to 2 

nucleotide mismatches – lowering its binding affinity for PrfA (Williams, 

Thayyullathil and Freitag, 2000). Expression of actA outside of the host within 90 
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mins of exposure may therefore indicate PrfA regulation, whereas ActA 

upregulation is not thought to occur until the bacteria is in the cytosol and exposed 

to host glutathione (Freitag, Port and Miner, 2009). 

 

 

Figure 3. 5. Formation of L. monocytogenes aggregates. Representative confocal 

microscopy images of 3 biological replicates of HeLa cells infected with Lm-dsRed-

PactA-GFP MOI=20 for 2 hours. Images show the formation of bacterial aggregates 

and upregulation of actA expression as shown by increased GFP expression. Scale 

bar 5 μm.  

 

Formation of aggregates on the membrane of host cells, and the concurrent 

upregulation of actA (and subsequently the upregulation of other PrfA-regulated 

virulence genes) may represent a novel strategy utilised by L. monocytogenes. It 

was observed that more than one bacterium from a single aggregate can enter a 

host cell simultaneously, which presumably increases the probability of intracellular 

invasion (Figure 3.6) (see also Supplementary Video 2 – Section 9.1).  This provides 

further context for actA expression and ActA-mediated aggregation observed 

outside of the intracellular environment. 
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Figure 3. 6. Multiple bacteria may successfully invade the host cell from a single 

aggregate. Representative confocal microscopy images of 3 biological replicates of 

HeLa cells infected with Lm-dsRed-PactA-GFP MOI=20 for 2 hours. Images show an 

aggregate of 4 bacteria invading a HeLa cell and establishing a successful replicative 

invasion. Scale bar 10 μm 

 

3.3.3 L. monocytogenes invasion is dependent on the host cell cycle  

A third observation noted during the preliminary analyses of the invasion assays 

was that many L. monocytogenes replicative infection events were followed by host 

cell division. L. monocytogenes successfully establishes a replicative infection in a 

HeLa cell – which then divides resulting in infected daughter cell (Figure 3.7A). 

32.9% (±7.3%) of host cells harbouring a replicative invasion underwent cell division 

during the time course of the experiment. When the population of dividing cells 
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were analysed by measuring the time from the first intracellular replication of L. 

monocytogenes to the time of host cell mitosis they showed a striking distribution. 

48.8% of host cells were found to divide within 2 hours of L. monocytogenes 

intracellular replication and 77.7% within 4 hours (Figure 3.7B). A HeLa cells cycle 

lasts 19.9 hours, M phase lasts 0.8 hours, the G1 phase lasts 9.2 hours, the S phase 

lasts 5.5 hours and the G2 phase lasts 4.4 hours (Ankers, Awais, Jones et al., 2016). 

This therefore suggests that L. monocytogenes preferentially established replicative 

invasions in host cells that are in the G2 phase of the cell cycle. 

Interestingly, this type of behaviour has been reported in epithelial (Caco-2) and 

placental (Jeg-3) cells, whereby L. monocytogenes preferentially infects cells that 

were in the G2/M phase and secretes virulence factors to interfere with the host 

cell cycle (Costa, Pinheiro, Reis et al., 2020). This has relevance outside of 

immortalised cell lines as although primary cells have a finite or limited proliferative 

lifespan they also undergo the cell cycle and may also have transient susceptibilities 

to infection by L. monocytogenes (Campisi and d'Adda di Fagagna, 2007). 
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Figure 3. 7.  Host cells harbouring replicative invasions undergo cell division 

within a short time frame. A) Representative images from 3 biological replicates of 

HeLa cells infected with Lm-dsRed-PactA-GFP at MOI=20 for 2 hours. Shows an 

example of a replicative invasion followed by host cell division. Scale bar 10 μm B) 

Distribution of the total time taken for a HeLa cell harbouring a L. monocytogenes 

replicative invasion to undergo division. Shows the cumulative percentage across 

time of the analysed population of HeLa cells (harbours replicative invasion and 

undergoes mitosis). A total of 1563 cells were analysed, 62 of these harboured 

replicative invasions. 

To investigate this further and determine if this phenomenon was linked to 

aggregate formation and subsequent invasion, a HeLa cell line transfected with 

E2F1-Venus was used (Ankers, Awais, Jones et al., 2016). E2F1-Venus is expressed 

in G1phase and can be used to track the cell cycle status of individual host cells 

(Figure 3.8A). When these cells were infected with L. monocytogenes aggregates 

bound preferentially to cells late in the cell cycle around the G2/M phase (Figure 

3.8B) (Liu, Lui, Mok et al., 1997; Whitfield, Sherlock, Saldanha et al., 2002). 
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Figure 3. 8. Aggregates form preferentially on cells in the G2/M phase. A) 

Representative images showing the differential expression of E2F1-Venus (yellow) 

in the transfected HeLa cells stained with CellTracker (blue) through the different 

phases of the cell cycle over 24 hours. Scale bar 10 μm. B) HeLa cells transfected 

with E2F1-Venus (yellow) were infected with Lm-dsRed-PactA-GFP at MOI=20 for 4 

hours. The dotted lines separate groups of cells that are in G1/S phase (bottom) 

and G2 phase (top) categorised by E2F1 expression. Scale bar 20 μm. 

 

3.4 Discussion  

 

The live cell imaging experiments have shown that intracellular replication event is 

rare event and few host cells are permissive for invasion and even fewer bacteria 

can establish replicative invasions. This low rate of invasion for L. monocytogenes is 

reflected by experimental conditions in other studies where high MOIs are required 

to infect non phagocytic cell lines such as MOI =140 in MDCK cells (Pentecost, Otto, 

Theriot et al., 2006) and MOI = 200 in Henle-407 cells (Grundling, Gonzalez and 

Higgins, 2003). 

 

These experiments also demonstrate that the subset of susceptible host cells were 

often in the G2/M phase and close to cell division. 32.9% (±7.3%) of host cells 

underwent division while harbouring a L. monocytogenes replicative invasion and of 

this population 48.8% divided within 2 hours and 77.7% within 4 hours (Figure 3.8). 
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Subpopulations of susceptible host cells has previously been shown in vascular 

endothelial cells (Rengarajan and Theriot, 2020) and this was shown to be 

temporally transient, with susceptibility lasting 30-60 mins.  

 

Additionally, L. monocytogenes induces host DNA damage and extends the cell 

cycle for its own benefit, delaying the S phase and increasing the length of the 

G2/M phase and this benefits L. monocytogenes through an increase in resource 

availability (Leitao, Costa, Brito et al., 2014). This suggests the possibility that some 

of the population of non-dividing cells harbouring replicative invasions (66.1%) 

represent cases where L. monocytogenes has successfully subverted the host cell in 

this manner of cycle gating effect and extension of the G2/M phase. This is 

supported by the data that showed that bacteria preferentially interact with cells 

that are in the G2/M phase. In agreement with the data in this study, this 

preferential binding effect to cells in GM/2 has been shown in JEG-3 cells and Caco-

2 cells, which also showed an extension of the G2/M phase and mitotic delay 

induced by InlC and ActA.  (Costa, Pinheiro, Reis et al., 2020).  

The manipulation of the host cell cycle is also seen in other intracellular pathogens 

such as Shigella which also blocks cells in the G2/M phase (Iwai, Kim, Yoshikawa et 

al., 2007) and Neisseria gonorrhoeae which inhibit host cell proliferation by G1 

arrest (Jones, Jonsson and Aro, 2007). 

This study demonstrated that the probability a single bacterium will invade a 

susceptible host cell and form a replicative invasion is low. For the first time we 

quantified this effect and characterised a novel invasion strategy L. monocytogenes 

uses, forming aggregates to increase the probability of individual bacteria to invade 

host cells.   

The model system developed in this study allows for live cell imaging of L. 

monocytogenes infection of human cells. However, the model has several 

limitations and confounding factors. For example, gentamicin being present in the 

cell media kills bacteria that exit the host cell into the media, in vivo these bacteria 

are viable and could go on to infect other human cells (Ortega, Koslover and 
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Theriot, 2019). The use of an immortal cell line is not physiologically representative 

of the conditions under which L. monocytogenes infection of human cells occurs. 

HeLa cells are a cervical cell line which is not a tissue commonly associated with 

listeriosis (Mylonakis, Paliou, Hohmann et al., 2002).  

In summary, aggregation may be a novel strategy to promote more robust host cell 

entry and intracellular replication.  Aggregation coincided with upregulation of actA 

gene expression prior to entry suggesting that virulence gene regulation plays a key 

role in aggregate formation and possibly function. Additionally, the data suggests 

that entry into host cells is dependent on the phase of the host cell cycle. 

In the remaining part of the thesis these observations are analysed in detail to 

understand the mechanisms and function of aggregation and cell cycle associated 

host cell susceptibility during L. monocytogenes intracellular infection.  
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4. Regulation of aggregate formation in L. 

monocytogenes  
 

4.1 Development of spent media assay for analysing aggregation and 

virulence gene expression 

 

The initial imaging experiments show that in the early stages of the infection assay 

L. monocytogenes upregulates virulence genes and forms aggregates that associate 

with the host cell surface. Consequently, multiple bacteria may invade a host cell 

during a single invasion event. Aggregation occurs within the first 2 hours of 

exposure to host cells; therefore, it is possible that bacteria are responding to an 

external or excreted host cell factor. To test this hypothesis L. monocytogenes were 

exposed to spent media retrieved from HeLa cell culture (as described in Section 

2.6.1). Interestingly, this caused a similar response to the one observed in the 

infection assay of HeLa cells. There was an increase of virulence gene expression 

observed by GFP fluorescence from the PrfA-regulated PactA promoter (Lm-dsRed-

PactA-GFP). This was followed by the formation of aggregates within 2 hours. When 

the bacteria were exposed to fresh media, no upregulation of virulence genes was 

seen in the images and no aggregates were formed (Figure 4.1). There were also 

changes in the adherence of L. monocytogenes, in the fresh media the bacteria 

quickly settled and adhered to the bottom of the imaging dish, whereas in the 

spent media they moved through the spent media (Supplementary Video 3 – 

Section 9.1). A major advantage of aggregation being induced by spent media was 

that it allows investigations without the presence of host cells. 
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Figure 4. 1. L. monocytogenes exposed to spent host cell media. 1.0 x 107 Lm-

dsRed-PactA-GFP was incubated for 2 hours at 37°C in fresh media (top) and spent 

media (bottom) (retrieved as described in Section 2.6.1). Representative images of 

3 biological replicate experiment show upregulation of PrfA-regulated virulence 

genes via PactA-GFP (green) expression and the formation of aggregates occurs 

when exposed to spent media, but not fresh media. Scale bar 5 μm. 

 

To validate the observation of aggregate formation in spent but not fresh media, 

the size of the aggregates were quantified using image analysis software FIJI. 

Aggregates were measured as individual objects, defined as a distinct area of 

bacteria that form a single object spatially distinct to other nearby objects (Figure 

4.2A). This analysis showed an increasing trend in size over 2 hours. After 0.5 hours 

the mean size of objects is 7.7 μm2 (±4.6) μm2. After 1.5 hours the mean increased 

to 11.3 μm2 (±8.3) μm2. After 2 hours the mean was 14.2 μm2 (±15.4) μm2 (Figure 

4.2B). At both timepoints the object sizes were significantly larger than at 0.5 hours, 

demonstrating the aggregation is a temporal process within the 2-hour time course.   
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Figure 4. 2. Size of aggregate formation in response to spent media. 1.0 x 107  Lm-

dsRed-PactA-GFP was incubated for 2 hours at 37°C in spent media (retrieved as 

described in Section 2.6.1).  A) Representative image demonstrating how individual 

objects were segmented, distinct aggregates were labelled as a single object 

(yellow outlines). Scale bar 5 μm. B) Increase in object size when Lm-dsRed-PactA-

GFP was incubated in spent media and imaged then measured every 0.5 hours for 2 

hours. Dots represent individual objects, error bars show standard deviation with 

horizontal dotted line corresponding to sample average based on 3 biological 

replicates. At least 100 objects were analysed at each time point. Statistical analysis 

was performed using a Kruskal-Wallis test (**** = p < 0.0001) 

 

4.2 Aggregation in response to a host cell factor in spent media 

 

One explanation for aggregation induced by spent media is that it is a response to a 

secreted host factor detected by L. monocytogenes. Spent media will contain many 

different host factors, from small molecules to large proteins (Hathout, 2007). To 

assess whether the potential host factor that induces aggregation is a protein - the 

spent media was boiled at 100°C for 1 minute before performing the aggregation 

assay. Boiling the spent media denatures any proteins present (Boob, Wang and 

Gruebele, 2019). The aggregation assay was then performed by exposing Lm-dsRed-

PactA-GFP to the boiled spent media and a control spent media that was not heat-

treated. Boiling impaired the formation of aggregates with a statistically significant 
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decrease in aggregate size (Figure 4.3A). In the control sample the mean aggregate 

size was 40.9 (±65.7) μm2, but in the boiled sample the mean object size was 

significantly reduced to 12.8 (±8.6) μm2 (Figure 4.3B). This suggests that the host 

factor L. monocytogenes is responding to is heat sensitive and possibly 

proteinaceous. 
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Figure 4. 3. Analysis of aggregation assay in boiled spent media. A) Representative 

images showing 1.0 x 107 CFU of Lm-dsRed-PactA-GFP incubated for 2 hours at 37°C 

in untreated spent media (top) and spent media heat treated at 100°C for 1 min 

prior to the assay (bottom) (retrieved as described in Section 2.6.3). Scale bar 5 μm. 

B) Size of individual objects in the untreated spent media (Control) and the boiled 

spent media (Boiled) after 2 hours incubation. Each dot represents an individual 

object and line represents the mean of 3 biological replicates. At least 100 objects 

were analysed for each condition. Statistical analysis was performed using a Mann-

Whitney test (*** = p < 0.001). 
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To investigate the specific properties of the host factor causing aggregation - a 10 

kDa protein filter was used to separate out components of the spent media by size 

(section 2.6.3). Separating the sample in this way gives two distinct components: 

the filtrate (containing components of the spent media <10 kDa) and the 

concentrate (contains components >10 kDa). Only the concentrate sample induced 

the aggregation phenotype (Figure 4.4A). When these images were quantified to 

analyse aggregate size at 2 hours, the filtrate sample had a mean object size of 17.9 

(±13.2) μm2, whereas the concentrate sample had a size 114.8 (±116.1) μm2 (Figure 

4.4B). Therefore, these data suggest that the host factor that causes the 

aggregation response is larger in size than 10 kDa and from the previous analyses 

denatured by heat which means the host factor is likely a host secreted protein. 

Additionally, despite the lack of aggregation actA gene expression was observed in 

the filtrate. This suggests that virulence gene expression may also be linked to a 

separate, low molecular weight host factor. An explanation may be the presence of 

glutathione in the spent cell media which would activate PrfA and cause virulence 

gene upregulation (Reniere, Whiteley, Hamilton et al., 2015).  However, the amount 

of protein in each sample was not included in a control in this experiment, a future 

set of experiments could perform a more detailed analysis by including this as 

control by checking protein concentrations through western blots or a Bradford 

assay. Further analyses on the specifics of the host factor were considered for this 

study, however it falls outside of the scope of the originally posed research aims. 

Instead, this study aims to investigate how L. monocytogenes responds to the host 

factor and the biological role that aggregation plays in invasion of host cells. 
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Figure 4. 4. Analysis of aggregation in spent media samples separated with a 10 

kDa filter. A) Representative images showing 1.0 x 107 CFU of Lm-dsRed-PactA-GFP 

incubated for 2 hours at 37°C in filtrate sample (top) or the concentrate sample 

(bottom) (retrieved as described in Section 2.6.4). Scale bar 5 μm. B) Size of 

individual objects in the filtrate sample (left) and the concentrate sample (right) 

after 2 hours incubation. Each dot represents an individual object, error bars show 

standard deviation, and the dotted line represents the mean of 3 biological 

replicates. At least 100 objects were analysed for each condition. Statistical analysis 

was performed using a Mann-Whitney test (**** = p < 0.0001). 
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4.3 Aggregation is ActA-dependent and regulated by PrfA but not SigB 

 

Analysing the genes involved in aggregation is key to understanding how L. 

monocytogenes is responding to the presence of host cells. The two most important 

regulators of gene expression in the context of infection are SigB and PrfA. Both 

regulons have genes that are involved in aggregation. SigB is related to 

environmental stresses and biofilm formation (van der Veen and Abee, 2010). PrfA 

regulates actA which has been shown to have a secondary aggregation function to 

aid lumen persistence and faecal shedding (Travier and Lecuit, 2014). SigB also 

directly regulates prfA through the P2 promoter (de las Heras, Cain, Bielecka et al., 

2011). One way to analyse the effect is to expose knockout mutants of both these 

genes to spent media. This would identify which regulon is involved in regulation of 

aggregation. 

 

A fluorescently tagged mutant of L. monocytogenes with a ΔsigB mutation (Lm-

ΔsigB-dsRed-PactA-GFP) was exposed to spent media in the aggregation assay for 2 

hours at 37°C and directly compared against the fluorescently labelled wildtype Lm-

dsRed-PactA-GFP strain used in previous experiments. The ΔsigB mutant formed 

aggregates after 2 hours and the increase in virulence gene expression was 

observable (Figure 4.5A). Quantification of the size of the aggregates at 2 hours 

showed no significant difference between the wildtype strain and the ΔsigB 

mutant. The wildtype had an average object size of 132.7 (±130.8) μm2, which was 

not significantly different that from the ΔsigB mutant (90.8 (±130.1) μm2) (Figure 

4.5B). Additionally, there appeared to be no difference in virulence gene expression 

between the wildtype and the ΔsigB mutant. Therefore, it is unlikely that SigB is 

regulating the aggregation response to spent media. 
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Figure 4. 5. Analysis of aggregate formation in ΔsigB mutant. A) Representative 

images showing 1.0 x 107 CFU of Lm-dsRed-PactA-GFP (top) or Lm-ΔsigB-dsRed-

PactA-GFP (bottom) incubated for 2 hours at 37°C in spent media (retrieved as 

described in Section 2.6.1). Scale bar 5 μm. B) Size of individual objects formed by 

Lm-dsRed-PactA-GFP (left) and Lm-ΔsigB-dsRed-PactA-GFP (right) after 2 hours 

incubation. Each dot represents an individual object and line represents analysis of 

representative images from 3 biological replicates. At least 100 objects were 

analysed for each. Statistical analysis was performed using a Mann-Whitney test (ns 

= p >0.05). 
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To test whether the aggregation is PrfA-regulated and ActA-mediated - both a 

ΔprfA mutant and ΔactA mutant were tested in the aggregation assay in spent 

media and compared to wildtype L. monocytogenes using brightfield microscopy. 

Both ΔprfA and ΔactA showed impaired formation of aggregates after 2 hours 

incubation at 37°C in spent media (Figure 4.6A). When the size of the aggregates 

was analysed, both ΔprfA and ΔactA had a significantly reduced mean object size 

compared to the wildtype, but were not significantly different from each other. 

Wildtype L. monocytogenes had a mean object size of 139.6 (±139.6) μm2.  The 

ΔprfA mutant had a mean object size of 40.5 (±42.2) μm2, while the ΔactA mutant 

had a mean object size of 36.37 (±30.8) μm2 (Figure 4.6B). Therefore, this data 

strongly suggests that the aggregation is PrfA-regulated and ActA-dependant.  
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Figure 4. 6. Analysis of aggregate formation in ΔprfA and ΔactA strains. A) 

Representative images showing 1.0 x 107 CFU of wildtype L. monocytogenes (top), a 

ΔprfA mutant (middle) and an ΔactA mutant (bottom) incubated for 2 hours at 37°C 

in spent media (retrieved as described in Section 2.6.1). Scale bar 5 μm. B) Size of 

individual objects formed by wildtype L. monocytogenes (left) ΔprfA mutant 

(middle) and ΔactA mutant (right) after 2 hours incubation. Each dot represents an 
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individual object and the dotted line represent the mean from analysis of 

representative images from 3 biological replicates. At least 100 objects were 

analysed for each condition. Statistical analysis was performed using Krusal-Wallis 

test (**** = p < 0.0001 ns = p>0.05)  

 

4.4 Discussion 

 

The key observation in these experiments is the upregulation of virulence genes 

and formation of aggregates that associated with the cell surface. By developing an 

aggregation assay using spent cell media this study showed that that aggregation is 

a response to a secreted, proteinaceous host factor that is >10 kDa. Aggregation 

was shown to be PrfA-regulated and ActA-mediated. Although identifying the host 

factor fell outside the scope of this study, the effect it had on the bacterial 

phenotype, gene expression and the consequences this had on the replicative 

invasion rate of L. monocytogenes on was extensively examined. 

 

ActA-mediated aggregation has previously been described, it has been shown to be 

important for intestinal colonisation, carriage, and faecal shedding (Travier, 

Guadagnini, Gouin et al., 2013). Aggregation as an invasion strategy has been 

described in Bartonella henselae (Dehio, Meyer, Berger et al., 1997) and 

Pseudomonas aeruginosa (Lepanto, Bryant, Rossello et al., 2011). However, the role 

of L. monocytogenes aggregation in intracellular invasion has not been previously 

described despite the fact these aggregates are found in tissue during in vivo 

studies (Travier, Guadagnini, Gouin et al., 2013). 

 

Aggregation factors outside of ActA-mediated aggregation are not well described in 

L. monocytogenes. A family of cold shock proteins (CspABCD) have been linked to 

aggregation and biofilm formation, but these have also been linked to post-

transcriptional regulation of actA (Eshwar, Guldimann, Oevermann et al., 2017). 

This lack of described aggregation factors coupled with the presented evidence that 



 108 

an actA mutant showed a loss of aggregatory phenotype suggests ActA is the main 

mechanism for the induced aggregation. 

 

In addition to aggregation, actA expression outside of the host may also have 

consequences for L. monocytogenes ability to invade host cells. This study showed 

evidence of actA expression outside of the host through imaging of the PactA-GFP 

reporter, and actA. ActA is implicated in the invasion of epithelial cells. The N-

terminal region of ActA is similar to the domain of the Plasmodium falciparum 

circumsporozoite protein involved in heparate sulphate recognition and hepatocyte 

binding and presence of heparan sulphate at the surface of CHO epithelial cells is 

required for the entry of L. monocytogenes in an ActA-dependent manner (Alvarez-

Dominguez, Vazquez-Boland, Carrasco-Marin et al., 1997). Additionally, deletion of 

the actA gene in a hypervirulent PrfA* background strain (constitutively active PrfA 

due to a conformation change caused by an amino acid substitution) led to a large 

reduction in L. monocytogenes invasiveness in epithelial cells, and ActA was shown 

to induce cytoskeletal re-arrangement the host cell membrane to facilitate entry 

through pseudopods (Suarez, Gonzalez-Zorn, Vega et al., 2001). It is therefore 

possible that upregulation of actA outside of the host is important for cell entry and 

aggregation of several bacteria on the surface of a cell facilitates this invasion 

strategy. 

 

There are a few limitations to consider in the experiments in this chapter. Although 

spent media allowed for induction of aggregation without the presence of cells, the 

mechanism remains unknown. Using the spent media method without knowing the 

factor that induces aggregation is a crude induction of the phenotype with no clear 

indication of mechanisms or activation pathways. Additionally, the use of DMEM, a 

media generally only used in cell culture may have unforeseen effects on the 

phenotype of the bacteria. However, as aggregation is described in vivo and was 

observed in the initial infection assays, its biological role requires further 

investigation, which follows in the remaining chapters of this thesis. 
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To summarise, by utilising live cell imaging and knockout mutants of L. 

monocytogenes the results demonstrate that aggregation occurs in response a 

secreted and heat-labile host cell factor >10 kDa. The upregulation of virulence 

genes is not dependent on this host cell factor and was seen in the filtrate (<10 

kDa) and may be due to a small molecular weight factor, possibly glutathione which 

activates PrfA. The results also show that aggregation is PrfA-regulated and ActA 

mediated. The previous chapter suggested that these aggregates interact with host 

cells in a way to potentially increase the bacterial invasion success rate, the next 

chapter will further explore the role that aggregation plays in host-pathogen 

interactions and aim to mechanistically understand the regulation of probabilistic 

infection outcomes. 
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5. Function of L. monocytogenes aggregates in 

infection of human cells 

 

5.1 Introduction 

 

Aggregation on the surface of host cells is a response by L. monocytogenes to the 

presence of a host factor. Additionally, the occurrence of multiple invasion events, 

where bacteria in an aggregate can enter a host cell simultaneously suggests this 

aggregation may also play a role in the invasion process. Aggregation has been 

shown to play an important role in the colonisation of the intestinal lumen and the 

persistence of L. monocytogenes over long time periods (Travier and Lecuit, 2014), 

however its role in cell invasion has not been elucidated. To investigate this a non-

aggregating actA-ΔC mutant was utilised to study the effect that ActA-mediated 

aggregation has on infection of human cells. 

 

5.2 Construction of a non-aggregating mutant strain 

 

The actA protein has 3 regions: The N-region (AA21-231) is responsible for 

recruiting actin for actin-tail formation (Figure 1.4). The P-Region (AA231-393) is 

binding to Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) family 

proteins, which in turn bind to actin filaments and facilitate intracellular motility. 

The C-region (AA-393-585) plays no role in actin tail formation or intracellular 

motility and is responsible for ActA-mediated aggregation via direct ActA-ActA 

interactions. The actA-ΔC fragment is a deletion of the C-region with a 486bp C-

terminal deletion from nucleotides 693-1179 (Travier and Lecuit, 2014). This was 

constructed using the methods described in Section 2.3 and Section 2.4. The DNA 

strand was synthesised externally with appropriate restriction sites on the 5’ and 3’ 

ends and inserted into pAUL-A by restriction cloning. This was then cloned into E. 

coli DH5α to produce a high number of plasmids. After cloning the plasmid into L. 
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monocytogenes this mutation successfully introduced onto the L. monocytogenes 

chromosome by inducing homologous recombination of the mutant onto L. 

monocytogenes genome (Section 2.4) (Chakraborty, Leimeister-Wachter, Domann 

et al., 1992). A schematic detailing of the region can be seen in Figure 5.1. The 

successful generation of the mutation on the chromosome was confirmed by PCR 

with primers V-actAC-F and V-actAC-R (Table 2.3) that flank the deleted region of 

the actA gene. The successful induction of the mutation was verified by a primer 

pair flanking the deleted region and comparing the size of this band to wildtype L. 

monocytogenes. It was also verified by confirming the loss of erythromycin 

resistance. 

 

 

 

 

 

 

 

 

Figure 5. 1. Schematic of a non-aggregating C-terminal deletion of actA gene. A) 

Schematic representing the ActA protein and highlighting the role each domain of 

its translated protein. The actA-ΔC mutant has a deletion from AA 393-585 to 

remove the C-region responsible for aggregation phenotype. Primers used for 

validation are shown in black on the schematic of the mutant gene. 

 

5.3 Phenotypic analysis of actA-ΔC  

 

When the probability of the actA-ΔC mutant to form aggregates was compared to 

the wildtype after exposure to host cells for 2 hours, the actA-ΔC mutant was 

impaired with most bacteria clustered as 3 or less bacteria, and the majority of 

bacteria being single cells or in pairs (Figure 5.2A). In contrast, the wildtype 

consistently formed aggregates of variable size, the probability of aggregates up to 
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25 bacteria size are shown in Figure 5.2A, but rare occurrences of aggregates up to 

60 bacteria in size were observed (Figure 5.2A). Imaging an infection assay of HeLa 

cells with Lm-actaA-ΔC-GFP strain demonstrated it is unable to form aggregates 

over the 2-hour infection period, and the small groups of 2-3 bacteria observed in 

Figure 5.2A were either bacteria replicating outside of the host cell or random 

distribution of cells leading to two bacteria occupying the same area. However, the 

actA-ΔC mutant is still able to form replicative invasions (Figure 5.2B). 
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Figure 5. 2. Lm-actA-ΔC does not form aggregates but still forms replicative invasions. 

A) Probability distribution of aggregate size for wildtype L. monocytogenes and the non-

aggregating Lm-actA-ΔC mutant. Data is pooled from 4 biological replicates of HeLa cell 

infected at MOI=20. Wildtype bacteria analysed = 1517, actA-ΔC bacteria analysed = 

659. B) Representative confocal microscopy images of Lm-actA-ΔC-GFP (green) 

exposed to HeLa cells for 2 hours at MOI = 20. After 2 hours gentamicin was added and 

the cells were imaged for a further 8 hours showing a replicative invasion. Scale bar 10 

μm. Replicative invasions of the wildtype bacteria can be seen in Figure 3.3. 

 

5.4 Internalisation assay to measure probability of intracellular 

invasion of L. monocytogenes 

 

Invasion of host cells is a multistep process involving attachment to host cells, 

intracellular invasion, vacuole escape, cytoplasmic replication and spread. To 

understand the role of aggregation in this process, the ability of L. monocytogenes 
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aggregates to form intracellular invasions was analysed against the non-aggregating 

mutant. The invasion ability of the actA-ΔC mutant was assessed using an 

internalisation assay with Lm-dsRed and Lm-actA-ΔC-dsRed counterstained with an 

anti-Listeria antibody and secondary antibody conjugated with the fluorphore 

Brilliant Violet to differentiate intracellular and extracellular bacteria (Section 2.7).  

The mutant has impaired invasion into host cells compared to the wildtype (Figure 

5.3A).  The representative images show that the mutant associates with the host 

cell surface mostly as single cells, whereas aggregates are seen in wildtype L. 

monocytogenes. Multiple invasion events were also seen in the wildtype, where 

multiple bacteria had invaded a single host cell (Figure from individual aggregates 

(Figure 5.3B).   
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Figure 5. 3. Internalization assay for assessing successful internalization of L. 

monocytogenes into HeLa cells.  A) Schematic representation of internalisation assay. 

HeLa cells infected with Lm-dsRed or Lm-actA-ΔC-dsRed (red bacteria) at a MOI of 

20:1 for 2 hours. The cells were stained with a conjugated fluorescent antibody (blue) 

counterstain targeting extracellular bacteria. Unstained bacteria are therefore 

intracellular and can still be identified by dsRed (arrowhead). B) Representative images 

of the internalization assay for Lm-dsRed and non-aggregating Lm-actA-ΔC-dsRed. 

Constitutively expressing dsRed and the antibody stain can be used to distinguish 

between extracellular bacteria (blue/purple) and intracellular bacteria (red, white 

arrow). White arrow in the wildtype panel also shows evidence of a multiple invasion 

event Scale bar 5 μm. 

 

 

A quantitative analysis of the internalisation assay was used to assess the role that 

aggregation plays on internalisation. This showed that aggregation facilitates a 

significantly greater number of bacteria to adhere to the host cells after 2 hours 

incubation. Wildtype L. monocytogenes had an average of 20.7 (±1.7) bacteria 
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associated with a host cell, and the actA-ΔC mutant had an average of 3.8 (±0.5) 

bacteria per host cell, an approximately 5.5-fold decrease in the number of host 

cell-associated bacteria (Figure 5.4A). Further to this, the probability for a single 

associated bacterium to establish an intracellular invasion in proportion of the 

entire population of host cell-associated bacteria was analysed. The probability for 

a bacterium to establish an intracellular invasion in the wildtype population was 

0.02 (±0.006) and in the acta-ΔC mutant population this probability was 

significantly reduced by 3.5-fold to 0.007 (±0.002) (Figure 5.4B). 

 

 
 
 
Figure 5. 4. Quantitative analysis of the intracellular invasion rate of wildtype and 

the actA-ΔC mutant. A) The average number of associated bacteria per host cell for 

Lm-dsRed (left) and for Lm-actA-ΔC-dsRed (right). Circles represent individual 

replicates (n=4), bars shown the mean and error bars represent standard deviation 

for data in the invasion assay shown in Figure 5.3. Statistical significance (* = p < 

0.05) was calculated using a non-parametric one-sided Mann-Whitney test. At least 

100 host cells were analysed for each replicate. B) The probability of a single cell-

associated bacterium invading a host cell for Lm-dsRed (left) and for Lm-actA-ΔC-

dsRed (right). Circles represent individual replicates (n=4), bars show the mean and 

error bars represent standard deviation for data in the invasion assay shown in 

Figure 5.3. Statistical significance (* = p < 0.05) was calculated using a non-

parametric one-sided Mann-Whitney test. At least 100 host cells were analysed for 

each replicate. 
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Further analysis was performed on the proportion of intracellular bacteria in these 

populations. Internalised bacteria were categorised as either “Single” (not 

aggregated to other bacteria) or as “Aggregated” (internalised bacteria are 

associated as a part of a larger aggregate of other bacteria). This showed that in the 

wildtype 69.4% (±0.3%) of intracellular invasions were aggregate-associated and 

30.3% (±0.3%) were single cell invasions. In actA-ΔC mutant 100% of 

internalisations were single-celled across all replicates and no aggregate-associated 

infections were observed (Figure 5.5). 

 

 

 

 
 
 
 
 
 
 
 
 
  
 
Figure 5. 5. Aggregate-associated internalisation is common in wildtype L. 

monocytogenes but not in actA-DC mutant. The proportion of internalisations in 

Lm-dsRed (left) and Lm-actA-ΔC-dsRed (right) that are either “Aggregated” 

(aggregate associated internalisations where the internalised bacteria is associated 

with other bacteria in an aggregate) or “Single” (the internalised bacteria is isolated 

and not associated with other bacteria). Bars represent the average across 4 replicates 

and error bars represent standard deviation for data in the invasion assay shown in 

Figure 5.3. At least 100 cells were analysed for each replicate. 
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5.5 Live cell imaging of HeLa cell infections with non-aggregating 

mutants 

 

ActA-mediated aggregation of L. monocytogenes increases both the ability to 

associate with the host cell and the probability that an individual bacterium will 

successfully invade a host cell. Therefore, aggregation may represent an invasion 

strategy that allows L. monocytogenes to increase the invasion rate of individual 

bacteria and enhance the ability to invade susceptible host cells. The HeLa cell 

model previously developed for studying individual invasion events in Section 3 was 

used to track and quantify individual invasion events and replicative invasions in 

wildtype (Lm-dsRed-PactA-GFP), actA-ΔC mutant (Lm-actA-ΔC-dsRed-PactA-GFP) 

and a full ΔactA deletion mutant (Lm-actA-PactA-GFP). Quantification of the effect 

aggregation has on infection success rate showed that wild-type L. monocytogenes 

was able to establish a successful replicating invasion in 8.8% (±1.2%) of host cells. 

In contrast, only 2.3% (±1.2%) of cells were successfully infected with non-

aggregating Lm-actA-ΔC, approximately 4 times less than the wildtype. This was 

further reduced to 0.9% (±0.06%) in a mutant with a full knockout of the ΔactA 

gene (Figure 5.6). 
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Figure 5. 6. Aggregation impaired mutants have a decreased invasion success rate 

in HeLa cells. Percentage of HeLa cells harboring replicative invasion events. HeLa cells 

infected with wildtype Lm-dsRed-PactA-GFP (left), Lm-actA-ΔC-dsRed-PactA-GFP 

(middle) and ΔactA- PactA-GFP (right) strains at MOI=20. Shown is the proportion of 

host cells harboring a replicative invasion event at 2 h after gentamicin treatment. 

Circles represent individual replicates (n=4) and error bars represent standard 

deviation. Statistical significance (* = p < 0.05) was calculated using a Kruskal-Wallis 

test. At least 200 host cells were analysed for each replicate.  

 

5.6 Non-aggregating mutant exhibits reduced replicative invasions in a 

co-infection assay 

 

A co-infection assay is used to simultaneously infect the host with different strains 

of L. monocytogenes, and experimentally analyse the mutation-associated fitness of 

a mutant against the wildtype strain. It has successfully been used in L. 

monocytogenes (Pentecost, Kumaran, Ghosh et al., 2010).  A co-infection assay 

(Section 2.8.5) was used to analyse the role that aggregation has in the invasion and 

subsequent establishment of a replicative invasion in HeLa cells. A mixed, but equal 

population of differentially fluorescently labelled Lm-GFP (MOI = 10) and Lm-actA-
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ΔC-dsRed (MOI = 10) were used to infect host cells for a total MOI of 20. The 

images show that wildtype L. monocytogenes forms aggregates on the surface of 

host cells while associated actA-ΔC mutants are single cells, but both were able to 

form replicative invasions (Figure 5.7A). Additionally, there is a lack of co-

operativity between the strains, there were instances where single actA-ΔC 

mutants became associated with wildtype aggregates, yet no evidence that this 

results in replication of the mutant strain in the host cells associated with these 

aggregates (Figure 5.7B).  The proportion of replicative invasions in wildtype Lm-

GFP was 4.8% (+-0.5%). In the mutant this success rate was over 10-fold lower, 

0.4% (±0.1%) of the host cells harboured infections from Lm-actA-ΔC-dsRed (Figure 

5.7B). 
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Figure 5. 7. Live cell imaging and analysis of co-infection assay. A) Representative 

microscopy images of a co-infection experiment at indicated times. HeLa cells co-

infected with wildtype Lm-GFP (depicted in magenta) and Lm-actA-ΔC-dsRed 

(depicted in cyan) strains, MOI=10 of each strain was used for a total MOI=20. Scale 

bar 10 μm B) Representative images showing that Lm-actA-ΔC-dsRed became 

associated with Lm-GFP aggregates but was not involved in the replicative invasion. 

Scale bar 10 μm   C) Percentage of HeLa cells harboring replicative invasion events. 

HeLa cells infected with wildtype Lm-GFP (left) and Lm-actA-ΔC-dsRed (right) strains at 
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MOI=10 each (total MOI=20). Shown is the fraction of host cells harboring a replicative 

invasion event at 2 hours after gentamicin treatment. Individual replicates are shown in 

circles with mean of 3 biological replicate experiments as solid bars and standard 

deviation represented by error bars. Statistical significance (* = p-value < 0.05) assessed 

using non-parametric one-sided Mann-Whitney test. 

 

5.7 The role of aggregation during invasion of the primary HUVEC cells  

 

HeLa cells have been widely used as host cells to study infection by L. 

monocytogenes in vitro  (Batan, Braselmann, Minson et al., 2018; Francis and 

Thomas, 1996; Quereda, Morel, Lopez-Montero et al., 2022). Primary cells can be 

used to verify observations in a more physiological context and validate 

observations in primary tissue. HUVEC cells, which are primary endothelial cells 

from the umbilical cord, have been previously used in studies of L. monocytogenes 

infection (Parida, Domann, Rohde et al., 1998). Using the live cell infection assay 

developed in section 3.1, the invasion of HUVEC cells was analysed to determine 

whether aggregation plays a role in establishing robust invasion and subsequent 

infection in these primary cells. Due to increased sensitivity to the cytotoxicity of L. 

monocytogenes to high MOI (Figure 5.8A) a lower MOI of 5 was used to infect the 

host cells, however even at this lower infectious dose aggregates were formed 

(Figure 5.8B), which resulted in replicative invasions (Figure 5.8C). The images show 

that successful invasions and imaging using the HUVEC cells and L. monocytogenes 

and track individual infection events in a similar way to the live cell experiments in 

HeLa cells.  In agreement with experimental data from the HeLa cells, we found that 

approximately 2.1% (±0.3%) HUVEC cells were infected with the wildtype Lm-

dsRed-PactA-GFP strain, and 3-times less 0.7% (±0.6%) were infected with non-

aggregating Lm-actA-ΔC-dsRed-PactA-GFP (Figure 5.8D). Overall the data is in 

agreement with observations in the HeLa cell model – wildtype aggregating L. 

monocytogenes has a higher rate of replicative invasions than the non-aggregating 

actA-ΔC mutant. 
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Figure 5. 8. Aggregation impaired mutant has decreased invasion in HUVEC cells. 

A) Gentamicin protection assay where different MOIs of wildtype L. monocytogenes 

were used to infect HUVEC cells for 2 hours, gentamicin added and bacterial counts 

taken at 3 hour and 8 hours. The experiment was performed as 3 biological replicates 

and data points represent the average with error bars showing standard deviation 

B) Representative image from the first 2 hours of the infection assay showing aggregate 

formation on the surface of HUVEC cells. Lm-dsRed-PactA-GFP were used to infect 

HUVEC cells at MOI=5 for 2 hours. Arrows show aggregates of bacteria. Scale bar 10 μm 
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C) Time lapse showing the establishment of a successful replicative invasion in primary 

HUVEC cells over 8 hours after addition of gentamicin. Lm-dsRed-PactA-GFP was used 

to infect HUVEC cells at MOI=5 for 2 hours. After 2 hours gentamicin was added and the 

cells were imaged for a further 8 hours C) Percentage of primary HUVEC cells harboring 

replicative invasion events. HUVEC cells infected with wildtype Lm-dsRed-PactA-GFP 

(left) and Lm-actA-ΔC-dsRed-PactA-GFP (right) strains at MOI=5. Individual replicates 

are shown in circles with mean of 3 biological replicate experiments as solid bars and 

standard deviation represented by error bars. Statistical significance (* = p < 0.05) 

assessed using one-sided Mann-Whitney test. 

 
5.8 MET-InlB interactions and aggregation  

 

In HeLa cells E-cadherin, the receptor for InlA-mediated invasion, is not expressed 

(Vessey, Wilding, Folarin et al., 1995) therefore the internalisation pathway occurs 

mostly through the InlB-Met clathrin-mediated uptake pathway (Braun, Ohayon 

and Cossart, 1998). Interestingly, previous data suggest that expression of the Met 

receptor exclusively is regulated by the host cell cycle, with a peak of expression at 

the G2/M phase (Liu, Lui, Mok et al., 1997; Whitfield, Sherlock, Saldanha et al., 

2002).  This may suggest that Met expression is the factor underlying cell-cycle 

dependency of the host cell entry of L. monocytogenes as described in Section 3. A 

gentamicin protection assay was used to validate the degree which InlB-mediated 

invasion is required in HeLa cell invasion. HeLa cells were infected with wildtype L. 

monocytogenes and an ΔinlB deletion mutant and after 2 hours gentamicin was 

added to kill extracellular bacteria. 3 hours after the addition of gentamicin the 

total number of CFU per well in the wildtype was 8.52 x 104 (±3.71 x 104) CFU/mL. 

In the ΔinlB mutant there was a 9-fold decrease in viable intracellular bacteria to 

9.29 x 103 (±5.74 x 103) CFU/ml (Figure 5.9). The difference in CFU between the 

wildtype and the mutant was maintained for 24h.This confirmed that the invasion 

process of HeLa cells is InlB and thus MET dependent. 
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Figure 5. 9. InlB is required for efficient invasion of HeLa cells. HeLa cells were 

infected with either wildtype L. monocytogenes (circles) or ΔinlB deletion mutant 

(squares) for 2 hours at MOI=20. After 2 hours the first time point sample was 

taken and then gentamicin was added to kill intracellular bacteria. Data points were 

taken at 3 hours, 8 hours and 24 hours after the addition of gentamicin. The 

experiment was performed as 3 biological replicates and data points represent the 

average with error bars showing standard deviation. 

 
 
To investigate the interactions of aggregates and Met receptors an anti-Met 

antibody with a fluorescently tagged secondary antibody was used to stain Met on 

the HeLa cells infected with fluorescently labelled strains of wildtype L. 

monocytogenes and actA-ΔC mutant at a MOI=20. Strikingly, wildtype aggregates 

were associated with areas where Met signal was the strongest. In contrast, there 

seemed to be no correlation between single actA-ΔC mutants and levels of Met in 

the non-aggregating mutant (Figure 5.10).  
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Figure 5. 10. Aggregates form on areas of high MET receptors. A) Representative 

images from 3 biological replicates of experiments where HeLa cells stained with Anti-

Met antibody (green) were infected with both wildtype Lm-dsRed (left) and Lm-actA-

ΔC-dsRed (right) constitutively expressing dsRed (red) for 2 hours at MOI=20. Arrows 

point to areas where aggregates are associated with high levels of Met. Images on the 

left show individually imaged fluorophores as well as the merged final image (bottom). 

Scale bar 5 μm.  

 
 
To further investigate this interaction, a pulse and chase method was used to 

deplete the HeLa cells of available Met receptors, as previously described (Li, Dick, 

Lu et al., 2019). A pulse and chase method is performed by adding a high 

concentration of specific antibody for the receptor to the cells, incubating for 1 

hour and then washing and incubating the cells in media for 2 hours (Section 2.9.2). 

This has been shown to deplete the cell surface of Met (Li, Dick, Lu et al., 2019) . By 

reducing or depleting the available Met on the cell surface there would be a 

reduction in the ability of wildtype L. monocytogenes to form successful aggregates 

on HeLa cells. After treating HeLa cells with anti-Met for 1 hour there was an almost 

total depletion in the level of Met on the cell surface (Figure 5.11A). Infection of 

Met-depleted cells with Lm-dsRed resulted in a reduction in the number and size of 

aggregates formed after a 2 hour infection period compared to control cells in 

which Met had not been depleted (Figure 5.11B). 
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Figure 5. 11. MET depletion impairs aggregate association with host cells. A) 

Representative images showing the depletion of Met on the cell surface. HeLa cells 

were treated with anti-Met antibody for 1 hour (right), incubated for 2 hours and then 

stained with anti-met (green) and DAPI (blue). An untreated control is shown for 

comparison (left). The small images on the left show individually imaged channels with 

the corresponding merged image. Scale bar 10 μm. B) Representative images of HeLa 

cells stained with DAPI (blue) treated with Anti-Met antibody for 1 hour (right) and an 

untreated control (left). The HeLa cells were infected with both wildtype L. 

monocytogenes constitutively expressing dsRed (red) for 2 hours at MOI=20. The 

images on the left show individual channels with the corresponding merged image. 

Scale bar 10 μm 
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Quantitative analysis of these images showed that there was a reduction in the 

average bacteria per cell in the Met-treated cells, from 8.17 (±0.27) bacteria per cell 

on the untreated control cells to 3.25 (±1.07) bacteria per cell in the Met-treated 

cells (Figure 5.12A). The average size of aggregates is also reduced, from 8.2 (±11.7) 

μm2 in size in the control sample to 4.7 (±5.5) μm2 in the Anti-Met treated cells 

(Figure 5.12B)  

 
 

 
 
 
Figure 5. 12. MET depletion reduces number of associated bacteria and aggregate 

size. A) Graph showing the average number of bacteria per host in untreated (left) and 

anti-Met treated cell (right) cells after infecting with MOI=20 wildtype Lm-dsRed across 

4 replicates. Averages for individual replicates are shown by circles and the bar 

represents the overall average. The error bars represent standard deviation and 

statistical significance is calculated using a non-parametric one-tailed Mann-Whitney 

test. B) The average size of bacterial objects with data pooled from across 4 individual 

replicates in the control cells (left) and the anti-Met treated cells (right). Individual 

circles represent individual object. Dashed line shows the mean value and error bars 

show the standard deviation. Statistical significance is calculated using a Mann-Whitney 

test (* = p < 0.05) 
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5.9 Discussion 

 

Through a range of experiments utilising a non-aggregating L. monocytogenes 

mutant in live cell imaging this study demonstrated a novel and undescribed 

interaction in L. monocytogenes whereby aggregates of bacteria enter the host cell 

simultaneously. Because the non-aggregating mutant was impaired in its ability to 

form replicative invasions in HeLa cells (4-fold reduction) and primary HUVEC cells 

(3-fold reduction), had a lower probability of intracellular invasion in HeLa cells (3.5-

fold reduction) and was outcompeted by the wildtype in a co-infection assay, this 

study has provided strong evidence that aggregation and multiple invasion events is 

a novel invasion strategy used by L. monocytogenes, possibly to increase its low 

invasion success rate. 

 

The experiments also show a potential mechanistic explanation for the link to the 

cell cycle. Staining host cells for Met, the receptor for InlB and the main route of 

entry for L. monocytogenes in HeLa cells (Cruz, Pereira-Castro, Almeida et al., 2018; 

Vessey, Wilding, Folarin et al., 1995) showed an association of Met and L. 

monocytogenes aggregates. When the cells were depleted of Met there was a 

reduction in the number of bacteria associating with the host cells and the size of 

the aggregates. A link between Met and the cell cycle has previously been 

established where expression of Met was shown to be higher during the G2/M 

phase (Liu, Lui, Mok et al., 1997; Whitfield, Sherlock, Saldanha et al., 2002). Indeed, 

if cells in the G2/M phase are most susceptible to because of an increased Met 

expression and interactions with L. monocytogenes – then this may explain the low 

probability of individual L. monocytogenes to form replicative invasions, the 

heterogeneity of host cell susceptibility across the population and the observation 

that host cells harbouring L. monocytogenes undergo mitosis within a short time 

frame. 

 

This has relevance outside of immortalised cell lines as although primary cells have 

a finite or limited proliferative lifespan they also undergo the cell cycle and may 
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also have transient susceptibilities to infection by L. monocytogenes (Campisi and 

d'Adda di Fagagna, 2007). 

 

In summary, through a combination of live cell and fixed imaging this study 

demonstrated that ActA-mediated aggregation is a novel invasion strategy utilised 

by L. monocytogenes that increases the probability that individual bacterial cells 

establish a replicative invasion. Aggregation increases the intracellular invasion rate 

and the capacity for L. monocytogenes to form replicative invasions compared the 

non-aggregating mutant which exhibited a reduced probability for these. 

Importantly, association with host cells is dependent on the presence of Met 

receptors which implies that aggregation occurs on the surface of cells.  
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6. Understanding the role of virulence factors during L. 

monocytogenes aggregation 
 

6.1 Spent media upregulates virulence gene expression 

 

A key observation in chapter 4 was the activation of PrfA that occurred during the 

formation of aggregates, as shown by a fluorescent reporter of actA transcription 

(Figure 4.1). This effect was seen in the infection assays and the spent media assay. 

To further investigate the changes in PactA reporter expression, quantification at a 

single cell level was taken by measuring the total level of GFP (Lm-dsRed-PactA-

GFP) in individual bacteria by live cell confocal microscopy after incubation in spent 

or fresh media for 2 hours. GFP expression was analysed at the single cell level 

using image analysis software FIJI. Individual bacteria were segmented manually 

and the average mean intensity of GFP fluorescence was measured per object 

(Figure 6.1A). At 2 hours after incubation, bacteria in fresh media had a mean 

intensity of 6.3 (±4.3), bacteria incubated in spent media had a mean intensity of 

18.6 (±20.54) a 3-fold increase in mean intensity (Figure 6.1B). 

 

 

 

 

 

 



 132 

 

 

Figure 6. 1. Analysis of PactA-GFP expression in fresh and spent media at the 

single-cell level.1.0 x 107 CFU of Lm-dsRed-PactA-GFP were incubated in fresh or 

spent media (retrieved as described in Section 2.6.1) for 2 hours and imaged with 

live cell confocal microscopy. A) Representative image showing segmentation of 

individual bacteria in FIJI for measuring mean intensity of GFP across the area 

(yellow lines). B) Mean intensity of GFP across 60 objects for each fresh (left) and 

spent (right) media. Each dot represents an individual object, error bars show 

standard deviation and the dotted line represents the mean of 3 biological 

replicates. Statistical analysis was performed using a Mann-Whitney test (**** = p < 

0.0001) 

 

Further to this, virulence gene expression in spent media in the wildtype and the 

actA-ΔC mutant was analysed to determine if the process of aggregation induces 

changes in gene expression. Both wildtype and mutant bacteria were exposed to 

spent media for 2 hours as per the aggregation assay. The mean expression of GFP 

by bacteria in aggregates was compared against planktonic non-aggregating 

mutant. This was performed in FIJI using the freehand draw tool to define regions 

of interest to be analysed. This data was collected and analysed with the help of 

MSc project student Kristina Stambolyiska, who assisted with experiments under 

the author’s supervision and analysed the data. In the wildtype, the mean intensity 

of GFP fluorescence was 20.8 (±17.3) and in the non-aggregating actA-ΔC mutant it 
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was reduced to 10.9 (±14.3) (Figure 6.2). This suggests the process of aggregation 

has an effect on virulence gene expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 2. Analysis of PactA-GFP expression in spent media for wildtype L. 

monocytogenes and actA-DC mutant the single-cell level. Mean intensity of GFP 

across at least 75 objects for wildtype (left) and actA-ΔC (right). Each dot represents 

an individual object, error bars show standard deviation and the dotted line 

represents the mean of 3 biological replicates. Statistical analysis was performed 

using a Mann-Whitney test (**** = p < 0.0001) 

 

6.2 Transcriptomic analysis of wildtype and actA-DC L. monocytogenes 

in spent and fresh media 

 

There is a clear transcriptional response to the host factor in spent media. This 

leads to aggregation which was shown in the previous chapter to increase the 

probability of bacteria to form replicative invasions in host cells. Additionally, the 

process of aggregation by L. monocytogenes may induce further transcriptional 

changes, as suggested by the PactA reporter analysis. This suggests there may be a 

positive feedback loop during aggregation on PrfA-regulated gene expression. In 
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addition, the regulation of genes during aggregation must be further understood.  

To investigate this the gene expression changes during the formation of aggregates 

after exposure to spent media in the wildtype and actA-ΔC mutant was analysed. 

RNA-Seq was performed on L. monocytogenes incubated in either spent or fresh 

media for 2 hours at 37°C for both wildtype L. monocytogenes and the actA-ΔC 

mutant. This analysis will investigate into the effect of the host factor in spent 

media on gene expression and additionally whether aggregated bacteria have 

differential gene expression to planktonic bacteria in key genes such as those in the 

PrfA regulon. 

 

This RNA-seq data represents a preliminary study of 2 replicates for each condition 

with the intention to add 2 more replicates in the immediate future. Principal 

component analysis (PCA) of the different conditions showed robust separation. In 

the analysis 71% of the variance was captured by the 1st principal component (PC1) 

and 21% of the variance was captured by PC2 (Figure 6.3). All 4 conditions showed 

robust separation and media type (spent or fresh) caused a larger effect on gene 

expression than genotype (wildtype and actA-ΔC). Statistical analysis of 

differentially expressed genes was performed on the replicates to obtain p values 

and padj values, which in part involved using information about all dataset (section 

2.6.10). Bioinformatic analysis of RNA-seq data was performed by Dr Leo Zeef from 

the Genomic Technologies Core Facility at the University of Manchester. 
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Figure 6. 3. Principal component analysis of gene expression for wildtype and 

actA-ΔC L. monocytogenes in spent and fresh media. 2 replicates were performed 

for each of the 4 conditions for a total of 8 samples. Individual data points 

represent an individual replicate. Wildtype L. monocytogenes are represented in 

pink and actA-ΔC mutants are represented in blue. Bacteria incubated in fresh 

media are represented by triangles and spent media (obtained as described in 

Section 2.6.1) are shown by circles. Variance explained by PC1 and PC2 are shown 

on the x-axis and y-axis respectively.  

 

Differential gene expression analysis was performed in DESeq2_1.36.0 (Love, Huber 

and Anders, 2014), across combination of different conditions to understand 

regulation of genes associated with spend media and aggregation. Venn diagrams 

of overlapping gene sets corresponding to the performed pairwise comparisons are 

shown in Figure 6.4. All genes had a padj < 0.05 which represents statistical 

significance, as the padj retrieved by DESeq2 performs a Bonferoni correction to 

adjust the p-value to filter out false-positive errors (section 2.6.10).  
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After exposure to spent media 405 genes were upregulated and 377 genes 

downregulated in the wildtype in spent media (compared to the fresh media 

control). 130 of those genes were upregulated and 103 were downregulated in the 

wildtype exposed to spent media, but not in other conditions – these are the genes 

exclusively regulated by spent media in aggregates (Figure 6.4, shown in blue). In 

the actA-ΔC mutant after exposure to spent media 435 genes were upregulated 

and 168 genes were downregulated (compared to the fresh media control). Of 

these, 130 genes were upregulated and 154 genes were downregulated by the 

actA-ΔC mutant in spent media but not in other conditions (Figure 6.4, shown in 

purple). 489 regulated gene sets were shared between the wildtype and actA-ΔC 

mutant in response to spent media, 236 genes were upregulated and 253 were 

downregulated, demonstrating that spent media induces a generic response across 

both strains (Figure 6.4, shown in the blue-purple overlap). Importantly, the genes 

belonging to the PrfA regulon were upregulated in both strains due to spent media 

treatment and are included in this set of shared genes. These data suggest that 

spent media induces a significant transcriptional change in bacteria, and the 

process of aggregation also alters the expression a subset of these genes. However, 

the PrfA regulon is upregulated by spent media but not by aggregation. A more 

detailed analysis of differentially regulated genes across the conditions is presented 

below. 
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Figure 6. 4. Venn diagram showing overlapping gene sets between the analysed 

conditions. Left Venn diagram shows genes differentially upregulated and right 

show genes differentially downregulated. Blue circle represents genes differentially 

expressed in wildtype bacteria in spent media compared to fresh media, purple 

represents genes differentially expressed in actA-ΔC in spent media compared to 

fresh media. Green represents genes differentially expressed in actA-ΔC in fresh 

media compared to the wildtype and red represents genes differentially expressed 

in actA-ΔC in spent media compared to the wildtype. Numbers represent the 

number of genes and overlaps show the number of shared gene sets between 

analysed conditions. 

 

6.3 Differentially expressed genes in spent media 

 

From these lists of differentially analysed genes, analysis of the specific genes that 

were differentially regulated in spent media compared to fresh media in the 

wildtype was performed. A threshold of padj < 0.05 and Log2 fold change <-1 or >1 

were set, the number of genes that fall within these parameters are shown on a 

volcano plot (Figure 6.5A). The Log2 fold changes and names of characterised genes 

are shown on a heat map sorted by gene function (Figure 6.5B). 
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There were 7 differentially upregulated genes that were directly involved in iron 

scavenging and iron uptake. The gene srtB had a mean log2 fold change of 2.6 and 

encodes Sortase B (SrtB), a second class sortase in L. monocytogenes which is 

involved in the attachment of a subset of proteins to the cell wall by recognising an 

NXZTN sorting motif (Bierne, Garandeau, Pucciarelli et al., 2004). 

 

isdC and isdE showed log2 fold increases of 2.5 and 2.0 respectively. These genes 

encode for proteins in a high-affinity heme uptake system protein required for 

scavenging and Fe2+/Fe3+ binding (Grigg, Vermeiren, Heinrichs et al., 2007). These 

proteins are linked to SrtB which acts on their recognisable motifs (NxyTN) 

(Newton, Klebba, Raynaud et al., 2005). 

 

efeB showed a mean Log2 fold increase of 2.4. It encodes for deferrochelatase, 

which is involved in the recovery of exogenous heme iron. It extracts iron from 

heme while preserving the protoporphyrin ring intact (Lechowicz and Krawczyk-

Balska, 2015). 
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Figure 6. 5. Genes showing significant transcriptomic changes after wildtype  L. 

monocytogenes exposure to spent media. A) Volcano plot showing differentially 

regulated genes in spent media compared to fresh in 2 biological replicates. Circles 

represent individual genes. Dotted lines represent the thresholds set for filtering 

differentially expressed genes, a padj < 0.05 and a Log2 fold change <-1 or >1. Red 

circles represent differentially upregulated genes and blue circles represent 

differentially downregulated genes. B) A heat map showing Log2 fold-change values 
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for all characterised genes that had a Log2 fold change >1 or <-1. Log2 fold change 

shows the change in transcript levels in spent media compared to the fresh media 

baseline. The values for 2 replicates for each gene listed on the left are shown. 

Genes are sorted from the highest mean fold change (top) to the lowest (bottom) 

and the values are shown on the right. The key shows the Log2 fold change values 

each colour represents. All Log2 fold changes are significant with padj < 0.05. 

 

hbp2 showed a mean Log2 fold increase of 2.3 and encodes for Hemoglobin binding 

protein 2. This is a hemophore that scavenges heme from the environment. It is 

expressed under iron-deficient conditions from the svpA-srtB operon, which also 

encodes SrtB. It is predicted to be covalently attached to the cell wall by the SrtB 

sortase because it contains the appropriate recognition motif (Malmirchegini, Sjodt, 

Shnitkind et al., 2014). 

 

tatA and tatC are genes in Twin-arginine translocation pathway and showed Log2 

fold increases in of 1.7 and 1.3 respectively. Homologous genes in S. aureus, show 

evidence of the involvement of the Tat pathway in transporting an iron dependent 

peroxidase (FepB, homologous to the protein efeB codes) and in successful in vivo 

infections (Machado, Lourenco, Carvalho et al., 2013). 

 

3 genes involved in glycerol metabolism were also upregulated. dhaM, showed a 

mean Log2 fold increase of 1.8. It encodes PEP-dependent dihydroxyacetone kinase 

1 phosphoryl donor subunit DhaM, which is a part of the transformation of glycerol 

into dihydroxyacetone (Monniot, Zebre, Ake et al., 2012). trpD and trpC showed 1.1 

mean Log2 fold increases and encode for anthranilate phosphoribosyltransferase 

and indole-3-glycerol phosphate synthase respectively. These proteins are involved 

in the biosynthesis of L-tryptophan from glycerol metabolism (Joseph, Mertins, Stoll 

et al., 2008). 
Significantly downregulated genes included two genes involved in pyridoxal 5'-

phosphate (P5P) biosynthesis, pdxT and pdxS showed a mean Log2 fold decrease of 

-4.2. P5P is an essential cofactor for numerous metabolic enzymes (Belitsky, 2004).  

pstA and pstC encode two transmembrane proteins involved in the phosphate 
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transport system (Choi, Sureka, Woodward et al., 2015; Moreno-Letelier, Olmedo, 

Eguiarte et al., 2011) and showed a mean Log2 fold change of -1.2. The other 

downregulated genes were buk, nadA, nrdD and lpdA which had mean Log2 fold 

changes of -1.1. buk encodes butyrate kinase which in L. monocytogenes allows 

utilisation of multiple substrates for energy (Sirobhushanam, Galva, Saunders et al., 

2017). nadA is involved in the biosynthesis of quinoline and subsequently 

Nicotinamide adenine dinucleotide (NAD) (Rousset, Fontecave and Ollagnier de 

Choudens, 2008).  nrdD encodes class III anaerobic ribonucleotide reductase used in 

anaerobic conditions, however this protein has impaired function in EGD-e due to a 

6 amino acid deletion (Ofer, Kreft, Logan et al., 2011). lpdA forms part of the bkd 

operon of branched-chain alpha-keto acid dehydrogenases (Stasiewicz, Wiedmann 

and Bergholz, 2011). 

 

Next, the core PrfA regulon was analysed to determine the effect that spent media 

has on PrfA-regulated virulence gene expression in wildtype L. monocytogenes 

(Figure 6.6). As expected, many of the genes in the core PrfA regulon were 

upregulated. The Log2 fold change of plcB and actA were the highest, both showing 

mean Log2 fold change of 2.5 across the replicates. orfX (2.1), hly (1.9), hpt (1.7), 

plcA (1.7) inlC (1.5), mpl (1.5) and prfA (1.3) itself all showed statistically significant 

(padj < 0.05) Log2 fold increase. Interestingly, of all the genes inlA and inlB  showed 

the lowest increase with 1.2 and 1.1 mean Log2 fold change respectively. These 

genes are also regulated by SigB which was previously shown to have no role in 

aggregation. SigB did not show significant upregulation by spent media (Log2 fold 

change -0.08, padj = 0.496, data not shown).  
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Figure 6. 6.Transcriptomic changes to the core PrfA regulon after wildtype L. 

monocytogenes exposure to spent media. Heat map showing log2 fold-change in 

spent vs fresh media for the core genes of the PrfA-regulon for two replicates. 

Genes are sorted from the highest Log2 fold change (top) to the lowest (bottom) 

and the key shows the Log2 fold change values each colour represents. Mean Log2 

fold change of the replicates is reported in the list on the right. All log2 fold changes 

are significant with padj < 0.05. 

 

6.4 Differentially expressed genes in actA-ΔC mutant in spent media 

 

The process of aggregation itself may change the transcription profile of L. 

monocytogenes. These transcriptional changes may be important in the formation 

of aggregates and the biological role of aggregates in invasion. To investigate this, 

differentially expressed genes between wildtype L. monocytogenes and the non-

aggregating actA-ΔC mutant exposed to spent media for 2 hours at 37°C were 

analysed. A threshold of padj < 0.05 and Log2 fold change <-1 or >1 were set and 
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these are shown on a volcano plot (Figure 6.7A). The Log2 fold changes and names 

of previously characterised genes are shown on a heat map sorted by gene function 

(Figure 6.7B).  

 

Several genes involved in cationic peptide resistance were upregulated in the non-

aggregating mutant. mprF showed a mean Log2 fold change of 2.9. mprF encodes 

for multiple peptide resistance factor and is involved in cationic antimicrobial 

peptide resistance by reducing the charge of the bacterial cell wall (Thedieck, Hain, 

Mohamed et al., 2006). All 4 genes of the dlt operon – dltA, dltB, dltC and dltD 

showed mean Log2 fold changes of 1.7, 1.6, 1.5 and 1.3 respectively. These genes 

catalyse the incorporation of d-alanine residues onto the bacterial cell wall and 

confer resistance to cationic antimicrobial peptides and play a role in adhesion and 

virulence (Abachin, Poyart, Pellegrini et al., 2002). These genes are regulated by 

VirR, a regulator that forms part of a two-component sensing system (VirR/VirS) 

that is important to L. monocytogenes virulence (Mandin, Fsihi, Dussurget et al., 

2005). 

 

Significantly downregulated genes in the actA-ΔC mutant included trpD and trpC 

which had a mean Log2 fold change of -1.1 These are involved in the biosynthesis of 

L-tryptophan from glycerol metabolism (Joseph, Mertins, Stoll et al., 2008). nadB 

had a Log2 fold change of -1.1 and is involved in biosynthesis of quinoline and 

subsequently Nicotinamide adenine dinucleotide (NAD) (Rousset, Fontecave and 

Ollagnier de Choudens, 2008). 
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Figure 6. 7 Genes showing significant transcriptional changes in spent media 

treated actA-ΔC compared to wildtype. A) Volcano plot showing differentially 

regulated genes in spent media compared to fresh in 2 biological replicates. Circles 

represent individual genes. Dotted lines represent the thresholds set for filtering 

differentially expressed genes, a padj < 0.05 and a Log2 fold change <-1 or >1. Red 

circles represent differentially upregulated genes and blue circles represent 

differentially downregulated genes. B) A heat map showing Log2 fold-change values 
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for all characterised genes that had a fold change >1 or <-1. Log2 fold change shows 

the change in transcript levels non-aggregating actA-ΔC mutant compared to the 

wildtype baseline. The values for two replicates for each gene listed on the left are 

shown. Genes are sorted from the highest mean fold change (top) to the lowest 

(bottom) and grouped by function and mean Log2 fold change is reported on the 

right. The key shows the Log2 fold change values each colour represents. All Log2 

fold changes are significant with padj < 0.05. 

 

Next, the PrfA-regulon was analysed. In the data set all the genes in the PrfA 

regulon had a padj < 0.05 but did not show significant transcriptional change the 

non-aggregating mutant compared to the wildtype, all mean Log2 fold changes 

were between 1 and -1 (Figure 6.8).  
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Figure 6. 8. Transcriptomic changes to the core PrfA regulon when comparing 

wildtype L. monocytogenes and the non-aggregating actA-ΔC mutant exposure to 

spent media. Heat map showing Log2 fold-change values for the core genes of the 

PrfA-regulon. Log2 fold change shows the change in transcript levels in the non-

aggregating actA-ΔC mutant compared to the wildtype. The values for two 

replicates for each gene listed on the left are shown Mean Log2 fold change is 

reported in the list on the right. Genes are sorted from the highest mean fold 

change (top) to the lowest (bottom) and the key shows the Log2 fold change values 

each colour represents.  
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6.5 Discussion 

 

6.5.1 Differential gene expression in L. monocytogenes during 

aggregation  

 

The imaging experiments showed that ActA mediated aggregation is a key 

interaction between host cells and bacteria that affects infection outcomes. To 

further investigate the patterns of gene expression that underlie this interaction a 

transcriptomic analysis of aggregating wildtype and non-aggregating actA-ΔC 

bacteria exposed to spent media. The RNA-Seq experiment revealed intriguing 

differential gene expression patterns that may indicate some of the mechanisms 

that are involved in the response to the host cell factor and subsequent aggregation 

phenotype. 

 

6.5.2 Exposure to host factor in spent media induces a virulence-

related transcriptional change 

 

Analysis of gene expression in wildtype L. monocytogenes in response to the host 

factor in spent media revealed an upregulation in iron scavenging and uptake 

genes. Iron is an element that is required by almost all living organisms and is 

required for many biological processes such as oxygen transport, DNA biosynthesis 

and energy production (Andrews, Robinson and Rodriguez-Quinones, 2003). 

Despite being widespread in the environment iron has a low availability for living 

organisms due to its low solubility (Lechowicz and Krawczyk-Balska, 2015). Iron 

sequestration is a strategy employed by hosts protect themselves from bacterial 

infection by causing the concentration of iron to be too low to support bacterial 

growth, this is known as nutritional immunity (Latunde-Dada, 2009). The host binds 

iron with transferrin in the serum and lactoferrin in the mucus membranes 

(Hammer and Skaar, 2011). Iron is also bound to haem in proteins such as 

haemoglobin used to oxygen transport. Iron acquisition in pathogens is a key 
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survival mechanism and L. monocytogenes has transport systems that are 

specifically designed for scavenging iron from host proteins (Lechowicz and 

Krawczyk-Balska, 2015). This study showed upregulation of genes (srtB, hbpB) that 

are directly involved in iron scavenging from haem (Xiao, Jiang, Moore et al., 2011), 

showing that the bacteria is upregulating genes specifically for surviving in a host 

environment. Several pathogenic bacteria have receptors for detecting transferrin 

and lactoferrin (Braun, 2005). It would be interesting to test whether these iron-

containing proteins are the >10 kDa host factor that induces aggregation.  

 

Regardless of its identity the host cell factor acts as a signal to L. monocytogenes 

and the RNA-seq data suggests that it is preparing to scavenge iron from 

intracellular components such as transferrin, lactoferrin and haem-containing 

proteins to aid in intracellular proliferation. Whether the lack of iron directly affects 

pathogenicity of L. monocytogenes, virulence gene expression or induces 

aggregation requires further investigation.  

 

The host factor also causes L. monocytogenes to change alter its metabolic profile. 

Genes for glycerol metabolism are upregulated while genes for P5P synthesis and 

phosphate uptake are downregulated. Glycerol is one of the non-PTS sugars that L. 

monocytogenes utilises in the host cell and is linked to PrfA activity (Joseph, 

Mertins, Stoll et al., 2008). This suggests that the presence of the host factor primes 

the bacteria to switch to intracellular gene expression. It is unclear why phosphate 

uptake and P5P synthesis would be downregulated but these may represent part of 

the metabolic shift for L. monocytogenes. 

 

An alternative explanation for the differential expression in iron uptake genes and 

genes related to metabolism is due to the nutrient changes in spent media. The 

spent media has been incubated on live, metabolising human cells for up to 18 

hours. This could mean any number of metabolites are increased or depleted in the 

media, or that available iron is increased/decreased. The bacteria would alter its 

metabolic state in response to this and this could result in a differential gene 

expression pattern in spent media compared to fresh media. 
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The RNAseq experiment also validated the observations of the imaging experiments 

that there is an increase in virulence gene expression and confirmed that this is 

across the whole PrfA regulon. inlA and inlB were the least upregulated, these 

genes are also SigB regulated (Toledo-Arana, Dussurget, Nikitas et al., 2009) and no 

increase was seen in sigB expression. 

 

 

6.5.3 The process of aggregation induces a transcriptional change 

 

When comparing the gene expression of the wildtype against the non-aggregating 

actA-ΔC mutant, the most striking observation was the higher transcription levels of 

genes involved in cationic antimicrobial peptide resistance in the non-aggregating 

bacteria. This raises an interesting question of whether aggregation itself may 

protect against cationic peptides, and whether aggregated bacteria do not require 

upregulation of these genes as much as planktonic cells do. In a study in P. 

aeruginosa genes involved in aggregate formation, aggregation genes were shown 

to increase resistance to a cationic antimicrobial peptide (Santos-Lopez, Fritz, 

Lombardo et al., 2021). Further work would be required to understand the specific 

role these genes play in aggregation in aggregate formation and virulence. 

Overall, the presence of the host factor in spent media induced transcriptional 

changes in L. monocytogenes that are related to survival in the host and virulence. 

Aggregation may afford some protection against cationic peptides, another 

potential adaption for L. monocytogenes survival in the host.  

 

Overall, this RNA-seq analysis provides an insightful analysis of the gene expression 

patterns associated with aggregation. However, only two replicates were analysed 

for each condition. For these results to be fully validated more biological replicates 

of condition must be obtained and combined with the analysis here. 
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To summarise, spent media causes a transcriptional change in a set of genes, but 

only a subset of these genes are associated with aggregation. Specific analysis of 

differentially regulated genes showed that PrfA upregulation is the effect of the 

host factor in the spent media, and not by the process of aggregation. In spent 

media L. monocytogenes also upregulates genes involved in iron scavenging/iron 

uptake and glycerol metabolism while downregulating genes involved in phosphate 

uptake and P5P biosynthesis. The genes regulated by the process of aggregation 

include genes involved in cationic antimicrobial peptide resistance and glycerol 

metabolism. 
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7. Discussion and Future Work 

 

7.1 Discussion  

 

L. monocytogenes is a ubiquitous human pathogen that can cause serious disease in 

immunocompromised people and remains a global challenge for the food industry, 

particularly in ready to eat food pipeline (European Food Safety, European Centre 

for Disease and Control, 2021). L. monocytogenes intracellular life cycle is well 

studied and well characterised (Freitag, Port and Miner, 2009), as are the functions 

of many of its virulence genes (Tiensuu, Guerreiro, Oliveira et al., 2019). A key aim 

of this study was to use live cell microscopy to uncover novel host-pathogen 

interactions of L. monocytogenes at the single cell level and to characterise these 

key interactions to contribute to the understanding of how L. monocytogenes 

interacts with human cells.  

 

By developing and using a live cell imaging model several undescribed mechanisms 

were observed in the experiments shown in the results chapters (Figure 7.1). The 

imaging model showed that invasion is a rare event and that bacteria aggregate on 

the surface of host cells to increase the success rate of invasion by multiple 

invasions events. This is also associated with host susceptibility via the cell cycle 

and through InlB-Met interactions, with cells being in the G2/M phase showing a 

higher association with bacterial aggregates. Through the development of a spent 

media assay this aggregation was shown to be induced by a host cell factor which 

induces a transcriptional change including upregulation of the core PrfA regulon 

(Figure 7.1).  
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Figure 7. 1. Schematic model of the findings in this study. A proteinaceous >10 kDa 

host factor, present in spent media, induces a change in gene expression in L. 

monocytogenes including upregulation the PrfA regulon and ActA-mediated 

aggregation. Aggregation induces a further change in gene expression but does not 

alter expression of the PrfA regulon. Aggregates associate preferentially with host 

cells in G2/M phase due to increased expression of Met and aggregates invade the 

host cells through multiple invasion events that increase both the bacterial invasion 

rate and the number of replicative invasions.  

 

This study set out three aims. Firstly, to use live-cell microscopy approaches to 

develop an in vitro infection model for monitoring single-cell host pathogen 

interactions of L. monocytogenes. A HeLa cell and HUVEC cell model was 

established for live cell imaging of infection and these experiments revealed novel 

interactions that showed heterogeneity between interactions of single bacterial 

cells and single host cells and novel processes such as multiple invasion events. 
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The second aim was to characterise key interactions between L. monocytogenes 

and host cells and mechanistically understand regulation of probabilistic infection 

outcomes. This study employed a range of techniques including an aggregation 

assay to determine the genes involved in aggregation, fixed imaging experiments to 

show host receptor interactions and invasion rates of L. monocytogenes and live 

cell imaging to show the kinetics of host-pathogen interactions and monitor 

infection outcomes. The data shows that aggregation is a strategy employed by L. 

monocytogenes to increase its low invasion success rate in a subset of susceptible 

host cells that are in a specific phase of the cell cycle. 

 

The final aim was to use molecular microbiology and next-generation sequencing to 

characterise the role of PrfA regulon in controlling outcomes of single-cell host 

pathogen interactions of L. monocytogenes. The preliminary RNA-seq analysis 

showed that the PrfA regulon is upregulated outside of the host cell and in 

response to a host factor and showed some intriguing changes in gene expression 

that provide further evidence that aggregation is involved in L. monocytogenes 

virulence and survival inside of the host. 

 

In conclusion, this study has demonstrated the value of imaging interactions 

between human cells and pathogens and how this can uncover novel interactions 

that lead to a greater understanding of the biology of infection. 

 

7.3 Future Work 

 

Several findings in this study require further investigation. The host factor that 

induces the aggregation phenotype remains uncharacterised. By fractionating spent 

media and utilising a proteomics approach the identity of the host factor could be 

elucidated, providing a further understanding of the mechanisms that induce the 

upregulation of virulence genes and subsequent aggregation. 
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Further validation of the InlB-Met interaction and its role in aggregation would 

strengthen the hypothesis that this interaction plays a role in aggregation. For 

example, HeLa cell lines that are deficient in Met expression are commercially 

available. Translating the findings of the biological role of aggregation into more 

physiologically accurate tissue models such as organoids would be advantageous. 

 

The RNA-Seq data requires further replicates to statistically validate the findings. 

They could also be further validated by qRT-PCR of several genes that showed a 

significant differential expression. 
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9. Appendix 
 

9.1 Supplementary Videos 

 
Supplementary videos are available on the University of Manchester’s data sharing 
repository FigShare. Their unique Digital Object Identifiers (DOI) are shared here. 
 
 
DOI: 10.48420/21217784 

Supplementary Video 1. Formation of aggregates and upregulation of virulence 

genes.  Representative confocal microscopy video of 3 biological replicates of HeLa 

cells infected with Lm-dsRed-PactA-GFP MOI=20 for 2 hours. Video show the 

formation of bacterial aggregates and upregulation of virulence gene expression as 

shown by increased GFP expression. Scale bar 5 μm.  

DOI: 10.48420/21217796 

Supplementary Video 2. Multiple bacteria may successfully invade the host cell 

from a single aggregate Representative confocal microscopy video of 3 biological 

replicates of HeLa cells infected with Lm-dsRed-PactA-GFP MOI=20 for 2 hours. 

Video shows an aggregate of 4 bacteria invading a HeLa cell and establishing a 

successful replicative invasion. Scale bar 10 μm 

DOI: 10.48420/21217808 

Supplementary Video 3. L. monocytogenes exposed to spent host cell media.x 107 

Lm-dsRed-PactA-GFP was incubated for 2 hours at 37°C in spent media (bottom) 

(retrieved as described in Section 2.6.1). Representative video of 3 biological 

replicate experiment show upregulation of PrfA-regulated virulence genes via 

PactA-GFP (green) expression and the formation of aggregates occurs when 

exposed to spent media, but not fresh media. Scale bar 10 μm. 
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DOI: 10.48420/22010378 

Supplementary Video 4. L. monocytogenes exposed to fresh media. 1.0 x 107 Lm-

dsRed-PactA-GFP was incubated for 2 hours at 37°C in fresh media (bottom). 

Representative video of 3 biological replicate experiment show upregulation of 

PrfA-regulated virulence genes via PactA-GFP (green) expression but no aggregation 

occurs when exposed to fresh media. Scale bar 20 μm. 

 


