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Key points 

 

• L. monocytogenes invasion of innate immune macrophages results in heterogeneous 

infection outcomes at the single cell level 

• Fate of individual bacteria in the same host cell is independent from each other and 

non-cooperative  

• Bacterial populations coordinate host cell uptake via the rate of phagocytosis to reduce 

internalization at high MOI 

• The PrfA regulon system is necessary but not sufficient for L. monocytogenes 

replication, but population-level PrfA virulence regulates single cell outcome probability   
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Abstract 

 

Pathogens have developed intricate strategies to overcome the host’s innate immune 

responses. In this paper we use live-cell microscopy with a single bacterium resolution to 

follow in real time interactions between the food-borne pathogen L. monocytogenes and host 

macrophages, a key event controlling the infection in vivo. We demonstrate that infection 

results in heterogeneous outcomes, with only a subset of bacteria able to establish a 

replicative invasion of macrophages. The fate of individual bacteria in the same host cell was 

independent from each other and non-cooperative, but a higher multiplicity of infection 

resulted in a reduced probability of replication. Using internalisation assays and conditional 

probabilities to mathematically describe the multi-stage invasion process, we demonstrate that 

the secreted Listeriolysin toxin (LLO) of the PrfA regulon regulates replication probability by 

compromising the ability to phagocytose bacteria. Using strains expressing fluorescent 

reporters to follow transcription of either the LLO-encoding hly or actA genes, we show that 

replicative bacteria exhibited higher PrfA regulon expression in comparison to those bacteria 

that did not replicate, however elevated PrfA expression per se was not sufficient to increase 

the probability of replication. Overall, this demonstrates a new role for the population-level, but 

not single cell PrfA-mediated cooperativity to regulate outcomes of host pathogen interactions. 
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Introduction 

Specific interactions between pathogenic bacteria and individual host cells decide the course 

of an infection and its’ outcome. The responses of individual host cells are extremely variable, 

as exhibited by noisy transcription factor dynamics (Adamson et al. 2016; Czerkies et al. 2018; 

Kellogg et al. 2017; Cheng et al. 2015; Patel et al. 2021) and heterogeneous effector gene 

production (Shalek et al. 2014; Bagnall et al. 2018; Bagnall et al. 2020; Xue et al. 2015). In 

turn, pathogens employ complex strategies to avoid recognition by host cells (Rosenberger 

and Finlay 2003; Nikitas et al. 2011; Avraham et al. 2015), and are able to rapidly adapt to 

environmental changes to diversify their phenotypes and enhance their survival in the host 

(Norman et al. 2015). Consequently, the interactions between host and pathogen at the single 

cell level are inherently heterogeneous and result in different and “seemingly” probabilistic 

outcomes (García-Del Portillo 2008; Helaine et al. 2010). For example, only a subset of 

genetically identical host cells can kill invading Salmonella (McIntrye, Rowley, and Jenkin 

1967), while others allow a pathogen to either persist or replicate to eventually cause a 

systemic infection (Avraham et al. 2015; Stapels et al. 2018). Whether different infection 

outcomes are controlled by the pathogen, the host, or both is not well understood.  

 

Here we use real time single cell analyses to study the food-borne pathogen Listeria 

monocytogenes which is responsible for a number of serious infections with high mortality 

rates (20-30% in human) despite antibiotic intervention (Cassir, Rolain, and Brouqui 2014). 

The potential of L. monocytogenes to cause systemic infection depends on the ability to 

transcytose the intestinal barrier and subvert immune cells to establish infections in the liver 

and spleen (Nikitas et al. 2011; Kim et al. 2021). L. monocytogenes invades host cells via a 

membrane-bound vacuole (through phagocytosis by immune cells), before escaping, 

replicating in the cytoplasm, and spreading to adjacent cells, coordinated through the action 

of the regulatory protein PrfA (Radoshevich and Cossart 2018). The PrfA regulon contains 

genes required for invasion of non-phagocytic cells, phagosome escape (hly encoding pore-

forming toxin listeriolysin O, LLO), cytosolic growth and spread to neighbouring cells through 

actin polymerisation (actA) (Cossart 2011; Wang et al. 2015). Regulation of PrfA activity is 

complex, involving transcriptional and posttranslational control (Radoshevich and Cossart 

2018; Reniere et al. 2015; Johansson et al. 2002; Krypotou et al. 2019). Recently, it has been 

shown that the response of L. monocytogenes at the single cell level to environmental triggers 

was heterogeneous, where only a subset of L. monocytogenes expressed the PrfA regulated 

hly (Guldimann et al. 2017). Likewise, in epithelial cells a small sub-population of pioneer L. 

monocytogenes promoted enhanced cell-to-cell spread (Ortega, Koslover, and Theriot 2019). 

L. monocytogenes is also capable of switching between different phenotypic states inside the 
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host to diversify its invasion strategies, from an active motile to persistent non-replicative state 

(Kortebi et al. 2017). In turn, genetically identical host cells exhibit different susceptibility to L. 

monocytogenes invasion through the heterogeneity of the endothelial cell adhesions 

(Rengarajan and Theriot 2020). Despite the recent advances highlighting the heterogeneous 

nature of interactions between bacterial pathogens and host cells, our mechanistic 

understanding how the variability in the pathogen and in the host contribute to the overall 

outcome of infection at the single cell level is limited.  

 

Here we use live-cell confocal microscopy approaches with single bacteria resolution to 

understand interactions between L. monocytogenes and host macrophages, a critical event 

controlling infection (Shaughnessy and Swanson 2007). We show that infection relies on a 

fraction of bacteria that can effectively replicate and spread within the macrophage population. 

We demonstrate that the ability of L. monocytogenes to replicate is non-cooperative as 

multiple bacteria in the same host cell have statistically independent fates, but the overall 

probability is controlled by the multiplicity of infection (MOI). We demonstrate that this is 

regulated through the secreted LLO in the environment, which compromises macrophages’ 

ability to phagocytose L. monocytogenes at higher MOI. Paradoxically, we found that at the 

single cell level PrfA regulon expression is heterogeneous and positively correlates with 

infection outcomes, however it is not sufficient for L. monocytogenes replication.  Overall, 

these data provide new insights into PrfA-mediated interactions of L. monocytogenes and 

innate immune macrophages and potential new avenues to manipulate infection outcomes at 

the single cell level.  

 

 

Results 

 

Infection of macrophages results in heterogeneous outcomes at the single cell level 

 

To quantify outcomes of individual interactions of L. monocytogenes and host macrophages 

we used live cell confocal microscopy approaches. We infected monolayers of a murine 

macrophage cell line, (RAW 264.7) and primary murine bone marrow derived macrophages 

(BMDMs) with L. monocytogenes expressing green fluorescent protein (referred herein as Lm-

GFP) using a chromosomally integrated plasmid system (see Materials and Methods). We 

used a gentamycin protection assay (where start of the imaging experiment in referred as t0) 

and a low MOI of 0.25 (4:1 host cell to pathogen ratio) to exclude multiple invasion events per 

host cell and thus spatially separate individual host-pathogen interactions (Fig. 1a). In a typical 

experiment this resulted in 4.1% of host cells (90 per 2200 cells) harbouring exactly 1 
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bacterium at t0 (with 1% of infected host cells harbouring >1 bacteria). In contrary to previous 

approaches, which typically quantify the “average” behaviour of many bacteria per host, our 

approach therefore enables analyses of individual host cell pathogen interactions with a single 

bacterium resolution in a more physiological and clinical context.  

 

Upon infection (Fig. 1b, video 1) we identified three main outcomes at 5 h post infection 

resulting in: (1) intracellular replication of bacteria; (2) non-replicative invasion and (3) 

disappearance. We found that upon invasion of RAW 264.7 macrophages, on average only 

32% (6% standard deviation, SD) of individual host-pathogen interactions resulted in a 

replicative infection (Fig. 1c). These replication events were typically initiated within the 2 h 

post infection and resulted in a rapid growth (up to 30 bacteria in 5h) and spread to 

neighbouring host cells forming characteristic replicative foci (as indicated by white boxes in 

Fig. 1b). Likewise, 32% (8%) of single-cell interactions resulted in non-replicative invasion, 

where individual bacteria remained associated with the original host cell for the duration of the 

experiment. In some cases, bacteria established a new interaction event at later time point, 

see black arrow in Fig. 1b. In addition, 36% (8%) of bacteria disappeared within the 5 h post 

infection from the imaging region. The latter is consistent with phagosome killing of bacteria; 

however, we cannot exclude a possibility that some bacteria escaped to the media. 

Importantly, the invasion of murine BMDMs at MOI=0.25 resulted in similar infection 

outcomes; 25% (3%) of interactions resulted in replicative invasion, which was not 

statistically different from the macrophage cell line (Fig. 1d), 

 

The intracellular life cycle of L. monocytogenes is well characterised, to grow the bacteria must 

escape the phagosome to the cytoplasm, where it can replicate and accumulate actin for 

intracellular propulsion (Radoshevich and Cossart 2018). We therefore used phalloidin 

staining to assess the ability of L. monocytogenes to polymerase actin (Fig. 1e), as a marker 

of its cytoplasmic localisation (Kocks et al. 1992). We found that 15% (6%) of non-replicative 

bacteria co-localised with actin staining (Fig. 1f) suggesting that these bacteria are present in 

the host cytoplasm, but do not replicate. The presence of actin would also indicate these 

bacteria were not destined for autophagy (Birmingham et al. 2007). In comparison, 81% (5%) 

of replicative bacteria co-localised with actin (Fig. 1g). Overall, these data demonstrate the 

heterogeneous nature of interactions between L. monocytogenes and host macrophages with 

only a fraction of bacteria that can effectively replicate and spread within the host cell 

population.  

 

Invasion of individual bacteria in the same host cell is non-cooperative  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

The fundamental question that we wanted to address is whether the single cell infection 

outcomes are determined by the host or the pathogen, or both. To discriminate between these 

possibilities, we simultaneously infected macrophages with L. monocytogenes expressing 

either green (Lm-GFP) or red fluorescent protein (Lm-dsRed) using a combined MOI of 5 (at 

1:1 ratio between red and green bacteria). This enabled us to determine outcomes of multiple 

invasion events per individual host cell. For example, if two bacteria share the same fate upon 

invasion of the same host cells (e.g., the ability to replicate) it would suggest that the single 

cell outcome is controlled by the host environment, i.e., some host cells are more permissive 

to replication than others. Conversely, if fates are statistically independent, the infection 

outcome is controlled by the bacteria (Fig. 2a).  

 

To test these possibilities, we first focused on a subset of host cells that at t0 were infected 

with exactly one green and red bacteria (167 cells from triplicate experiments, Fig. 2b, video 

2). We found that the marginal probabilities that green or red bacteria replicate although 

slightly different from each other, pG= 0.257 (0.16) vs. pR=0.148 (0.07), respectively, were 

not statistically different (Mann-Whitney test p value 0.4). Assuming the statistical 

independence, the expected probability that both red and green bacteria replicate in the same 

host cell is the product of their marginal probabilities, p= pG x pR = 0.257 x 0.148= 0.036 

(0.04), while the expected probability that neither red nor green replicate is pn=(1-pG) x (1-

pR)= 0.63 (0.19). In the data we observed that the probability that both green and red bacteria 

replicated was 0.029 (0.025), while probability that neither replicated was 0.58 (0.18). These 

could not be statistically distinguished from the expected probabilities (Fisher exact test p 

value 0.18). Therefore, the fate of individual bacteria in the same host is independent from 

each other, suggesting it is the behaviour of individual L. monocytogenes cells that determine 

the overall outcome of the infection.  

 

The presence of multiple bacteria per host cell raises questions about invasion strategy of L. 

monocytogenes; do multiple bacteria cooperate to increase the likelihood of replication or in 

contrast, are multiple bacteria cleared more efficiently by host cells. To address this, we tested 

whether the probability of replication depended on the number of L. monocytogenes 

associated with cells at t0. We could not follow multiple bacteria in the same host cells since 

it would require much higher (at least one order of magnitude) temporal resolution; instead, 

based on the live-cell microscopy movies we accurately determined whether the number of 

bacteria per host cell increases over time or not (Fig. 2c). If n denotes the number of bacteria 

per cell at t0, and p0 is the replication probability when one bacteria is present, then assuming 
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statistical independence the expected probability that at least one bacteria replicates when n 

is present can be defined as pn=1-(1-p0)n. Cooperativity between bacteria would be associated 

with increased probabilities of replication (in comparison to the independence model), while 

increased immune response would be associated with reduced replication probabilities as the 

number of host-cell associated bacteria increases (Fig. 2d). We found that the observed 

probabilities exhibited sub-linear increases for up to 7 bacteria per host at t0 (for which at least 

10 cells per biological replicate and 50 overall was observed, Fig. 2e). For example, the 

probability of replication (of at least one bacterium) if two were present at t0 was p2=0.29 

(0.05), which increased to p5=0.62 (0.02) when five bacteria were present. We found that 

the statistical independence model accurately recapitulates the data, with the expected 

p0=0.17 (0.01). This demonstrates that regardless of the number of bacteria per host, each 

bacterium has the same probability to establish a replicative invasion, thus acts independently 

and non-cooperatively.  

 

We noted that the distribution of number of bacteria associated with host cells at t0 exhibits 

substantial heterogeneity; 33% of host cells were not infected, while some macrophages 

harboured up to 15 bacteria (Fig. S1a). If the bacterial association was due to a purely random 

process, the distributions of associated bacteria should follow a one parameter Poisson 

distribution (Haight 1967). However, the Poisson fit could not capture the data suggesting that 

a more complex process is involved. Indeed, we found that a negative binomial distribution 

accurately captures both the increased number of host cells with a very high pathogen number 

as well as reduced number of those with few or zero bacteria at t0. This suggests that bacterial 

association with host cells is not purely random, but rather some host cells appear to be more 

susceptible. For example, in the invasion of non-immune cells, specific ligand/receptor 

interactions between L. monocytogenes and the host are required (Radoshevich and Cossart 

2018), which may explain heterogeneity of cell adhesions observed in endothelium 

(Rengarajan and Theriot 2020). However, invasion of macrophages is a passive process, 

where L. monocytogenes is taken up by host cells through phagocytosis (Flannagan, Cosio, 

and Grinstein 2009). We found that the number of adherent bacteria was negatively correlated 

with the number of neighbouring cells (correlation coefficient R2= 0.47, p-value <0.01, Fig. 

S1b), suggesting that adherence is mainly driven by physical accessibility. This suggested 

that at least in our infection experiments, isolated host cells are more likely to be infected by 

L. monocytogenes than those surrounded by neighbours, probably through increased cell 

surface available for bacteria to bind.  
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Overall, these analyses indicate that fate of individual L. monocytogenes are independent and 

non-cooperative in the same host, and the ability to replicate is controlled by behaviour of 

bacteria. 

 

Replication probability depends on MOI via phagocytosis  

 

Our data demonstrate that approximately a third of bacteria was able to establish a replicative 

infection at MOI 0.25 (Fig. 1c).  Surprisingly, when the infection was performed at MOI 5 the 

replication probability was reduced 2-fold (Fig. 3a). Specifically, the probability of replication 

when one bacterium was present (p1) was reduced from 0.32 (0.06) for MOI 0.25 to 0.17 

(0.01) for MOI 5, while the expected probabilities for multiple bacteria exhibited distinct 

trends. These data demonstrate that changing the MOI affects the overall replication 

probability.  

 

In order to replicate bacteria must enter the host cell through phagocytosis and escape to the 

cytoplasm (Cossart 2011). To test how MOI affects replication probability, we used anti-Lm 

antibody to distinguish bacteria that were internalised from those that were adhering to the 

cell surface at t0 (Fig. 3b). The proportions of internalized bacteria at t0 was significantly 

reduced in MOI 5 (28.12 4.4%) compared to that of MOI 0.25 (47.4 4.3%) demonstrating 

that higher MOI reduced the rate of phagocytosis (Fig. 3c). By combining live-cell imaging of 

Lm-GFP with anti-Lm extracellular staining (Fig. 3d, video 3), we determined that for MOI 0.25 

52% (14%) of internalized bacteria replicated, while only 3.5% (1.9%) of the bacteria that 

were extracellular at t0 replicated (Fig. 3e). The latter likely correspond to bacteria that are in 

the process of internalisation at t0. We then introduced conditional probabilities to characterise 

the two-step internalisation/replication process, such that conditional probability of replication 

given that bacteria is internalised P(R/I)=P(R)/P(I) is the ratio of the overall replication 

probability P(R) and the probability of internalisation P(I) (Fig. 3f). At MOI 0.25 the expected 

conditional probability of replication given that one bacteria is internalised P(R/I)=0.62, based 

on the measured overall replication probability P(R)=0.29 (Fig. 3e) and the probability of 

internalisation P(I)=0.47 (Fig. 3c). Therefore, the expected probabilities obtained using fixed 

cell internalisation assay and observed conditional proportions based on dual live-cell staining 

assay are in the good agreement.  

 

Having confirmed the conditional probability model, we next examined whether the change of 

the internalisation rate might explain apparent differences in probability of replication observed 

at different MOIs. While the Fig. 3c captured the overall internalisation rate for MOI 5, we 
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additionally examined the proportion of internalised bacteria as a function of number of 

bacteria at t0 (Fig. S2). We found a small but significant linear increase from 26.4 (1.3%) 

when one bacterium is present up to 41.6 (5.7%) when seven bacteria were present (R2 

=0.27, p-value 0.01), suggesting that increased number of bacteria may increase rate of 

phagocytosis or, according to our previous finding, isolated cells exhibit higher rate of 

phagocytosis (Fig. S1b). Nevertheless, the conditional probabilities that at least one bacterium 

replicates calculated for MOI 0.25 and MOI 0.5 based on the associated internalisation rates 

(see Materials and Methods for derivations) followed almost identical trends (Fig. 3g, black 

solid line vs. blue circles). The conditional probability calculated for MOI 5, assuming a 

constant (overall) internalisation rate (from Fig. 3c, blue line) was also in a good agreement 

with conditional probabilities for MOI 0.25. Therefore, these analyses demonstrate that the 

changes of replication probability in response to MOI is controlled through the rate of the 

phagocytosis.  

 

Population-level secreted LLO levels regulate single cell replication probability  

 

To mechanistically understand how the replication probability depends on the different number 

of bacteria in the environment we devised a dual colour experiment where Lm-GFP (green 

Lm) equivalent of MOI 0.25 was supplemented with Lm-dsRed (red Lm), such that the overall 

MOI was maintained at 5 (Fig. 4a). We found that only addition of live, but not PFA fixed Lm-

dsRed significantly reduced the rate of replication, in comparison to the control Lm-GFP at 

MOI 0.25 (Fig. 4b). This suggests a role for a secreted factor produced by bacteria, which is 

consistent with the soluble pore-forming toxin LLO (Hamon et al. 2012). Indeed, we found 

when WT Lm-GFP were supplemented with hly Lm-dsRed, unable to produce LLO, the 

replication probability was not affected at an MOI of 5 (Fig. 4c). Replication probability was 

similarly affected by live WT but not hly L. monocytogenes upon invasion of BMDMs (Fig. 

4d). LLO is known to play multiple roles during invasion, including activation of host immune 

responses (Zhang et al. 2019; Lam et al. 2011; Kayal and Charbit 2006; Hamon et al. 2012), 

we therefore tested whether recombinant LLO alone can inhibit L. monocytogenes replication 

and internalisation. Indeed, we found that incubation with recombinant LLO significantly 

reduced replication at MOI=0.25 (Fig. 4e), which in BMDMs resulted in almost complete 

inhibition with <1% bacteria able to establish replicative invasions (Fig. 4f). Consistent with a 

role for phagocytosis, we observed limited changes of internalisation of hly strain at MOI 0.25 

vs 5, in contrast to the WT bacteria (Fig. 4g). Finally, we showed that treatment with 

recombinant LLO also significantly reduced the internalisation of bacteria (Fig. 4h). Overall, 
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these data demonstrate that the amount of LLO in the environment surrounding the host 

macrophages regulates the overall L. monocytogenes replication.  

 

PrfA activity is necessary but not sufficient to induce replication at the single cell level 

 

Given the role of the PrfA-mediated virulence in the control of the overall replication probability, 

we wanted to understand whether the PrfA activity also determined the replication at the single 

cell level. To follow virulence expression in individual cells we developed dual reporter Lm 

strains, in which appropriate chromosomally integrated promoter (Phly or PactA) drives 

expression of GFP, in addition to constitutively expressed tagRPF (see Materials and 

Methods). In agreement with previous analyses (Guldimann et al. 2017), we found that the 

expression of Phly-GFP exhibited substantial heterogeneity in WT L. monocytogenes when 

cultured in tissue culture cell media for up to 1.5h, with only a subset of cells reaching high 

expression levels (Fig. S3). While a control prfA showed no detectable Phly-GFP expression, 

the PrfA* strain, in which PrfA is constitutively activated (Reniere et al. 2015), exhibited 

substantially elevated fluorescence levels and reduced cell-to-cell variability (coefficient of 

variation 0.93 vs. 0.62) comparing to that of WT (Fig. S3).  

 

We hypothesised that the ability to establish a replicative invasion was dependent on the level 

of PrfA activity in individual bacteria. We therefore used confocal microscopy to follow 

temporal regulation of PrfA activity and fate of individual bacteria upon infection of RAW 264.7 

macrophages (Fig. 5a, video 4-5). First, we found that following invasion, representative 

replicating bacteria tracked with a high temporal resolution (every 5 min) exhibited induction 

of PrfA activity (Fig. 5b). Specifically, Phly-GFP expression rapidly increased and was 

maintained within the 2 h time window, notably through multiple division events. Similarly, 

PactA-GFP was robustly induced with a delayed kinetics, as previously indicated at the 

population level (Bubert et al. 1999) and predicted by differences in PrfA-PrfA box binding 

specificities between hly and actA promoter regions (Scortti et al. 2007). The robust activation 

from both promoters was observed through multiple divisions, which suggested an ongoing 

transcription. In contrast, representative bacteria that did not replicate showed lower PrfA 

activity, however at least one non-replicative tracked bacterium robustly upregulated Phly-

GFP expression (depicted in blue in Fig. 5 a and b).  

 

To analyse the patterns of PrfA activity more systematically, we quantified Phly-GFP and 

PactA-GFP at selected times post invasion. At t0, the levels of Phly-GFP and PactA-GFP 

expression were not statistically different between those bacteria that went on to establish a 

replicative infection and those that did not. However, at 1 and 2 h post invasion, replicative 
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bacteria induced significantly higher Phly-GFP or PactA-GFP reporter expression, comparing 

to those bacteria that did not replicate (Fig. 5c). While some non-replicative bacteria exhibited 

substantial Phly-GFP expression over time, corresponding PactA-GFP fluorescence always 

remained at low basal levels. This suggested a statistical relationship between the elevated 

levels of PrfA required for activation of the PactA promoter and the infection outcome. To 

refine these analyses, we estimated the time to the (first) replication from the time-lapse 

imaging data, which typically occurred between 5 to 90 mins from t0 (Fig. S4) and used that 

to normalise temporal PrfA trajectories according to replication time (Fig. 5d). This analysis 

demonstrated that temporal increases of PactA-expression was a very strong indicator for the 

replicative invasion, highlighted by a high temporal correlation of expression levels for PactA 

(R2= 0.36, p-value <0.001) but not Phly (R2= 0.03, p-value= 0.21).  

 

To test this apparent correlation functionally, and to specifically quantify if enhanced PrfA 

activation increases replication probability, we analysed infections with PrfA*-Lm, in which 

PrfA shows higher activity compared to a WT strain (Fig. S3). We found no statistical 

difference in the replication probability of WT or PrfA* strains in RAW 264.7 and BMDMs 

macrophages (at MOI 0.25), demonstrating that increased PrfA activity per se was not 

sufficient to induce replication. Overall, these analyses demonstrate that in a marked contrast 

to population level strategy relying on collective PrfA activation and LLO secretion, the level 

of PrfA activity does not determine whether bacterium is able to replicate or not at the single 

cell level.  

 

Discussion  
 

Interactions between host and pathogen at the single cell level are inherently heterogeneous 

leading to different infection outcomes. Here we use time-lapse confocal microscopy to follow 

with a single bacterium resolution the fate of an important food-borne pathogen L. 

monocytogenes upon the invasion of innate immune macrophages, a key event controlling 

the overall infection.  We demonstrate that infection of macrophages results in heterogeneous 

outcomes, where only a fraction of single-cell host pathogen interactions leads to intracellular 

replication and spread of bacteria, while many bacteria are cleared or remain in a non-

replicative state in the host (Fig. 1). In our datasets ~30% of bacteria were able to establish 

replicative infection, both in RAW 264.7 line as well as primary murine BMDMs. Successful 

replication of L. monocytogenes is a muti-step process requiring host cell entry and 

phagosome escape (Radoshevich and Cossart 2018); our data demonstrate that once 

internalised by a host cell, approximately 50% of individual bacteria can establish a replicative 

infection, regardless of the level of infection (i.e., low or high MOI, Figs. 2 and 3). In addition, 
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approximately 25% of internalised bacteria persist in the host in a non-replicative state for at 

least 5 h. Our data demonstrate that at least 30% of these non-replicative bacteria associate 

with actin, an established marker for cytoplasmic localisation (Cossart 2011), suggesting that 

they are in the cytoplasm, but do not replicate. Previous work showed that during prolonged 

invasion the intracellular L. monocytogenes may switch between replicative and persistent 

non-replicative state in the non-phagocytic human cells (Kortebi et al. 2017). The non-

replicative state coincides with decline of ActA expression and incorporation into late 

endosomal/lysosomal vacuoles. Our imaging experiment provide no evidence for the re-

activation of the persistent cells (within the 5 h time window), instead the replication occurs as 

quickly as 30 mins after addition of inoculum, with almost all cells establishing replication within 

2 h window post infection.     

 

Pathogens often cooperate to overcome host cell defences (Diard et al. 2013). For example, 

cooperativity between Salmonella allows non-invasive strains to enter host cells (Lorkowski et 

al. 2014; Kazmierczak, Mostov, and Engel 2001; Misselwitz et al. 2012; Ginocchio, Pace, and 

Galán 1992). Once in the host, cooperativity among bacterial effector protein enable 

suppression of the immune defences by targeting multiple signalling responses (de Jong and 

Alto 2018). In turn, host cells use collective behaviour, including quorum-like activation of their 

signalling responses, to enhance immune responses (Muldoon et al. 2020) for better pathogen 

control (Boechat et al. 2001). Using dual colour experiments we found that the invasion 

strategies of individual L. monocytogenes in the same host cell are non-cooperative (Fig 2). 

Specifically, when multiple bacteria invade the same host cell all act independently with the 

same probability of replication. Importantly, while not providing any apparent advantage, the 

presence of multiple bacteria in the same host cell virtually assures a certain replication and 

subsequent rapid intracellular proliferation of L. monocytogenes. For example, the probability 

of replication for >3 bacteria per host exceeds 90%. Paradoxically, we found that higher MOI 

resulted in ~2-fold reduction of the replication probability. We demonstrate that this is 

regulated through the phagocytosis in the host, which can alter the rate of L. monocytogenes 

uptake (Fig. 3). We demonstrate that this is due to expression of PrfA-mediated LLO, a pore 

forming toxin, which is sufficient to inhibit phagocytosis and subsequent replication in LLO 

treated cells (Fig. 4). At the single cell level, we show that the major PrfA regulon is necessary, 

but not sufficient for intracellular replication (Fig. 5). We demonstrate that while bacteria exhibit 

substantial heterogeneity of PrfA activity, and replicative bacteria maintain high PrfA activity 

(to drive ActA reporter expression), increased PrfA activity does not lead to more replication 

events. Which pathway in L. monocytogenes controls successful replication remains unclear, 

but perhaps one candidate is the DNA uptake competence (Com) system, which is required 

for phagosome escape and exhibits expression variability and is regulated independently of 
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PrfA through prophage partial induction (Rabinovich et al. 2012; Pasechnek et al. 2020).  

However, our data show that while single bacteria act non-cooperatively, bacterial populations 

use cooperative virulence expression to manipulate host responses. We suggest that reduced 

phagocytosis in vivo might assure successful replication while simultaneously increasing the 

likelihood of systemic dissemination through the blood stream, and uptake by non-phagocytic 

cells (Dramsi and Cossart 2003) to promote immune evasion. 

 

LLO is a pore-forming toxin, pH-dependent member of the cholesterol-dependent cytolysins 

which binds cholesterol present in the host cell membrane (Hamon et al. 2012). It is necessary 

for the vacuolar escape of L. monocytogenes, but plays many other roles, including control of 

autophagy and mitophagy (Zhang et al. 2019), and suppression of ROS production (Lam et 

al. 2011), but also activates host signalling responses (Kayal and Charbit 2006). Previous 

work suggests that the formation of LLO pores at the cell membrane has been shown to induce 

L. monocytogenes internalisation into non-phagocytic cells (Dramsi and Cossart 2003; Vadia 

et al. 2011). Our data demonstrate that in macrophages, the rate of phagocytosis decreased 

upon LLO exposure, while the effect on overall ability to establish replicative invasion, 

especially in primary macrophages is substantial. Phagocytosis was previously shown to be 

regulated, in part through p38 mitogen activated protein kinase, in response to TRL2-

dependent Gram-positive Staphylococcus aureus (Doyle et al. 2004; Blander and Medzhitov 

2004) and L. monocytogenes (Shen et al. 2010). Phagocytosis of L. monocytogenes has also 

been linked to the expression of the inhibitory receptor T-cell immunoglobin mucin-3 (Tim-3), 

an immune checkpoint inhibitor (Wolf, Anderson, and Kuchroo 2020). Tim-3 inhibits the rate 

of phagocytosis by inhibiting expression of the CD36 scavenger receptor (Wang et al. 2017), 

which is involved in phagocytosis of Gram positive bacteria (Baranova et al. 2008). Tim-3 itself 

and its ligand Galectin-9 both have been shown to be upregulated by infection (Jayaraman et 

al. 2010). In addition, LLO (and other cholesterol cytolysins) have been shown to bind the 

mannose receptor (MCR1), while blocking MRC1 resulted in reduced uptake and intracellular 

survival of Streptococcus pneumoniae (Subramanian et al. 2020). It is currently unclear, 

whether physiological levels of LLO may indeed be sufficient to alter the expression of these 

receptor system and thus alter phagocytosis. Nevertheless, these data suggest that control of 

phagocytosis via cholesterol cytolysins might represent an important invasion strategy for 

bacterial pathogens. In agreement, pneumonolysin, which is structurally similar to LLO, was 

also shown to inhibit phagocytosis of S. pneumoniae in neutrophils (Ullah, Ritchie, and Evans 

2017). In turn, the control of phagocytosis and phagosome maturation remains an important 

host defence strategy (Drevets, Leenen, and Campbell 1996; Calame, Mueller-Ortiz, and 

Wetsel 2016) (Kernbauer et al. 2012; Dalton et al. 1993; Buchmeier and Schreiber 1985), 

highlighting the critical role of phagocytosis in host pathogen interactions.   
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Overall our analyses reveal new insight into distinct single cell and population-level strategies 

of L. monocytogenes upon invasion of innate immune macrophages. We demonstrate that 

while inside the host cells, individual bacteria act independently and non-cooperatively, the 

overall bacterial population control outcomes of single cell host interactions through collective 

PrfA signalling.  
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Materials and Methods 

 

Bacterial strains culture conditions 

L. monocytogenes EGDe:InlAm (Wollert et al. 2007) was used as the wild type (WT), with all 

mutations generated in this background. L. monocytogenes was grown in tryptone soya broth 

(TSB) unless otherwise stated, when needed antibiotics were added at final concentrations 

of: chloramphenicol (Cm) 7 g ml-1 and erythromycin (Em) 5 g ml-1. Escherichia coli DH5 

was used for cloning and grown in Luria-Bertani broth (LB), when needed antibiotics were 

added at final concentrations of: chloramphenicol (Cm) 35 g ml-1 and erythromycin (Em) 150 

g ml-1.  

 

Plasmids (Table 1) were electroporated into L. monocytogenes to generate fluorescently 

tagged and fluorescent reporter strains of L. monocytogenes described in the same table. 

Chromosomal integration of integrative plasmids was confirmed by PCR as described 

previously (Lauer et al. 2002). Correct fluorescence of strains was confirmed by microscopy.  

 

L. monocytogenes PrfA* and prfA mutants were constructed using the temperature sensitive 

shuttle plasmid pAUL-A as described previously (Wang et al. 2015). 

 

Cell culture 

RAW 264.7 macrophages were maintained in Dulbecco’s modified Eagle medium (DMEM) 

supplemented 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) 100x MEM non-essential 

amino acid solution (NEAA) at 37 C 5% (v/v) CO2. Bone marrow derived macrophages 

(BMDMs) were generated from C57BL/6 female mice using L929-conditioned media, once 

differentiated BMDMs were maintained for up to 3 days in DMEM supplemented with 10% 

(v/v) FBS at 37 C 5% (v/v) CO2.  

 

Live-cell microscopy infection assays 

RAW 264.7 macrophages or BMDMs were seeded in 35 mm TC treated imaging dishes 

(Cellview Greiner) at 3.5x105 and 7x106 cells ml-1 respectively and incubated overnight. L. 

monocytogenes mid-log (OD600 0.45-0.6) aliquots stored at -80 C in PBS glycerol (15% v/v) 

were used for infections. Cells were infected with L. monocytogenes at a MOI of 0.25 in pre-

warmed media for 45 min and washed three times prior to the addition of 10 g ml-1 gentamicin 

media (Fig. 1a). For assays with recombinant listeriolysin (rLLO, Abcam), rLLO was added to 

cells with the L.monocytogenes at a final concentration of 0.05-2 nM. Infections were 
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immediately imaged by live-cell time-lapse microscopy using a Zeiss LSM710, Zeiss LSM780 

or Zeiss LSM880 microscope. Data was visualised using the Zeiss Zen Black software.   

 

Actin staining and internalisation assay 

For internalisation assay and actin staining assay infections were performed as described 

above but fixed at 0 h and 5 h respectively with 4% (w/v) PFA PBS for 30 min at room 

temperature. For the internalisation assay, extracellular L. monocytogenes were stained with 

polyclonal rabbit anti-listeria (anti-Lm) antibody (Abcam, ab35132), and washed 3 times before 

secondary antibody staining with anti-rabbit IgG 594 (Sigma-Aldrich). For the live-cell 

internalisation and infection outcome assay, anti-Lm was added to live cells in pre-warmed 

media for 30 s, washed 3 times before secondary antibody staining with Brilliant violet 421 

donkey anti-rabbit antibody (Biolegend) in pre-warmed media for 30 s, and washed 3 times 

before imaging. 

 

For the actin staining assay fixed cells were permeabilised 0.1% triton X-100 (v/v) PBS for 4 

min and washed 3 times with PBS. As permeabilization sometimes affected Lm-GFP signal 

intensity, anti-Lm staining was then performed as described above, but with anti-rabbit IgG 

488 (Biolegend) secondary antibody. Alexa fluor 594 Phalliodin (ThermoFisher) was used to 

stain actin.   

 

Analysis of imaging data 

To identify infection outcomes in time-lapse microscopy data, individual L. monocytogenes 

visible at t0 were visually tracked in Zen Black software and recorded as bacterial replication, 

no-replication or bacteria disappear (Fig. 1b). Correlations between actin or anti-Lm staining 

were manually assessed in Zen Black.  

 

For tracked L. monocytogenes GFP reporter expression (Phly or PactA) during infection, 

individual L. monocytogenes were highlighted as regions of interest for selected time points in 

FIJI (Schindelin et al. 2012), and relative fluorescence intensities (RFU) exported for 

downstream analysis.  

 

For L. monocytogenes Phly-GFP reporter expression in media at selected timepoints, 

automated analysis of exported tif images was performed in CellProfiler (McQuin et al. 2018). 

Brightfield images were used to segment images and identify bacterial cell outlines, relative 

fluorescence intensities for individual bacteria were then exported for downstream analysis.  

 

Analysis of replication probabilities 
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In general, the conditional probability that bacteria replicates (R) given that it is internalised 

(I); P(R/I), can be expressed as the ratio of the overall replication probability P(R) and the 

internalisation probability P(I); such that P(I)=P(R)/P(I). Then Pn(I) = Pn(R)/Pn(I) denotes 

respective probabilities for n bacteria adhering to the host cell at t0. The expected conditional 

probability that at least one bacteria replicates is given by pn(R/I)=1-(1- Pn(R/I))n, where in 

general Pn(R/I) may depend on n. However, under the statistical independence model (Fig. 

2d), these relationships are equivalent to pn(R/I)=1-(1- p0(R/I))n where n is the number of 

adherent bacteria and p0(R/I)=I(R/I)= P1(R)/P1(I) is the probability of replication if one bacteria 

is present. For MOI 0.25, p0(R/I) was measured directly using live-cell microscopy with 

additional staining (Fig. 3d), and subsequently used to calculate expected probabilities for n>1 

(Fig. 3g, blue curve). For MOI 5, we used a previously fitted p0=0.164 (Fig. 2e) such that 

p0=Pn(R) and pn(R/I)=1-(1- p0/Pn(I))n. Then the probability of internalisation Pn(I) was either 

measured for each n (Fig. S2) or a single average rate was used (as in Fig. 3c). 

 

Statistical analyses 

Statistical analysis was performed using GraphPad Prism 8 software (version 8.4.2). The 

D’Agostino-Pearson test was applied to test for normal (Gaussian) distribution of acquired 

data. Two-sample comparison was conducted using non-parametric Mann Whitney test, for 

analyses of variance Kruskal-Wallis ANOVA with Dunn’s multiple comparisons test was 

performed. Simple linear regression and Pearson’s correlation coefficient R2 was used to test 

association between two selected variables. 

 

Table 1. Plasmids and strains used in this study 
Plasmid, strain 
or primer name 

Description Antibiotic 
resistance 

Reference 

Plasmids    

pAD1-cGFP Integrative plasmid with constitutive GFP 
expression 

Cm (Balestrino et al. 2010) 

pAD3-PactA-GFP Integrative plasmid expressing GFP under 
control of PactA 

Cm (Balestrino et al. 2010) 

pCG8 Integrative plasmid expressing codon optimised 
GFP under control of Phly 

Cm (Guldimann et al. 2017) 

pJEBAN6 Plasmid expressing constitutive DsRedExpress Em (Andersen et al. 2006) 

pPL2-mCherry Integrative plasmid expressing constitutive 
codon optimised mCherry 

Cm (Vincent et al. 2016) 

Bacterial strains    

EGDe:InlAm EGDe strain with murinized InlA protein - (Wollert et al. 2007) 

hly Lm EGDe:InlAm hly deletion mutant - (Wang et al. 2015) 

prfA Lm EGDe:InlAm prfA deletion mutant - This study 

PrfA* Lm EGDe:InlAm PrfA* mutant - This study 

Lm-GFP EGDe:InlAm with integrated pAD1-cGFP Cm This study 

Lm-DsRed EGDe:InlAm with pJEBAN6 Em This study 

Lm-mCherry EGDe:InlAm with integrated pPL2-mCherry Cm This study 

hly Lm-GFP hly Lm with integrated pAD1-cGFP Cm This study 
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hly Lm-

mCherry 
hly Lm with integrated pPL2-mCherry Cm This study 

Lm-dsRed 
PactA-GFP 

EGDe:InlAm with integrated pAD3-PactA-GFP 
and pJEBAN6 

Cm, Em This study 

Lm-dsRed Phly-
GFP 

EGDe:InlAm with integrated pCG8 and pJEBAN6 Cm, Em This study 

PrfA* Lm-GFP PrfA* Lm with integrated pAD1-cGFP Cm This study 

prfA Lm-

dsRed Phly-
GFP 

prfA Lm with integrated pAD3-PactA-GFP and 
pJEBAN6 

Cm, Em This study 

PrfA* Lm-
dsRed Phly-
GFP 

PrfA* Lm with integrated pAD3-PactA-GFP and 
pJEBAN6 

Cm, Em This study 
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Figure legends 

 

Figure 1. Heterogeneous outcomes of L. monocytogenes infection of macrophages at 

the single cell level.  

a) Schematic representation of infection protocol: 1) RAW 264.7 macrophages infected with 

Lm-GFP at an MOI of 0.25; 2) Cells and Lm-GFP are incubated for 45 mins; 3) Non-adherent 

Lm-GFP are washed away and fresh media containing gentamycin is added to inhibit growth 

of extracellular bacteria (referred herein as t0); 4) Sample is imaged by time-lapse confocal 

microscopy for 5 h to determine infection outcomes.  

b) Representative live-cell microscopy images of RAW 264.7 macrophages (brightfield) 

infected with Lm-GFP (green) from times 0-5 h post gentamycin treatment. White arrows- non-

replicative Lm-GFP present at t0; white boxes-replicative foci and black arrow: single Lm-GFP 

not visible at t0. The right panels show magnified examples of the 3 outcomes resulting in: (1) 

replicative infection; (2) non-replicative infection and (3) disappearance. Scale 20M.  

c) Proportion of different single cell infection outcomes as depicted in b evaluated at 5 h as a 

function of the total Lm-GFP interactions at t0. Data from four replicates (from 358 individual 

interactions) shown in circles with mean and SD as solid lines.  

d) Proportion of replicative invasions for primary BMDMs infected with Lm-GFP, evaluated at 

5 h as a function of the total Lm-GFP associated with BMDMs at t0 (in comparison to data 

from c). Triplicate data (from 153 individual interactions) shown in circles with mean and SD 

as solid lines. Statistical significance (ns = non-significant) assessed using Mann-Whitney 

rank test. 

e) Representative image of actin staining showing: Lm-GFP replicating (arrow pointing down), 

non-replicating without acting association (arrow pointing left) and non-replicating associated 

with actin (arrow pointing up). RAW 264.7 macrophages (brightfield) infected with Lm-GFP 

were fixed at 5 h, permeabilised then stained with anti-Lm (green) and phalloidin-594 (red). 

Scale bar 10 M. Images representative of three replicated experiments. 

f) Proportion of non-replicative Lm-GFP at 5 h with or without actin staining colocalization as 

depicted in e. Triplicate data shown in circles with mean and SD as solid lines. 

g) Proportion of replicative Lm-GFP at 5 h with or without actin staining colocalization based 

on data in e.  Triplicate data shown in circles with mean and SD as solid lines. 
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Figure 2. Fate of individual bacteria in the same host cell is independent.  

a) Experimental rationale: fates of red and green L. monocytogenes in the same host cell 

determine pathogen and host contribution to replicative invasion. If both bacteria share the 

same fate in the same host cell, the host environment controls the outcome, if fates are 

independent, bacteria control the outcome.  

b) Representative images of different outcomes of RAW 264.7 macrophages simultaneously 

infected with Lm-dsRed and Lm-GFP at combined MOI 5 (at 1:1 ratio). Shown are the mean 

proportion and SDs of different infection outcomes of triplicate data subset of cells with one 

Lm-dsRed and one Lm-GFP at t0 (total 167 cells). Scale bar 10 M.  

c) Quantification of the replication probability for multiple invasion events per host cell. 

Representative images of data from b, with cells harbouring 1-4 bacteria at t0. Increased 

pathogen number over time (as highlighted on the image) indicates that at least one bacterium 

replicated. Scale bar 10 M. 

d) Schematic representation of collective invasion strategies: (1) Cooperative invasion: 

multiple bacteria in the same cell promote each other’s replication, leading to increased 

replication probability; (2) non-cooperative invasion: bacterial replication is independent in the 

same host (probability of replication given by statistical independence pn=1-(1-p0)n, where n is 

the number of bacteria, p0 replication probability for 1 bacteria); (3) inhibitory invasion: 

reduced bacterial replication probability as number of bacteria increases due to enhanced 

immune response.  

e) Probability that at least one L. monocytogenes replicates as a function of number of bacteria 

per host cell at t0. Shown in black are observed probabilities (mean and SDs, based on three 

replicate experiments). Solid pink line depicts expected probabilities assuming statistical 

independence, and 95% confidence intervals in broken lines.    
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Figure 3. Phagocytosis affects replication probability 

a) Probability of replication depends on MOI. Shown is the probability at least one L. 

monocytogenes replicates as a function of number of bacteria per host cell at t0. Solid black 

line is the predicted probability (with SDs in broken lines) for MOI 0.25, calculated for multiple 

invasions per host cell given the replication probability p0=0.32 (0.06) for one bacterium per 

cell (black circle, from Fig. 1c). Similarly, in blue the observed (circles denoting mean with 

SDs) and expected (solid line with broken line SDs) probabilities for MOI 5 (from Fig. 2e). 

b) Representative images from internalisation assay showing RAW 264.7 macrophages 

(brightfield) infected with Lm-GFP (green) at MOI 5 fixed at t0 and stained with anti-Lm 594 

(red). Scale bar 10 M. 

c) Rate of phagocytosis depends on the MOI. The proportion of intracellular Lm-GFP at t0 for 

MOI 0.25 and 5.0, as obtained from assay depicted in b. Individual data points (circles) from 

four biological replicates with solid lines indicating mean and SD. Statistical significance (* = 

p-value <0.05) assessed using Mann-Whitney two sample test. 

d) Representative images of live-cell infection with Lm-GFP internalisation staining and 

infection outcome tracking. Shown are Lm-GFP (green), anti-Lm (blue) and RAW 264.7 

(brightfield) infection at MOI 0.25, at indicated times.  Scale bar 10 M. 

e) Proportion of replicating bacteria based on the internalisation status as depicted in d. Shown 

is proportion replicating of the total Lm-GFP associated with a host cell at t0 (all), proportion 

of the internalised at t0 (intracellular) or proportion of the bacteria that is associated but are 

not internalised at t0 (extracellular), evaluated at 5 h. RAW 264.7 macrophages infected with 

Lm-GFP at MOI 0.25 using anti-Lm 421 antibody to mark extracellular bacteria at t0. Shown 

are individual data points (circles) from three replicates with solid lines indicating mean and 

SD. 

f) Schematic representation of the conditional probability of replication based on the probability 

of replication being adjusted to account for the contribution of probability of internalisation. 

g) Phagocytosis rate explains MOI-specific replication probabilities. Shown are conditional 

probabilities (of replication given internalisation as described in f) of at least one bacterium 

replicating as a function of number of bacteria per host cell at t0. Black line indicates the 

expected probability (mean with SDs) calculated for multiple invasions per host cell given the 

replication probability p0=0.52 0.14 (black circle) of internalised bacteria for MOI 0.25 (from 

Fig. 3e). Blue circles denote conditional probabilities (mean and SDs, based on three replicate 

experiments) for MOI 5, calculated from data in Fig. 2a based on the proportion of internalised 

bacteria in Fig. S2. Solid blue line depicts expected conditional probabilities assuming 

statistical independence and a single overall internalisation rate (0.28 0.04 from c) based on 

the probabilities in Fig. 2e.     
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Figure 4.   PrfA virulence factors controls infection outcomes at the population-level 

a) Schematic representation of experimental set up for infections with Lm-GFP and Lm-

mCherry strains at combined MOI 5 vs Lm-GFP MOI 0.25 control.    

b) Proportion of Lm-GFP MOI 0.25 replicating upon infection of RAW 264.7 macrophages for 

Lm-GFP only (control), or for Lm-GFP when live (+live) or PFA fixed (+dead) Lm-mCherry 

added for combined MOI 5.  Triplicate data (circles) with mean and SD (solid lines). Statistical 

significance assessed using Kruskal-Wallis ANOVA with Dunn’s correction for multiple 

comparisons (ns = non-significant, * = p-value<0.05). 

c) Proportion of Lm-GFP (MOI 0.25) replicating upon infection of RAW 264.7 macrophages 

for Lm-GFP only (control), or for Lm-GFP when hly Lm-mCherry (+hly) added for combined 

MOI 5. Replicate data from four experiments (circles) with mean and SD (solid lines). 

Statistical significance assessed with Mann-Whitney rank test (ns = non-significant). 

d) Proportion of Lm-GFP replicating upon infection of BMDMs at MOI (0.25) (control), or when 

live WT Lm-mCherry (+live) or hly Lm-mCherry (+hly) added for combined MOI 5.  Data 

from four experiments (circles) with mean and SD (solid lines). Statistical significance 

assessed using Kruskal-Wallis ANOVA with Dunn’s correction for multiple comparisons (ns = 

non-significant, * = p-value<0.05).  

e) Proportion of Lm-GFP replicating upon infection of RAW 264.7 macrophages at MOI 0.25, 

with addition recombinant listeriolysin (rLLO). Individual data from four experiments (circles) 

with mean and SD (solid lines). rLLO at indicated concentrations added with inoculant and 

removed at t0. Statistical significance assessed using Kruskal-Wallis ANOVA with Dunn’s 

correction for multiple comparisons (ns = non-significant, ** = p-value<0.01). 

f) Proportion of Lm-GFP replicating upon infection of BMDM at MOI 0.25, incubated with 0 or 

2 nM rLLO. Individual data from three experiments (circles) with mean and SD (solid lines). 

rLLO added with inoculant and removed at t0. Statistical significance assessed with Mann-

Whitney rank test (* = p-value<0.05). 

g) Proportion of WT Lm-GFP and hly Lm-GFP internalised into RAW 264.7 macrophages at 

MOI 0.25 and 5. Data obtained from internalisation assay using anti-Lm 594 staining of 

infected cells fixed at t0 as depicted in 3b. Values from triplicate data (circles) with mean and 

SD (solid lines). Statistical significance assessed using Kruskal-Wallis ANOVA with Dunn’s 

correction for multiple comparisons (ns = non-significant, * = p-value<0.05). 

h) Proportion of Lm-GFP internalised into RAW 264.7 macrophages at MOI 0.25 in the 

presence of recombinant LLO (rLLO). Individual replicate data from four experiments (circles) 

with mean and SD (solid lines), from internalisation assays using anti-Lm 594 staining of 

infected cells fixed at t0. rLLO concentration indicated on the graph. Statistical significance 
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assessed using Kruskal-Wallis ANOVA with Dunn’s correction for multiple comparisons (ns = 

non-significant, * = p-value<0.05). 

 
Figure 5. PrfA activity correlates with, but does not determine, infection outcome  

a) Representative images of live-cell Lm-dsRed PactA-GFP (PactA) or Lm-dsRed Phly-GFP 

(Phly) infection of RAW 264.7 macrophages at MOI 0.25. Shown are RAW 264.7 

macrophages (brightfield) infected with Lm-dsRed PactA-GFP or Lm-dsRed Phly-GFP (red) 

and expressing GFP under the control of actA or hly promoter region (green) at 0h, 1h or 2h. 

Arrows indicate the individual L. monocytogenes or replicative foci, for replicative (pink), non-

replicative 1 (black) or non-replicative 2 (teal). Scale bar 10 M. 

b) Reporter expression trajectories over time for representative individual Lm-dsRed PactA-

GFP (PactA) or Lm-dsRed Phly-GFP (Phly) and their daughter cells during infection of RAW 

264.7 macrophages at MOI 0.25 from 0-2h. Individual tracked bacteria that were replicative 

(Rep, pink) or non-replicative (no-rep 1, black; no-rep 2, teal) indicated by circles and 

correspond to the images in a. GFP intensities measured as relative fluorescence units (RFU) 

every 5 min, for up to 12 (PactA) or 10 (Phly) replicative daughter cells. Mean RFU (solid lines) 

and time of first replication (dotted line) also shown.   

c) Reporter fluorescence expression for Lm-dsRed PactA-GFP (PactA) or Lm-dsRed Phly-

GFP (Phly) cells during infection of RAW 264.7 macrophages at MOI 0.25. Data from 3 

replicate experiments for individual non-replicative bacteria (black circles, total 37 for Phly, 17 

for PactA) or representative individual bacteria from all replicative foci (pink circles, total 16 

for Phly, 7 for PactA) and their mean (solid lines) shown for 0, 1 and 2h. GFP intensities 

measured as relative fluorescence units (RFU). Statistical significance (ns = non-significant, 

** = p-value <0.01, **** = p-value <0.0001) assessed using Mann-Whitney rank test. 

d) Reporter fluorescence expression by time before/after first replication for Lm-dsRed PactA-

GFP (PactA) or Lm-dsRed Phly-GFP (Phly) during infection of RAW 264.7 macrophages at 

MOI 0.25. Data from 3 replicates for representative individual bacteria from all replicative foci 

(pink circles), simple linear regression for replicative data (pink solid line) and average non-

replicative expression (black broken line) shown (with corresponding correlation coefficient 

R2). GFP intensities measured as relative fluorescence units (RFU). 

e) Proportion of WT or PrfA* Lm-GFP replicating upon infection of RAW 264.7 or BMDM 

primary macrophages at MOI 0.25. Individual data from three experiments (circles) with mean 

and SD (solid lines). Statistical significance assessed with Mann-Whitney rank test. 

 
 
Table 1. Strains and plasmids used in experiments.  
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Supplementary figures 
 
Figure S1. Distribution of bacteria adhering to host cells at MOI 5.  

a) Distribution of bacteria per cell at t0 when RAW 264.7 macrophages simultaneously 

infected with Lm-dsRed and Lm-GFP at combined MOI 5 (at 1:1 ratio). Plot shows mean 

frequency of distribution for experimental data (black) from 3 replicates, and expected data 

assuming a one parameter Poisson distribution (pink) or negative binomial distribution (teal).  

b) Relationship between mean frequency of bacteria per cell at t0 and number of neighbouring 

cells when RAW 264.7 macrophages simultaneously infected with Lm-dsRed and Lm-GFP at 

combined MOI 5 (at 1:1 ratio). Data from 2 replicates (black circles) and simple linear 

regression (black line, R2 = 0.47, p-value = 0.007).  

 

Figure S2. Analysis of L. monocytogenes internalisation at MOI 5. Relationship between 

proportion of internalised Lm-GFP and number of Lm-GFP associated with the cell at t0 when 

RAW 264.7 macrophages infected at MOI 5. Individual data from four replicates (circles) and 

simple linear regression (solid line, R2 = 0.27, p-value = 0.01) shown.  Data obtained from 

internalisation assay using anti-Lm 594 staining of infected cells fixed at t0 as depicted in 3b.  

 

Figure S3. PrfA operon reporter expression at the single cell level. 

a) Representative images of live-cell WT, prfA or PrfA* Lm-dsRed Phly-GFP incubated in 

DMEM over time. Shown are Lm cells (brightfield) and expression of GFP under the control 

of the hly promoter region (GFP) at 0.5, 1.5 or 2.5h after addition of Lm. Scale bar 5 M. 

 
b) GFP fluorescence expression from the hly promoter over time. Data from 3 replicate 

experiments (minimum 137 total individual cells per condition) for WT (pink), prfA (black) or 

PrfA* (teal) Lm-dsRed Phly-GFP incubated in DMEM. Automated cell identification and GFP 

intensity measured as relative fluorescence units (RFU) in Cell Profiler at 0.5, 1.5 or 2.5h after 

addition of L. monocytogenes to media. Statistical significance (ns = non-significant, **** = p-

value <0.0001) assessed using Kruskal-Wallis ANOVA with Dunn’s correction for multiple 

comparisons. 

 

Figure S4. Distribution of L. monocytogenes replication times post invasion.  Shown is 

the time to first replication of Lm-dsRed PactA-GFP and Lm-dsRed Phly-GFP during infection 

of RAW 264.7 macrophages at MOI 0.25. Data from 3 replicates and 22 total replicative L. 

monocytogenes.  
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Videos 
 
V1) Representative live-cell microscopy of RAW 264.7 macrophages (brightfield) infected with 

Lm-GFP (green) from times 0-10 h post gentamycin treatment. Scale 20M.  

 
 
V2) Representative live-cell microscopy of RAW 264.7 macrophages (brightfield) 

simultaneously infected with Lm-dsRed (red) and Lm-GFP (green) at combined MOI 5 (at 1:1 

ratio) from times 0-5 h post gentamycin treatment.  Scale bar 10 M. 

 

V3) Representative live-cell microscopy of RAW 264.7 macrophages (brightfield) infected with 

Lm-GFP (green) with anti-Lm 421 internalisation staining (magenta) from times 0-5 h post 

gentamycin treatment. Scale bar 10 M. 

 

V4) Representative images of live-cell Lm-dsRed PactA-GFP (red) infection of RAW 264.7 

macrophages (brightfield) at MOI 0.25 from times 0-5 h post gentamycin treatment. GFP 

expression is driven from the actA promoter region (green). Scale bar 10 M. 

 

V5) Representative images of live-cell Lm-dsRed Phly-GFP (red) infection of RAW 264.7 

macrophages (brightfield) at MOI 0.25 from times 0-5 h post gentamycin treatment. GFP 

expression is driven from the hly promoter region (green). Scale bar 10 M. 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 
 

Adamson, Antony, Christopher Boddington, Polly Downton, William Rowe, James Bagnall, 
Connie Lam, Apolinar Maya-Mendoza, Lorraine Schmidt, Claire V. Harper, David G. 
Spiller, David A. Rand, Dean A. Jackson, Michael R. H. White, and Pawel Paszek. 2016. 
'Signal transduction controls heterogeneous NF-[kappa]B dynamics and target gene 
expression through cytokine-specific refractory states', Nature Communications, 7. 

Andersen, Jens B., Bent B. Roldgaard, Ariel B. Lindner, Bjarke B. Christensen, and Tine R. 
Licht. 2006. 'Construction of a multiple fluorescence labelling system for use in co-
invasion studies of Listeria monocytogenes', BMC Microbiology, 6: 86. 

Avraham, R., N. Haseley, D. Brown, C. Penaranda, H. B. Jijon, J. J. Trombetta, R. Satija, A. K. 
Shalek, R. J. Xavier, A. Regev, and D. T. Hung. 2015. 'Pathogen Cell-to-Cell Variability 
Drives Heterogeneity in Host Immune Responses', Cell, 162: 1309-21. 

Bagnall, J., C. Boddington, H. England, R. Brignall, P. Downton, Z. Alsoufi, J. Boyd, W. Rowe, 
A. Bennett, C. Walker, A. Adamson, N. M. X. Patel, R. O'Cualain, L. Schmidt, D. G. 
Spiller, D. A. Jackson, W. Muller, M. Muldoon, M. R. H. White, and P. Paszek. 2018. 
'Quantitative analysis of competitive cytokine signaling predicts tissue thresholds for 
the propagation of macrophage activation', Science Signaling, 11. 

Bagnall, J., W. Rowe, N. Alachkar, J. Roberts, H. England, C. Clark, M. Platt, D. A. Jackson, M. 
Muldoon, and P. Paszek. 2020. 'Gene-Specific Linear Trends Constrain 
Transcriptional Variability of the Toll-like Receptor Signaling', Cell Syst, 11: 300-14 e8. 

Balestrino, D., M. A. Hamon, L. Dortet, M. A. Nahori, J. Pizarro-Cerda, D. Alignani, O. 
Dussurget, P. Cossart, and A. Toledo-Arana. 2010. 'Single-Cell Techniques Using 
Chromosomally Tagged Fluorescent Bacteria To Study Listeria monocytogenes 
Infection Processes', Applied and Environmental Microbiology, 76: 3625-36. 

Baranova, Irina N., Roger Kurlander, Alexander V. Bocharov, Tatyana G. Vishnyakova, 
Zhigang Chen, Alan T. Remaley, Gyorgy Csako, Amy P. Patterson, and Thomas L. 
Eggerman. 2008. 'Role of Human CD36 in Bacterial Recognition, Phagocytosis, and 
Pathogen-Induced JNK-Mediated Signaling', The Journal of Immunology, 181: 7147. 

Birmingham, Cheryl L., Veronica Canadien, Edith Gouin, Erin B. Troy, Tamotsu Yoshimori, 
Pascale Cossart, Darren E. Higgins, and John H. Brumell. 2007. 'Listeria 
monocytogenes evades killing by autophagy during colonization of host cells', 
Autophagy, 3: 442-51. 

Blander, J. M., and R. Medzhitov. 2004. 'Regulation of phagosome maturation by signals 
from toll-like receptors', Science, 304: 1014-8. 

Boechat, N., F. Bouchonnet, M. Bonay, A. Grodet, V. Pelicic, B. Gicquel, and A. J. Hance. 
2001. 'Culture at high density improves the ability of human macrophages to control 
mycobacterial growth', J Immunol, 166: 6203-11. 

Bubert, A., Z. Sokolovic, S. K. Chun, L. Papatheodorou, A. Simm, and W. Goebel. 1999. 
'Differential expression of Listeria monocytogenes virulence genes in mammalian 
host cells', Mol Gen Genet, 261: 323-36. 

Buchmeier, N. A., and R. D. Schreiber. 1985. 'Requirement of endogenous interferon-gamma 
production for resolution of Listeria monocytogenes infection', Proc Natl Acad Sci U S 
A, 82: 7404-8. 

Calame, Daniel G., Stacey L. Mueller-Ortiz, and Rick A. Wetsel. 2016. 'Innate and adaptive 
immunologic functions of complement in the host response to Listeria 
monocytogenes infection', Immunobiology, 221: 1407-17. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


Cassir, N., J. M. Rolain, and P. Brouqui. 2014. 'A new strategy to fight antimicrobial 
resistance: the revival of old antibiotics', Front Microbiol, 5: 551. 

Cheng, Z., B. Taylor, D. R. Ourthiague, and A. Hoffmann. 2015. 'Distinct single-cell signaling 
characteristics are conferred by the MyD88 and TRIF pathways during TLR4 
activation', Science Signaling, 8. 

Cossart, P. 2011. 'Illuminating the landscape of host-pathogen interactions with the 
bacterium Listeria monocytogenes', Proc Natl Acad Sci U S A, 108: 19484-91. 

Czerkies, M., Z. Korwek, W. Prus, M. Kochanczyk, J. Jaruszewicz-Blonska, K. Tudelska, S. 
Blonski, M. Kimmel, A. R. Brasier, and T. Lipniacki. 2018. 'Cell fate in antiviral 
response arises in the crosstalk of IRF, NF-kappaB and JAK/STAT pathways', Nature 
Communications, 9: 493. 

Dalton, D. K., S. Pitts-Meek, S. Keshav, I. S. Figari, A. Bradley, and T. A. Stewart. 1993. 
'Multiple defects of immune cell function in mice with disrupted interferon-gamma 
genes', Science, 259: 1739-42. 

de Jong, Maarten F., and Neal M. Alto. 2018. 'Cooperative Immune Suppression by 
Escherichia coli and Shigella Effector Proteins', Infection and immunity, 86: e00560-
17. 

Diard, Médéric, Victor Garcia, Lisa Maier, Mitja N. P. Remus-Emsermann, Roland R. Regoes, 
Martin Ackermann, and Wolf-Dietrich Hardt. 2013. 'Stabilization of cooperative 
virulence by the expression of an avirulent phenotype', Nature, 494: 353-56. 

Doyle, Sean E., Ryan M. O'Connell, Gustavo A. Miranda, Sagar A. Vaidya, Edward K. Chow, 
Philip T. Liu, Shinobu Suzuki, Nobutaka Suzuki, Robert L. Modlin, Wen-Chen Yeh, 
Timothy F. Lane, and Genhong Cheng. 2004. 'Toll-like receptors induce a phagocytic 
gene program through p38', The Journal of experimental medicine, 199: 81-90. 

Dramsi, Shaynoor, and Pascale Cossart. 2003. 'Listeriolysin O-Mediated Calcium Influx 
Potentiates Entry of Listeria monocytogenes into the Human Hep-2 Epithelial Cell 
Line', Infection and immunity, 71: 3614-18. 

Drevets, Doug, Pieter Leenen, and Priscilla Campbell. 1996. 'Complement Receptor Type 3 
Mediates Phagocytosis and Killing ofListeria monocytogenesby a TNF-??- and IFN-??- 
Stimulated Macrophage Precursor Hybrid', Cellular Immunology, 169: 1-6. 

Flannagan, R. S., G. Cosio, and S. Grinstein. 2009. 'Antimicrobial mechanisms of phagocytes 
and bacterial evasion strategies', Nature Reviews Microbiology, 7: 355-66. 

García-Del Portillo, F. 2008. 'Heterogeneity in tissue culture infection models: a source of 
novel host-pathogen interactions?', Microbes Infect, 10: 1063-6. 

Ginocchio, C., J. Pace, and J. E. Galán. 1992. 'Identification and molecular characterization of 
a Salmonella typhimurium gene involved in triggering the internalization of 
salmonellae into cultured epithelial cells', Proc Natl Acad Sci U S A, 89: 5976-80. 

Guldimann, C., V. Guariglia-Oropeza, S. Harrand, D. Kent, K. J. Boor, and M. Wiedmann. 
2017. 'Stochastic and Differential Activation of sigma(B) and PrfA in Listeria 
monocytogenes at the Single Cell Level under Different Environmental Stress 
Conditions', Front Microbiol, 8: 348. 

Haight, Frank A. 1967. Handbook of the Poisson distribution (Wiley: New York,). 
Hamon, M. A., D. Ribet, F. Stavru, and P. Cossart. 2012. 'Listeriolysin O: the Swiss army knife 

of Listeria', Trends Microbiol, 20: 360-8. 
Helaine, Sophie, Jessica A. Thompson, Kathryn G. Watson, Mei Liu, Cliona Boyle, and David 

W. Holden. 2010. 'Dynamics of intracellular bacterial replication at the single cell 
level', Proceedings of the National Academy of Sciences, 107: 3746. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


Jayaraman, P., I. Sada-Ovalle, S. Beladi, A. C. Anderson, V. Dardalhon, C. Hotta, V. K. 
Kuchroo, and S. M. Behar. 2010. 'Tim3 binding to galectin-9 stimulates antimicrobial 
immunity', The Journal of experimental medicine, 207: 2343-54. 

Johansson, J., P. Mandin, A. Renzoni, C. Chiaruttini, M. Springer, and P. Cossart. 2002. 'An 
RNA thermosensor controls expression of virulence genes in Listeria 
monocytogenes', Cell, 110: 551-61. 

Kayal, S., and A. Charbit. 2006. 'Listeriolysin O: a key protein of Listeria monocytogenes with 
multiple functions', FEMS Microbiol Rev, 30: 514-29. 

Kazmierczak, B. I., K. Mostov, and J. N. Engel. 2001. 'Interaction of bacterial pathogens with 
polarized epithelium', Annu Rev Microbiol, 55: 407-35. 

Kellogg, Ryan A., Chengzhe Tian, Martin Etzrodt, and Savaş Tay. 2017. 'Cellular Decision 
Making by Non-Integrative Processing of TLR Inputs', Cell reports, 19: 125-35. 

Kernbauer, E., V. Maier, D. Stoiber, B. Strobl, C. Schneckenleithner, V. Sexl, U. Reichart, B. 
Reizis, U. Kalinke, A. Jamieson, M. Muller, and T. Decker. 2012. 'Conditional Stat1 
ablation reveals the importance of interferon signaling for immunity to Listeria 
monocytogenes infection', PLoS Pathog, 8: e1002763. 

Kim, M., C. Fevre, M. Lavina, O. Disson, and M. Lecuit. 2021. 'Live Imaging Reveals Listeria 
Hijacking of E-Cadherin Recycling as It Crosses the Intestinal Barrier', Current Biology, 
31: 1037-47.e4. 

Kocks, C., E. Gouin, M. Tabouret, P. Berche, H. Ohayon, and P. Cossart. 1992. 'L. 
monocytogenes-induced actin assembly requires the actA gene product, a surface 
protein', Cell, 68: 521-31. 

Kortebi, M., E. Milohanic, G. Mitchell, C. Pechoux, M. C. Prevost, P. Cossart, and H. Bierne. 
2017. 'Listeria monocytogenes switches from dissemination to persistence by 
adopting a vacuolar lifestyle in epithelial cells', PLoS Pathog, 13: e1006734. 

Krypotou, E., M. Scortti, C. Grundström, M. Oelker, B. F. Luisi, A. E. Sauer-Eriksson, and J. 
Vázquez-Boland. 2019. 'Control of Bacterial Virulence through the Peptide Signature 
of the Habitat', Cell Rep, 26: 1815-27.e5. 

Lam, G. Y., R. Fattouh, A. M. Muise, S. Grinstein, D. E. Higgins, and J. H. Brumell. 2011. 
'Listeriolysin O suppresses phospholipase C-mediated activation of the microbicidal 
NADPH oxidase to promote Listeria monocytogenes infection', Cell Host Microbe, 10: 
627-34. 

Lauer, Peter, Man Chow, Martin Loessner, Daniel Portnoy, and Richard Calendar. 2002. 
'Construction, Characterization, and Use of Two Listeria monocytogenes Site-Specific 
Phage Integration Vectors', Journal of Bacteriology, 184: 4177-86. 

Lorkowski, Martin, Alfonso Felipe-López, Claudia A. Danzer, Nicole Hansmeier, Michael 
Hensel, and A. J. Bäumler. 2014. 'Salmonella enterica Invasion of Polarized Epithelial 
Cells Is a Highly Cooperative Effort', Infection and immunity, 82: 2657-67. 

McIntrye, J., D. Rowley, and C. R. Jenkin. 1967. 'The functional heterogeneity of 
macrophages at the single cell level', Aust J Exp Biol Med Sci, 45: 675-80. 

McQuin, Claire, Allen Goodman, Vasiliy Chernyshev, Lee Kamentsky, Beth A. Cimini, Kyle W. 
Karhohs, Minh Doan, Liya Ding, Susanne M. Rafelski, Derek Thirstrup, Winfried 
Wiegraebe, Shantanu Singh, Tim Becker, Juan C. Caicedo, and Anne E. Carpenter. 
2018. 'CellProfiler 3.0: Next-generation image processing for biology', PLOS Biology, 
16: e2005970. 

Misselwitz, B., N. Barrett, S. Kreibich, P. Vonaesch, D. Andritschke, S. Rout, K. Weidner, M. 
Sormaz, P. Songhet, P. Horvath, M. Chabria, V. Vogel, D. M. Spori, P. Jenny, and W. D. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


Hardt. 2012. 'Near surface swimming of Salmonella Typhimurium explains target-site 
selection and cooperative invasion', PLoS Pathog, 8: e1002810. 

Muldoon, J. J., Y. Chuang, N. Bagheri, and J. N. Leonard. 2020. 'Macrophages employ 
quorum licensing to regulate collective activation', Nature Communications, 11: 878. 

Nikitas, G., C. Deschamps, O. Disson, T. Niault, P. Cossart, and M. Lecuit. 2011. 'Transcytosis 
of Listeria monocytogenes across the intestinal barrier upon specific targeting of 
goblet cell accessible E-cadherin', Journal of Experimental Medicine, 208: 2263-77. 

Norman, T. M., N. D. Lord, J. Paulsson, and R. Losick. 2015. 'Stochastic Switching of Cell Fate 
in Microbes', Annu Rev Microbiol, 69: 381-403. 

Ortega, F. E., E. F. Koslover, and J. A. Theriot. 2019. 'Listeria monocytogenes cell-to-cell 
spread in epithelia is heterogeneous and dominated by rare pioneer bacteria', Elife, 
8. 

Pasechnek, A., L. Rabinovich, O. Stadnyuk, G. Azulay, J. Mioduser, T. Argov, I. Borovok, N. 
Sigal, and A. A. Herskovits. 2020. 'Active Lysogeny in Listeria Monocytogenes Is a 
Bacteria-Phage Adaptive Response in the Mammalian Environment', Cell Rep, 32: 
107956. 

Patel, P., N. Drayman, P. Liu, M. Bilgic, and S. Tay. 2021. 'Computer vision reveals hidden 
variables underlying NF-κB activation in single cells', Sci Adv, 7: eabg4135. 

Rabinovich, L., N. Sigal, I. Borovok, R. Nir-Paz, and A. A. Herskovits. 2012. 'Prophage excision 
activates Listeria competence genes that promote phagosomal escape and 
virulence', Cell, 150: 792-802. 

Radoshevich, L., and P. Cossart. 2018. 'Listeria monocytogenes: towards a complete picture 
of its physiology and pathogenesis', Nature Reviews Microbiology, 16: 32-46. 

Rengarajan, M., and J. A. Theriot. 2020. 'Rapidly dynamic host cell heterogeneity in bacterial 
adhesion governs susceptibility to infection by Listeria monocytogenes', Molecular 
Biology of the Cell, 31: 2097-106. 

Reniere, M. L., A. T. Whiteley, K. L. Hamilton, S. M. John, P. Lauer, R. G. Brennan, and D. A. 
Portnoy. 2015. 'Glutathione activates virulence gene expression of an intracellular 
pathogen', Nature, 517: 170-3. 

Rosenberger, C. M., and B. B. Finlay. 2003. 'Phagocyte sabotage: Disruption of macrophage 
signalling by bacterial pathogens', Nature Reviews Molecular Cell Biology, 4: 385-96. 

Schindelin, Johannes, Ignacio Arganda-Carreras, Erwin Frise, Verena Kaynig, Mark Longair, 
Tobias Pietzsch, Stephan Preibisch, Curtis Rueden, Stephan Saalfeld, Benjamin 
Schmid, Jean-Yves Tinevez, Daniel James White, Volker Hartenstein, Kevin Eliceiri, 
Pavel Tomancak, and Albert Cardona. 2012. 'Fiji: an open-source platform for 
biological-image analysis', Nature Methods, 9: 676-82. 

Scortti, M., H. J. Monzo, L. Lacharme-Lora, D. A. Lewis, and J. A. Vazquez-Boland. 2007. 'The 
PrfA virulence regulon', Microbes Infect, 9: 1196-207. 

Shalek, A. K., R. Satija, J. Shuga, J. J. Trombetta, D. Gennert, D. Lu, P. Chen, R. S. Gertner, J. T. 
Gaublomme, N. Yosef, S. Schwartz, B. Fowler, S. Weaver, J. Wang, X. Wang, R. Ding, 
R. Raychowdhury, N. Friedman, N. Hacohen, H. Park, A. P. May, and A. Regev. 2014. 
'Single-cell RNA-seq reveals dynamic paracrine control of cellular variation', Nature, 
510: 363-9. 

Shaughnessy, L. M., and J. A. Swanson. 2007. 'The role of the activated macrophage in 
clearing Listeria monocytogenes infection', Front Biosci, 12: 2683-92. 

Shen, Yanna, Ikuo Kawamura, Takamasa Nomura, Kohsuke Tsuchiya, Hideki Hara, Sita R. 
Dewamitta, Shunsuke Sakai, Huixin Qu, Sylvia Daim, Takeshi Yamamoto, and Masao 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mitsuyama. 2010. 'Toll-like receptor 2- and MyD88-dependent phosphatidylinositol 
3-kinase and Rac1 activation facilitates the phagocytosis of Listeria monocytogenes 
by murine macrophages', Infection and immunity, 78: 2857-67. 

Stapels, D. A. C., P. W. S. Hill, A. J. Westermann, R. A. Fisher, T. L. Thurston, A. E. Saliba, I. 
Blommestein, J. Vogel, and S. Helaine. 2018. 'Salmonella persisters undermine host 
immune defenses during antibiotic treatment', Science, 362: 1156-60. 

Subramanian, K., F. Iovino, V. Tsikourkitoudi, P. Merkl, S. Ahmed, S. B. Berry, M. S. Aschtgen, 
M. Svensson, P. Bergman, G. A. Sotiriou, and B. Henriques-Normark. 2020. 'Mannose 
receptor-derived peptides neutralize pore-forming toxins and reduce inflammation 
and development of pneumococcal disease', EMBO Mol Med, 12: e12695. 

Ullah, I., N. D. Ritchie, and T. J. Evans. 2017. 'The interrelationship between phagocytosis, 
autophagy and formation of neutrophil extracellular traps following infection of 
human neutrophils by Streptococcus pneumoniae', Innate Immun, 23: 413-23. 

Vadia, Stephen, Eusondia Arnett, Anne-Cécile Haghighat, Elisabeth M. Wilson-Kubalek, 
Rodney K. Tweten, and Stephanie Seveau. 2011. 'The pore-forming toxin listeriolysin 
O mediates a novel entry pathway of L. monocytogenes into human hepatocytes', 
PLoS pathogens, 7: e1002356-e56. 

Vincent, W. J., C. M. Freisinger, P. Y. Lam, A. Huttenlocher, and J. D. Sauer. 2016. 
'Macrophages mediate flagellin induced inflammasome activation and host defense 
in zebrafish', Cellular microbiology, 18: 591-604. 

Wang, J., J. E. King, M. Goldrick, M. Lowe, F. B. Gertler, and I. S. Roberts. 2015. 'Lamellipodin 
Is Important for Cell-to-Cell Spread and Actin-Based Motility in Listeria 
monocytogenes', Infection and immunity, 83: 3740-8. 

Wang, Z., D. Sun, G. Chen, G. Li, S. Dou, R. Wang, H. Xiao, C. Hou, Y. Li, J. Feng, B. Shen, and 
G. Han. 2017. 'Tim-3 inhibits macrophage control of Listeria monocytogenes by 
inhibiting Nrf2', Sci Rep, 7: 42095. 

Wolf, Yochai, Ana C. Anderson, and Vijay K. Kuchroo. 2020. 'TIM3 comes of age as an 
inhibitory receptor', Nature Reviews Immunology, 20: 173-85. 

Wollert, T., B. Pasche, M. Rochon, S. Deppenmeier, J. van den Heuvel, A. D. Gruber, D. W. 
Heinz, A. Lengeling, and W. D. Schubert. 2007. 'Extending the host range of Listeria 
monocytogenes by rational protein design', Cell, 129: 891-902. 

Xue, Q., Y. Lu, M. R. Eisele, E. S. Sulistijo, N. Khan, R. Fan, and K. Miller-Jensen. 2015. 
'Analysis of single-cell cytokine secretion reveals a role for paracrine signaling in 
coordinating macrophage responses to TLR4 stimulation', Science Signaling, 8. 

Zhang, Yifan, Yikun Yao, Xiaoxu Qiu, Guodong Wang, Zheng Hu, Siyuan Chen, Zhengxi Wu, 
Na Yuan, Hanchao Gao, Jianrong Wang, Houhui Song, Stephen E. Girardin, and 
Youcun Qian. 2019. 'Listeria hijacks host mitophagy through a novel mitophagy 
receptor to evade killing', Nature Immunology, 20: 433-46. 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


Gentamicin

1) Lm added to cells at 
MOI 0.25

45 min 5 h

2) Incubation

3) Extracellular Lm 
washed away or killed

4) Cells imaged by 
time-lapse 
microscopy

5) Single cell infection 
outcomes determined

a)

b)

Rep
lic

ate

No r
ep

lic
ati

on

Disa
pe

ar
0

10

20

30

40

50

Pr
op

or
tio

n 
of

 L
is

te
ria

 (%
)

0h

2h

No a
cti

n
Acti

n
0

25

50

75

100

Pr
op

or
tio

n 
of

 n
on

-re
pl

ic
at

iv
e 

Lm
 (%

)

No a
cti

n
Acti

n
0

25

50

75

100

Pr
op

or
tio

n 
of

 re
pl

ic
at

iv
e 

Lm
 (%

)

c)

e) f) g)

d)

Lm

Actin

RAW 264.7

Composite

3

1

2

1h

2h

3h

4h

5h

5h

Replicate No replication Disapear
0h

RAW
 26

4.7

BMDM
0

10

20

30

40

50
Pr

op
or

tio
n 

re
pl

ic
at

in
g 

(%
) ns

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


b)

c)

0 1 2 3 4 5 6 7
0.0

0.2

0.4

0.6

0.8

1.0

Lm per cell

Pr
ob

ab
iit

y 
(≥

1 
Lm

 re
pl

ic
at

iv
e)

Observed
Expected

pn=1-(1-p0)n

Both replicate Neither replicate Lm-GFP replicate Lm-dsRed replicate

57.56% (±18.37)2.92% (±2.54) 24.69% (±16.19) 14.83% (±6.47)

Red Lm
Green Lm

Fisher’s exact test 
for statistical 
independence 
between fates 
P=0.1763 

d)

a)

0 1 2 3 4 5 6 7
0.0

0.2

0.4

0.6

0.8

1.0

Lm per cell

Pr
ob

ab
ili

ty
 (≥

1 
Lm

 re
pl

ic
at

iv
e) Independent

Inhibitory

Cooperative

T0

T3

T5

4 Lm

1 Lm

2 Lm

≥ 1 
replicates

No replication

e)

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


All

Int
rac

ell
ula

r

Extr
ac

ell
ula

r
0

20

40

60

80

Pr
op

or
tio

n 
re

pl
ic

at
in

g 
(%

)

0.25 5.0
0

20

40

60

MOI

Pr
op

or
tio

n 
in

te
rn

al
is

ed
 (%

)

✱

0 1 2 3 4 5 6 7
0.0

0.2

0.4

0.6

0.8

1.0

Lm per cell

Pr
ob

ab
iit

y 
(≥

1 
Lm

 re
pl

ic
at

iv
e)

MOI =0.25
MOI =5

0 1 2 3 4 5 6 7
0.00

0.25

0.50

0.75

1.00

Lm per cell

C
on

d.
 p

ro
ba

bi
lit

y
(≥

1 
Lm

 re
pl

ic
at

iv
e)

MOI = 0.25

MOI =5

a) b)

c) d) e)

Brightfield

Lm-GFP

Anti-Lm

Overlay

f)

0h

2h

5h

Lm Anti-Lm Brightfield Overlay

g)
Probability of 

replication P(R)

Probabily of replication when 
bacteria is internalised P(R/I)

Live cell internalisation & outcome
Probability of intenalisation P(I)
T0 fixed cell internalisation assay

Live cell outcome

P(R/I) = P(R) / P(I)

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


Con
tro

l
+L

ive

+D
ea

d
0

10

20

30

40

50

Pr
op

or
tio

n 
re

pl
ic

at
in

g 
(%

) ✱

ns

Con
tro

l
+Δ

hly
0

10

20

30

40

50

Pr
op

or
tio

n 
re

pl
ic

at
in

g 
(%

) ns

0 0.05 1 2
0

10

20

30

40

50

Pr
op

or
tio

n 
re

pl
ic

at
in

g 
(%

)

rLLO (nM)

ns

ns

✱✱

0 0.05 1 2
0

20

40

60

80

rLLO (nM)
Pr

op
or

tio
n 

in
te

rn
al

is
ed

 (%
)

ns

ns

✱

0 2
0

20

40

60

Pr
op

or
tio

n 
re

pl
ic

at
in

g 
(%

)

rLLO (nM)

✱

0.2
5 Δ

hly

5.0
 Δh

ly

0.2
5 W

T

5.0
 W

T
0

20

40

60

80
Pr

op
or

tio
n 

in
te

rn
al

is
ed

 (%
) ns ✱

Con
tro

l
+li

ve
+Δ

 hl
y

0

10

20

30

40

Pr
op

or
tio

n 
re

pl
ic

at
in

g 
(%

) ✱

a) c) d)

e) f) g) h)

Track the proportion replicative
for Green Lm

MOI 0.25
Green Lm

MOI 0.25
Green Lm

MOI 4.75
Red Lm

Low MOI Low + high MOI
b)

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/


Phly

- +
0

50
100
150
200
250

R
FU

ns

- +

✱✱

- +

✱✱✱✱

PactA

- +
0

100

200

300

400

R
FU

ns

- +

✱✱✱✱

- +

✱✱✱✱

-1 0 1
0

50

100

150

200

Time (h)

R
FU

R2 = 0.36

-1 0 1
0

100

200

300

400

Time (h)

R
FU

R2 = 0.03

0 30 60 90 120
0

100

200

300

Time (min)

R
FU

0h 1h 2h

0 30 60 90 120
0

100

200

300

Time (min)

R
FU

Rep No-rep 1 No-rep 2

Phly

PactA

0h 1h 2h

Replication

Replication

WT PrfA*
0

10
20
30
40
50

Pr
op

or
tio

n 
re

pl
ic

at
in

g 
(%

)

ns

WT PrfA*

ns

RAW 267.4 BMDM

a) b)

c) d)

e)

PhlyPactA

0h 1h 2h
Pa
ct
A

Ph
ly

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 4, 2022. ; https://doi.org/10.1101/2022.06.04.493993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.04.493993
http://creativecommons.org/licenses/by-nc-nd/4.0/

