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Abstract 

A biofilm is a state where bacteria are attached to a surface to form sessile communities. 

Cells in the sessile communities have a higher tolerance to antibiotics and sanitizers. 

Correspondingly, the persistence of bacteria can lead to infections and outbreaks of food-

borne diseases. Listeria monocytogenes is a Gram-positive Firmicute that causes food-

borne infections. Frequently, infection is caused by ingesting food that has been 

contaminated in processing plants. L. monocytogenes can form biofilms on machinery in 

food processing facilities, which further leads to outbreaks of infections. This study aimed 

to understand the molecular mechanism of biofilm formation by Listeria monocytogenes. 

It is known that mutations can be unintentionally introduced or accumulate in the 

chromosome of laboratory-adapted strains and affect the phenotypes displayed by the 

strains. Therefore, four isolates of a commonly used laboratory-adapted L. 

monocytogenes strain, EGDe, were collected. It was hypothesised that these variants may 

have different biofilm-forming abilities. Through the detection of mutations in the 

genome, the molecular mechanism of biofilm formation by L. monocytogenes could 

therefore be uncovered. In this project, I first examined five different phenotypes 

displayed by the EGDe collection and resequenced the genome. Variations in the 

phenotypes and genotypes between the isolates were discovered.  

I next examined the biofilm-forming ability of these four isolates using crystal violet 

staining and scanning electron microscopy. Among the four EGDe isolates, reduced 

biofilm formation was detected in one EGDe isolate compared. The analysis of the 

genomic profiles showed that this isolate contains nonsense SNPs in lmo0184, rsbU, and 

rmlA. To examine the effect of each SNP on biofilm formation, I constructed single gene 

deletions in the defined reference strain. The biofilm formed by the mutant strains 

revealed two genes involved in biofilm development: rsbU and rmlA. RsbU is the 
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upstream regulator of SigB, a sigma factor. Either ΔrsbU or ΔsigB mutant strains had an 

‘enhanced’ profile of biofilm formation. On the other hand, removing RmlA, which is the 

first enzyme for TDP-L-rhamnose biosynthesis, displayed a reduction in the amount of 

biofilm formed. Further analysis of biofilm formation of the rmlT mutant strain, which 

still contains TDP-L-rhamnose production but not the rhamnose decorated wall teichoic 

acid (WTA), showed that the decorated WTA is required for adhesion of cells to surface. 

Finally, deletion of rmlA can override the effect of rsbU deletion on biofilm formation. 

In brief, I identified that (1) removing rsbU or sigB induces biofilm formation and (2) 

sugar decorated WTA enhances cell-to-surface interactions. 
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1.1 Biofilm 

1.1.1 General introduction to biofilms 

“Biofilm” is a term used to describe a three-dimensional sessile community of bacterial 

cells encased in a self-produced extracellular matrix frequently attached to either an 

abiotic or biotic surface (Donlan, 2002). The first observation of biofilms can be dated 

back to the 17th century when Anthony van Leeuwenhoek used a primitive microscope to 

observe the “scurf” from his teeth (Shapiro, 1955; Hoiby, 2017). However, it was not 

until the late 20th century when Costerton et al. started to share the idea of studying an 

adherent, aggregation of bacterial cells instead of single-species batch cultures, which 

was a common method for studying the physiology of bacteria (Costerton et al., 1987; 

Hoiby, 2014; Hoiby, 2017). Since then, effort has been put into studying the molecular 

mechanism, physiology and the application of biofilms.  

 

In the proceeding sections, I will discuss the process of biofilm formation and highlight 

some features of biofilms. Through understanding the factors required for biofilm 

formation, I will shed light on the molecular mechanism of biofilm formation by Listeria 

monocytogenes.  

 

1.1.2 The circle of biofilm formation 

Biofilms can be found in natural environment where sessile communities can form at the 

interface of two different phases (air-liquid, air-solid, liquid-solid) (Koza et al., 2009; 

Marti et al., 2011). In many cases, biofilms can be devastating to human health and can 

cause outbreaks of foodborne diseases. Therefore, it is important to understand the 

molecular mechanism of the biofilm formation and develop approaches of prevention. 

Here I start from the process of biofilm formation that is based on the model Costerton et 
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al. established in 1987 (Costerton et al., 1987). The formation of multicellular sessile 

communities can be divided into five stages: initial adherence, cell proliferation, the 

formation of micro-colonies, maturation of biofilms, and a final dispersal stage (Figure 

1-1) (Costerton et al., 1987; Satpathy et al., 2016). First, cells attach to a solid surface. 

This is frequently with the assistance of motility processes. After attachment, the cells 

start to proliferate and form into microcolonies. This increases the rigidity of the three-

dimensional structure. The cells in the microcolony can release signal molecules to assist 

the maturation of the biofilm and to promote the production of extracellular polymeric 

substances (hereafter abbreviated as EPS). At this stage, the matured biofilm can start to 

free some cells back into the environment that start from the initial attachment stage to 

form more biofilms. This five-stage model has been long considered as the overarching 

process of the biofilm formation. The details and the factors involved in each stage are 

described below.  
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1.1.2.1 Step I: initial attachment 

At the start of biofilm formation, planktonic cells attached and dwell on a surface. During 

this process, bacterial cells can switch from a motile state to a non-motile state. The 

switch-ON and –OFF of motility is a critical choice to be made by the bacterial cells that 

live in a variety of environments (Rossi et al., 2018). The motility of a bacterium includes 

swimming, swarming, twitching, gliding and sliding (Harshey, 2003). Flagella and pili 

Figure 1-1 Schematic diagram of the process of biofilm formation. Biofilm formation can be divided 

into five steps. Step I: the initial attachment of planktonic cells to the surface. Step II: multiplication of the 

cells and production of extracellular polymeric substances. Step III: formation of microcolony and release 

of signal molecules. Step IV: maturation of the biofilm, and Step V: Dispersal of cells from the biofilms 

and start from Step I. 
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are the two main appendages responsible for the motility in bacteria (Harshey, 2003; Van 

Gerven et al., 2011; Conrad, 2012). In Listeria monocytogenes, motility is mainly driven 

by a flagellum (O'Neil et al., 2006). The flagellum is embedded in the cytoplasmic 

membrane and protrudes through the cell wall. It is composed of at least 35 different 

proteins (Figure 1-2). The complicated structure of a flagellum can be divided into four 

categories: basal body, hook, filament, and motor. The basal body is the principal 

component of the flagellum that is embedded in the cytoplasmic membrane 

(DePamphilis, 1973; Guttenplan et al., 2013). The hook is a curved structure component 

connecting the basal body and the filament (Samatey et al., 2004). The filament is 

composed of 20000 units of flagellin, which gives the long tail structure of a flagellum 

(Guttenplan et al., 2013). The motor senses intracellular molecules and controls the speed 

of rotation of the complex (Guttenplan et al., 2013; Minamino et al., 2015). The assembly 

of these four components gives the tool for flagellar-based motility. It has been well 

studied that flagellar-based motility is required for the biofilm formation by Bacillus 

subtilis, Pseudomonas aeruginosa, Vibrio cholera, and Escherichia coli (Verstraeten et 

al., 2008; Guttenplan et al., 2013). In L. monocytogenes, the flagellum has been identified 

to be critical for biofilm formation, I will discuss this in section 1.3.1.  
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In addition to switching between a motile and non-motile state, cell-to-surface 

interactions are also essential for the initial attachment to a surface. Bacteria can condition 

the surface of the attachment site and modulate the properties of cell surface to favour the 

initial adhesion. Bacterial cells can adhere to a variety of materials, such as stainless steel, 

plastic, and glass. Given that adherence is a critical step in biofilm formation, much effort 

has been directed at prevention through alternative surface coatings (Bruellhoff et al., 

2010). However, cells have developed approaches to overcome the repulsive forces 

exerted by the materials to initiate adherence. For example, cells can alter the properties 

of the cell surface to assist the cell-to-surface interactions by changing the cell surface 

hydrophobicity (Auger et al., 2009; Krasowska et al., 2014).  

Figure 1-2 Structure of a flagellum in Gram-positive bacteria. A flagellum is composed of motor, basal 

body, hook, and filament. This figure is adapted from Guttenplan et al (Guttenplan et al., 2013). 
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The initial cell-to-surface interactions that occur can be categorised into using non-

specific and specific forces. Non-specific forces include van der Waals, Lewis acid-base, 

and electrostatic forces (Bos et al., 1999; Rosan et al., 2000). The cell-to-surface 

interactions mediated through these physical forces are also known as Derjaguin, Landau, 

Verwey and Overbeek theory (DLVO theory) (Carpentier et al., 1993; Carniello et al., 

2018). Hydrophobicity is another form of non-specific force mediating cell-to-surface 

interactions (Carpentier et al., 1993; Krasowska et al., 2014). By changing the 

composition of the cell surface, bacterial cells can adjust the hydrophobicity and attach 

to the surface (Krasowska et al., 2014; Dang et al., 2016). Several techniques allow data 

regarding the hydrophobicity of the bacterial cells to be acquired. These include bacterial 

adherence to hydrocarbons (BATH), hydrophobic interaction chromatography (HIC), and 

the salt aggregation tests (Carpentier et al., 1993). Bacterial cells can balance the 

attractive-repulsive forces to start the initial attachment, which is initially still reversible 

(Muszanska et al., 2012). The involvement of specific forces further mediates the cell-to-

surface interactions through biological molecules, such as proteins and EPS. It results in 

a largely irreversible adhesion between the cells and surface (Dunne, 2002). For example, 

adhesins have been found to mediate biofilm formation in P. aeruginosa, Staphylococcus 

spp., Streptococcus spp. (Rosan et al., 2000; Arciola et al., 2015). Biofilm-associated 

protein (Bap), which was first identified in Staphylococcus aureus, is also one of the 

proteins presumed to mediate cell-to-surface interactions (Cucarella et al., 2001). 

Additionally, production of EPS also stabilised the adhesion of cells to the surface 

(Carpentier et al., 1993). More details about the EPS will be provided in section 1.1.3. 

However, changing the protein composition of the cell surface and the production of the 

EPS assists the cell-to-cell interactions, which is essential for the next stage of the biofilm 

formation. 
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1.1.2.2 Step II-IV: Multiplication, the formation of microcolonies and maturation of 

biofilms 

The next stage of biofilm formation is cell proliferation, the formation of microcolonies, 

and the development of three-dimensional structures. The cells on the surface first start 

to increase in number by both replication and by further adhesion of planktonic cells 

(Dunne, 2002). Along with the increase in cells at the attachment site, cell-to-cell 

interactions are also a critical factor at this stage of biofilm formation (Remis et al., 2010). 

Signal molecules, such as quorum sensing signals, are secreted to mediate cell-to-cell 

interactions. The details of common signal molecules are described in section 1.1.4. As a 

consequence of cell-to-cell interactions, bacterial cells form microcolonies and start to 

develop a three-dimensional structure on the attachment site. Often a structure with 

limited three-dimensionality, cell clusters, can be observed (Figure 1-3). The flagellum 

is also assumed to establish a tight cell-to-cell adhesion (co-adhesion) in this process 

(Koczan et al., 2011; Conrad, 2012; Guttenplan et al., 2013). For instance, in biofilms 

formed by Escherichia coli, flagella have been found to serve a structural role (Serra et 

al., 2013). Together, these factors connect the cells and form a biofilm with mature three-

dimensional structure. 

 

During the maturation of biofilms, the cells in the sessile community start to encounter 

limited nutrient availability and additionally there is an accumulation of the waste due to 

the restricted penetration of the three-dimensional structure of biofilms (Lewis, 2001; Joo 

et al., 2012; Petrova et al., 2016). Due to these restrictions in the microenvironment, the 

bacterial cells would either escape from the microcolony (see section 1.1.2.3) or remain 

in the biofilm (Petrova et al., 2016). To fit into an environment with limited nutrition 
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where there is an accumulation of waste, it is frequently observed that the cells 

collectively form a mushroom-shape (or pillar-shape) three-dimensional structure with 

the assistance of EPS (Rieu et al., 2008; Joo et al., 2012). Formation of such structure is 

presumed to increase the surface area of the biofilm to exchange the substance between 

the inside and outside of the biofilm (Joo et al., 2012). Within the complicated three-

dimensional structure, it is frequent to detect cellular heterogeneity between the residents 

of the biofilm. Cellular heterogeneity will be discussed in section 1.1.5. 

 

 

1.1.2.3 Step V: biofilm dispersal 

At the final stage of biofilm formation, the resident cells can disperse from the biofilm to 

start a new biofilm elsewhere by chance occurrence or developmental process. Research 

has focused on developing agents to disperse biofilms. It is because forcing cells to 

disassemble from a sessile community into a planktonic state can lower tolerance to the 

antibiotic and sanitizers (Lewis, 2001; Petrova et al., 2016). Biofilm dispersal can be 

Figure 1-3 Architecture of the biofilm. Bacterial cells are encased in the self-produced EPS. A cell cluster 

is a premature feature in the biofilm. The mature biofilm structure is frequently detected to be in mushroom-

shape. 
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driven by external forces or internal cell signalling. Currently, there are three overarching 

mechanisms to disperse a biofilm: desorption, detachment, and dispersion (Petrova et al., 

2016). First, desorption represents the release of the cells from the surface during biofilm 

formation. A reversible attachment at the early stage or cells escape from a premature 

biofilm are included as desorption. Detachment is the dispersal of the biofilm with 

external forces. It is achieved by colliding biofilms with particles (abrasion), fluid 

trimming (erosion), and sudden detachment of large portions of biofilm (sloughing). 

Abrasion and erosion have been widely applied in the industry to clean machinery. On 

the other hand, studies have indicated that treating the biofilm with periodate, cellulose, 

proteinase K, DNase can detach biofilms formed by several species of bacteria (Kaplan, 

2010; Petrova et al., 2016). The last mode of dispersion is through cellular signalling to 

trigger the cells in the biofilm to disassemble. It is known that cell signalling induces 

dispersion, typically in a subfraction of the biofilm population (Purevdorj-Gage et al., 

2005). The production of signalling molecules to disperse biofilms can be either self-

programmed or induced by the environment (Petrova et al., 2016). For example, dispersal 

of biofilms formed by Serratia marcens and Pseudomonas aeruginosa can be induced by 

quorum sensing (Kaplan, 2010). The bacterial cells escaped or freed from the sessile 

community, become motile and start a new cycle of biofilm formation. 

 

1.1.3 Extracellular polymeric substances and biofilm formation 

The production of the extracellular polymeric substances (EPS), which was described as 

“glycocalyx”, plays a critical role in the biofilm formation (Costerton et al., 1987; 

Flemming, 2016). As described above, the EPS not only assists in enhancing the cell-to-

surface interactions but also supports the three-dimensional structure of the biofilm. The 

EPS is composed of hydrophilic and hydrophobic substances. These give the viscous 

property to the matrix (Flemming, 2016). The biofilm matrix plays a role as the filling 
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between the cells in the sessile community and thus gives the stability of the structure of 

the biofilm. In the biofilm formed by some of the species of bacteria, the EPS is shown 

to comprise the majority of the biomass of biofilms (Costerton et al., 1987; Flemming et 

al., 2010). It is known that the EPS or extracellular matrix (ECM) is composed of 

polysaccharides, protein and nucleic acids (Seviour et al., 2019). These molecules impart 

multiple functions to the EPS, such as assisting in acquiring nutrients and acting as an 

“external” digestion system (Figure 1-4) (Flemming et al., 2016). The composition of 

various polymers in the matrix gives the property of retaining water (Flemming et al., 

2007; Karimi et al., 2015). This property can capture and retain the substances in the 

fluid, which is also known as sorption (Flemming et al., 2016). Sorption not only plays a 

role in acquiring nutrients from the external environment but also in trapping cell debris 

for further feeding of the resident cells. Additionally, extracellular proteins secreted by 

the bacterial cells dwelling in the biofilm assist the role of the matrix as an external 

digestion system (Sinsabaugh et al., 1991; Flemming, 2016; Flemming et al., 2016). The 

extracellular enzymes secreted by the cells are retained in the matrix, which assists 

breakdown the cell debris accumulate in the sessile community to be a source for 

sustaining the surviving cells. Together, the multifaceted role of the biofilm matrix is 

associated with sustaining the sessile community. This contributes to the development of 

heterogeneity in the population and tolerance to antimicrobial agents (Flemming, 2016). 
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1.1.4 Signal molecules controlling biofilm dynamics 

A high degree of cell-to-cell interactions is required for biofilm formation. The production 

of signalling molecules induces the production of the EPS and modulates the formation 

of microcolonies, which assists in stabilising the biofilm structure. It has been considered 

that quorum sensing is the primary extracellular approach used by bacterial cells to 

communicate (Webb et al., 2003; Camilli et al., 2006; Li et al., 2012). Quorum sensing 

is a mechanism to modulate gene expression based on cell density. Various quorum 

sensing systems have been identified in different species of bacteria that influence biofilm 

formation. In Pseudomonas aeruginosa, acyl-homoserine lactone (AHL)-type is essential 

to the biofilm forming ability (Shrout et al., 2011; Alayande et al., 2018). The AHLs are 

produced by acyl-homoserine lactone synthases, which are encoded by the luxIR genes 

Figure 1-4 The composition of the biofilm matrix and heterogeneity in biofilm. Bacteria produce 

extracellular polymeric substances (EPS) as the biofilm matrix. The matrix assist sorption of nutrients and 

the retention of extracellular molecules, such as exoenzyme and signal molecules. A gradient of oxygen 

and/or nutrients causes the diversity of microenvironments being established and the population become 

heterogeneous. 
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(Nealson et al., 1970). AHL-type quorum sensing is widely distributed in Gram-negative 

bacteria (Papenfort et al., 2016). In contrast, the two-component and luxS encoded 

autoinducer 2 (AI-2) quorum systems are utilised in the Gram-positive bacteria (Ng et al., 

2009; Li et al., 2012). In L. monocytogenes, a homologous gene of luxS has been linked 

to repressing biofilm formation (Sela et al., 2006). Although it should be stated that there 

is still some debate whether the product of this gene acts as a quorum sensing system in 

L. monocytogenes (Garmyn et al., 2009). Another quorum sensing molecule present in L. 

monocytogenes is encoded by the accessory gene regulator (agr) system (Zetzmann et al., 

2016). I will further discuss the agr system and its role in biofilm formation in section 

1.3.5.  

 

The transmission of signal molecules is thought to be via secretion to the extracellular 

environments where they can be shared by the residents. However, recent studies have 

discovered a new physical approach for sharing the signal molecules in B. subtilis called 

nanotubes (Dubey et al., 2011; Dubey et al., 2016). Nanotubes are channels connecting 

two individual cells, where the signal molecules, proteins, and even DNA can pass 

(Dubey et al., 2016). Within this context, sharing signal molecules are not limited to be 

secreted into the extracellular environment. 

 

From the aspect of intracellular signal molecules, bacterial cells can produce secondary 

messenger signalling molecules to regulate gene expression (Pesavento et al., 2009; 

Gomelsky et al., 2013). The production of cyclic adenosine monophosphate (cAMP), 

guanosine tetraphosphate (ppGpp) and cyclic diguanylate (c-di-GMP) are three 

molecules that are linked with promoting biofilm forming ability (Camilli et al., 2006). 

The most well-investigated examples are the biofilms formed by P. aeruginosa, where 
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the intracellular signalling molecules are involved in regulating motility, and 

consequentially biofilm dispersal (Shrout et al., 2011; Petrova et al., 2016). 

 

1.1.5 Heterogeneity in the biofilm 

Biofilms are densely packed, comprised of cells, EPS and signal molecules. The 

properties of the biofilm matrix can restrict exchanging substances between the external 

and internal environment. These properties lead to various microenvironments being 

established within the biofilm (Flemming, 2016). In this scenario, different phenotypes 

(or gene expression patterns) can be observed within different subpopulations of cells in 

biofilms. For example, phenotypic heterogeneity has been observed in biofilms formed 

by Bacillus subtilis (Vlamakis et al., 2008). B. subtilis is a Gram-positive spore-forming 

bacterium. The biofilms formed by this species of bacteria are composed of at least three 

phenotypes of cells that are linked with motile, matrix production and sporulation 

phenotypes (Vlamakis et al., 2008). Phenotypic heterogeneity of cells resident in biofilms 

has also been observed for biofilms formed by Myxocoxxus xanthus and Pseudomonas 

aeruginosa (van Gestel et al., 2015). 

 

Phenotypic heterogeneity or the “division of labour” is considered to be caused by the 

microenvironments in the biofilm and the corresponding gene expression of individual 

cells. One of the well-studied factors affecting the phenotypic heterogeneity is the 

distribution of oxygen (Figure 1-4) (de Beer et al., 1994; Stewart et al., 2008; Flemming 

et al., 2016). The biofilm matrix limits the distribution of oxygen in the three-dimensional 

structure, where the outer layer of the cells are exposed to a higher concentration of 

oxygen, and the location far from the outer layer are anoxic (de Beer et al., 1994). The 
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phenotypic heterogeneity of the resident cells also contribute to the tolerance of biofilms 

to antibiotics and sanitizers (Sadiq et al., 2017). This will be described in the section 1.1.6. 

 

1.1.6 Antibiotic tolerance and biofilms 

It has been observed that the cells in biofilms formed by several species of bacteria exhibit 

higher tolerance to the antimicrobial agents and sanitizers comparing to the cells in 

planktonic state. The three-dimensional structure of the biofilm provides protection from 

the antimicrobial agents (Flemming et al., 2010). The biofilm matrix forms a barrier that 

restricts the penetration of antimicrobial agents (Mah et al., 2001). For example, treatment 

with an antimicrobial agent, the upper layer of the bacterial cells is exposed to the highest 

concentration of the antimicrobial agents. In addition to limitations in diffusion, the 

exoproteins in the biofilm matrix can disrupt the antibiotics and further restrict the 

penetration of the compounds into a biofilm (Lewis, 2001; Singh et al., 2017). Enzymes 

such as -lactamase destroy antibiotics, which helps to protect the bacterial cells from the 

antimicrobial agents (Hall et al., 2017). Also, the microenvironment in the biofilm reacts 

with the antimicrobial agents along with the diffusion. The gradient of oxygen in ECM 

contributed to the resistance to aminoglycosides in biofilms formed by E. coli (Tresse et 

al., 1995).  

 

Several biological activities that protect against antibiotics become activated when 

bacteria are in a biofilm. These biological systems include secretion systems and stress 

response (Lewis, 2001; Mah et al., 2001). The production of multidrug efflux pumps is 

linked to the tolerance of cells in the biofilm (Alav et al., 2018). Another biological cause 

of increased antibiotic tolerance of cells in biofilms is the slow dividing rate and genomic 

heterogeneity (Lewis, 2001). For example, several antibiotics, such as -lactams and 
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fluoroquinolones are efficient in killing rapid dividing cells, but the bacterial cells in the 

sessile community have a long generation time allowing them to persist (Costerton et al., 

1999). The phenotypic heterogeneity in the residents are also linked with tolerance to 

antimicrobial agents in the biofilm. The treatment of antimicrobial agents may have a 

bactericidal effect on particular subgroups of cells, but not impact a subpopulation with a 

higher tolerance to the antibiotics. After the antimicrobial agents are removed from the 

environments, the persister cells start new cycles for biofilm formation. These further 

accelerate the evolution of drug resistance, and the new biofilms are composed of cells 

that have a higher tolerance to the antimicrobial agents (Singh et al., 2017).  

 

The final way by which cells in a biofilm can become tolerant is the evolution of drug 

resistance by horizontal gene transfer (HGT) (Roberts et al., 2014). HGT is an approach 

that bacteria trade and sample the genomic content from the neighbouring resident and 

the extracellular environment. Biofilms found in the natural environment are mostly 

mixed-species. Different species of bacteria may tolerate different antimicrobial agents. 

Through HGT, bacteria can acquire different resistance cassettes from the neighbouring 

cells. Biofilms have also been considered a place where bacteria can become resistant to 

multiple antimicrobial agents (Nesse et al., 2018). 

 

1.1.7 Pros and cons of biofilm formation 

Together, biofilm formation is a dynamic process where cell-to-surface, cell-to-cell 

interactions, production of EPS, and differentiation of cells collectively build up the three-

dimensional structure. During the process, the residents establish a small ecosystem to 

acquire nutrients and expand the colony. In the natural environment, the formation of the 

biofilms allows bacteria to survive and evolve through cell-to-cell interactions. The 
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frequent appearance of biofilms in nature is highly relevant to our everyday lives. In 

practical terms, biofilms have been applied to bioremediation process to remove various 

contaminants, including heavy metals and organic pollutants (Edwards et al., 2013). On 

the other hand, biofilms formed on medical implants cause severe infections in patients. 

Biofilms also adhere to the surface of various materials, such as stainless steel, glass, and 

polypropylene, which are frequently used in the food industry (Galie et al., 2018). The 

bacteria in the biofilm have high persistence against desiccation, water flow in the 

pipeline, chemicals, and disinfectants used in the food processing machinery. In addition, 

some biofilm-forming species in the food industry sector are human pathogens. The 

formation of biofilms can cause outbreaks of foodborne diseases (Galie et al., 2018). 

Thus, investigating the molecular mechanisms of the biofilm formation could assist in the 

development of preventative strategies against bacterial contamination. In this thesis, I 

focused on biofilm formation by the Gram-positive bacterium, Listeria monocytogenes. 

 

1.2 Listeria monocytogenes 

Listeria monocytogenes was first identified in 1926 as a pathogen in rabbit and guinea 

pigs and named as Bacterium monocytogenes (Murray et al., 1926). In 1935, Burn et al. 

categorised this species as a new genus, Listerella, as the cause of the sporadic cases of 

meningitis in human (Burn, 1935). This genus of bacteria was renamed as Listeria in 1940 

(Pirie, 1940). After 60 years, it started to attract attention as a human pathogen and was 

identified as able to transmit from contaminated food to humans (Schlech et al., 1983). 

Today, it is one of the most common foodborne pathogens, and several food safety 

authorities in the world have initiated Listeria surveillance mechanisms to minimize the 

risk of outbreaks. The cell number (infectious dose) of L. monocytogenes cells needed to 

cause disease is very low (Pouillot et al., 2016). Due to this fact, most countries set a low 
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or even zero tolerance to L. monocytogenes detection in food products (Rodriguez-Lopez 

et al., 2018). Infection by L. monocytogenes does not occur frequently, but the mortality 

rate is high after infection occurs. Several listeriosis outbreaks have been documented 

since 2008. Most of the cases have occurred in North America and Europe, where a high 

hospitalisation and mortality rate has been noted (Rodriguez-Lopez et al., 2018). Based 

on the current record, various types of food product are likely to get contaminated by L. 

monocytogenes, such as dairy product, seafood, frozen vegetables, ready-to-eat meals, 

fresh fruit, and processed meat. One of the recent outbreaks was in 2019 in the USA, 

where 8 cases across four different states were reported to the Center for Disease Control 

and Prevention (CDC). According to the investigation, this outbreak, which has already 

caused one death, was likely to be caused by deli-sliced meat and cheese. Listeriosis, 

caused by infection of L. monocytogenes, has a higher risk to the immunocompromised, 

children elderly and pregnant women, where there is also a high risk of spontaneous 

abortion (Drevets et al., 2008; Janakiraman, 2008). Many research groups have therefore 

focused on studying the molecular mechanism of listeriosis and the related immunology. 

The following sections will discuss some general features of L. monocytogenes. 

 

1.2.1 Subtypes of L. monocytogenes 

Upon first identification of L. monocytogenes, researchers and the food safety authorities 

all over the world have isolated various strains of this species from a wide range of 

habitats. Subtyping methods are used to further categorise the L. monocytogenes isolates. 

The conventional approach to allocate the strains is based on the somatic (O), and flagellar 

(H) antigens present on the cells (Paterson, 1940; Seeliger et al., 1979). The assembly of 

fifteen subgroups of O antigen (I-XV) and four subgroups of H antigen groups the L. 

monocytogenes into 13 different serotypes (Liu, 2006; Radoshevich et al., 2018). A 

second method to subgroup the L. monocytogenes strains is via evolutionary lineages. L. 
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monocytogenes strains can be assigned into four lineages using various genotypic and 

phenotypic methods, such as ribotyping, pulse-field gel electrophoresis (PFGE), 

multilocus sequence typing (MLST), and multiplex polymerase chain reaction (Doumith 

et al., 2004; Orsi et al., 2011; Radoshevich et al., 2018). Currently, there is no specific 

correlation between the two subtyping methods and the serotyping of strains remain the 

typical approach in studying the physiology of L. monocytogenes strains. Among the 

varieties of the serotypes of L. monocytogenes, most of the isolates related to outbreaks 

belong to serovar 1/2a, 1/2b and 4b (Liu, 2006; Swaminathan et al., 2007; Burall et al., 

2017). Thus, most research groups use strains that belong to these three serotypes as the 

model for studying the physiology of L. monocytogenes. In this project, we used strains 

that belong to serotype 1/2a as a research model. 

 

1.2.2 The transition from a saprophyte to a pathogen 

Listeria monocytogenes can transition between life as a saprophyte and life as a pathogen 

(Freitag et al., 2009). As a saprophyte, L. monocytogenes can tolerate severe conditions, 

such as low temperatures (5°C), high salt concentrations, and carbon starvation (da Silva 

et al., 2013; Rolhion et al., 2017). These severe conditions are often found in food 

processing facilities. According to the records of outbreaks, L. monocytogenes is likely 

to contaminate a broad range of food products (Ranjbar et al., 2018). After ingesting 

contaminated food, L. monocytogenes can transition from life as a saprophyte to life as 

an intracellular pathogen and cause infection (Freitag et al., 2009). In most cases, L. 

monocytogenes cells are blocked by the intestinal mucosal barrier from entering into the 

host cells. However, L. monocytogenes can penetrate the intestinal barrier in cases of 

immunocompromised individuals and reach the lymphatic and circulatory system 

(Cossart, 2011; Bernier-Latmani et al., 2017). Through the lymphatic and circulatory 

system in the host, L. monocytogenes can infect the spleen, liver, central nervous system, 
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and brain (Drevets et al., 2008; Cossart, 2011). In the case of pregnant women, L. 

monocytogenes can breach the placental barrier and further affect the foetus, where it can 

lead to spontaneous abortion (Lecuit, 2005).  

 

The infection life cycle of L. monocytogenes can be divided into three stages: entry into 

the host cell, escape from the vacuole, and spread from cell to cell (Figure 1-5) (Portnoy 

et al., 2002). First, the cell wall anchored internalin protein (mainly InlA and InlB) disrupt 

the cytoskeleton of the eukaryotic cell (Bonazzi et al., 2009; Pizarro-Cerda et al., 2012). 

As the response to the entry of L. monocytogenes, eukaryotic cells form a vacuole to 

surround the intruder. Enzymes are secreted by the host cells in an attempt to kill L. 

monocytogenes. However, L. monocytogenes also has strategies to escape from the 

vacuole, for example, by using pore-forming toxins. This step, which is also known as 

vacuole rupture, is assisted by listeriolysin O (LLO) and phospholipases (PlcA and PlcB) 

(Portnoy et al., 1988; Grundling et al., 2003). Finally, once L. monocytogenes has escaped 

from the vacuole, it starts to replicate and express actin assembly-inducing protein (ActA) 

(Tilney et al., 1989). The expression of ActA induces the actin-based motility and spread 

to the neighbouring eukaryotic cells. Through this process, L. monocytogenes can affect 

other organs in the host and further cause mortality (Cossart, 2011). 
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1.2.3 Key regulatory mechanisms in L. monocytogenes 

During the transition from saprophyte to pathogen, L. monocytogenes can survive various 

stresses, including limited nutrients, temperature shift from the external environments to 

Figure 1-5 Schematic diagram of the invasion of L. monocytogenes into the host cells. L. 

monocytogenes cell first entry the host cells and induce the formation of vacuole by the host cells. L. 

monocytogenes start to produce virulence factors to escape from the vacuole. The L. monocytogenes cells 

escaped from the vacuole are able to replicate in the host cells and triggered the actin-based motility. The 

L. monocytogenes exhibit actin-based motility is able to spread to the adjacent cells in the host. The 

virulence factors required for each stage were indicated in dark blue. Through this process, L. 

monocytogenes can enter the lymphatic and circulatory system and further colonize other organs, such as 

spleen, liver, brain, and placenta. This figure is adapted from Radoshevich et al. (Radoshevich et al., 2018). 
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the host, and various enzymes produced by the host. Control of gene transcription and 

translation allows L. monocytogenes to adapt to the harsh conditions. It is well recognised 

that SigB and PrfA contribute to the pathogenesis of L. monocytogenes (Table 1-1). The 

coordination of these two key regulators contributes to the cell adapting to the rapidly 

changing environment during invasion (Tiensuu et al., 2019). External stress factors, such 

as gastric acid and bile salt, activate SigB. The activation of SigB helps cells survive and 

colonise the gastrointestinal tract (GI tract). SigB also assists in the expression of inlA 

and inlB, where the products are required for L. monocytogenes to adhere to the host cell 

(McGann et al., 2007). Additionally, SigB contributes to transcription of prfA. The 

subsequent translation of the prfA transcript initiates after L. monocytogenes was ingested 

by the host and the temperature increases (Lebreton et al., 2017; Rolhion et al., 2017). 

The activation of PrfA occurs upon the cells escape from the vacuole (Reniere et al., 

2015). Activated PrfA induces the expression of further virulence factors proceeding the 

invasion to neighbouring host cells. More details of the regulation of SigB and PrfA are 

described in the following paragraphs. 

 

Table 1-1 Transition of saprophyte/pathogen and the state of key regulators 

 Temperature Main event State of key regulators 

Saprophyte <37°C 

Low 
temperature 

SigB 
activation 

Transcription of 
prfA 

Salt, acid 

Pathogen 37°C 

Ingestion Translation of 
PrfA Entry of cells 

Escape from 
vacuole 

PrfA activation 

 

SigB is one of the sigma factors present in L. monocytogenes and is the principal regulator 

for cells during adaptation to environmental or nutritional stress (Chaturongakul et al., 

2004). The activity of SigB is regulated by the stressosome (Figure 1-6) (Wiedmann et 



23 

 

al., 1998). The stressosome is a complex formed by RsbR, RsbS, and RsbT, which has 

been well studied in Bacillus subtilis (Marles-Wright et al., 2008b). A recent study has 

revealed the structure of the stressosome in L. monocytogenes (Williams et al., 2019). In 

both L. monocytogenes and B. subtilis, these three proteins form in the ratio of 40:20:20 

to a ~1.8 MDa complex (Marles-Wright et al., 2008a; Martinez et al., 2010). The 

stressosome is anchored to the inner surface of the cell membrane assisted by Prli42 in L. 

monocytogenes (Impens et al., 2017; Tiensuu et al., 2019). Upon sensing stress from the 

environment, the Sulphate Transporter and Anti-Sigma factor antagonist (STAS) domains 

of RsbRS are phosphorylated, and RsbT is released from the stressosome. The exact 

mechanism for this process remains unclear. When RsbT is freed from the stressosome, 

it activates RsbU. RsbU is a phosphatase which dephosphorylates RsbV (Delumeau et 

al., 2004; Shin et al., 2010). The dephosphorylated RsbV inhibits the activity of anti-σB 

factor, RsbW. Without inhibition from RsbW, the active SigB forms a complex with RNA 

polymerase to initiate transcription of virulence factors, and this mediates the stress 

response. Currently, ~300 genes have been confirmed to be controlled by the activity of 

SigB (Liu et al., 2017; Tiensuu et al., 2019). The product of these genes contribute to 

various phenotypes exhibited by L. monocytogenes, such as chitinase activity and 

transcription of prfA (Rauch et al., 2005; Larsen et al., 2010). In addition to the activation 

of SigB upon stress, L. monocytogenes can tolerate gastric acid and bile salt produced by 

the host (Wiedmann et al., 1998; Ferreira et al., 2003; Shin et al., 2010). Once the activity 

of SigB reaches a peak, RsbX dephosphorylates the stressosome, which allows the 

binding of RsbT to the complex (Hecker et al., 2007; Eymann et al., 2011). Thus, the 

signal transduction is reset. 
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PrfA is a master regulator which is critical for pathogenesis of L. monocytogenes. PrfA 

directly regulates the expression of virulence factors, including those encoded by inlA, 

plcA, plcB, and actA (Freitag et al., 2009). The regulation of PrfA has been thoroughly 

studied at transcriptional, translation and post-translational levels (Freitag et al., 2009; 

Tiensuu et al., 2019). Three promoters have been identified as directing the transcription 

of prfA, one of which is modulated by SigB (Rauch et al., 2005). The prfA transcript has 

Figure 1-6 Regulation of SigB activity through stressosome. A Stressosome is composed of RsbRST 

complex. The stressosome leaves RsbV phosphorylated and RsbW forms a complex with SigB. B Stress 

from the environment induces the phosphorylation of stressosome and release RsbT from the stressosome. 

RsbT activates RsbU and followed by dephosphorylation of RsbV. The dephosphorylated RsbV form a 

complex with anti-σB factor, RsbW. The active SigB bind with RNA polymerase and initiate transcription. 

Once the activity of SigB reaches to a peak and activates RsbX, which dephosphorylates the stressosome 

and restore the signal transduction.  
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a secondary regulatory mechanism. A hairpin structure is found in the prfA 5’-

untranslated region (5’UTR) that forms at temperatures lower than 37°C (Johansson et 

al., 2002; Rolhion et al., 2017). The hairpin structure is broken by higher temperatures 

(37°C), which allows the initiation of translation (Rolhion et al., 2017). The third 

regulatory mechanism that controls PrfA activity is a co-factor, namely glutathione 

(Reniere et al., 2015; Rolhion et al., 2017; Radoshevich et al., 2018). It has therefore been 

assumed that the PrfA is translated when L. monocytogenes invaded into the host cell, but 

only activated after escaped from the vacuole and acquired the glutathione from the 

cytosol of the host cell (Radoshevich et al., 2018). Upon the activation of PrfA, 

transcription of virulence factors is activated (Freitag et al., 2009).  

 

1.3 Biofilms formed by L. monocytogenes 

L. monocytogenes can, and does, form biofilms on machinery in food processing facilities 

(Colagiorgi et al., 2017). The formation of sessile communities can contribute to the 

spread of this deadly pathogen throughout the production line. Individuals who ingest 

contaminated food are likely to become infected. This study aimed to unravel the 

molecular mechanisms of biofilm formation by L. monocytogenes. Such knowledge could 

contribute to minimising the cases of listeriosis through the development of novel 

interventions to disperse these stable communities in food processing settings. This 

section gives a brief review of the current knowledge about how biofilms are formed by 

L. monocytogenes. 

 

1.3.1 Motility in L. monocytogenes and biofilm formation 

As described above, bacterial motility is a critical factor needed for biofilm formation. 

The main mode of motility exerted by L. monocytogenes is through the flagellum (Tang 
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et al., 1996; Schirm et al., 2004; O'Neil et al., 2006). Each cell carries four to six 

peritrichous flagella (Schirm et al., 2004). As shown in Figure 1-2, the flagellum is 

composed of ~35 proteins, where FlaA is the main component of the flagellar filament 

(Peel et al., 1988). The flaA coding region is only expressed at incubation temperatures 

below 30°C. It has been shown that the transcriptional regulator DegU and MogR control 

expression and activity of FlaA (Grundling et al., 2004; Knudsen et al., 2004; Shen et al., 

2006). It has been shown that a functional flagellum is required for biofilm formation. 

Vatanyoopaisarn et al. first demonstrated that when the flaA gene was deleted in the 

serovar 1/2a background strain, the mutant strain exhibited lower adhesion to stainless 

steel than the parental strain at 22°C but identical levels at 37°C (Vatanyoopaisarn et al., 

2000). The requirement of the flagellum for biofilm formation by L. monocytogenes 

serovar 1/2a was confirmed by Lemon et al. where they tested the biofilm forming ability 

of ΔflaA on three different materials (Lemon et al., 2007). In 2008, Gueriri et al. 

demonstrated that DegU, which is required for flagellar synthesis and motility in L. 

monocytogenes, is also required for the biofilm formation in L. monocytogenes (Gueriri 

et al., 2008). All three studies clearly showed that flagellar-based motility is essential for 

biofilm formation by serovar 1/2a strain. Finally, however, Todhanakasem et al. observed 

that flagellar mutant strains form a “hyper-biofilm” (Todhanakasem et al., 2008). The 

flagellar mutant strains have a lower level of initial attachment than the wildtype (WT) 

strain, but the biomass of biofilm surpasses the level formed by the parental strain at 24 

h at room temperature. Todhanakasem et al. considered that the property of the cell was 

altered upon the mutant and result in the aggregation of cells. The difference in the 

findings uncovers the importance of experimental design in monitoring the kinetics of 

biofilm formation. 
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1.3.2 Cell-to-surface interactions in L. monocytogenes 

Cell-to-surface interactions are an important factor for biofilm formation (see section 

1.1.2.1). The proteins in the cell wall are critical for the properties of the cell surface. One 

of the examples of proteins located in the cell wall that is needed for biofilm formation is 

the biofilm-associated protein (Bap). Bap is needed for biofilm formation by several 

species of bacteria, and has been confirmed to be essential in Listeria biofilms (Lasa, 

2006; Jordan et al., 2008). BapL (Lmo0435) is found to increase the attachment to the 

abiotic surfaces (Renier et al., 2011). Modulating the cell surface not only contributes to 

biofilm formation but also to adhesion of host cells (Carvalho et al., 2014). Therefore, a 

study has identified the virulence factors required for invading host cells can play a role 

in biofilm formation. For instance, Franciosa et al. screened the biofilm forming ability 

of 70 isolates of L. monocytogenes and found that strains carrying a truncated inlA gene 

displayed enhanced biofilm formation (Franciosa et al., 2009).  

 

1.3.3 The matrix of the biofilm formed by L. monocytogenes 

The biofilm matrix is a critical factor needed for the development of three-dimensional 

structures of the sessile biofilm community. Two studies have used confocal laser 

scanning microscope (CLSM) to acquire three-dimensional data regarding the structure 

of biofilms formed by L. monocytogenes. Rieu et al. first reported that the laboratory-

adapted strain EGDe formed a “knitted chain” conformation (Rieu et al., 2008). In their 

experiments, individual bacteria contact each other in a linear format in the flow-cell 

system biofilm which were grown in tryptic soy broth (TSB) medium at 25°C. Later in 

2015, Guilbaud et al. reported that a “honeycomb morphology” was observed in biofilms 

formed by an L. monocytogenes laboratory-adapted strain 10403S and also for field 

isolates (Guilbaud et al., 2015). These two articles showed that L. monocytogenes strains 
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could form three-dimensional structured biofilms. However, it is more frequent to 

observe biofilms formed by L. monocytogenes that are mainly composed of cells lacking 

obvious extracellular material (Di Bonaventura et al., 2008; Doijad et al., 2015).  

 

It has been confirmed that there is protein in the matrix of biofilms formed by L. 

monocytogenes (Colagiorgi et al., 2016; Colagiorgi et al., 2017). Indirect evidence is 

provided as treatment with protease K can detach the biofilm formed by L. 

monocytogenes (Nguyen et al., 2014). Also, Lourenco et al. screened the exoproteome of 

two L. monocytogenes strains isolated from food products and specifically identified 

lmo2504 is required for biofilm formation (Lourenco et al., 2013). These findings support 

that there are exoproteins in the biofilm matrix for L. monocytogenes. The exact role and 

function need to be elucidated. 

 

The biofilm matrix from L. monocytogenes also contains extracellular DNA (eDNA). 

Harmsen et al. reported that treatment with DNase can disperse the biofilm formed by 41 

L. monocytogenes isolates taken from various environments and food products (Harmsen 

et al., 2010). In their work, they discovered that supplying high molecular weight DNA 

is essential for the adhesion. The impact of DNase on the biofilm formation by L. 

monocytogenes was later supported by another research group (Nguyen et al., 2014).  

 

1.3.4 Teichoic acids 

The presence of teichoic acids in the biofilm matrix of L. monocytogenes isolates was 

identified in 2016 (Brauge et al., 2016). Teichoic acids are a group of cell surfaces 

glycopolymers that have been found in the cell wall of several Gram-positive bacteria and 
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have also been found in the matrix of Staphylococcus spp. biofilms (Gross et al., 2001; 

Otto, 2008). Although this discovery seems exciting, and is cited in several reviews, 

“teichoic acids” can refer to two different components in the cell wall: lipoteichoic acids 

(LTA) and wall teichoic acids (WTA). These two forms of polysaccharides are anchored 

to the cell membrane and peptidoglycan (cell wall), respectively (Brown et al., 2013). 

Several studies have discovered that these two polymers are essential for biofilm 

formation by L. monocytogenes (Colagiorgi et al., 2016). 

 

LTA is a polymer anchored to the cell membrane (Brown et al., 2013; Percy et al., 2014). 

The structure of LTA is diverse between different species of bacteria (Percy et al., 2014). 

In L. monocytogenes, the pathway for D-alanylation (dltABCD) of LTA has been 

identified to be potentially required for biofilm formation (Alonso et al., 2014). In their 

work, they screened transposon mutants in the background of L. monocytogenes strain 

10403S where they found disrupting the coding region of dltABCD impacted biofilm 

formation. 

 

It is known that the exact form of WTA varies between serotypes and strains in L. 

monocytogenes (Figure 1-7) (Eugster et al., 2011a; Eugster et al., 2015; Shen et al., 

2017). The ribitol phosphate backbone is well conserved as the monomer of the WTA 

across all the serovars (Kamisango et al., 1983; Shen et al., 2017). It has been confirmed 

that the ribitol phosphate is synthesised by TaqO1 (Lmo0959) and TaqO2 (Lmo2519) 

(Eugster et al., 2012). Each ribitol phosphate contains three variable hydroxide side 

groups, where two of them (position a and b in Figure 1-7A) can be replaced with a 

molecule of N-acetylglucosamine (GlcNAc) and L-rhamnose (Rha). Through the three 

variable hydroxide side groups, the linkage between the monomers can come in two types 
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(Figure 1-7B and C) (Shen et al., 2017). In the first type of linkage (type 1 WTA, Figure 

1-7B), monomers are linked through the hydroxide group at position c of the ribitol 

phosphate shown in Figure 1-7A with a phosphodiester bond. Strains belonging to 

serovar 1/2, 3 and 7 carry type 1 WTA. The decoration on each monomer is different 

between strains in these three serotypes (Figure 1-7D). GlcNAc and Rha glycosylated 

ribitol phosphate in the strain assigned to 1/2 (Eugster et al., 2011b). The 

glycosyltransferase responsible for the transfer of each of the sugar moieties has been 

discovered. The glycosyltransferase for GlcNAc is performed by Lmo1079, Lmo2549, 

and Lmo2550, while the L-rhamnosylation is mediated by RmlT (Lmo1080) (Carvalho 

et al., 2015; Eugster et al., 2015).  

 

The variations on the type 1 WTA can affect some phenotypes displayed by strains. For 

example, the WTA is an essential factor that impacts the affinity of L. monocytogenes 

cells with listeriophage (Wendlinger et al., 1996). In fact, the binding of the listeriophage 

isolates is specific to L. monocytogenes serotypes (Hagens et al., 2014; Bielmann et al., 

2015).  

 

The second type of linkage (type 2 WTA, Figure 1-7C) is mediated by the sugar moiety 

of GlcNAc at either position a or b in Figure 1-7A. It has been confirmed that strains 

designated as serovar 4a, 4b, 4c, 4d, and 5 carry type 2 WTA (Shen et al., 2017). With 

this type of linkage, the polymer can be either linear or branched. The decoration of type 

2 WTA is also different from type 1 WTA. The GlcNAc unit, which plays a role as the 

linkage between monomers, can be decorated with galactose (Gal) and glucose (Glc) 

(Promadej et al., 1999; Shen et al., 2017). The sugar moiety of Rha is not present in type 

2 WTA. 
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1.3.5 Signal molecules in biofilms formed by L. monocytogenes 

Signal molecules are important for coordinating cells dwelling in biofilms. Studies have 

pointed out both quorum sensing and the intracellular signalling molecules are required 

for biofilms (Shrout et al., 2011). In L. monocytogenes, it has been confirmed that at least 

parts of the LuxS and Agr quorum sensing systems are present. LuxS (Lmo1288) 

negatively controls biofilm formation, as disruption of the coding region of gene luxS 

leads to a higher cell density being attached to a surface (Challan Belval et al., 2006; Sela 

et al., 2006). However, it has been assumed that LuxS does not play a role in the quorum 

sensing in L. monocytogenes due to lack of the receptor (LuxR) for LuxS (Rezzonico et 

al., 2008; Garmyn et al., 2009). Therefore, whether LuxS-type quorum sensing is 

functional in L. monocytogenes remain unclear. The other quorum sensing system in L. 

monocytogenes is the Agr system (Autret et al., 2003). AgrB, D, C, and A are encoded 

Figure 1-7 The diversity of the linkage and the decorations of the WTA. A The chemical structure of 

the ribitol phosphate. The functional group indicated with a and b are the positions for glycosides, c the 

optional linkages between the ribitol phosphate. B Type I WTAs carrys the glycosylations on the functional 

group a and b. The monomers were linked through phosphodiester bonds at functional group c. C Type II 

WTAs consist of ribitol phosphate glycosylated and linkage through GlcNAc. D The WTA isoforms of the 

type I WTAs. E The WTA isoforms of type II WTAs. 
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by lmo0048-0051, respectively. Deletion of either agrA or agrD in the background of 

EGDe, a laboratory-adapted strain, lowers adhesion of cells to the solid surface (Rieu et 

al., 2007; Garmyn et al., 2009; Zetzmann et al., 2019). Disruption of the agr system is 

likely to affect the composition of the cell surface and weaken the cell-to-surface 

interactions (Zetzmann et al., 2019). 

 

In terms of intracellular signal molecules, Chen et al. discovered that cyclic diguanylate 

(c-di-GMP) drives the expression of pssA-E (lmo0527-0531) and pssZ (lmo1913) (Chen 

et al., 2014). These genes are required for producing exopolysaccharides in L. 

monocytogenes (Koseoglu et al., 2015). Although Chen et al. did not directly link c-di-

GMP production to biofilm formation, it is possible that c-di-GMP can induce the 

expression of pss genes and assist biofilm formation. 

 

1.3.6 Key regulators of biofilm formation 

SigB and PrfA are the two key regulators that are critical to the stress response and 

pathogenesis in L. monocytogenes. Their roles in biofilm formation have also be 

investigated. The requirement of SigB in the biofilm formation was first noted in 2010 

when van der Veen et al. reported that the expression of sigB was induced in biofilm 

cultures (van der Veen et al., 2010). They reported that the ΔsigB strain displayed a lower 

biofilm forming ability at 20°C in Brain-Heart Infusion (BHI) medium. Later, two other 

research articles were published. These reported that the ΔsigB strain had lower biomass 

biofilms compared with the parental strain in BHI medium supplemented with salt (Lee 

et al., 2014; Lee et al., 2018). The explicit signalling transduction pathway from SigB to 

biofilm formation is still unclear. 
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In the case of the master regulator, PrfA is required for the biofilm formation. Lemon et 

al. first reported that ΔprfA strain exhibit a defect in biofilm formation at 20°C (Lemon 

et al., 2010). More recent studies also indicated that PrfA is positively related to the 

biofilm formation (Zhou et al., 2011; Luo et al., 2013; Price et al., 2018). A study has 

identified that ActA, a virulence factor which its expression is regulated by PrfA, 

promotes the biofilm formation (Travier et al., 2013). These evidences indicated that PrfA 

is involved in biofilm formation. 

 

1.4 Whole genome sequencing 

The correlation of phenotypes and genotypes of biological samples has been well-

recognised in studying physiology and molecular biology of organisms. Having access to 

the entire genome of a bacterium or cell line has become expected. Moreover, with the 

development of cost-effective next-generation sequencing, it is easy to perform whole 

genome sequencing (WGS). The high resolving power of WGS allows researchers to 

correlate single nucleotide polymorphisms (SNPs) in the chromosome to phenotypes 

displayed by isolates. This experimental possibility has given a significant breakthrough 

in studying the molecular mechanisms of human diseases and microbiology (Lehner, 

2013; Quainoo et al., 2017). Accessing the WGS does not only contribute to the benchside 

research but also to the identification of pathogens in clinical and investigation of 

outbreaks (Gilchrist et al., 2015; Durand et al., 2018). For instance, WGS has been used 

in government authorities to investigate the outbreaks of the foodborne pathogen 

(Pightling et al., 2018). Here I will give some examples of using WGS to identify the 

mutations in the chromosome of laboratory-adapted strains. 
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1.4.1 Unintended introduction of mutations in laboratory-adapted strains 

It has been typical to use laboratory-adapted strains as research models to study bacterial 

physiology. Using a laboratory-adapted strain was initially aimed at allowing cooperation 

of research groups around the world. It would allow a baseline of commonality to 

compare observations and accelerate the progression of research. Although this goal has 

been accomplished, this approach also allows seemingly identical isolates of bacteria to 

evolve in different geological areas. Mutations can be introduced into the genome and 

would further passage on to the strains derived from the designated laboratory-adapted 

strain (Read et al., 2014). It has been considered that the recurrent mutation of the 

laboratory-adapted strains is the cause of the different phenotypes detected between 

various research groups. As an example, a B. subtilis laboratory-adapted strain 168 has 

been identified as a non-biofilm forming strain. Gallegos-Monterrosa et al. collected 

twelve sublines of strain 168 and found that some of the variants did form biofilms 

(Gallegos-Monterrosa et al., 2016). They further sequenced the coding region of epsC, 

which is essential for biofilms, and confirmed that the non-biofilm forming variants carry 

point mutations in this gene.  

 

Due to the fact that mutations can be introduced into the chromosome unintentionally, 

acquiring the genomic profile of the laboratory-adapted strain becomes critical in 

studying bacterial physiology. Thus, some research groups first collect the isolates of a 

designated laboratory-adapted strain and resequence the genome to underpin the 

molecular mechanism of phenotype interested. For example, Chandler et al. performed 

WGS to ten P. aeruginosa strain PAO1 sublines, which is a widely used laboratory-

adapted strain over the world (Chandler et al., 2019). Between the ten PAO1 sublines, 

~96% of the coding region was found to be identical, but phenotypic variations were also 

detected. Additionally, De Leon et al. discovered two isolates of Desulfovibrio vulgaris 
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“Hildenborough”, which is a model for studying the sulfate-reducing bacteria, exhibited 

different biofilm growth kinetics (De Leon et al., 2017). De Leon et al. re-sequence the 

genome of the two sublines and revealed a nucleotide change in the ATP-binding cassette 

transporter (ABC transporter) in type 1 secretion system that caused a defect in biofilm 

formation. Together, it is now well recognised that unintended mutations can be 

introduced into the genome of a laboratory-adapted strain and needs to be taken into 

consideration. 

 

1.4.2 A winding history of L. monocytogenes laboratory-adapted strain 

EGDe 

The laboratory-adapted strains widely used in studying the physiology of L. 

monocytogenes is an excellent example of the unintended introduction of mutations 

during propagation. E.G.D. Murray first isolated “Bacterium monocytogenes” which was 

later renamed Listeria monocytogenes (Murray et al., 1926; Pirie, 1940). A strain derived 

from the original isolated “B. monocytogenes” was named as EGD and was widely used 

as a research model. Multiple stocks of laboratory-adapted strain EGD were generated, 

and one of them was resequenced by the European consortium in 2001. This was further 

renamed as EGD-‘e’ (Glaser et al., 2001). In many aspects, the laboratory-adapted strain 

of EGD and EGDe are similar. However, Becavin et al. have demonstrated a comparison 

of the genomic profiles of these two strain and detected a total number of 29016 SNPs in 

2.9 million base pair genome (Becavin et al., 2014). Becavin et al. also detected five 

mutations in their EGDe stock compared with the sequence published in 2001.  

 

Our goal was to investigate the molecular mechanism of the biofilm formation by L. 

monocytogenes. We first had to choose a strain/stock for the entire project. We collected 
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four EGDe sublines, with the hypothesis that the isolates may have different biofilm 

forming ability. Additionally, if they were found to be identical, it would not matter which 

strain we used.  
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1.5 Project overview 

1.5.1 Molecular mechanism of biofilm formation by L. monocytogenes 

L. monocytogenes is a common foodborne pathogen. Studies showed that L. 

monocytogenes serotypes have different abilities to form biofilms (Borucki et al., 2003; 

Doijad et al., 2015). Among the diverse serotypes, most of the L. monocytogenes isolates 

associated with outbreak cases are identified serovar 1/2a, 1/2b, and 4b (Swaminathan et 

al., 2007). Most of the data mentioned above are derived from screening isolates from the 

environment and food products. The conditions used for measuring the biofilm forming 

ability of isolates are diverse with variations in surfaces, temperatures, and growth media. 

In addition, biofilm formation is a dynamic process, and few studies have monitored the 

biomass of biofilm over time. In short, there is very little detailed molecular information 

about the mechanisms of biofilm formation by L. monocytogenes. Here, we acquired a 

commonly used laboratory-adapted strain, EGDe, from four different sources. We made 

use of unintended mutations in the chromosome of some isolates to understand the 

molecular mechanism of biofilm formation by L. monocytogenes. In chapter 3.1, I first 

assessed five different phenotypes displayed by the EGDe isolates and through this work 

predicted that there were mutations in the chromosome. WGS was next used to identify 

the positions of the mutations. I could correlate some of the mutations in the genome to 

the phenotypes exhibited by the four EGDe sublines. 

 

In chapter 3.2, I developed methods for measuring the biofilm forming ability of L. 

monocytogenes strains. I tested three different platforms for measuring the biomass of 

biofilms with crystal violet staining. From the three methods tested, I chose the Calgary 

biofilm device for the rest project to study the molecular mechanisms of biofilm formation 

by L. monocytogenes. Alongside method development, I observed that one of the EGDe 
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isolates exhibited a defect in biofilm formation. Microscopic imaging was applied to 

confirm these results. The EGDe isolate with reduced biofilm carries some mutations in 

the genome. I further investigated their impact on the biofilm formation in chapter 3.3. 

From the mutations in the biofilm deficient EGDe isolate, I discovered two genes (rsbU 

and rmlA) that are associated with biofilm formation. I confirmed a role for SigB pathway 

in the biofilm formation and discovered that the L-rhamnosylated WTA enhances cell-to-

surface interactions. 

 

1.5.2 Screening the effect of small molecules on TDP-L-rhamnose 

biosynthesis 

The pathway for TDP-L-rhamnose biosynthesis in L. monocytogenes was first identified 

in 2015 (Carvalho et al., 2015). The production of TDP-L-rhamnose is well conserved in 

several species of bacteria, and an important nucleotide sugar for rhamnose-containing 

cell wall polysaccharides (Mistou et al., 2016). L-rhamnose is a critical factor in the 

pathogenesis of Gram-positive bacteria, including Staphylococcus aureus and 

Streptococcus spp. (Mistou et al., 2016). It has been hypothesised that inhibiting the 

production TDP-L-rhamnose can prevent bacterial infections. In chapter 3.4, I 

collaborated with Dr Helge Dorfmueller to test the effect of the small molecules on the 

production of dTDP-L-rhamnose in L. monocytogenes. To achieve this, I first modified a 

phage pull-down assay to evaluate the level of the TDP-L-rhamnose in L. monocytogenes. 

Subsequently, with the modified pull-down assay, I evaluated whether the small 

molecules had an effect on the dTDP-L-rhamnose biosynthesis in L. monocytogenes. 
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2 Methods 
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2.1 General laboratory techniques 

2.1.1 Bacterial strains 

This project used Listeria monocytogenes and Bacillus subtilis as the research models. A 

third species, Escherichia coli, were used for cloning and molecular biology purposes. 

Full details of the strains used in this study as listed in Table 2-9.  

 

2.1.2 Mediums used for routine culturing 

Lysogeny Broth (LB) medium was used for the routine culturing of B. subtilis and E. coli 

strains. Brain-Heart Infusion medium (BHI, 237500, BD Biosciences) was used for 

propagating L. monocytogenes strains. Two forms of the medium were used in this study, 

a liquid medium and agar plates. The growth medium and the agar plates for routine 

culturing were prepared by Central Technical Services (CTS) at the School of Life 

Sciences, University of Dundee. 

 

2.1.3 Preparation for cryopreservation 

Cryopreservation of the bacterial strains used in this study was conducted as follows. For 

E. coli and L. monocytogenes strains, the strains were first inoculated into 5 ml of LB and 

BHI medium respectively, followed by incubation at 37°C for ~17-20 h. 800 l of the 

culture was aliquoted into a cryovial and mixed with 50% (v/v) glycerol in a ratio of 1:1 

(v:v). For stocking B. subtilis strains, a single colony of the strain was chosen and 

resuspended in 100 l of LB medium. The suspension was spread onto an LB based agar 

plate and incubated at 30°C for ~17-20 h. After incubation, the surface of the plate was 

covered with a lawn of B. subtilis. LB medium (3 ml) was added to the lawn plate, and 

the cells were scraped off from the surface of the agar plate. The suspension was harvested 
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and mixed with 50% (v/v) glycerol in a ratio of 5:4 (v:v). The cryovials that contained 

the mixtures were stored at -80°C.  

 

2.1.4 Preparation of buffers and solutions 

All buffers and solutions used in this study are listed in Table 2-10. For preparing the 

buffers and solutions, most of the chemical ingredients were dissolved in milli-Q water 

unless specified. Either filter sterilisation or autoclave was performed for the sterilisation 

of the solutions as required. 

 

2.1.5 Statistical analysis 

Raw data values determined from the experiments were imported into GraphPad Prism 

7, which was used to generate the plots. Statistical analysis of the data was performed by 

one-way ANOVA. The statistical significance was calculated by Dunnett’s multiple 

comparison tests and indicated: * stands for p≤0.05, and ** stands for p≤0.01. 

 

2.1.6 Bioinformatic analysis 

The bioinformatics analysis performed in this study used CLC Main Workbench 8 to 

organise the DNA sequences (https://www.qiagenbioinformatics.com/products/clc-main-

workbench/). Basic Local Alignment Search Tool (BLAST) was used to align DNA 

sequences (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The ExPASy translation tool was 

used to assess the impact of the mutations on the protein sequences 

(https://web.expasy.org/translate/). The alignment of the protein sequences was generated 

by Clustal Omega (Sievers et al., 2011). 

 

https://www.qiagenbioinformatics.com/products/clc-main-workbench/
https://www.qiagenbioinformatics.com/products/clc-main-workbench/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://web.expasy.org/translate/
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2.2 General molecular biology techniques 

2.2.1 Oligonucleotides 

The oligonucleotides used in this project are listed in Table 2-11. The sequences of the 

nucleotides were mainly generated by matching to the intended target sequences. Each 

primer was designed to be between 22-35 nucleotides in length. The melting temperatures 

of each primer were examined and matched to have less than 5°C difference with the 

partner primer used in the polymerase chain reaction (PCR). Once the dried 

oligonucleotides arrived from Sigma-Aldrich, milli-Q water was added to each tube to 

make stock at the concentration of 100 M. The 100 M stocks were diluted to 10 M 

for the subsequent experiments. 

 

2.2.2 Polymerase chain reaction 

Polymerase Chain Reaction (PCR) was used in this project to amplify genomic materials 

for cloning and screening the genotypes of the strains. For cloning, the Phusion High-

fidelity DNA polymerase (M0530S, New England Biolabs) was used. The reaction with 

Phusion DNA polymerase was set up with the recipe listed in Table 2-1. After mixing all 

the ingredients in the 200 l capacity PCR tubes, the reactions were placed in the 

Mastercycler (Eppendorf) using the program listed in Table 2-3. For screening the 

genotypes of the strains, Taq DNA polymerase (201202, QIAGEN) was used. The 

ingredients for preparing PCR with Taq DNA polymerase were listed in Table 2-2. The 

mixtures were placed in the Mastercycler with preset programs to amplify the targeted 

region of DNA (Table 2-3). 
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Table 2-1 Parameters for PCR with Phusion High-fidelity DNA polymerase 

Ingredient Amount 

5× GC buffera 10 l 

10 mM dNTPsb 1 l 

10 M forward primer 2.5 l 

10 M reverse primer 2.5 l 

Template DNA ~500 ng 

Phusion DNA polymerasea 0.5 l 

Milli-Q water Add to 50 l 
a The items included in the package. 
b Prepared from 100 mM dNTPs set (cat#10297018, Invitrogen) 

 

Table 2-2 Constraints on PCR reaction with Taq DNA polymerase 

Ingredient Amount 

10× buffera 2 l 

Q-solutiona 4 l 

10 mM dNTPsb 0.4 l 

10 M forward primer 1 l 

10 M reverse primer 1 l 

Template ~500 ng 

Taq DNA polymerasea 0.05 l 

Milli-Q water Add to 20 l 
a The item included in the package. 
b Prepared from 100 mM dNTPs set (cat#10297018, Invitrogen) 

 

Table 2-3 PCR program for Phusion and Taq DNA polymerase 

Stage 
Phusion DNA 

polymerase 
Time 

Taq DNA 

polymerase 
Time 

Initial 

Denaturation 
98°C 30 sec 94°C 3 min 

Denaturation 98°C 5 sec 94°C 30 sec 

Annealing* 45-72°C 30 sec 50-68°C 30 sec 

Extension 72°C 30 sec per 1 kb 72°C 1 min per 1 kb 

Final 

Extension 
72°C 10 min 72°C 10 min 

Fold 4°C - 4°C - 
* Tm calculator from ThermoFisher Scientific was used to acquire the annealing temperature for each 

reaction (https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-

biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-

tools/tm-calculator.html). 

The denaturation to extension steps was typically repeated for 30 cycles. 
 

https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
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2.2.3 Colony PCR 

Colony PCR is a modified version of PCR used in this study for fast screening for the 

genotypes during the procedure of cloning. The DNA template for colony PCR was 

prepared directly from the cultures that were analysed. For B. subtilis and L. 

monocytogenes, 1 ml of the liquid culture were centrifuged at 17000×g for 5 min, and the 

pellet was resuspended in 100 l of milli-Q water. The mixtures were stored at -80°C for 

30 min and followed by boiling at 99°C for 10 min. The boiled samples were centrifuged 

at 17000×g for 5 min. The supernatant was harvested as the template for colony PCR. 

The template DNA was mixed with the Taq DNA polymerase as described in Table 2-2. 

For preparing the template for the colony PCR from E. coli strains, a small portion of the 

colony from an agar plate was harvested into a 200 l capacity PCR tube. The master mix 

of the Taq DNA polymerase PCR reaction was then added into the PCR tube. The PCR 

reactions were placed in the Mastercycler with the preset program listed in Table 2-3. 

 

2.2.4 Isolation of plasmid 

Plasmid DNA was isolated with the QIAprep Spin Miniprep kit (QIAGEN). E. coli strains 

were streaked onto an LB agar plate containing antibiotics, and a single colony was 

inoculated into 5 ml of LB medium supplemented with antibiotics. Cultures of E. coli 

strains were centrifuged at 3500×g for 10 min to harvest the cell pellet. The cell pellet 

was applied to the plasmid DNA isolation by following the instruction of the kit. QIAprep 

Spin miniprep kit isolates the plasmid DNA by alkaline lysis and an affinity column. The 

plasmid was eluted from the column using milli-Q water for the subsequent experiments. 

Full details of the plasmids used in this study are listed in Table 2-12. 
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2.2.5 The bacterial genomic DNA extraction 

Genomic DNA was extracted and used for the construction of mutant strains in B. subtilis 

and L. monocytogenes. For both species, a single colony was inoculated into one tube of 

5 ml liquid medium. The culture was incubated at 37°C for ~17-20 h and harvested by 

centrifugation at 3500×g for 10 min. The cell pellet was resuspended in 180 l of 20 

mg/ml lysozyme in Enzymatic lysis buffer (see recipe in Table 2-10). The bacterial cells 

were lysed by incubating at 37°C for 30 min. The cell lysate was applied to the procedures 

described in the manufacturer's instructions of the DNeasy Blood & Tissue Kit (69504, 

QIAGEN). The final product was eluted in milli-Q water and stored at -20°C. The 

concentration of the genomic DNA was measured by Nanodrop as described in section 

2.2.10 prior to being used as template in PCR reactions. 

 

2.2.6 Restriction enzyme digestion 

Plasmids and products of PCR were treated with restriction endonucleases for cloning. 

BamHI (R0136S, NEB), EcoRI (R0101S, NEB), KpnI (R0142S, NEB) and SalI (R0138S, 

NEB) were the restriction enzymes used in this study. The digestion reactions were set 

up as the recipe showed in Table 2-4. The reactions for digesting a PCR product and 

plasmid were incubated at 37°C for ~17-20 h. Digested plasmid DNA was further treated 

with alkaline phosphatase (M0290S, New England Biolabs) at 37°C for 30 min to 

dephosphorylate the 5’ and 3’ ends of DNA. After incubation, the reactions were mixed 

with 6× DNA loading dye (see recipe in Table 2-10) in the ratio of 5:1 (v:v) for further 

analysis by horizontal agarose gel electrophoresis. 
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Table 2-4 Parameters for restriction enzyme digestion 

Ingredients Amount 

DNA 1 g 

10× buffera 5 l 

Restriction enzyme 1 1 l 

Restriction enzyme 2b 1 l 

Milli-Q water Add to 50 l 
a The 10× buffer was selected between 3.1 and Cutsmart based on the restriction enzyme used and the 

efficiency given by New England Biolabs 
b The second restriction enzyme was replaced to milli-Q water in the occasion for single restriction 

enzyme digestion. 
 

2.2.7 Horizontal agarose gel electrophoresis 

The horizontal gel electrophoresis was used to examine the integrity and size of DNA 

samples. Agarose gels were prepared using TAE buffer (see recipe in Table 2-10) that 

was solidified with 0.8-1.5% (w/v) of agarose. Ethidium bromide (EtBr) was added to a 

final concentration at 0.5 g/ml. DNA samples were mixed with 6× DNA loading dye 

(see recipe in Table 2-10) in a ratio of 5:1 prior to loading into the wells of the agarose 

gel. DNA ladders were loaded alongside the samples (N3232S and N3231S, New 

England Biolabs) for size calibration. The gel electrophoresis was performed using 80 V 

for ~30-40 min at room temperature. The image of the EtBr prestained agarose gel was 

taken by Gel Doc XR+ Gel Documentation system (Bio-Rad). 

 

2.2.8 Gel extraction for purifying DNA 

Gel extraction of the restriction enzyme digested PCR product, or plasmid, is a derived 

technique of the horizontal gel electrophoresis. The integrity and size of the samples were 

first examined by loading a small portion of the sample onto the EtBr prestained agarose 

gel. Samples with the expected size were loaded onto another EtBr prestained agarose 

gel. After electrophoresis, the agarose gel was placed on the Vilber Lourmat Super Bright 

transilluminators (TFX-20 MX, Sigma-Aldrich) for visualising the ladder and the 
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product. The band containing the product was cut out with a sterile scalpel (cat#0503, 

Swann-Morton) and transferred into a 1.5 ml microcentrifuge tube. The product of 

restriction enzyme digestion in the gel fragment was purified with QIAquick gel 

extraction kit (cat#28704, QIAGEN). The DNA was eluted in milli-Q water from the 

affinity column and stored at -20°C. 

 

2.2.9 DNA precipitation 

DNA precipitation was used when a higher concentration or purity of plasmids was 

required. DNA samples in milli-Q water were mixed with 3 M of sodium acetate in a ratio 

of 10:1. 2.5 volumes of 99.9% ethanol were added and incubated at -80°C for 1 h. The 

samples were centrifuged at 17000×g, 4°C for 30 min. The supernatant was discarded 

and the pellet dried by inverting the tube on a paper towel for 15 min. The dried pellet 

was washed with 750 l of 70% (v/v) ethanol and mixed gently by inverting the tube five 

times. The centrifugation was repeated but for 5 min, and the supernatant was discarded, 

and pellet dried. The pellet was resuspended in milli-Q water, typical volumes were 50-

100 l. The plasmid was available for the subsequent experiments after storage at -20°C 

for at least 17 h. 

 

2.2.10 Measuring the concentration of the genomic materials 

The concentration of the product from the gel extraction and plasmid was measured prior 

to ligation and electroporation. A Nanodrop Microvolume Spectrometer (ThermoFisher 

Scientific) was used to measure the absorbance at the wavelength of 230, 260, and 280 

nm of the samples. The concentration of the DNA samples was calculated based on the 

reading of A260. The ratio of 260/280 and 260/230 was recorded, and the purity of the 
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samples was assessed. The ratio of 260/280 of pure DNA was in the range of 1.8 to 2.0, 

and the 260/230 was higher than 1.8. 

 

2.2.11 DNA ligation with T4 ligase 

The T4 DNA ligase (M0202S, New England Biolabs) was used for ligations. The net 

weight of the insert was first calculated (Equation 2-1). For most of the ligations, the 

molar ratio was set to be 3 (vector:insert=1:3), and 50 ng of the vector was used. The 

ligation was set up as described in Table 2-5. The incubation condition used for ligation 

differed based on the size of the product expected. For the product smaller than 10 kb, the 

reaction was incubated at 25°C for 1 h. In the case of the expected product size is longer 

than 10 kb, the reaction was left at 4°C for 20 h. The incubated reactions were then 

transformed into the competent E. coli MC1061. 

 

Equation 2-1 

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 = 𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 × 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 ×
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟
 

 

Table 2-5 Parameters used for ligations 

Ingredient Amount 

10× T4 DNA ligase buffer 2 l 

Vectora 50 ng 

Insertb From Equation 2-1 

T4 DNA ligase 1 l 

Milli-Q water Add to 20 l 
a The vector was from a purified restriction enzyme treated plasmid DNA. 
b The insert was from the product of PCR treated with restriction enzymes and purified with gel 

extraction. 
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2.2.12 Site directed mutagenesis with KOD hot start polymerase 

Site directed mutagenesis with KOD Hot Start DNA polymerase (71086-3, Millipore) 

was used to correct unintentional mutations inserted during PCR amplification. The PCR 

reaction with KOD hot start DNA polymerase was set up per the parameters shown Table 

2-6. A forward primer and the reverse primer covering the targeted region of the sequence 

were used in the reaction. The reactions were placed into the Mastercycler and run with 

the program shown in Table 2-7. The PCR product was digested with DpnI (R0176S, 

New England Biolabs) to eliminate the methylated plasmid DNA. The digested product 

was transformed into E. coli MC1061 competent cells, and the DNA sequence of the 

colony examined. 

 

Table 2-6 Reaction set up for KOD Hot Start DNA polymerase 

Ingredient Amount 

10× buffer* 5 l 

25 mM MgSO4* 3 l 

10 mM dNTPs 1 l 

10 M forward primer 1.5 l 

10 M reverse primer 1.5 l 

Template ~500 ng 

KOD Hot start polymerase* 1 l 

Milli-Q water Add to 50 l 
* The items supplied in the package. 

 

Table 2-7 PCR program with KOD hot start DNA polymerase 

Stage Temperature Time 

Initial denaturation 95°C 2 min 

Denaturation 95°C 20 sec 

Annealing 57°C 10 sec 

Extension 70°C 4 min (30 sec per 1 kb) 

Final Extension 70°C 5 min 

Hold 4°C - 
The denaturation to the extension steps were generally repeated for 20 cycles. 
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2.2.13 Preparation of E. coli competent cells 

E. coli MC1061 competent cells were used as a shuttle to amplify the plasmid DNA and 

constructing new plasmid DNA. Strain MC1061 was treated with calcium chloride 

(CaCl2) to become competent for heat shock transformation (Swords, 2003). The strain 

was streaked onto an LB agar plate, and a single colony was used to inoculate 5 ml of LB 

medium at 37°C for 17 h. The starting culture was subcultured into LB medium by the 

ratio of 1:1000 and incubated at 37°C until OD600 of ~0.2-0.3. The cells were placed into 

chilled 50 ml conical centrifuge tubes and incubated on ice for 1 h. After centrifugation 

at 3500×g, 4°C for 10 min, the cell pellet was resuspended in 0.4 volumes of 0.1 M CaCl2, 

with respect to the initial cell culture volume, and incubated on ice for 1 h. Another 

centrifugation at 3500×g, 4°C for 10 min followed. The cell pellets were resuspended in 

0.04 volume with respect to the culture volume of ice cold 0.1 M CaCl2
, and sterilised 

glycerol at a final concentration of 10% (v/v). The cell suspension was aliquoted into 1.5 

ml microcentrifuge tubes and store at -80°C. 

 

2.2.14 Transformation of a plasmid DNA into E.coli 

The product of the ligation or the plasmid DNA were transformed into E. coli MC1061 

competent cells prepared in section 2.2.13 for the subsequent experiments. A heat-shock 

technique was used to transform the genomic material into the E. coli competent cells 

(Swords, 2003). Aliquots of competent cells were allowed to thaw by sitting on ice for 30 

min. The plasmid, either 5 l of the ligation reactions or 2 l of the undigested plasmid, 

was gently added to 100 l of the MC1061 competent cells. The tube containing the 

competent cells and the plasmid were incubated on ice for 30 min. A heat-shock 

procedure was taken place by incubating the mixture at 42°C for 90 sec. The heat-shock 

treated tubes were chilled by incubating the mixtures on ice for 3 min. 100 l of the 



51 

 

transformation reactions were spread on LB based agar plates with selective antibiotics. 

An optional recovery step was performed for the plasmids containing the kanamycin-

resistance cassette, for example, the pIMK3. 1 ml of LB medium was added to the heat-

shock treated competent cells, and the cells were incubated at 25°C for 30 min. The 

recovered transformation reactions were centrifuged at 17000×g for 5 min. The cell pellet 

was resuspended in 100 l of LB medium and spread onto LB agar plates containing 

kanamycin. The supplemented antibiotics used in this study were 100 g/ml ampicillin 

or 50 g/ml kanamycin. The plates containing the transformation reactions were 

incubated at 37°C for ~17-20 h. 

 

2.2.15 DNA sequencing and bioinformatics analysis 

The sequences of the plasmid were checked using the DNA Sequencing and Services, 

University of Dundee. The sequences generated were analysed by alignment with the 

expected sequences by BLAST. In this study, Illumina next-generation sequencing of the 

whole genome sequences was performed by Microbes NG (Birmingham). The list of the 

single nucleotide polymorphisms (SNPs) was acquired.  

 

2.3 Methods for Listeria monocytogenes 

2.3.1 Monitoring the growth rate of the strains 

The growth of L. monocytogenes strains was examined in this study. The strains were 

streaked onto a BHI agar plate, and a single colony used to inoculate 5 ml BHI medium 

at 37°C for ~20 h. Starting cultures were inoculated into 100 ml of medium, either BHI 

or Modified Welshimer’s Broth (abbreviated as MWB, see recipe in Table 2-10), at a 

starting OD600 of 0.05. The cultures were then incubated in a water bath with shaking at 
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200 rpm. The OD600 of the cultures was measured every hour. Alternatively, growth over 

time was also monitored using a plate reader. The starting cultures were subcultured into 

either BHI or MWB at an initial OD600 of 0.01 in 200 l per well in a round bottom 96-

well plate. The absorbance at 600 nm was measured every hour during incubation at 30°C 

for 48 h without shaking. 

 

2.3.2 Calculating the generation time of the cultures 

The generation time during the exponential phase of each culture was calculated for 

further examination of the growth rate. To calculate the generation time of the exponential 

phase, two of the OD600 readings were extracted from the growth curve; one at OD600 

≥0.15, and the other at OD600≤1.0. These two readings were determined as x and y 

respectively. The duration of the cultures between these two values was recorded as t in 

minutes and the growth rate calculated by Equation 2-2. 

 

Equation 2-2 

𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛. ) =
𝒕 × log(2)

log(𝒚) − log(𝒙)
 

 

2.3.3 Biofilm formation by Listeria monocytogenes 

L. monocytogenes strains were inoculated into MWB to measure biofilm formation. 

Strains were first streaked onto BHI agar plates, and a single colony was used to inoculate 

5 ml BHI medium at 37°C for ~20 h. Starting cultures were normalised to OD600 of 0.01 

in MWB. The diluted cultures were subcultured into the containers. This study used three 

different containers as the initial test platforms for assessing biofilm formation: 12 ml 
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polypropylene tubes (cat#352059, Falcon), conical centrifuge tube (cat#430829, 

Corning) containing coverslips (cat#631-0125, VWR), and the Calgary biofilm device 

(cat#445497 for the lid, and cat#262162 for the plate, Nunc, Thermo). The diluted 

cultures were inoculated using the culture volume defined in Table 2-8. The cultures were 

incubated at 30°C and 37°C for the defined period as indicated in the results. 

 

Table 2-8 Culture volume of each container for growing Listerial biofilms 

Container Culture volume 

12 ml polypropylene tube 2 ml per tube 

Conical centrifuge tube with coverslips inside 5 ml per tube 

Calgary biofilm device 150 l per well 

 

2.3.4 Determining the biomass of biofilms 

The biomass of the biofilm formed by L. monocytogenes was determined by crystal violet 

(CV) staining. The cultures from the biofilm formation (section 2.3.3) were harvested 

after incubated for the defined period and the planktonic cells were discarded by 

aspiration. Each container was rinsed three times by adding 1.2 volume of 1× PBS (see 

recipe in Table 2-10) with respect to the culture volume. CV staining was performed by 

adding 1.3 volume with respect to the culture volume of 0.1% (w/v) crystal violet (diluted 

from 2.3% (w/v) solution in milli-Q water, HT901-8FOZ, Sigma-Aldrich) followed by 

incubation for 1 h at room temperature. The staining solution was also removed by an 

aspirator, and the container washed with 1× PBS three times. The stained biofilm was 

destained by adding 30% (v/v) acetic acid into and incubating for 30 min at room 

temperature. The absorbance of the coloured 30% (v/v) acetic acid was measured at a 

wavelength of 595 nm. In each batch, a medium only control was included and the A595 

value used as the background reading. 
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2.3.5 Preparing samples for confocal laser scanning microscope imaging 

The biofilm-coated pegs from the Calgary biofilm device were harvested and prepared 

for Confocal Laser Scanning Microscope (CLSM) imaging. The biofilms were washed 

with 1× PBS three times. The LIVE/DEAD BacLight Bacterial Viability Kit (L13152, 

Invitrogen) was used to stain the biofilm with SYTO9 and propidium iodide. The staining 

procedure was performed by following the manufacturer’s instruction. The stained 

biofilm-coated pegs were then rinsed with 1× PBS three times. An optional fixation step 

was performed using 4% (w/v) paraformaldehyde in 1× PBS for 10 min. The pegs were 

carefully removed from the lid with diagonal pliers and placed into the chamber of 

ibiTreat 15-slide (ibidi). The images of the biofilms were taken with the CLSM (LSM 

710, Zeiss). The electronic files of the images were imported into the OMERO, Open 

Microscopy Environment for further analysis (Linkert et al., 2010). 

 

2.3.6 Sample preparation and imaging with scanning electron microscopy 

The biofilms formed on the Calgary biofilm device were fixed for scanning electron 

microscopy (SEM) largely as described previously (Fischer et al., 2012). The biofilms 

went through two different stages of fixation, critical point drying, sputter coating with 

platinum prior to final imaging. The biofilm-coated pegs from the Calgary biofilm device 

were first rinsed with 1× PBS three times and fixed with 200 l per well of primary 

fixative for 2 h at room temperature. The primary fixation is comprised of glutaraldehyde, 

paraformaldehyde, L-lysine, alcian blue in 1× PBS (see the full details in Table 2-10). The 

pegs were carefully removed from the Calgary biofilm device using diagonal pliers for 

the following steps. A secondary fixation step was included after a brief washing step 

with 1× PBS. The secondary fixation is composed of 1% (w/v) osmium tetroxide (diluted 

from 4% stock, 75632, Sigma-Aldrich). After 1 h of secondary fixation, the biofilms were 
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treated with gradient ethanol series (50%, 70%, 90%, and 99.9% (v/v) in order). The 

biofilm-coated pegs were transferred into a chamber to be critical point dried. Biofilm-

coated pegs were stuck onto a 25 mm sample stub (AGG3023, Agar Scientific) with 

carbon stickers (AGG3303, Agar Scientific) and conductive carbon double-sided tape 

(AGG3939, Agar Scientific). The sample stub carrying the biofilm-coated pegs was 

sputter coated with 25 nm thick platinum to create a conductive surface. The biofilms 

were imaged with field emission SEM (JSM-7400f, Jeol). All the images were taken with 

5000 V detected by lower secondary electron (LEI) detector.  

 

2.3.7 Flagellar-based motility 

Semi-solid agar was prepared in using either BHI or MWB medium. For preparing both 

BHI and MWB based semi-solid agar plates, 0.3% (w/v) of select agar (30391-023, 

Invitrogen) was supplemented. The strains were streaked onto a BHI agar plate and single 

colonies used to inoculate the 5 ml BHI medium. To seed the strains, the OD600 of starting 

cultures were normalised to 1.0, and 1 l of the normalised cultures was pipetted into the 

centre of a semi-solid agar plate. A negative control, EGDe ΔflaA (Grundling et al., 

2004), was included. The seeded semi-solid agar plates were incubated at 30°C and 37°C, 

and after 24 and 48 h of incubation, the images were captured using a DSLR camera 

(Nikon D3200 with Nikkor 18-55mm lens). Quantification of motility was performed by 

measuring the diameters occupied by the cells after incubation. For each sample, the 

diameters of the swarm were at two positions. The average of the two values was used 

for further statistical analysis. 
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2.3.8 Chitinase activity 

Chitinase activity was tested with the method as described previously (Larsen et al., 

2010). LB medium was supplemented with colloidal chitin at the final concentration of 

2% (w/v). The colloidal chitin was prepared by Dr Holger Kneuper and Dr Marilia Costa. 

The LB agar containing 2% (w/v) chitin was sterilised by autoclave. Strains were streaked 

out on a BHI agar plate, and one single colony was inoculated into 5 ml BHI medium at 

37°C for ~20 h. The cultures of the strains were normalised to OD600 of 1.0 and 10 l was 

spotted plate. The plates were then incubated at 30°C for 96, and 120 h prior to imaging. 

 

2.3.9 Extraction of wall teichoic acids 

Extraction of the wall teichoic acids from L. monocytogenes was performed as described 

(Carvalho et al., 2013). L. monocytogenes strains were streaked out on a BHI agar plate, 

and single colonies inoculated into 3 ml BHI medium which was incubated at 37°C for 

~8 h. The starting cultures were inoculated in 50 ml of MWB at an initial OD600 of 0.01 

which was incubated at 30°C for ~17 h with shaking at 200 rpm. The cells were harvested 

by centrifuge at 3800×g for 10 min. The cell pellet was washed with 20 ml of MES buffer 

(50 mM 2-(N-morpholino)ethanesulfonic acid, pH 6.5) and centrifuged at 3800×g for 10 

min. The cell pellet was resuspended in 1 ml of MES buffer supplemented with 4% (w/v) 

SDS and boiled at 99°C for 1 h. The SDS-treated cells were harvested by centrifugation 

at 17000×g for 10 min. The cell pellets were washed with MES buffer containing 2% 

(w/v) NaCl twice and followed by rinsing with MES buffer. The cells were resuspended 

in 1 ml of MES buffer with an additional 0.4 g acid-washed glass beads (≤106 m, cat# 

G4649-500G, Sigma-Aldrich) per sample. The cells were lysed by vortexing at the 

highest speed for 10 min with the tube lying horizontally. The glass beads were discarded 

after centrifugation at 1000×g for 5 min, and the cell lysate was harvested for the 
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following steps. The proteins in the samples were digested with 20 g/ml proteinase K 

(03508811103, Roche) in 20 mM Tris-HCl pH8.0 at 50°C for 2 h. After centrifuging at 

17000×g for 10 min, the pellet was treated with 1 ml of 0.1 M NaOH for 17 h with shaking 

at 1200 rpm, 25°C on Thermomixer R (Eppendorf). The supernatant was harvested by 

centrifugation at 14000×g for 15 min, and 0.1 ml of 1 M HCl was added to each sample. 

The liquid was dialysed into milli-Q water using a 1 kDa dialysis membrane (132105, 

Spectrum). The dialysed samples were dried by SpeedVac (RVC2-25 with CT02-05, 

Christ). Each sample was resuspended with 100 l of WTA loading buffer (see recipe in 

Table 2-10) for further analysis by native polyacrylamide gel electrophoresis. 

 

2.3.10 Native PAGE and alcian blue staining 

The mobility of the WTA extracted from L. monocytogenes strains was assessed by the 

native polyacrylamide gel electrophoresis (PAGE). A 20% (w/v) acrylamide separating 

gel was cast with the native gel buffer (see recipe in Table 2-10). After mixing the native 

gel buffer and 30% (w/v) acrylamide (acrylamide:bis-acrylamide=37.5:1, NAT1260, 

Scientific Laboratory Supplies), the solution was degassed for 15 min on ice prior to the 

curing step. The polymerization of the acrylamide was initiated by adding 0.1% (w/v) 

ammonium persulfate (APS) and 0.1% (v/v) tetramethylethylenediamine (TEMED). A 

4% (w/v) acrylamide stacking gel was added on the top of the 20% (w/v) separating gel 

and a 10-well comb inserted. The samples were loaded into the wells and analysed using 

1× Tris-tricine running buffer (Table 2-10) at consistent 20 mA, 4°C for ~3 h. The gel 

was rinsed with milli-Q water and stained with Alcian blue staining solution (Table 2-10) 

for 1 h. An image of the stained gel was taken after a 20 min destain in the destaining 

solution (Table 2-10). 

 



58 

 

2.3.11 Determining the colony-forming units in a culture 

To estimate the number of colony-forming units (CFUs) in a sample, the cultures of L. 

monocytogenes strains were serially diluted by the factor of 10. A small aliquot (10 l) 

of the dilution were spotted onto a tilted BHI plate. The BHI plates were kept tilted for 

15 min to allow the liquid to flow down from the seeding point and dry. The plates were 

incubated at 37°C for 20 h. The number of colonies on the plate were counted after 

incubation. To calculate the colony forming units of a sample, three different dilutions of 

the cell suspension were spotted.  

 

2.3.12 Propagation of listeriophage 

The listeriophage isolates were propagated using a method kindly provided by Prof. 

David Hodgson (Hodgson, 2000). The stocks of the listeriophage isolates were first 

serially diluted in TM buffer (see recipe in Table 2-10). Strain ‘Mack’ was streaked onto 

a BHI agar plate, and a single colony inoculated in BHI medium at 30°C for ~20 h. The 

diluted listeriophage samples were mixed with L. monocytogenes strain Mack cultures in 

the ratio of 1:1 (v:v) and incubated at 25°C for 40 min. The cell-phage sample was added 

to 4 ml of melted listeriophage medium (see recipe in Table 2-10) containing 0.75% (w/v) 

agar. The cells and soft agar were overlayed onto listeriophage medium agar plates. After 

the soft agar had solidified, the plates were incubated at 25°C for 24 h. TM buffer was 

added to the plate which by this point was confluent with the plaques, and the samples 

were further incubated at room temperature for 24 h. The phage was harvested and the 

cells removed by filtering with a 0.2 m syringe filter. The flowthrough contained the 

listeriophage and was stored at 4°C. 
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2.3.13 Calculating the plaque forming units 

Stocks of the listeriophage isolates were diluted to 10-2-10-4 in TM buffer. Strain Mack 

was streaked onto a BHI agar plate, and a single colony inoculated into 5 ml of BHI 

medium at 30°C for ~20 h. Cultures of the Mack strain were added to the diluted 

listeriophage by the ratio of 1:1 (v:v). The mixtures were incubated at 25°C for 40 min 

and added into the listeriophage medium containing 0.75% (w/v) select agar. The soft 

agar was poured onto a listeriophage medium 1.5% (w/v) agar plate and incubated at 

25°C for ~24 h. The number of the plaques formed on the lawn of Mack cells was counted. 

For counting the plaque forming unit (PFU) of each stock of listeriophage isolate, the 

number of the plaques were counted from at least three different dilution factors. The 

PFU of the listeriophage isolates were determined by multiplying the number of plaques 

with the dilution factors and taking the average of the results. 

 

2.3.14 Listeriophage pull-down assay 

A listeriophage pull-down assay was used to identify the sugar moieties of the WTA of a 

strain. Strains analysed were streaked on BHI plates and the single colonies inoculated in 

5 ml BHI medium at 37°C for ~20 h. The cultures of the strains were normalised to OD600 

of 1.0 in the listeriophage medium in 1 ml. For each tube, a total of 104 PFU/ml of 

listeriophage were added and incubated at 25°C for 40 min. The cell-phage samples were 

centrifuged at 17000×g for 5 min to separate the unbound phage from the phage bound 

to the bacterial cells. The supernatant containing the free phage was assayed to determine 

the remaining PFU. For each experiment, a medium only control and positive control 

were included. The medium control is using plain BHI medium instead of the cultures of 

the strains. The results of the medium control gave the total PFU added in each batch. 
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The positive control is using Mack strain to bind with the listeriophage added in each 

batch. The relative adsorption of the strain tested was calculated by Equation 2-3. 

 

Equation 2-3 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 1 −
𝑃𝐹𝑈 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑡𝑒𝑠𝑡𝑒𝑑 𝑠𝑡𝑟𝑎𝑖𝑛

𝑃𝐹𝑈 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑚𝑒𝑑𝑖𝑢𝑚 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

 

2.3.15 Preparation of electrocompetent cells 

Electrocompetent cells were prepared as described previously (Monk et al., 2008). The 

parental strain was streaked onto a BHI plate, and a single colony was used to inoculate 

5 ml of BHI medium at 37°C for 20 h. Starting cultures of the strain were subcultured 

into the 0.5 M sucrose supplied BHI medium in a ratio of 3:100 (v:v). The culture was 

then incubated at 37°C, shaking at 200 rpm. Ampicillin (10 g/ml) was added to the 

culture when the OD600 reached ~0.2-0.3. The culture was further incubated at 37°C with 

shaking for two hours. The culture was then decanted into chilled 50 ml conical centrifuge 

tubes and left on ice for 10 min. The chilled culture was centrifuged at 3800×g, 4°C for 

10 min. The cell pellets were washed with 0.6 volume of ice-cold Sucrose-Glycerol 

Washing Buffer (SGWB, Table 2-10). The centrifuge step was repeated and the cell pellet 

resuspended in 0.3 volume of SGWB with respect to the initial culture volume. After 

another centrifugation, the cell pellet was resuspended in 0.1 volume with respect to the 

culture volume of ice-cold SGWB and treated with 10 g/ml lysozyme at 37°C for 20 

min. The lysozyme-treated cells were washed with 4 ml of SGWB and finally 

resuspended in 0.5 ml of SGWB. The cells were aliquoted into 50 l per tube in 

microcentrifuge tubes and store at -80°C. 

 



61 

 

2.3.16 Electroporation of plasmid into L. monocytogenes 

Electroporation was used in this study to insert plasmids into L. monocytogenes strains 

(Monk et al., 2008). The concentration and the purity of plasmid samples was measured 

using the Nanodrop. The concentration of the plasmid needed to be above 100 ng/l. The 

plasmid DNA (1 g) was gently mixed with 50 l of the electrocompetent cells prior to 

incubation on ice for 10 min. The cells were transferred into a chilled electroporation 

cuvette (1652089, Bio-Rad). The electroporation was performed at 10000 V/cm, 400 Ω, 

and 25 F. A recovery medium, 1 ml of 0.5 M sucrose supplemented BHI medium, was 

gently added to each electroporation, and the sample was incubated at 30°C for 90 min 

without shaking. After this, 150 l was plated onto a BHI agar plate supplemented with 

antibiotics as required. 

 

2.3.17 In-frame deletion with pMAD 

In-frame deletions of the gene coding regions on the chromosome were introduced by the 

pMAD based approach (Arnaud et al., 2004). First, the pMAD based plasmid was 

constructed. To delete a coding region the genomic DNA, both upstream and downstream 

were amplified and fused with a KpnI restriction enzyme site. The modified DNA 

sequences were first inserted into a shuttle vector, pUC19 and amplified in the 

background of strain MC1061. The insert was extracted by the restriction enzyme 

digestion and gel extraction. The purified insert was ligated with restriction enzyme 

digested pMAD. The pMAD vector containing the insert was electroporated into the 

electrocompetent cells of the defined parental strain. The recovered cells were spread onto 

BHI agar plates supplied with 5 g/ml erythromycin (Ery) and 50 g/ml X-gal (5-Bromo-

4-Chloro-3-Indolyl-D-Galactopyranoside) and incubated at 30°C for 72 h. The resultant 

colonies were inoculated in BHI medium containing 5 g/ml Ery and incubated at 39°C 
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with shaking at 200 rpm for 17 h. The cultures were serially diluted to a factor of 10-6, 

isolated by spreading them on 5 g/ml Ery and 50 g/ml X-gal supplemented BHI agar 

plates. The plates were incubated at 39°C for 48 h. After incubation, blue colonies were 

used to inoculate BHI medium, and the cells were incubated at 30°C, 17 h without 

shaking. Additional incubation at 30°C with shaking at 200 rpm was performed for 4 h, 

the cultures were serially diluted to a factor of 10-6 and isolated on 50 g/ml X-gal 

supplemented Tryptic Soy Agar (TSA) plates. The plates were incubated at 37°C for 72 

h to allow the formation of white colonies. Each white colony was inoculated in 5 ml of 

BHI medium and incubated at 37°C with shaking at 200 rpm for ~17 h. The cultures were 

processed using two different tests, namely Ery-susceptibility and colony PCR. The 

cultures were plated onto BHI agar plate plus and minus Ery at 5 g/ml and X-gal at 50 

g/ml. The plates were placed at 37°C for 24 h. Ery-sensitive colonies were chosen for 

the subsequent genotype examination by colony PCR. For each sample, two different 

colony PCR reactions were set up. One reaction used primers located within the coding 

region of the target gene. The other colony PCR reaction used primers located outside the 

region of the upstream and downstream sequences used in constructing the insert for the 

pMAD construct. 

 

2.3.18 Gene complementation with pIMK3 

The IPTG inducible plasmid pIMK3 was used in the study for the complementing gene 

coding region on the chromosome (Monk et al., 2008). The sequence of the target gene 

was inserted into the cloning site in pIMK3. The pIMK3 based plasmid DNA was 

electroporated into L. monocytogenes. After electroporation, the recovered cells were 

spread onto 50 g/ml kanamycin supplemented BHI agar plates and incubated at 30°C 

for 72 h. Single colonies were harvested and used to inoculate 5 ml of BHI containing 50 
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g/ml kanamycin. The cultures analysed using colony PCR to determine whether the 

pIMK3 based plasmid was integrated into the genome.  

 

2.4 Tissue cell cultures 

2.4.1 The cell line, medium, and supplements 

Cell line Caco-2 (ATCC HTB-37), which is originated from a Caucasian male, was used 

in this study. The cell stock was acquired from Michael Porter. This colon epithelial cell 

line was incubated in the Dulbecco’s Modified Eagle’s Medium (DMEM, 41966, Gibco). 

The Fetal Bovine Serum (FBS, 10270106, Gibco) was heat inactivated at 56°C for 30 min 

before supplemented into the DMEM. A Dulbecco’s Phosphate-Buffered Saline (DPBS, 

14190250, Gibco) was used for washing the cell line. The mediums and buffers were 

warmed to 37°C for 15 min before the subculturing and defrosting the cells. 

 

2.4.2 Defrosting and preparing cryopreservation 

The Caco-2 cells were defrosted by placing the frozen cryopreservation vials in a 37°C 

water bath. The thawed liquid was added into 10 ml of pre-warmed 10% (v/v) FBS 

supplemented DMEM and used to seed a T-75 flask. The cell culture was incubated in a 

humidified, 37°C, 5% CO2 incubator until 90% confluency. The medium was replaced 

every 48 h as required. After passaging for 3 to 5 generations, the cells were treated with 

trypsin-EDTA (25300104, Gibco) and harvested for cryopreservation. The cell pellet was 

resuspended in the chilled DMEM containing 10% (v/v) FBS and 5% (v/v) DMSO at a 

cell density of 1×106. The resuspension was aliquoted by 1 ml per tube and placed into 

Mr Frosty Freezing Container (5100-0001, Thermo). The Mr Frosty Freezing Container 

with the cryopreservation was placed in the -80°C for 20 h and the samples were moved 

into the cell bank. 
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2.4.3 Passaging the cell line 

The Caco-2 cell line was subcultured following the ATCC Animal Cell Culture Guide. 

The cell lines were seeded in a T-75 flask with 10 ml of DMEM supplemented with 10% 

(v/v) FBS. The cells were incubated in a humidified incubator with 5% CO2 at 37°C until 

80% to 90% confluency. Before treating the cells with trypsin-EDTA, the medium in the 

T-75 flask was aspirated, and the cells were washed with 10 ml of DPBS for three times. 

5 ml of trypsin-EDTA was added to each T-75 flask and incubated at 37°C for 5 min. The 

cells were washed with 10 ml of DPBS and transferred into a sterile centrifuge tube. The 

cells were centrifuged at 1000×g, 10 min at 4°C after 100 l of the suspension was 

harvested for measuring the cell density. The Caco-2 cells were resuspended in DMEM 

containing 10% FBS at the cell density at 1×106. For inoculation, each T-75 flask was 

seeded with 2×106 of cells. The medium in the T-75 flask was replaced every 48 h. One 

passage number was added when this process was performed. The passage number of the 

cells was controlled to be in the range of +3 to +7 for the experiments. 

 

2.4.4 Cell invasion assay 

A cell invasion assay was used to examine the infection ability of L. monocytogenes 

strains. The Caco-2 cell line was the target of the invasion assay. The Caco-2 cells were 

inoculated into the 24-well plate at the cell density of 5×104 per well in DMEM containing 

1% (v/v) FBS. The cells were incubated at 37°C for 20 h. L. monocytogenes strain 

analysed was streaked onto a BHI agar plate, and a single colony used to inoculate 5 ml 

BHI medium at 37°C for 20 h. The starting cultures of the L. monocytogenes strains were 

washed and resuspended in DPBS at an OD600 of 0.2. The L. monocytogenes cells were 

added to the Caco-2 cultures and incubated at 37°C for 1 h. The 1% FBS (v/v) 
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supplemented DMEM was replaced with the ones containing 40 g/ml gentamycin and 

incubate at 37°C for 1 h. The Caco-2 cells were washed with DPBS for three times and 

lysed with ice-cold milli-Q water for 5 min. The number of L. monocytogenes CFU in the 

cell lysate was calculated, as described previously. The percentage of the invasion was 

calculated by Equation 2-4 

 

Equation 2-4 

% 𝑜𝑓 𝑖𝑛𝑣𝑎𝑠𝑖𝑜𝑛 =
𝐶𝐹𝑈 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑒𝑙𝑙 𝑙𝑦𝑠𝑎𝑡𝑒

𝐶𝐹𝑈 𝑜𝑓 𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚
× 100 

 

2.5 Methods for Bacillus subtilis 

2.5.1 SSP1 phage transduction 

SSP1 phage transduction was used to construct variant B. subtilis strains. The donor strain 

was streaked onto an LB agar plate and a single colony inoculated in TY medium (recipe 

in Table 2-10) and incubated at 37°C for 17 h. A small aliquot of the culture was treated 

with SSP1 phage at 25°C for 15 min. The mixtures were added into the 0.75% (w/v) agar 

supplemented TY medium and spread on top of TY agar (1.5%, w/v) plates. The phage, 

which is in the upper layer of the agar, was harvested after incubation at 25°C for 17 h. 

The upper layer of the agar was scraped off from the plate aided by providing 5 ml of TY 

medium. The materials which were scraped off from the plates were centrifuged at 

3500×g for 10 min. The phage was extracted by filtering the supernatant through a 0.2 

m syringe filter. The culture of the receptor strain in TY medium was mixed with the 

phage which was generated from the donor strain. The mixtures were incubated at 37°C 

for 30 min statically followed by centrifuge at 3500×g for 10 min. The pellet was 

resuspended in TY medium and spread onto a TY agar plate containing 10 mM sodium 
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citrate and antibiotics. The potential clone was acquired after incubation at 37°C for 17 

h. The positive clone was processed to prepare the cryopreservation for the subsequent 

experiments. 

 

2.5.2 Inoculation of biofilms and pellicle biofilms 

B. subtilis strains were inoculated into MSgg medium (see recipe in Table 2-10) for the 

analysis of biofilms and pellicle biofilms. B. subtilis strain was streaked onto an LB agar 

plate, and a single colony was used to inoculate 5 ml of LB medium at 37°C for ~17 h. 

For the biofilm formation, cultures were normalised to OD600 of 1.0 and spotted on the 

centre of the 1.5% (w/v) agar supplied MSgg plates. To inoculate the pellicle biofilms, 

the normalised culture were inoculated into MSgg medium using a ratio of 1:100. 2 ml of 

the inoculated medium was placed into each well of a 24-well plate. The biofilms and the 

pellicle biofilms were incubated at 30°C for the defined period as indicated in the results. 

 

2.5.3 Paraformaldehyde fixation and flow cytometry analysis 

Pellicle biofilms were harvested at 24, 48, 72 h into microcentrifuge tubes and followed 

by centrifuge at 17000×g for 10 min. GTA buffer (recipe in Table 2-10) was added for 

washing the cells, and they were dispersed by passage through 23G needles. Fixation of 

B. subtilis cells was performed with 4% (w/v) paraformaldehyde for 7 min at 25°C and 

followed by one more wash with GTA buffer. Fixed cells were stored at 4°C. Mild 

sonication (35%, 12 sec with 3 sec off interval) was deployed before further analysis by 

flow cytometry. Sonicated samples were diluted in 1:1000 in PBS containing 0.5% (w/v) 

Bovine Serum Albumin (BSA) prior to analysis by flow cytometry (LSRFortessa from 

BD Biosciences). The analysis was performed with the assistance of the Flow Cytometry 
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and Cell Sorting Facility, School of Life Sciences, University of Dundee. Results from 

flow cytometry were analysed by FlowJo v7.0. 

 

2.5.4 Stereoscope imaging of the biofilms 

The images of the biofilms formed by B. subtilis were taken using a stereomicroscope 

(MZ16 FA, Leica). The digital files were imported to OMERO, Open Microscopy 

Environment for analysis. 
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2.6 List of Strains, Buffers, Plasmids, and Primers 

Table 2-9 List of bacterial strains 

Strain Relevant genotype/description Source/reference 

Listeria monocytogenes 

LSW1030 EGDe ANG882, Institut Pasteur via 

Imperial College London 

LSW1031 EGDe ANG873, ETH Zurich via 

Imperial College London 

LSW1032 EGDe R.Ryan via University College 

Cork 

LSW1033 EGDe BAA-679, Institut Pasteur via 

ATCC 

LSW1035 EGDe ΔflaA DH-L1042 (Grundling et al., 

2004) 

LSW1046 Mack, serovar 1/2a, prototroph DP-861 (Hodgson, 2000) 

LSW1024 1031 Δlmo0184 This work (Dr Laura Hobley) 

LSW1026 1031 ΔsigB This work (Dr Laura Hobley) 

LSW1028 1031 ΔrsbU This work (Dr Laura Hobley) 

LSW1039 1031 ΔrmlT This work 

LSW1040 1031 ΔrmlA This work 

LSW1044 1031 ΔrmlA Δlmo0184 This work 

LSW1045 1031 ΔrmlT Δlmo0184 This work 

LSW1047 1031 Δlmo1079 This work 

LSW1048 1031 Δlmo2549 This work 

LSW1049 1031 Δlmo2550 This work 

LSW1050 1031 ΔrmlT ΔrsbU This work 

LSW1051 1031 ΔrmlA ΔrsbU This work 

LSW1041 1031::pIMK3-rmlAK2Q This work (Contribution by 

Claire Gorby and Teri 

Bigham) 

Escherichia coli 

NRS1127 MC1061 
 

Bacillus subtilis 

NCIB3610 prototroph BGSC 

NRS2242 NCIB3610 sacA::PepsA-gfp (Kana) (Murray et al., 2009) 

NRS2394 NCIB3610 sacA::PtapA-gfp (Kan) (Murray et al., 2009) 

NRS3913 NCIB3610 amyE::PtapA-mkate2 

(Cmb) 

(Dragos et al., 2018) 

NRS5832 NCIB3610 sacA::PepsA-gfp 

amyE::PtapA-mkate2 (Cm, Kan) 

This work, (Dragos et al., 

2018) 
a Kan: resistance to 10 g/ml kanamycin 
b Cm: resistance to 5 g/ml chloramphenicol 
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Table 2-10 List of buffers and solutions 

Buffer Components 

Tris-acetate-EDTA (TAE) buffer 40 mM Tris-HCl 

1.142% (w/v) Acetate 

1 mM EDTAa, pH 8.0 

6× DNA loading dye 60% (v/v) Glycerol 

10 mM Tris-HCl, pH 7.6 

60 mM EDTA 

0.03% (w/v) Xylene cyanol FF 

0.03% (w/v) Bromophenol blue 

Enzymatic lysis buffer 20 mM Tris-HCl, pH 8.0 

2 mM EDTA, pH 8.0 

1.2% (v/v) Triton X-100 

Modified Welshimer’s Broth 

(MWB) 

6.56 g/L KH2PO4 

16.39 g/L Na2HPO4 

0.41 g/L MgSO4·7H2O 

10 g/L Glucose 

0.088 g/L Ferric citrate 

0.1 g/L L-leucine 

0.1 g/L L-isoleucine 

0.1 g/L L-valine 

0.1 g/L L-methionine 

0.1 g/L L-arginine 

0.1 g/L L-cysteine 

0.6 g/L L-glutamine 

0.5 mg/L Riboflavin 

1.0 mg/L Thiamine 

0.5 mg/L Biotin 

0.005 mg/L Lipoic acid 

1×Phosphate buffered saline 

(PBS) 

8 g/L NaCl 

0.2 g/L KCl 

2.56 g/L Na2HPO4·7H2O 

0.2 g/L KH2PO4 

pH 7.4 

Primary fixation (for Scanning 

electron microscope) 

Phosphate buffered saline (PBS) 

4% Paraformaldehyde 

2.5% Glutaraldehyde 

75 mM L-lysine 

0.075% (w/v) Alcian blue 

0.075% (w/v) Ruthenium red 

(optional) 

5× tris-tricine running buffer 0.1 M Tris-HCl 

0.1 M Tricine 

3× Wall teichoic acids (WTA) 

loading buffer 

60% (v/v) 5× tris-tricine running 

buffer 

30% Glycerol 
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Native gel buffer 3 M Tris-HCl, pH 8.5 

Alcian blue staining solution 5% (v/v) Acetic acid 

30% (v/v) Ethanol 

1 mg/mL Alcian blue 

Destaining solution 5% (v/v) Acetic acid 

30% (v/v) Ethanol 

Tris-magnesium (TM) buffer 10 mM Tris-HCl, pH 7.5 

10 mM MgSO4 

Listeriophage medium Lysogeny Broth (LB) 

10 mM MgSO4 

10 mM CaCl2 

Sucrose-Glycerol Washing Buffer 

(SGWB) 

10% (v/v) Glycerol 

0.5 M Sucrose 

Tryptone-yeast extract (TY) 

medium 

Lysogeny Broth (LB) 

10 mM MgSO4 

1 mM MnSO4 

Minimal salts glycerol glutamate 

(Msgg) 

100 mM MOPsb 

5 mM K2HPO4, pH 7.0 

2 mM MgCl2 

700 mM CaCl2 

50 mM MnCl2 

50 mM FeCl3 

2 mM Thiamine 

1 mM ZnCl2 

0.5% (v/v) Glycerol 

0.5% (w/v) Glutamate 

Glucose-Tris-EDTA (GTA) 

buffer 

50 mM Glucose 

20 mM Tris-HCl, pH 8.0 

10 mM EDTA, pH8.0 
a EDTA: Ethylenediaminetetraacetic acid 
b MOPs: Morpholinepropanesulfonic acid 
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Table 2-11 List of Primers 

Primer Sequence (5'-3') Usage/Plasmid 

NSW2301 CTTGGTGAATTCGACTATGATAATATCAAAATTTAC Construct insert for 

ΔrmlT NSW2302 TTTGGTACCTCTCATTATATCCTCCTAAAATAGATT 

NSW2303 AAAGGTACCCTTTAAGAATGGAGAGAAAAGAATGAA 

NSW2304 CGATTAGTCGACAAATAAAGACCAGTTACCGCATAA 

NSW2305 GTCGGCTAAGGTTTCAGCAA Screening for 

ΔrmlT NSW2306 GCTCAAAGCGTGGAGTATCT 

NSW2307 CAAATCCTGCAGGCCAAAAGAATTCTTTGATTATAG Construct insert for 

ΔrmlA NSW2308 AATGGTACCTTTCATTCTTTTCTCTCCATTCTTAAA 

NSW2309 TTAGGTACCAAATAAGAAGAGTGAGGCGTACTAATG 

NSW2310 GATATCGTCGACATTGCTCATTGTGCCTGCATAAGT 

NSW2311 CAAGTCACCGAGCATTAACC Screening for 

ΔrmlA NSW2312 CGGATCATCGTAGGCAATTC 

NSW2325 GATTTTATGCTAACTCATTGGTATCGCTCACGAG 

NSW2328 GCGGGATTAATTTTTCTGGGAAATGATGTGGTCC 

NSW2313 GAAAACCATGGAAGGTATAATTTTA Construct insert for 

rmlA 

complementation 
NSW2315 CCTGTCGACTCTTATTTATTAATTAATTTCAT 

NSW2316 CGATTCATGGACCGAGATGACAACGAACTAACAG Screening for 

integration of 

pIMK3, in the 

genome of L. 

monocytogenes 

NSW2317 GGGCCAAAACACTATAGTAATGACTTTAGAAGCC 

NSW2318 GGGCTGGTATAATCACATAAATTGTG Screening for 

integration of 

pIMK3, in plasmid 
NSW2319 CATCGTATAACGTTACTGGTTTCATG 

NSW2320 GAGGATATAATGAGAGGTACCCTTTAAGAATGGAGA Site mutagenesis of 

pNW1900 NSW2321 TCTCCATTCTTAAAGGGTACCTCTCATTATATCCTC 

NSW2322 CGTAGGATCGATCCGATCCT Sequencing the 

pMAD NSW817 CGTCATCTACCTGCCTGGA 

NSW2323 CTAAAGTTAATGGCAAAGCTCCTGCAAAATTAACG Screening for 

ΔrmlT NSW2324 CTTTCAACAATTTCCATTAGTACGCCTCACTCTTC 

NSW2331 GTTGTCGACCGAGGAACATTTTGTACACCGATAAC Construct insert for 

Δlmo1079 NSW2332 TCTGGTACCTTCCATTAACTTTCTCCCTCCAAAAC 

NSW2333 AATGGTACCCAATAAATGAGGGAAAACGTTAG 

NSW2334 CAAGAATTCTCTTTTATAAAATTTGTGTGGAGTC 

NSW2335 CTTGAAGGATCCCTTATTATTGTTTAACAAAACAG Construct insert for 

Δlmo2549 NSW2336 AAAGGTACCAAATAATCTTGCTTGTTTGCTTCAAC 

NSW2337 TCTGGTACCGTTCATACTATGTCTTCTTTCTCTCCG 

NSW2338 GATGTCGACATGTTTATGCAAGAAGAAATAAACGTC 

NSW2339 CTTGGATCCACCTGACAAAAATTTGAAATCAGTACT Construct insert for 

Δlmo2550 NSW2340 GAAGGTACCGTATGAACAAAATAAGAAAATGGTTAG 

NSW2341 TGTGGTACCTTTCATTATCTTTCTCCTTTTCTTTTT 

NSW2342 CATGTCGACAAGTTCCAGAAAATCATATTAAAG 

NSW2667 CTCTTTCTTTATTTAAGTTCATCGCCGAGACG Screening for 

Δlmo1079 NSW2668 CGCTGTAATTCCAGCATCGATTTGAGCAAG 

NSW2669 GTTTCATGGTGGGGACCGAACTTCAATATTTATC 
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NSW2670 CATAAAATCCATTATACCCACTAGAAAGGCTGG 

NSW2671 CGATAGTACGTAAAATCGGAATTCCACCTGC Screening for 

Δlmo2549 NSW2672 CAGAACGCTTTGTCCGTTACTTAAAGAAAAC 

NSW2673 GTCCACTAAATAAGTCAAAAAGCGGAAACCG 

NSW2674 GTTAGACAAGATTCCGTGGTATACGGATGAG 

NSW2675 GATATTTATATTTCCGCTTCTCAAATCAGACG Screening for 

Δlmo2550, with 

NSW2335 and 

NSW2338 

NSW2676 GAGCCAAATTAATCAAGGACCGGTAATTCC 

NSW2679 GGTGTAAGCTAACGCCGTAATC Detection of A118 

prophage NSW2680 GGCGGACGTTCTTCTATGAAG 

The restriction sites are underlined. 
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Table 2-12 List of plasmids 

Plasmid Description Antibiotic 

marker 

Source 

pUC19 Shuttle vector for 

constructing pMAD 

Ampa Grossman Strain Collection 

pMAD Vector for 

constructing in-frame 

deletion in L. 

monocytogenes 

Ampa, 

Eryb 

 

pIMK3 Vector for 

constructing 

complementation in L. 

monocytogenes 

Kanc Dr Fabian Moritz (University of 

Göttingen, Germany) 

pNW1900 pUC19 ΔrmlT (with 

unintended mutation) 

Ampa This work 

pNW1901 pUC19 ΔrmlA Ampa This work (Contribution by 

Claire Gorby) 

pNW1902 pIMK3-rmlAK2Q Kanc This work (Contribution by 

Claire Gorby and Teri Bigham) 

pNW1904 pUC19 ΔrmlT 

(corrected from 

pNW1900) 

Ampa This work 

pNW1905 pMAD ΔrmlT Ampa, 

Eryb 

This work 

pNW1907 pMAD ΔrmlA Ampa, 

Eryb 

This work (Contribution by 

Claire Gorby) 

pNW1908 pUC19 Δlmo1079 Ampa This work 

pNW1909 pUC19 Δlmo2549 Ampa This work 

pNW1910 pUC19 Δlmo2550 Ampa This work 

pNW1911 pMAD Δlmo1079 Ampa, 

Eryb 

This work 

pNW1912 pMAD Δlmo2549 Ampa, 

Eryb 

This work 

pNW1913 pMAD Δlmo2550 Ampa, 

Eryb 

This work 

a 100 g/ml ampicillin in E. coli. 
b 5 g/ml erythromycin in L. monocytogenes 
c 50 g/ml kanamycin in E. coli and L. monocytogenes 
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3 Results 
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3.1 Screening four L. monocytogenes EGDe stocks 

3.1.1 Background 

L. monocytogenes EGDe, serovar 1/2a, is widely used for molecular and cellular studies. 

Thus, despite being derived initially from a rabbit in 1926 and resequenced in 2001 

(section 1.4.2) (Murray et al., 1926; Glaser et al., 2001), there are multiple stocks of the 

strain in laboratories over the world. Mutations can be introduced unintentionally during 

routine culturing (section 1.4.1). In some cases, these mutations may alter the phenotypes 

exhibited by the strain (Costanzo et al., 2019). Therefore, we hypothesised that potential 

laboratory introduced genomic variations within different EGDe stocks could impact 

biofilm formation and proposed that identification of the differences in the genome could 

shed light on the molecular mechanisms of biofilm formation by L. monocytogenes. To 

test this hypothesis, we sourced L. monocytogenes EGDe strains with four different 

histories. The stocks were named here WT1030, WT1031, WT1032, and WT1033, and 

full details of their heritage are shown in Table 3-1.  

 

Table 3-1 The EGDe collection and the corresponding heritage 

Strain 

identifier 

Designated 

genotype 
Reference* Origin 

WT1030 EGDe ANG882 Carmen Buchrieser via Angelika Grundling 

WT1031 EGDe ANG873 Martin Lossners via Angelika Grundling 

WT1032 EGDe - University College Cork via Robert Ryan 

WT1033 EGDe BAA-679 Carmen Buchrieser via ATCC 
* The strain name used in the originated lab. 

 

 

3.1.2 Examining the phenotypes of the four EGDe isolates 

Having obtained the isolates, the general properties of the four EGDe stocks were first 

examined to determine if there were any apparent differences between them. I evaluated 

the growth rate in the liquid medium, as well as flagellar-based motility. Additionally, 
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previous work has shown that the coding region of rsbS, rsbU, and rsbV can be mutated 

during growth (Quereda et al., 2013). The product of these genes control the activity of 

SigB and thus the downstream transcription, including the production of chitinase via the 

genes chiA and chiB (Larsen et al., 2010). Therefore, I examined chitinase activity as an 

indicator of SigB activity. Furthermore, wall teichoic acid in different serotypes of L. 

monocytogenes shares ribitol phosphate as the backbone. However, it has been identified 

that the glycosylation profile of the backbone varies between different serotypes (Eugster 

et al., 2015; Shen et al., 2017). Studies showed that the variety of WTA decoration was 

related to point mutations in the coding region of corresponding glycosyltransferases 

(Eugster et al., 2015). Therefore, here I examined the decoration of the WTA among the 

four EGDe stocks. Last, the invasion ability of L. monocytogenes strain is related to 

several factors, such as flagellum, SigB and WTA (Kim et al., 2005; Carvalho et al., 

2014; Carvalho et al., 2015). In addition, it has been indicated that the infection ability of 

a bacterial strain is positively related to its biofilm forming ability (Longhi et al., 2008; 

Lebeaux et al., 2013). Here I examined the invading ability of the four EGDe sublines 

into the mammalian cells, Caco-2. The results of the phenotypic differences between the 

four EGDe sublines are shown in the following sections. 

 

3.1.2.1 Growth rate 

To calculate the growth rate, the four EGDe isolates were seeded in both Brain-Heart 

Infusion (BHI) and modified Welshimer’s broth media in shaking cultures. All the 

cultures were normalised to have the same starting culture density. I then measured the 

OD600 of each culture over time (Figure 3-1).  

 

The cultures of the four EGDe stocks were inoculated in BHI media at OD600 of 0.05 and 

incubated at 37°C. As shown in Figure 3-1A, the growth dynamics of the four wild type 
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strains were similar in BHI media. All the EGDe sublines grew at a similar rate and 

transitioned into stationary phase between an OD600 of ~1.4-2.5. I determined that the 

exponential phase of the cultures was corresponded to OD600 values of 0.15 to 1.00. The 

duration the cultures took to grow from an OD600 of 0.15 to 1.00 was recorded, and the 

corresponding generation time during exponential phase was calculated (see section 

2.3.2). The average generation time of the four EGDe stocks was ~50 min in BHI medium 

(Table 3-2). I did not detect a significant difference in the growth dynamics of the four 

wild types strains in BHI. These results indicated that the four EGDe strain collection 

shared a similar growth rate in BHI medium at 37°C. 

 

Modified Welshimers Broth (abbreviated as MWB, afterwards) is a defined growth 

medium that is often used for studying the physiology of L. monocytogenes (Premaratne 

et al., 1991). In the later experiments, MWB was used in the biofilm formation assays. 

Thus, the growth dynamics of the four EGDe isolates in MWB at 30°C were measured in 

shaking and static conditions, respectively (Figure 3-1B and C). To measure growth in 

shaking conditions, the four EGDe sublines were inoculated in freshly prepared MWB at 

a starting OD600 of 0.05 in a conical flask. The cell density of the cultures was measured 

over time (Figure 3-1B), and the generation time calculated (Table 3-2). I did not detect 

a significant statistical variance in the generation time between the four wild type strains 

when two biological repeats of the experiments were analysed. 
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In the case of the cultures incubated without shaking, the four EGDe stocks were 

inoculated into MWB at a starting OD600 of 0.01 in a round bottom 96-well microtiter 

plate. The OD600 of each well was measured at 30°C every hour. As shown in Figure 

Figure 3-1 Growth curve of the four EGDe stocks in BHI and MWB. In A and B, the four EGDe 

sublines were inoculated into 100 ml of medium in a conical flask with a starting OD600 of 0.05. The cultures 

were incubated in a water bath with shaking at 200 rpm. A The growth dynamics of the four EGDe variants 

in the BHI incubated at 37°C; the OD600 was measured every hour. B The growth curve of the EGDe 

collections in MWB media incubated at 30°C with shaking. C The four EGDe stocks were inoculated in 

MWB with the starting OD600 of 0.01 and aliquot in polystyrene round bottom 96-well plates. The microtiter 

plates were placed in the plate-reader with incubation at 30°C statically for 48 h. A computer program was 

set up to acquire the OD600 of each well every hour during the incubation. All the OD600 readings were 

imported into GraphPad 7 to generate the XY scatter plots. For each plot, the mean from two individual 

batches of experiments was shown and the standard deviation as the error bar. 
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3-1C, the growth profile of the four EGDe stocks was similar. The generation time in 

static culture conditions for the four EGDe sublines ranged between 164 min to 172 min 

(Table 3-2). Statistical analysis of the generation time from the EGDe stocks was 

performed, and no significant difference between the values was detected. 

 

Table 3-2 The generation time of the EGDe sublines 

Strain 

Condition  
WT1030 WT1031 WT1032 WT1033 

BHI shakinga 51.99±3.78 48.46±5.10 52.57±0.64 52.41±1.93 

MWB 

shakingb 

110.20±0.28 97.34±4.47 106.80±12.16 106.55±1.20 

MWB staticc 172.80±6.93 164.6±30.41 164.80±34.36 167.10±31.53 

The numbers listed are in the format of mean±SD, n=2 in the unit of minutes. 
a generation time of the cultures in BHI media with shaking at 200 rpm at 

37°C. 
b cultures incubated in MWB with shaking at 200 rpm at 30°C. 
c generation time of the MWB cultures incubated at 30°C without shaking. 

 

Together, a statistical significant difference between the generation time of the four EGDe 

isolates was not detected in the conditions tested. Therefore, I concluded that four EGDe 

stocks share a similar growth rate in BHI and MWB.  

 

3.1.2.2 Flagellar-based motility of the EGDe isolates 

The motility of a bacterium is a well-recognised factor needed for biofilm formation 

(Guttenplan et al., 2013). L. monocytogenes is a motile bacterium where motility is 

mainly driven by a flagellum (O'Neil et al., 2006). As described in section 1.1.2.1, the 

flagellum is composed of a basal body, hook, filament, and motor (Pallen et al., 2006; 

Guttenplan et al., 2013). In L. monocytogenes, the filament is made from the FlaA 

monomer, and the expression of flaA is only activated at temperatures below 30°C (Peel 

et al., 1988; Grundling et al., 2004). However, the presence of the flagella has been 

confirmed to be required for L. monocytogenes to invade host cells in an in vitro cell 
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culture invasion model, which takes place at 37°C (Dons et al., 2004; Bigot et al., 2005). 

Here, flagellar-based motility of the four EGDe stocks was assessed at 30°C and 37°C, 

which stands for the temperature of the natural environment and the host for infection, 

respectively. To assay motility, I monitored the spreading ability of each strain on semi-

solid agar plates. This process requires a functional flagellum, and thus, I included EGDe 

ΔflaA (DH-L1042) as a negative control (Grundling et al., 2004). The four EGDe stocks 

and EGDe ΔflaA were inoculated in the centre of both a BHI and an MWB based semi-

solid agar plates (0.3%, w/v). With this method, a motile strain was expected to spread 

out, and the negative control remain at the inoculation point. Swimming motility was 

quantified by measuring the diameter of the area occupied by the bacteria after incubation 

at 30°C (Figure 3-2) and 37°C (Figure 3-3). 

 

As shown in Figure 3-2A, the four EGDe stocks spread out from the seeding point and 

formed a colony that expanded on BHI based semi-solid agar over time. As expected, the 

strain deficient in flagella biosynthesis, EGDe ΔflaA, did not spread away from the 

inoculation point (Figure 3-2A). The area occupied by the negative control, EGDe ΔflaA, 

had a diameter of ~6 mm and did not increase from 24 to 48 h (Figure 3-2B). The 

diameter of the swimming colonies formed by the four EGDe stocks were all above 10 

mm at 24 h, which is significantly higher than that of EGDe ΔflaA. Among the four EGDe 

sublines, the diameter of the colonies formed by WT1030 was smaller than the other three 

EGDe variants (p≤0.05). These results indicated that all the EGDe isolates were motile, 

but WT1030 was less motile in BHI semi-solid agar than the other strains. 
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I next measured flagellar-based motility in MWB based media (Figure 3-2C and D). In 

Figure 3-2C, EGDe ΔflaA strain can been seen not spread out from the seeding point, as 

expected. The diameter of the colonies formed by EGDe ΔflaA were 4.6±0.3 mm 

(mean±SD) at 24 h and 5.2±0.3 mm (mean±SD) at 48 h (Figure 3-2D). Meanwhile, the 

four EGDe variants formed colonies where the diameter was significantly higher than that 

of the negative control (Figure 3-2C). In Figure 3-2D, it can been seen that the diameter 

of the colonies between the four EGDe isolates were similar, and no significant difference 

was detected. 

 

At 37°C, all of the EGDe stocks were not as motile measured as at 30°C (Figure 3-2 and 

Figure 3-3). The colonies formed by the four EGDe isolates in the BHI based semi-solid 

Figure 3-2 Flagellar-based motility of the four EGDe isolates and EGDe ΔflaA at 30°C. The cultures 

of the EGDe and EGDe ΔflaA strain were normalised to OD600 of 1.0. The semi-solid agar plates were 

incubated at 30°C after 1 l of the normalised cultures were stabbed into them. A representative images of 

the BHI based semi-solid agar plates after 24 h and 48 h of incubation at 30°C. C shows representative 

images from the MWB based semi-solid agar plates after incubation at 30°C. B and D are the bar charts of 

the averaged diameters (n=3) of the colonies on BHI and MWB based semi-solid agar plates respectively 

with standard deviation as the error bar. 
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agar did not spread out from the inoculation point after 24 and 48 h of incubation (Figure 

3-3A). The diameter of the colonies on the BHI based semi-solid agar plates were ~5 mm 

at 24 h and at 48 h for the four EGDe variants and for EGDe ΔflaA strain(Figure 3-3B). 

These data are consistent with previous reports (Peel et al., 1988; Grundling et al., 2004). 

However, WT1030, WT1032, and WT1033 showed evidence of limited motility in the 

MWB-based semi-solid agar at 37°C (Figure 3-3C and D). The diameters of the colonies 

of WT1030 increased by ~0.6-fold within 24 h of incubation. The pattern of expansion 

was also observed in the colonies formed by strains WT1032 and WT1033. In contrast, 

WT1031 and EGDe ΔflaA strains showed no evidence of motility in these conditions. 

 

 

Figure 3-3 Flagellar-based motility of the four EGDe sublines and the negative control at 37°C. The 

EGDe collections were inoculated for assessing the flagellar-based motility as described in section 2.3.7. 

The inoculated semi-solid agar plates were incubated at 37°C for 24, and 48 h. A The representative images 

of the colonies on the BHI-based semi-solid agar after 24, and 48 h of incubation. B The average diameters 

of the colonies on BHI-based semi-solid agar from two independent batches of experiments. C The 

representative images of the colonies on MWB-based semi-solid agar incubated at 37°C. D The diameter 

of the colonies on MWB-based semi-solid agar were measured from two individual batches of experiments. 

In B and D, the mean of the diameter of the colonies was shown with the standard deviation as the error 

bar. 
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From the experiments described above, I concluded that the four EGDe stocks were 

motile in both BHI and MWB based semi-solid agar at 30°C (Figure 3-2). WT1030 had 

a lower level of flagellar-based motility than the other three EGDe variants in BHI 

medium at 30°C (Figure 3-2B). The EGDe sublines lost the motility in the BHI based 

semi-solid agar at 37°C as expected (Figure 3-3A and B) (Peel et al., 1988; Grundling et 

al., 2004). However, WT1030, WT1032, WT1033 seemed to show limited motility in the 

MWB based semi-solid agar at 37°C (Figure 3-3C and D). These data suggested that 

genomic variations exist between the EGDe sublines and causing the difference in the 

flagellar-based motility. 

 

3.1.2.3 SigB activity 

SigB is an alternative transcription factor that is vital in the expression of virulence factors 

in L. monocytogenes (Toledo-Arana et al., 2009). The regions of the genome encoding 

upstream regulators of SigB are prone to mutation, and this further leads to phenotypic 

changes (Quereda et al., 2013). Larsen et al. have indicated that a reduction of chitinase 

activity is detected in ΔsigB strain comparing to the wild type strains (Larsen et al., 2010). 

Therefore, to assess whether SigB was active in the EGDe isolates, I examined 

chitinolytic activity of the four EGDe stocks by spotting them onto chitin-rich agar. The 

active chitinases hydrolyse chitin from an insoluble homopolymer form into a soluble 

oligosaccharide. A zone of clearance can be observed on the chitin-rich agar plates after 

incubation by virtue of the active chitinases. 

 

The cultures of the EGDe collections were spotted onto the LB agar plates supplied with 

2% (w/v) colloidal chitin. After incubation at 30°C for 96 h, a transparent area around the 

colonies of WT1031 and WT1032 was visible (Figure 3-4). The halo around the colonies 

represented the homopolymer of colloidal chitin was digested into the format of soluble 
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oligosaccharide by chitinases. The production of chitinases suggested that in WT1031 

and WT1032 SigB was active. In contrast, the colonies from WT1030 and WT1033 

seemed to be non-chitinovorous at 96 h, with only a low level of chitinase activity being 

observed after 120 h of incubation (Figure 3-4). From these data, I preliminary 

categorised the four EGDe stocks into SigB active (WT1031 and WT1032) and SigB 

low/intermediate (WT1030 and WT1033) strains (Figure 3-4). 

 

 

3.1.2.4 Glycosylation profiles of the Wall teichoic acids 

Wall teichoic acids (WTA) form a main component in the cell wall of Gram-positive 

bacteria (Brown et al., 2013). In L. monocytogenes, WTA has ribitol phosphate as the 

backbone (Figure 3-5) (Kamisango et al., 1983; Eugster et al., 2015; Shen et al., 2017). 

The sugar moieties and the linkage of each unit vary between different L. monocytogenes 

strains (see section 1.3.4 and Figure 1-7) (Shen et al., 2017). The EGDe strain carries 

type 1 WTA (Kamisango et al., 1983; Shen et al., 2017). The polymer is composed of 

~21 monomers, where each monomer is decorated with one molecule of N-

acetylglucosamine (GlcNAc) and one molecule of L-rhamnose (Rha). Studies have 

discovered that point mutations in genes encoding for glycosyltransferases can alter the 

Figure 3-4 The chitinase activity of the four EGDe stocks. The photograph presented is from a 

representative batch of two individual experiments. The white dashed circles indicated the edge of the 

transparent zone around the colonies after 120 h of incubation. 
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sugar moieties on WTA (Eugster et al., 2015). Here I examined whether there was likely 

to be a mutation altering the state of decorations of WTA. To test this, I first examined 

the molecular weight of the WTA in a polymer state, a product with an apparent molecular 

mass of ~12 kDa was expected (Kamisango et al., 1983). The WTA of the EGDe isolates 

was extracted, and the mobility of the material was evaluated using native PAGE 

(Carvalho et al., 2013). As shown in Figure 3-6, the apparent molecular mass of the WTA 

from WT1031, WT1032, and WT1033 was at ~14 kDa comparing to the protein standard 

used. The WTA from WT1030 exhibited a lower apparent molecular weight than each of 

the other three EGDe stocks. These results implied that an undefined difference in WTA 

was present in strain WT1030. 



86 

 

 

 

Figure 3-5 Diagram of the compositions of the wall teichoic acids. The cell wall of L. monocytogenes 

has peptidoglycan, lipoteichoic acids, and wall teichoic acids. The lipoteichoic acid is a glycopolymer 

anchoring to the cell membrane. WTA is a polymer anchored to the peptidoglycan. In strain EGDe, the 

polymer consist of ~21 monomer. Each unit is composed by a ribitol phosphate decorated with one 

molecule of L-rhamnose (Rha) and one molecule of N-acetylglucosamine (GlcNAc). This diagram is 

adapted from (Brown et al., 2013). 
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To further investigate the specific alteration in the sugar moieties of the WTA in WT1030, 

I tested the affinity of the four EGDe variants with different listeriophage isolates. The 

sugar moieties on the ribitol phosphate play a role in binding listeriophage isolates 

(Eugster et al., 2011a; Eugster et al., 2012). Studies have shown that variation of the 

decoration on the type 1 WTA can disturb the affinity of strain with listeriophage P35, 

A118, A511 (Figure 3-7) (Eugster et al., 2015). Listeriophage isolates P35 and A511 

require both GlcNAc and Rha decorations on the WTA (Figure 3-7, Table 3-3). 

Meanwhile, the Rha moiety of the WTA is essential for the affinity of the cells for binding 

with listeriophage A118 (Table 3-3) (Eugster et al., 2015). We acquired listeriophage 

isolates from Prof David Hodgson (University of Warwick) and examined their affinity 

for the four EGDe sublines using a pull-down assay (Hodgson, 2000; Eugster et al., 

2015). A positive control, strain Mack (DP-861), which carries both decorations of 

GlcNAc and Rha on the WTA (type 1) was included in the experiments (Hodgson, 2000). 

Figure 3-6 WTA of the four EGDe stocks in native PAGE. The cultures of the EGDe isolates were 

inoculated in MWB and incubated at 30°C for ~17 h. The WTA was extracted from the four EGDe isolates 

with the method described in section 2.3.9. The mobility of the samples was examined with 20% native 

PAGE and stained with alcian blue. Each lane represents an individual culture. A protein ladder (LC5925 

from Invitrogen) was loaded as the indication of the approximated molecular weight. The black arrowhead 

indicated the molecular weight of the WTA from WT1031, WT1032, and WT1033. The molecular weight 

of the WTA from WT1030 was pointed with the red arrow. 
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This strain is also used to propagate the listeriophage isolates as described previously 

(Hodgson, 2000). 

 

 

Table 3-3 The WTA isoforms and the affinity with listeriophage isolates 

 

As shown in Figure 3-8, the affinity of the phage isolates with the EGDe collections and 

the positive control, strain Mack, was examined. Strain Mack had a high affinity with 

listeriophage isolates P35 and A511. A slightly lower affinity was detected between strain 

Listeriophage 

Affinity for WTA isoformsa 

   
P35 + - - 

A118 + + - 

A511 + - - 

The table is adapted from (Eugster et al., 2015) 
a The chemical structure of the WTA isoforms. 

Figure 3-7 Schematic diagram of the selective affinity of listeriophage with the WTA isoforms. On 

the left of this figure, listeriophage can to bind with strains carrying WTA contains the GlcNAc and Rha 

glycosylation. On the right, listeriophage is not able to bind with the strains carrying a defect in the 

decorations on the WTA. The details of the selective affinity of the listeriophage with the WTA isoforms 

are shown in Table 3-3. 
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Mack with listeriophage isolate A118 (Figure 3-8). Overall, strain Mack exhibited 

affinity for the three phage isolates as expected (Hodgson, 2000; Eugster et al., 2015).  

 

 

In the case of the EGDe collection, WT1031, WT1032, and WT1033 exhibited a high 

affinity of binding with all the listeriophage isolates (Figure 3-8). The patterns of phage 

binding were similar to that of strain Mack. These results indirectly indicated that 

WT1031, WT1032, and WT1033 strains carry both GlcNAc and Rha moieties on the 

WTA. 

 

For strain WT1030, which carries an undefined defect in the WTA, a low affinity with all 

the phage isolates was determined (Figure 3-8). This EGDe subline had a defect in 

binding with phage isolate P35 and A511. As it had a low affinity for listeriophage P35 

and A511, these data indicated that either one of the sugar moieties on the WTA was 

absent. The affinity of phage A118 for WT1030 was also measured to be lower than strain 

Figure 3-8 The affinity of the four EGDe variants with the listeriophage isolates. The pull-down assays 

were performed to examine the affinity of the strains with the three listeriophage isolates. The relative 

adsorption was calculated. The relative adsorption at 1.0, indicated by a red dashed horizontal line, 

represent that all of the listeriophage bind with the strain. The bar chart presented the averaged relative 

adsorptions from two individual batches of experiments, and the error bar stands for the standard deviation. 

The statistical significance was performed by one-way ANOVA comparing with the value from strain 

Mack, * p≤0.05 and ** p≤0.01. 
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Mack and the other three EGDe variants. A drop of the affinity between listeriophage 

A118 and strain WT1030 implied that the moiety of Rha on the ribitol phosphate was 

likely to be absent in this strain (Figure 3-8). 

 

Here, I discovered that WT1030 carries an undefined defect in the WTA among the four 

EGDe variants. A gross defect in the WTA extracted from WT1030 was identified 

(Figure 3-6). Further examination of the sugar moieties of the WTA by phage affinity 

assay noted that the Rha decoration is likely to be absent from the WTA of WT1030 

(Figure 3-8).  

 

3.1.2.5 Invasion ability 

The invasion ability of the L. monocytogenes strains into mammalian cells has been 

widely studied (Pizarro-Cerda et al., 2012). Among the diverse serovar of strains, a higher 

invasion ability of serovar 4 and 1/2 has been observed toward the host cells 

(Swaminathan et al., 2007). To assess the invasion ability of the EGDe collections, Caco-

2 cells were used as the target. Caco-2 is a human epithelial colorectal adenocarcinoma 

cell line, which is commonly used as a substrate for assessing the infection ability of L. 

monocytogenes strains (Francis et al., 1996). The invasion assay was performed by 

adding the L. monocytogenes cells into the cultures of Caco-2 cells in a specific ratio of 

cell numbers, namely the Multiplicity of Infection (MOI) (Francis et al., 1996). For 

example, an MOI of 25 is where the cell number of L. monocytogenes is 25-fold higher 

than that of the cell number of Caco-2 cells. The per cent invasion was calculated by 

quantifying the number of CFUs of L. monocytogenes that are inside the Caco-2 cells 

relative to those added. With this approach, the invasion ability of the strain can be 

detected. 
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Here, Claire Gorby (a Ph.D. rotation student) and I tested the invasion ability of the four 

EGDe stocks at two different MOIs, 25 and 100. In the experiments performed at a MOI 

of 25, a lower invasion rate was detected in strain WT1030 compared to the other three 

EGDe sublines (Figure 3-9). In the case of MOI of 100, the four EGDe sublines all had 

a low invasion level, but the invasion rate of WT1030 at MOI of 100 was still lower than 

the other three EGDe stocks. However, a statistical significance in the difference was not 

detected.  

 

3.1.2.6 Summary 

Fundamental differences exist between the four stocks that were reported to be wild type 

EGDe. Our EGDe collection shared a similar growth rate (Figure 3-1) and flagellar-based 

motility (Figure 3-2 and Figure 3-3). However, WT1030 and WT1033 exhibited a 

possible defect in SigB activity (Figure 3-4). Examination of WTA revealed that 

Figure 3-9 Examination of the invasion ability of the four EGDe variants. The cells of the four EGDe 

isolates were added to the culture of Caco-2 cell in the different multiplicity of infection (MOIs). The MOIs 

indicated the ratio of the cell number of the inoculum over the cell number of target cells. The ratio of 

colony-forming unit (CFU) of the invaded L. monocytogenes cells over the inoculum was determined as 

the invasion rate. Each dot represents the individual batches of experiment and the mean from four different 

rounds of experiments was shown. 
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WT1030 carries a deficiency in WTA decoration (Figure 3-6). The defect in WTA was 

further identified to be the flaw in Rha decoration on WTA (Figure 3-8). Last, the 

invasion ability of the four EGDe isolates was examined with strain WT1030 had a lower 

infection ability to Caco-2 cells (Figure 3-9). These phenotypic differences were 

indicative of genomic variations between the four EGDe isolates.  

 

3.1.3 Sequence variations in the genome of the EGDe collection 

3.1.3.1 Positions of the genomic variations in the four EGDe stocks 

I next aimed to identify the sites of the genomic variations between the four EGDe isolates 

and link them with the phenotypes. Genomic DNA of the four EGDe stocks was extracted 

by previous group members (Dr Lynne Cairns and Dr Laura Hobley) and sequenced by 

Illumina next-generation sequencing (MicrobesNG). Strain EGDe flaA was included to 

examine if additional mutations were introduced unintentionally during the deletion 

process. The sequences were aligned with the published genomic profile (NC_003210) 

to obtain the relative positions of single nucleotide polymorphisms (SNPs). The full 

details of the SNPs are listed in Table 3-4. 

 

Bioinformatic analysis was performed for each SNPs in each strain to determine the 

impact following the schematic diagram shown in Figure 3-10. The relative locations of 

the SNPs was first aligned with NC_003210 to exclude those located in the intergenic 

regions. I focused on the mutations located in the coding regions. The SNPs in the coding 

region were then analysed to examine whether the mutation altered the protein sequences. 

Synonymous SNPs are defined as a mutation that did not alter the codons for amino acids. 

In the case of nonsynonymous SNPs, I further analysed if the mutation caused premature 

termination of the protein. Any nonsynonymous mutations that led to premature 

termination were annotated as nonsense mutations. Finally, any SNPs that altered the 
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protein sequences, but did not affect the length of the product, were listed as missense 

SNPs. 

 

From the whole genome sequencing and the bioinformatics analysis, I noted a few 

features between the four EGDe stocks. First, WT1031 has the highest similarity with the 

published genomic profile, and was designated this EGDe subline as the reference strain 

in the following experiments. Second, mutations in WT1032 were clustered in a specific 

region. Further analysis identified that the A118 prophage was missing in this strain. Last, 

I detected four nonsense SNPs present in the four EGDe isolates and investigated their 

correlation with the phenotypic variations. 
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Table 3-4 List of the SNPs in the four EGDe and EGDe flaA strains 

Relative 

position 

in 

genomea 

Gene Refb 
WT 

1030 

WT 

1031 

WT 

1032 

WT 

1033 

EGDe 

ΔflaA 

Alteration of 

amino acidc 

Type of 

mutationd 

188308 lmo0184 G T - - T - 
148 E to stop 

codon 
Nonsense 

189757 lmo0185 C A - - - - - Synonymous 

264578 lmo0247 G T T T T T - Synonymous 

280225 rpoC C G - - - - 1166 I to M Missense 

435968 - C A A A A A Intergenic - 

929469 rsbU C CTT - - CTT - 
Truncated 

protein 
Nonsense 

1116367 lmo1081 G T - - - - 
241 E to stop 

codon 
Nonsense 

1442124 - C A A A A A Intergenic - 

1870339 lmo1799 C A - - - - - Synonymous 

1890030 lmo1814 C A - - A - 82 G to W Missense 

2003900 aroF C A - - - - 138 V to F Missense 

2207164 lmo2125 T G - - - - 400 Q to P Missense 

2360624 

comK’ 

A - - C - - 

64 RR to RK Missense 2360626 A - - C - - 

2360628 G - - A - - 

2382723 

lmo2299 

A - - C - - 416 E to D Missense 

2382726 A - - G - - - Synonymous 

2382731 G - - A - - - Synonymous 

2382735 T - - A - - - Synonymous 

2382741 T - - A - - - Synonymous 

2402406 

lmo2333 

T - - A - - 

17 LV to HE Missense 
2402407 C - - T - - 

2402409 T - - A - - 

2402410 T - - G - - 

2734614 lmo2660 C A - - - - 211 G to V Missense 

2836724 lmo2757 G - - A - - 354 R to C Missense 

2849710 lmo2769 G - - - T - 
247 Y to stop 

codon 
Nonsense 

2943565 - G T T T T T Intergenic - 

a The relative locations of the SNPs present in the strains are compared with NC_003210. 

b The nucleotide present at the corresponding relative position in NC_003210 (Glaser et al., 2001). 

c The codon of the coding sequences with SNPs were analysed by ExPASy translation tool and 

followed by BLAST with the original amino acid sequences. 

d The type of SNPs categorised into intergenic, synonymous, missense and nonsense by following the 

logic tree shown in Figure 3-10. 
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3.1.3.2 WT1031 as the reference strain 

Among the four EGDe stocks, WT1031 contained the fewest SNPs and thus the highest 

level of similarity compared with the reference genome sequence (NC_003210). The 

WT1031 genome contained four SNPs where three of them were in intergenic regions, 

and the last one resulted in a synonymous substitution in lmo0247. Therefore, we 

designated WT1031 as our reference and used it as our parental strain for the subsequent 

experiments. In the case of the other EGDe variants, both synonymous and non-

synonymous mutations were detected. WT1030 was identified as carrying nine non-

synonymous SNPs, where three were nonsense mutations. In WT1032, all nine non-

Figure 3-10 The logic tree for categorizing the SNPs in the four EGDe isolates. Each of the SNPs listed 

in Table 3-4 was categorized with the diagram shown in this figure. The site of the SNPs was first analysed 

to examine whether the mutation is in the coding region. If the SNP is in the coding region, a secondary 

analysis of the codon for the amino acid sequence was performed. The SNPs located in the coding region 

and alter the codon for the amino acid sequence are categorized as non-synonymous mutations. These SNPs 

were then examined if the mutation caused a premature termination. A nonsense SNP represents a mutation 

that is in the coding region, alters the codon for the protein sequence, and leads to premature termination. 

Red and green arrows stand for negative and positive to the questions respectively. 
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synonymous SNPs were identified to be missense. Last, WT1033 carried two missense 

mutations and three nonsense SNPs.  

 

3.1.3.3 WT1032 lack of A118 prophage 

One of the EGDe isolates, WT1032, appeared to carry 12 point mutations in the coding 

region of comK’ (lmo2270), lmo2299, lmo2333 (Table 3-4 and Figure 3-11A). Phage 

A118 is incorporated into the genome of EGDe and is represented by genes lmo2271-

lmo2332 (Becavin et al., 2014). The positions in the genome of the mutations in WT1032 

led us to examine if this strain did carry the insertion of phage A118. Thus, a PCR 

designed to detect a gene (lmo2300) within the A118 prophage was performed with the 

genomic DNA isolated from the four EGDe sublines. Strain Mack, which is used for 

propagating the phage and does not carry the A118 prophage in the genome, was included 

as a negative control (Figure 3-11B). As expected, I did not detect the presence of A118 

prophage in strain Mack. Among the EGDe stocks, a product at the expected size was 

amplified in strain WT1030, WT1031, WT1033, but not for WT1032. These results 

implied that strain WT1032 did not have phage A118 genome integrated into the 

chromosome. 
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3.1.3.4 Nonsense SNPs in the EGDe collection 

Three nonsense SNPs were detected in WT1030 and WT1033 (Table 3-4). Of the 

mutations, the two that are located in the coding region of lmo0184 and lmo0892 are 

identical in both EGDe isolates. The third nonsense SNP present in WT1030 was located 

in the coding region of lmo1081. In WT1033, the third nonsense SNP was located in the 

coding region of lmo2769.  

Figure 3-11 Examination of the A118 prophage in the four EGDe variants. A. Schematic diagram of 

A118 prophage in EGDe genome. A118 prophage covers the coding region of lmo2271-lmo2332. Two 

primers were used to amplify a fragment of lmo2300 using PCR. Red triangles indicate the approximate 

positions of the mutations identified by WGS. B. Genomic DNA was extracted and the region from the 

A118 prophage was amplified (as shown in A). Two samples were run for each strain. The samples were 

analysed along with the 100 bp DNA ladder (N3231S, NEB) and 1 kb DNA ladder (N3232S, NEB) in an 

EtBr pre-stain agarose gel. 
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3.1.3.4.1 Lmo0184 

Gene lmo0184 is located in a 7-gene operon with lmo0178-lmo0184 (Figure 3-12A). This 

operon has been identified to be regulated by PrfA, a temperature dependent transcription 

factor in L. monocytogenes (Ollinger et al., 2008; Ivy et al., 2010; de las Heras et al., 

2011). Lmo0184 itself shares 61% identity with a oligo-1,6-glucosidase from B. subtilis 

(Light et al., 2016). The hypothesised function of Lmo0184 is to hydrolyse the -1,6-

linkages of cycloalternan. Cycloalternan is a form of cyclic oligosaccharides which is 

involved in the metabolism of starch (Kim et al., 2003; Kim et al., 2004). Substitution of 

a nucleotide was identified in the coding region of lmo0184 in WT1030 and WT1033 

(Table 3-4). The guanine (G) at position 188308 was replaced to thymine (T), which 

altered the codon at position 148 from glutamic acid into a stop codon in lmo0184 (Table 

3-4, and Figure 3-12A). The nonsense SNPs in the lmo0184 led to premature termination 

of translation (Figure 3-12B). Theoretically, a defect in Lmo0184 would cause a change 

in the metabolism of cycloalternan. This was not tested in this project. 
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3.1.3.4.2 Lmo0892 

The protein sequence of Lmo0892 shares 50% similarity with RsbU from B. subtilis, 

therefore, is called RsbU. RsbU is one of the upstream regulators of SigB, which is an 

important regulator of many virulence factors (Becker et al., 1998; Ferreira et al., 2004). 

In the genome of L. monocytogenes, rsbU and sigB are located in the same gene cluster. 

More specifically, the gene cluster is composed of rsbR-rsbS-rsbT-rsbU-rsbV-rsbW-

Figure 3-12 The operon structure of lmo0178-lmo0184 and the alignment of the Lmo0184 without 

and with the mutation. A The operon structure of lmo0178-lmo0184 drawn approximately to scale. The 

red triangle indicates the position of the nonsense SNP. B The alignment of the protein sequences between 

the reference and the ones with mutation introduced. The protein sequences were generated by ExPASy 

translation tool. The hypothetical protein sequences of Lmo0184 in NC_003210 is shown as Reference. 

The sequences of “with_SNP” is generated by amending the nucleotide sequence according to the details 

listed in Table 3-4. These two sequences were then aligned by Clustal Omega. The amino acid labelled in 

bold red and indicated with asterisk represented the matched codon between the Reference and the sequence 

with_SNP. 



100 

 

sigB-rsbX. The products are the members of the signalling pathway that regulates the 

activity of SigB (Figure 3-13A). Among these eight genes, the products of rsbS, rsbW, 

and rsbX have a negative impact on the activity of SigB, and the other five genes are 

positive regulators (Figure 3-13) (Shin et al., 2010). Here I focused on the impact of the 

nonsense SNP in rsbU. As shown in Table 3-4, the insertion of two nucleotides in the 

coding region of rsbU was identified. This mutation leads to a translational misreading 

of 245 L (leucine) into F (phenylalanine), as shown in Figure 3-13B. The frameshift 

mutation further causes a premature termination at amino acid 275, compared with the 

334 amino acids in the wild type protein (NC_003210). Thus it is probable that the 

premature termination causes a defect in RsbU, which would impair SigB activation. 

Therefore I concluded that the moderate chitinase activity observed for WT1030 and 

WT1033 was related to the nonsense mutation in rsbU rather than a defect in sigB itself 

(Figure 3-4).  
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3.1.3.4.3 Lmo1081 

Lmo1081 has been identified to share homology with RmlA and is located in the 

rmlTACBD operon (Figure 3-14A). RmlA is the first enzyme of the TDP-L-rhamnose 

biosynthetic pathway (Mistou et al., 2016). The production of TDP-L-rhamnose involves 

four enzymes, RmlA, RmlB, RmlC, and RmlD, which are well conserved in several 

species of Gram-positive bacteria (Carvalho et al., 2015; Mistou et al., 2016). The product 

of this four-step reaction is the precusor for decorating cell wall polysaccharides (Mistou 

et al., 2016). In L. monocytogenes, TDP-L-rhamnose is attached to ribitol phosphate of 

WTA by RmlT (Lmo1080) (Carvalho et al., 2015). The L-rhamnosylated ribitol 

phosphate is further translocated onto the cell wall as WTA. As shown in Table 3-4, 

guanine (G) at position 1116367 in the genome was replaced by thymine (T) in the 

Figure 3-13 The gene cluster of rsbR-rsbX and the impact of the nonsense mutation on RsbU. A. The 

gene cluster of rsbR-rsbX (lmo0889-lmo0896) drawn approximately to scale. The genes with black and 

white fillings stand for the negative and positive role on the SigB activity respectively. The frameshift 

mutation which was detected in the whole genome sequencing was indicated with the red triangle. B The 

alignment of RsbU between the reference and the sequence with the mutation. The DNA sequences of the 

Reference and with_SNP were imported into ExPASy translation tool to acquire the protein sequences. 

Reference stands for the protein sequences without mutation (NC_003210); with_SNP represents the 

sequences with the frameshift mutation listed in Table 3-4. Clustal Omega generated the alignment of the 

protein sequences. The matched codons were labelled in bold red and indicated with asterisks. 
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genome of WT1030. The consequence of this mutation is the conversion of glutamic acid 

(E) at position 241 into a stop codon (Figure 3-14B). This results in early termination of 

translation of the lmo1081 transcript. The nonsense SNP located in lmo1081 (hereafter as 

rmlA) therefore will disrupt the first step of TDP-L-rhamnose biosynthesis. This is 

consistent with the defect in strain WT1030 carrying WTA without Rha decoration. This 

mutation and the subsequent effect on WTA decoration affiliated with the flaw in the 

decoration of Rha on the WTA in WT1030 (Figure 3-6 and Figure 3-8).  

 

 

3.1.3.4.4 Lmo2769 

Gene lmo2769 is located in a four-gene operon with lmo2769-lmo2766 (Figure 3-15A). 

The protein sequence of Lmo2769 shares 42% identity with YtrB in B. subtilis, which is 

an ATP binding protein (Durack et al., 2015). Lmo2769 has been linked with lysozyme 

Figure 3-14 The rmlTACBD operon structure and impact of the SNP in rmlA. A. The operon structure 

of rmlTACBD (lmo1080-lmo1084) is illustrated approximately on scale. The position of the nonsense 

mutation was indicated with the red triangle.B. The alignment of RmlA of the sequences of Reference (from 

NC_003210) and with_SNP. The protein sequence shown in with_SNP was generated by ExPASy with the 

amended DNA sequences, based on Table 3-4.The alignment of Reference and with_SNP was performed 

by Clustal Omega The matched codon between the two sequences was labelled in bold red capitals and 

indicated with asterisks. 
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resistance and motility in L. monocytogenes strain 10403S (Durack et al., 2015). Strain 

WT1033 carries a nonsense mutation in lmo2769 (Table 3-4). This SNP will cause 

premature termination of translation of lmo2769 transcript from 295 to 246 amino acids 

(Figure 3-15). In theory, WT1033 would exhibit lower resistance to lysozyme and higher 

motility than the other three EGDe stocks. However, I did not observe a significant 

difference in the flagellar-based motility of WT1033 comparing it to the other three EGDe 

variants (Figure 3-3). 

 

 

3.1.3.5 Phylogenetic tree of the four EGDe isolates 

During the bioinformatic analysis of the mutations in the four EGDe stocks, I noticed that 

there were some common mutations between the strains (Table 3-4). The four SNPs in 

Figure 3-15 The alignment of Lmo2769 from reference and the sequence with SNP. A. The operon 

structure of lmo2769-lmo2766 was drawn on scale. B. The alignment of the protein sequences between the 

wild type (Reference) and the one with mutation introduced (with_SNP). The DNA sequences of lmo2769 

were first extracted from NC_003210. The original sequence was analysed by ExPASy translation tool, 

which is presented as Reference in this figure. Another copy of the DNA sequence was amended based on 

the details of the SNP listed in Table 3-4. The edited sequence was analysed with the same procedure as 

described above and shown as “with_SNP”. The alignment of the protein sequences was generated by 

Clustal Omega. The matched codon between the sequences was labelled in bold red capitals and indicated 

with asterisks. 
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the genome of strain WT1031 were detected in the other three EGDe variants and EGDe 

ΔflaA. Bécavin et al. also detected the same four mutations, with an additional mutation 

in the relative position of 1723342, in their EGDe subline (Becavin et al., 2014). This 

information indicates that the relative positions of these four mutations were just the ‘real’ 

sequence. Based on the genome sequences of our EGDe collection, the four isolates 

distributed in three different branches (Figure 3-16). The first branch was through M. 

Lossners and indirectly became strain WT1031. The second branch was through C. 

Buchrieser, where the nonsense mutations in lmo0184 and rsbU were introduced (Figure 

3-16). This sister group contains two sub-branches; one is through A. Grundling, and the 

other is through ATCC. The nonsense SNPs located in rmlA and lmo2769 were 

introduced after divergence. These two different stocks of strain EGDe became WT1030 

and WT1033, respectively (Figure 3-16). For the third branch, strain WT1032, which 

was acquired via University College Cork, did not have A118 prophage in the genome.  

 

 

3.1.3.6 Summary 

Here I have identified differences in the genome sequences of the four EGDe stocks 

(Table 3-4). The impact of each nonsense mutation was also analysed. Among the EGDe 

Figure 3-16 The schematic phylogenetic tree of the four EGDe variants. The phylogenetic tree of the 

EGDe collection was established based on the genomic profile of the strains shown in Table 3-4. The known 

heritage of each strain was indicated in solid arrow, and the dotted line represented the hypothetical part. 

The main genomic variations are indicated in red letters. 
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collection, WT1031 has the highest similarity with the published genomic profile, and I 

further entitled this EGDe subline as the reference strain. In the case of WT1032, 

nonsense mutations were not detected. However, I discovered that the genome of phage 

A118 was not incorporated into the chromosome of WT1032. A total number of four 

nonsense mutations were detected in WT1030 and WT1033. Further analysing the 

potential impact of the nonsense SNPs, I found the reasons for the phenotypic variations 

observed. The nonsense SNP in rsbU was related to the defect in chitinase activity in 

WT1030 and WT1033 (Figure 3-4 and Figure 3-13). The defect in L-rhamnosylation of 

WTA in WT1030 was caused by the mutation in rmlA (Figure 3-6, Figure 3-8 and 

Figure 3-14). Finally, I established a hypothetical phylogenetic tree of the four EGDe 

isolates based on the whole genome sequences (Figure 3-16).  

 

3.1.4 Summary 

I assessed five different phenotypes and re-sequenced the genome of the four EGDe 

variants. From the experiments, I managed to confirm that WT1030 and WT1033 carried 

a defect in SigB activity, which was caused by a nonsense mutation in the coding region 

of rsbU. Meanwhile, the defect in the L-rhamnosylation of the WTA in WT1030 was 

caused by the nonsense SNP in the coding region of rmlA. However, there were still some 

phenotypic and genomic variations between the four EGDe isolates remain 

unexplainable. For example, the reduction in flagellar-based motility by WT1030 at 30°C 

compared to the other three EGDe sublines and the impact of the nonsense mutations 

located in lmo0184 and lmo2769. 
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3.2 Measuring biofilm formation of the four EGDe stocks 

3.2.1 Background 

It has been confirmed that there were variations in the genome of the four EGDe stocks. 

Here we examined whether the mutations altered the biofilm formation capability of the 

four wild type strains. L. monocytogenes strains can form biofilms at the interface of a 

solid phase and liquid phase (Rodriguez-Lopez et al., 2018). In laboratory conditions, L. 

monocytogenes in the liquid culture first attached to the solid surface and start the process 

of biofilm formation as described in section 1.1.2.  

 

In this chapter, I developed methods for studying biofilm formation by L. monocytogenes. 

Here I focused on two aspects, measuring the biomass of biofilm and visualising the 

structure of biofilms. The biomass of the biofilm represents the total amount of cells 

attached on the surface, extracellular matrix (ECM), and other trace components. I first 

developed a high throughput method for measuring the biomass of biofilm using a 96-

well plate based platform. The methods developed in this chapter were applied to the 

subsequent experiments to study the molecular mechanism of the biofilm formation. 

 

3.2.2 Measuring the biomass of biofilms 

Crystal violet (CV) staining has been often used to determine the biomass of biofilm 

(Figure 3-17) (Fletcher, 1977; Merritt et al., 2005; O'Toole, 2011). A former lab member 

had developed a protocol using MWB as the growth medium where L. monocytogenes 

was subjected to static culture conditions for defined periods. After incubation, the 

adherent cells were stained with crystal violet. As shown in Figure 3-17, the strains were 

inoculated and incubated at defined temperatures. The cells were allowed to attach to the 

surface of the containers and form biofilms. The biofilms were visualised after staining 
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with 0.1% (w/v) CV for 1 h. The stained biofilm was destained with 30% (v/v) acetic 

acid, and the liquid phase used to measure the absorbance at 595 nm (Figure 3-17). With 

this approach, strains that form more robust or thicker biofilms will have a higher A595 

reading.  

 

The biomass of the biofilm determined by CV staining can be variable due to the different 

materials provided as a surface and containers used for incubation (Azeredo et al., 2017). 

Here I aimed to develop a high-throughput platform, which would be suitable for 

systematic screening and ideally could be used for microscopic screening. Thus, I 

measured the biomass of biofilm formed by the EGDe collections in three different 

containers: 14 ml polypropylene (PP) tubes, 50 ml conical tubes with glass coverslips 

inside, and 96-well plate based Calgary biofilm device. 
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3.2.2.1 Biofilms in 14 ml polypropylene tubes 

The cultures of the four EGDe variants were inoculated into 14 ml polypropylene (PP) 

tubes (cat#352059, Falcon). In each tube, the EGDe sublines were seeded in 2 ml of 

MWB at an OD600 of 0.01. The biofilms were allowed to form on the surface of the PP 

tubes for up to 4 days at 30°C (Figure 3-18A). As shown in Figure 3-18B, a “ring” of 

material which formed at the air-liquid interface was visualised with CV staining. This 

ring of biomass has been observed typically in biofilms formed by L. monocytogenes 

strains (Djordjevic et al., 2002). The area below the liquid surface was also coated with 

Figure 3-17 The flowchart of crystal violet staining to measure the biomass of biofilm. The cultures of 

the strains were inoculated in the designated container and incubated for the determined period to allow the 

formation of biofilm. The planktonic cells were discarded and biofilm was stained with 0.1% (v/v) crystal 

violet. Stained biofilm was destained with 30% acetic acid, and the A595 reading of the solution stands for 

the biomass of biofilm. 
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material. The results of CV stain indicated that the level of the biomass of biofilm was 

different between the four EGDe sublines (Figure 3-18B). However, the results of the 

A595 readings over three different batches seemed to spread in the range between 0.04 and 

2.94. I did not observe a significant trend within one timepoint or one specific strain due 

to this wide variation of the A595 readings. Also, this experimental set up was not 

transferable to microscopic imaging. Therefore as the biomass of biofilm formed in the 

PP tube drifted between batches, it was deemed not suitable for further use. 
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3.2.2.2 Biofilms in conical tubes with glass coverslips 

The biomass of biofilms formed in the conical tubes was examined. The 50 ml conical 

centrifuge tubes (cat#430829, Corning) were made of the same material as 14 ml PP tubes 

tested above. This section focused on modifying the method to fit in the purpose of 

microscopic imaging. To achieve this goal, glass coverslips (cat#631-0125, VWR) were 

Figure 3-18 Biofilm formation in the 14 ml polypropylene tubes. A The schematic diagram of the 

location of biofilm formed in the 14 ml polypropylene tubes. B The representative images of biofilm stained 

by CV stain. C The A595 readings of the biomass of biofilm from three individual batches of experiments. 

Each spot represents the individual value of one tube. Two tubes of biofilms were inoculated for each 

biological repeat. The horizontal line stands for the mean of the A595 readings. 
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placed into the 50 ml conical tube as the diagram shows in Figure 3-19A. Strains were 

expected to form biofilms on both the coverslips and the inner surface of the tube (Figure 

3-19A). The four EGDe isolates were inoculated in MWB at an OD600 of 0.01 and 

incubated at 30°C for 2 and 4 days. The biomass of biofilm formed in the tubes and on 

the coverslips was visualised with CV stain and quantified separately (Figure 3-19B, C, 

D, and E). With the data from three biological repeats, I did not detect a significant pattern 

in the way which the biomass formed on either the inner surface of the tubes or the 

coverslips (Figure 3-19C and E). Overall, this experimental set up was transferrable to 

microscopic imaging but not high-throughput. Also, the steps for harvesting the 

coverslips after incubation was time-consuming and accidents of breaking the glass 

occurred frequently. 
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3.2.2.3 Biofilm formation on the Calgary biofilm device 

From the biomass of biofilms measured in the 14 ml PP tubes and the conical tubes, I 

noticed that the four EGDe sublines could form biofilms within 24 h. Thus I shorten the 

period of incubation step to monitor the biomass of the biofilms every 12 h. Also, multi-

well plates were used as a platform to simplify the procedure of seeding and harvesting 

the biofilms. A polystyrene (PS) 96-well plate is a platform often used in studying biofilm 

formation with CV staining (O'Toole, 2011; Azeredo et al., 2017). Here I used the 

Calgary biofilm device, which is a 96-well plate based platform with solid pegs sticking 

into each well (Figure 3-20A) (Ceri et al., 1999). Nunc Immuno TSP lids were used as 

the substitution of the original Calgary biofilm device in this study. With this platform, 

Figure 3-19 The biomass of biofilm in the conical tubes with coverslips. A The schematic diagram of 

the experimental setup. The coverslips were placed into the 50 ml conical tubes. The cultures were 

inoculated into the tube and incubate for 2 and 4 days. Biofilms were expected to form on the surface of 

the tubes and the coverslips. B Biofilms formed on the surface of the 50 ml conical tubes stained with CV. 

C Quantification of the biomass of biofilm formed in the conical tubes from three independent batches of 

experiments. D The CV stained biofilms formed on the coverslips. E The biomass of biofilm formed on the 

coverslips. In C and E, each dot represents the individual value of the biomass of biofilm, and the horizontal 

line stands for the mean from three independent batches of experiments. Two tubes of cultures were set up 

for each strain in every batch of experiments. 
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the cells could attach to the well in the plate and coat the pegs on the lids. The biofilm-

coated pegs from the lids can be used for the microscopic imaging.  

 

 

The four EGDe variants were inoculated into the Calgary biofilm device and incubated 

at 30°C for 12, 24, 36, and 48 h. The biomass of biofilm formed on the pegs of the lid and 

in the wells was measured separately (Figure 3-20B and C). I observed that the biomass 

attached to the lid of the Calgary biofilm device did not vary as much as in the 14 ml PP 

tubes and conical tubes (Figure 3-18 and Figure 3-19). In addition, I observed an 

indicative trend that WT1030 formed biofilms with lower biomass than the other three 

EGDe variants. 

 

Figure 3-20 Measuring the biomass of biofilm in the Calgary biofilm device. A The schematic diagram 

of the Calgary biofilm device. The Calgary biofilm device is a 96-well plate based platform with pegs on 

the lid sticking into the wells. Biofilms are expected to attach to the wells in the plate and coat the pegs on 

the lid. B and C The biomass of biofilm attached to the pegs on the lid and in the wells respectively. Each 

spot represents an individual value from one round of the experiment. For each round of experiments, six 

wells were inoculated for each strain. The horizontal line stands for the mean of all the individual value. 
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3.2.2.4 Summary 

Together, the EGDe collection formed biofilms on three different materials (PP, glass, 

and PS). The biomass of biofilm was collected from at least three different batches of 

experiments for each platform. To compare the variation of the biomass measured by 

different methods, the coefficient of variation of each platform was calculated. The 

coefficient of variation is a statistical index of the dispersion of the values in a quantitative 

assay. Here, I compared the variation of the biomass of biofilm formed at 48 h (2 days), 

which was a shared time point between different methods tested (Table 3-5). In the 

method using 14 ml PP tubes, the coefficient of variation was above 65% in all the EGDe 

variants tested. It indicated that the A595 readings from different batches of biofilms were 

widespread. In the case of the conical tubes and coverslips, I detected the coefficient of 

variation was up to 50% in WT1031. Last, the coefficient of variation of the values from 

the lid of the Calgary biofilm device was at ~17-46%, which was lower than the other 

platforms. The low coefficient of variation in the data from the Calgary biofilm device 

indicated that this experimental setup had high repeatability. In addition, the biofilm-

coated pegs from the lid were easy to operate for the sample preparation for the 

microscopic imaging. Thus I used the Calgary biofilm device for the subsequent 

experiments. 

 

Table 3-5 Coefficient of variation of the biomass of the biofilms formed at 48 h 

Isolate 

Surface 
WT1031 WT1032 WT1030 WT1033 

14 ml PP tubes 108.22 75.33 67.19 86.14 

Conical tubes 35.97 26.90 45.94 55.05 

Coverslips 50.48 47.05 37.33 24.47 

Calgary biofilm device-lid 26.47 43.06 16.75 46.39 

Calgary biofilm device-plate 20.39 21.72 25.50 26.63 

* The coefficient of variation equals the standard deviation divided by the mean. The numbers 

are expressed in the format of percentage. 
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3.2.3 Profile of biofilm formation by four EGDe isolates 

From the previous section, a high-throughput method for measuring the biomass of 

biofilms with the Calgary biofilm device was developed. Hereafter, the average values of 

each strain from the data pool were shown (n=4-29). I examined the biofilm forming 

ability of the four wild type strains systematically. As an active flagellum has been 

demonstrated to be essential for biofilm formation by L. monocytogenes, the EGDe ΔflaA 

strain was included as the negative control (Lemon et al., 2007). Also, I measured the 

biomass of biofilm formed at 30°C and 37°C. The two different incubation temperatures 

stand for the biofilm formation capability in the environment and the infection conditions, 

respectively. As expected, the EGDe ΔflaA strain had lower A595 readings than those of 

the four EGDe stocks at both 30°C and 37°C (Figure 3-21). The absolute value of A595 

did not increase over time. The low A595 readings of EGDe ΔflaA indicated that the 

presence of flagella promotes biofilm formation. The four EGDe sublines form biofilms 

in a Calgary biofilm device. A “hyper biofilm” profile described by Todhanakasem et al. 

for the flaA mutant strain was not observed in our experimental setup (Todhanakasem et 

al., 2008). The following sections described the biofilm dynamics of the four wild type 

strains at 30°C and 37°C, respectively. 
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3.2.3.1 Biofilm dynamics at 30°C 

The biomass of biofilms formed by the four EGDe stocks at 30°C are shown in Figure 

3-21A. For strain WT1031, the A595 value were ~0.31 at 12 h. The measurements only 

slightly increase upon longer incubation times. These data suggested that biofilm 

formation by WT1031 had reached stasis early in the experiments. Strain WT1032 

followed a similar pattern of biofilm formation as WT1031 (Figure 3-21A). The 

Figure 3-21 Profiles of biofilms formed by the four EGDe stocks and EGDe ΔflaA in Calgary biofilm 

device. The biomass of biofilm formed at 30°C (A) and 37°C (B) in the MWB was measured. The bar chart 

represents the average from at least four individual batches of experiments (n≥4), and the error bar is the 

standard error of the mean. 
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comparable data between WT1032 and WT1031 implied that the A118 prophage did not 

affect biofilm formation. The value of A595 measured in strain WT1030 was slightly lower 

than that of WT1031 at 12 h. Upon longer incubation times, the biomass did not increase. 

The A595 readings of WT1030 measured at 36 h and 48 h were significantly lower than 

that of WT1031 (Figure 3-21A). In the case of WT1033, the biomass of the material 

attached at 12 h was slightly lower than WT1031. A significant increase in the A595 value 

over time was observed in strain WT1033. Overall, the four EGDe stocks exhibited three 

different patterns of biofilm formation at 30°C, which were (1) gradually increased in 

WT1031 and WT1032, (2) reduced in WT1030, and (3) enhanced in WT1033. 

 

3.2.3.2 Biofilm formation at 37°C 

Next, I examined the biofilm forming ability of the EGDe collection at 37°C (Figure 

3-21B). The profile of biofilm formation of WT1030, WT1031, and WT1032 were 

comparable. The biomass was low at 12 h and then increased until 36 h. After 36 h, these 

three EGDe variants showed a slight decrease in the biomass of the material attached by 

48 h. These results suggested that biofilm formation by these three EGDe sublines had 

reached a stasis at 36 h. In contrast, strain WT1033 formed a biofilm with biomass A595 

of ~0.12 at 12 h. The A595 value increased to ~1.5-fold higher than 12 h upon longer 

incubation times. These data implied that the initial attachment of WT1033 was low; it 

continued to increase over time. In brief, three of the EGDe collections exhibited a similar 

pattern of biofilm formation; WT1033 had an ‘enhanced’ profile of biofilm at 37°C. 

 

3.2.3.3 Summary 

Here I examined biofilm formation by the EGDe collection and EGDe ΔflaA strain at 

30°C and 37°C. The negative control, EGDe ΔflaA exhibited a lower biomass of biofilm 

than the ones formed by the four EGDe stocks at both 30°C and 37°C (Figure 3-21). The 
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deficiency of the biofilm formation indicated that a flagellum was required at both 

temperatures. For the four EGDe variants, the two RsbU+ strains, WT1031 and WT1032, 

had a similar profile of biofilms at both incubation temperatures. In these two strains, the 

biomass of biofilm formed at 37°C was typical ~0.25-fold lower than 30°C. In contrast, 

the two strains containing the rsbU mutation (WT1030 and WT1033) had different 

patterns of biofilms at 30°C and 37°C. Strain WT1033 had a low attachment and 

continued to increase over time at 30°C and 37°C. However, for unknown reasons, strain 

WT1030 had reduced biofilm forming ability at 30°C but not at 37°C.  

 

3.2.4 Method development for visualising the architectures of the biofilms 

The biomass of the biofilm may be affected by the number of the cells attached to the 

surface, the self-produced ECM, or by the formation of cell clusters. To investigate why 

the four strains showed differences, I used microscopic images to study the architectures 

of the biofilm. Here I developed methods for sample preparation for Confocal Laser 

Scanning Microscopy (CLSM) and Scanning Electron Microscope (SEM). 

 

3.2.4.1 Samples for method development and the specific imaging area 

During method development for microscopic imaging, three factors were considered: 

incubation temperature, incubation period, and strain. First, the biomass of biofilm 

formed at 30°C is typically higher than that of 37°C. This finding implied that the biofilms 

formed at 30°C would contain more details on the structures of the biofilms than 37°C. 

Additionally, the most significant differences in the biomass of biofilms were detected at 

48 h. Thus, I imaged the biofilms formed at 30°C for 48 h in the following experiments. 

Last, the genomic profile of strain WT1031 was highly similar to the reference 

(NC_003210). These characteristics led us to choose the biofilms formed by WT1031 at 
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30°C for 48 h for optimising the procedures of sample preparation for microscopic 

imaging.  

 

During the analysis of biomass of biofilm with CV stain, I discovered an uneven 

distribution of the material attached to the pegs from the Calgary biofilm device (Figure 

3-22). The very tip of the peg did not stain with CV after staining. In contrast, the sides 

of the pegs become opaque after CV staining. This pattern suggested that the majority of 

the biofilms formed in this zone. Thus I focused on imaging biofilms formed on the side 

of the pegs on the Calgary biofilm device.  

 

 

3.2.4.2 Imaging biofilms with Confocal Laser Scanning Microscopy 

I first tested imaging biofilms using Confocal Laser Scanning Microscopy (CLSM, Zeiss 

710 Confocal Microscope). Biofilms were stained with SYTO-9 and propidium iodide 

(PI) using LIVE/DEAD BacLight Bacterial Viability Kit. The biofilm-coated pegs were 

snapped off from the lid of the Calgary device. The samples were prepared using five 

different methods (Table 3-6). 

Figure 3-22 The uneven distribution of biofilm material on the pegs of the Calgary biofilm device and 

the imaging area for microscope. 



120 

 

 

I tested whether a fixation step could be applied and if a mounting medium was required. 

First, fixation was tested to see whether the biofilm-coated pegs were suitable for long 

term storage prior to further bulk screening. The biofilm-coated pegs were treated with 

1× PBS and 4% (w/v) paraformaldehyde (PFA) respectively to examine if the fixation 

would damage the biofilms (Table 3-6). After fixation, the biofilm-coated pegs were 

placed into the ibiTreat 15-slide for imaging. I also tested different mounting mediums 

to see if they assisted the process of imaging. Two types of mounting mediums were used, 

90% (v/v) glycerol and 1× PBS (Table 3-6). Using glycerol as the mounting medium is a 

common way to assist imaging the fluorescent sample through a microscope 

(https://nic.med.harvard.edu/resources/media/). 1× PBS was tested to examine whether 

the glycerol would disrupt biofilms. Additionally, two biofilm-coated pegs were imaged 

without any mounting medium to compare the data with the ones supplied with mounting 

medium. 

 

Table 3-6 Method for the sample preparation for CLSM imaging 

 Method 1 Method 2 Method 3 Method 4 Method 5 

Fixation* 1× PBS 1× PBS 4% PFA 4% PFA 4% PFA 

Mounting medium Dry 90% glycerol Dry 1× PBS 90% glycerol 

* PBS stands for phosphate buffered saline, and PFA stands for paraformaldehyde 

 

To examine which method would be suitable for future experiments, strain WT1031 was 

inoculated and biofilm allowed to form at 30°C for 48 h. Five biofilm-coated pegs were 

removed from the Calgary biofilm device and prepared with the conditions shown in 

Table 3-6. CLSM imaging of each biofilm-coated peg was performed immediately after 

finishing the sample preparation (Figure 3-23). The CLSM imaged the interface of the 

biofilm-coated pegs and glass coverslip of the chamber of ibiTreat 15-slide.  

https://nic.med.harvard.edu/resources/media/
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Among the five different methods, the samples prepared by method 1 and 3 were imaged 

without mounting medium in the chamber of the slide (Table 3-6). They seemed to 

contain SYTO-9 stained “blots” (method 1 and 3 in Figure 3-23). These “blots” appeared 

to be different from the single cells “dots” observed in method 2 and 5. I therefore 

assumed that the three-dimensional structure of the biofilm was crushed due to the lack 

of mounting medium, which led to the presence of “blots”. Thus the samples prepared by 

method 1 and 3 were considered not to be suitable for further analysis of the architectures 

of the biofilm.  

 

Figure 3-23 Representative CLSM images of biofilms prepared by different methods. Biofilms formed 

by WT1031 at 30°C for 48 h in the MWB were harvested and stained with LIVE/DEAD BacLight Bacterial 

Viability Kit. The SYTO9 is shown in the green channel and PI in the red channel. The pegs were prepared 

with the procedure as described in Table 3-6 and imaged with the Zeiss 710 Confocal Microscope. The 

maximum intensity projection images were displayed in the same direction as the pegs; the bottom of the 

image is the tip of the pegs. The white scale bar represents 10 m. 
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I next compared the samples imaged with different mounting medium. In method 4, I 

encountered difficulties in acquiring clear images on the CLSM using 1× PBS as a 

mounting medium (Figure 3-23). On the other hand, clear images were acquired from 

the biofilm-coated pegs with 90% (v/v) glycerol as the mounting medium (method 2 and 

5). Thus, using 90% (v/v) glycerol seemed to be essential for the CLSM imaging the 

biofilm-coated pegs. I also noted that the cells seemed to attach in horizontal stripes when 

samples were prepared by method 2 and 5. The similar patterns between the two images 

suggested that the biofilm-coated pegs could be fixed with 4% (w/v) PFA for CLSM 

imaging. Thus we used method 5 to image biofilms formed by the EGDe collection. 

 

3.2.4.3 Observing biofilm formed by WT1030 and WT1033 using CLSM 

As a test run of the procedure with other strains, biofilms formed by WT1030, WT1031, 

and WT1033 were prepared using method 5 (Table 3-6) and subjected to CLSM imaging. 

In Figure 3-24, I show images of biofilms formed by the three EGDe variants at 24 and 

48 h, respectively. I encountered a few issues during the imaging. First, biofilms that were 

fixed with 4% (w/v) PFA were partially dispersed after storing at 4°C for three days. This 

issue led to a small region of the biofilm falling off from the pegs and overlapping with 

the part which was still attached to the surface. This occurred while transferring the pegs 

to the chamber of the slide used for imaging. This displacement increased the difficulties 

in finding the views and adjusting the focus during image acquisition. Second, I found 

that the resolution of an optical microscope gave limited information regarding the 

architecture of the biofilms. For example, I only observed the cell density of in biofilms 

formed by the EGDe variants were different. This data was inaccurate due to the partially 

dispersed biofilm after fixation (Figure 3-24). In addition, the type of information 

obtained from the CLSM depended on the fluorophore used. As shown in Figure 3-24, 

SYTO-9 and PI stains were used, which only represented the numbers and distribution of 
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the live and dead cells, respectively. A variety of fluorophores would be required to 

examine other characteristics of the biofilms, such as 8-aminonaphthalene-1,3,6-

trisulfonate (ANTS) for carbohydrates/polysaccharides (Roger et al., 2002). Together, 

imaging the biofilm-coated pegs through CLSM still contained several technical issues 

and limitations. 

 

 

3.2.4.4 Different sample preparation methods for Scanning Electron Microscope 

From the results of imaging the biofilm-coated pegs with CLSM, I learned that there were 

limitations using the optical microscope. Most of all, the resolution of the images from 

the CLSM did not give the detail with respect to the architectures of the biofilms that I 

was looking for. Therefore, electron microscopy, which has a higher resolving power than 

optical microscopy, was explored.  

Figure 3-24 Test run of imaging biofilms formed by the EGDe collections with CLSM. Biofilms of the 

WT1030, WT1031, and WT1033 were formed at 30°C in the MWB and imaged at 24, and 48 h. The 

biofilm-coated pegs were stained with SYTO9 (green), and PI (red), and prepared with method 5 in Table 

3-6. A representative maximum intensity projection image of each sample is shown with 10 m scale bar. 
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The conventional method for preparing the samples for SEM imaging has a primary 

fixation, secondary fixation, dehydration, and sputter coating stages to create a conductive 

surface ready for imaging (Table 3-7). In this process, disruption to the samples was 

expected at the step of dehydration. Thus, most of the method development for preparing 

samples for SEM imaging focused on testing different recipes of the primary and 

secondary fixatives (Fischer et al., 2012). The general recipe of the primary fixation 

reagents is using 2.5% (w/v) glutaraldehyde (GA) and 4% (w/v) paraformaldehyde 

(PFA). With this recipe, the proteins in the samples are fixed. Some supplements can be 

added into the primary fixation solution to assist in fixing other components in the 

samples, such as alcian blue or ruthenium red can help to conserve the carbohydrate 

components (Table 3-7). In the case of the secondary fixation stage, it is an optional step 

to fix the lipid-like material with osmium tetroxide. Here I tested treating biofilms-coated 

pegs from the Calgary biofilm device with different conditions of primary and secondary 

fixative.  

 

Strain WT1031 was allowed to form biofilms on the pegs of the Calgary biofilm device 

for 48 h at 30°C. I then prepared the biofilm-coated pegs for Scanning Electron 

Microscope (SEM) imaging with the different fixation methods shown in Table 3-7. The 

field emission SEM (JSM-7400F, JEOL) was programmed to take images with constant 

5 kV with lower secondary electron detector (LEI). The sample preparation and the 

imaging were performed with the assistance from Martin Kierans, Imaging Facility, 

School of Life Sciences and Dr Yongchang Fan, School of Science and Engineering, 

University of Dundee. 
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Table 3-7 The steps for sample preparation for SEM imaging and the ingredients used 

Steps Primary 

fixationa 

Secondary 

fixationb 

Dehydration Sputter 

coat 

Imaging 

Conventional 
GA+PFA 

OsO4 Gradient 

ethanol series 

25 nm 

Variable/Supplement Alcian 

bluec, 

ruthenium 

red 

- - - 

a GA: glutaraldehyde, PFA: paraformaldehyde 
b OsO4: osmium tetroxide 
c Alcian blue is supplemented with L-lysine 

 

 

3.2.4.4.1 The impact of different recipes of primary fixation on biofilm structure 

In Figure 3-25, biofilm-coated pegs treated with different recipes of primary fixation for 

the SEM imaging are shown. The biofilms fixed with GA and PFA without any 

Figure 3-25 The effect of different recipes of primary fixation on the SEM imaging. The biofilm-coated 

pegs from the Calgary biofilm device were harvested and fixed with four different recipes of the primary 

fixation. A. Glutaraldehyde (GA) and paraformaldehyde (PFA) mixtures were used as the fundamental 

primary fixation. B. The alcian blue was applied to the fundamental primary fixation, along with L-lysine. 

C. Ruthenium red was added to the fundamental primary fixation. D. The fundamental primary fixation 

supplied with alcian blue, and ruthenium red. The biofilm-coated pegs were processed to the dehydration 

directly without treatment of secondary fixation. The images were taken with 5 kV, LEI detector on field 

emission SEM. The scale bars are 10 m in the top row and 1 m for the middle and bottom row. 
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supplement (named as fundamental primary fixation henceforth) revealed cells with a 

smooth surface (Figure 3-25A). The smooth surface of the cells was also observed in the 

sample treated with ruthenium red supplied fundamental primary fixation (Figure 

3-25C). These results implied that the addition of ruthenium red did not assist in 

conserving the features of the cells. With the alcian blue and L-lysine supplemented 

fundamental primary fixation, the surface of the cells seemed to be coated with small 

particles (Figure 3-25B and D). Additionally, the texture of the background surface was 

rough compared to the treatment with unsupplemented primary fixation or with the 

addition of ruthenium red (Figure 3-25). From these results, I concluded that the addition 

of alcian blue and L-lysine in the fundamental primary fixation assist conservation of 

more characteristics observed through SEM imaging. 
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3.2.4.4.2 Test the essentiality of secondary fixation on imaging biofilms 

Next, I examined whether the secondary fixation step was essential for preparing the 

samples for SEM imaging. Biofilms formed by WT1031 at 30°C for 48 h were harvested 

and fixed with the primary fixation containing alcian blue and L-lysine. One biofilm-

coated peg was treated with secondary fixative while the other one was left in 1× PBS. 

The subsequent dehydration, sputter coating, and imaging were performed 

simultaneously with these two pegs (Figure 3-26). Between the two different conditions, 

the surface of the peg that was treated with the secondary fixative, was rougher than the 

Figure 3-26 The effect of secondary fixation on imaging biofilms with SEM. The biofilm-coated pegs 

were treated with alcian blue and L-lysine supplied primary fixation. A. Biofilms were processed without 

secondary fixation. B. Biofilms were treated with 1% (w/v) OsO4 for 1 h. The scale bars stand for 10 m 

in the top row and 1 m for the middle and bottom row. 
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one without treatment. The density of cells in the field of view was also slightly higher 

than the un-treated peg using the same zone of the peg for analysis. These differences 

suggested that the secondary fixation assists in the conservation of cell density and some 

features in biofilms. Thus, treatment with the secondary fixative improves the 

conservation of biofilms. 

 

3.2.4.5 Summary 

Here I described the development of methods for sample preparation for CLSM and SEM. 

During preparing samples and imaging for CLSM, a few issues occurred that would 

interfere with image analysis. In contrast, while the conventional procedure of sample 

preparation for SEM imaging may disrupt the architectures of the biofilm, here I managed 

to minimise the impact. Thus, I decided to visualise the biofilms using SEM. 

 

3.2.5 Electron microscopic imaging of L. monocytogenes biofilms 

The four EGDe isolates were allowed to form biofilms on the pegs of the Calgary biofilm 

device for 48 h at 30°C. I then prepared the biofilm-coated pegs for SEM imaging with 

the method developed in section 3.2.4.4. During imaging, five regions of interest (ROI) 

were chosen from each peg. These five ROIs aligned centrally from the liquid surface to 

nearly the bottom of the pegs (Figure 3-27). For each ROI, I took an image at lower 

magnification factor (2k×), and within this, a region was chosen to higher magnification 

imaging (10k×) to highlight specific features in the image. With the images from two 

different batches of biofilms, I first compared the cell morphology. Next, I noted the 

features that could be observed in the architectures of biofilms, including the number of 

cells attached to the surface, production of the extracellular matrix, and the formation of 

cell clusters. 
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3.2.5.1 Cell morphology 

I first compared the cell morphology of the four EGDe stocks. All the bacterial cells in 

the microscopic images shared similar shapes as expected (Figure 3-28A). I was not able 

to measure the cell size due to the curved surface of the pegs that affected the accuracy 

of the measurement. Thin fibres appeared in the background, and these are presumed to 

be flagella, as they were not observed for the strain EGDe ΔflaA (red arrow in Figure 

3-28A). Other significant differences in the morphology of individual cell between the 

four EGDe stocks were not detected.  

Figure 3-27 The schematic diagram for a systematic imaging and gradient cell density of the biofilm-

coated pegs from the Calgary biofilm device. A The diagram of imaging the biofilm-coated peg from the 

Calgary device. Five ROIs were aligned centrally of the peg with ~1-2 mm intervals. B The representative 

images from biofilms formed by the four EGDe stocks and EGDe ΔflaA. The images were aligned to the 

corresponding positions taken from the pegs. Scale bar represents 10 m. 
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Figure 3-28 The image analysis of biofilms. A Representative images from SEM which is from the same 

batch of biofilms as Figure 3-27. The images were taken with 10k× of magnification from position 3 shown 

in Figure 3-27. The examples of the flagellum (red arrow), extracellular matrix (yellow arrow), and cell 

cluster (green arrow) are indicated. The scale bar is 1 m. B Cell number per field of view were calculated 

in the 2k× images from each strain. Each dot represents the data from one image, and the mean with the 

standard deviation as the error bar of 20 images was presented. 
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3.2.5.2 Features of biofilm: cell number 

In this section, I report findings regarding the number of cells per field of view (FOV) 

that were attached to the surface for each strain. After analysis, I found that the number 

of cells per FOV for WT1031 and WT1032 were comparable (Figure 3-28B). The 

number of cells attached per unit area for WT1030 was ~0.4-fold lower than that of 

WT1031. For WT1033, the cell density in each FOV seemed to change with the location 

on the pegs. The area located closer to the bottom of the well had a higher cell density in 

each FOV and the number of cells attached gradually decreased when the FOV moved 

toward the liquid-air interface (Figure 3-27). The gradient in the number of cells attached 

was most apparent in the biofilms formed by WT1033 (Figure 3-27). Despite the gradient 

in attachment, the average number of cells attached per FOV from the five positions in 

the biofilm from WT1033 was still higher than the other three EGDe isolates (Figure 

3-28). 

 

3.2.5.3 Features of biofilms: extracellular matrix 

Production of extracellular matrix (ECM) is one of the hallmarks of biofilm formation 

(Limoli et al., 2015; Flemming et al., 2016). It has been confirmed that the ECM 

comprises >50% of the biomass of biofilm formed by P. aeruginosa and several other 

species of bacteria (Flemming, 2016). However, the proportion of ECM in the biofilms 

formed by L. monocytogenes is unknown (Colagiorgi et al., 2017). During the process of 

imaging, I noticed that some “objects” in the images were not cells (yellow arrow in 

Figure 3-28A). These objects had a granular texture, which was similar to the ECM 

visualised in the biofilms formed by other species of bacteria (Hachem et al., 2009; Feng 

et al., 2015). I, therefore, assumed these rarely detected objects in the images were 

deposits of the extracellular matrix. After a thorough examination of all the images, the 

presence of the extracellular matrix appeared to be not specific to a particular strain. 
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3.2.5.4 Features of biofilms: cell clusters 

The ability of the bacteria to form cell clusters plays a vital role in the formation of the 

three-dimensional structure of biofilm (Stoodley et al., 2001; Muszanska et al., 2012). 

Here, biofilms formed by the four EGDe stocks on Calgary biofilm device seemed to 

consist of cells attached in a monolayered structure. However, aggregation of cells into 

small clusters were observed in a few of the images (green arrow in Figure 3-28). I 

recorded the presence of the cell clusters in the images of the biofilms formed by the 

EGDe collection (Table 3-8). Cell clusters were rarely detected in the biofilms formed by 

WT1030, WT1031, and WT1032. It was most frequent to detect cell clusters in the 

samples of WT1033, which also had a higher cell density per FOV (Figure 3-28, Table 

3-8). Moreover, it was more frequent to detect cell clusters at position 3, 4, and 5 on the 

pegs holding biofilms formed by WT1033 (Table 3-8). The presence of clusters of cells 

appeared to be positively correlated with a higher density of cells on the surface.  

 

Table 3-8 The presence of cell clusters in images 

Strain 

Peg 

WT1030 WT1031 WT1032 WT1033 EGDe ΔflaA 

# of pega 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

Position 1 - - - - + - - - - - - - - - - - - - - - 

Position 2 - - - - - - - - - - - - + + - - - - - - 

Position 3 - - + - - + - - - - - - - + - + - + - - 

Position 4 + - - - + - - - - + - + + + + - - - - - 

Position 5 - - - - - + - + + + + 
 

+ + + + 
 

+ - + 

Detection (+) and lack of detection (-) of clusters of cells in the images. 

a Images of peg #3 were shown in Figure 3-27 

 

3.2.5.5 Summary 

Here I examined the cell morphology, cell number in the FOVs, the presence of ECM, 

and the formation of cell clusters in biofilms formed by the EGDe collection. Among the 
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features analysed, I only observed a significant difference in cell density when examining 

the SEM dataset. Biofilms formed by WT1030 had a lower cell density per FOVs, 

whereas the number of cells attached per FOV for WT1033 was higher than that of 

WT1031. The differences in the cell density calculated by microscope between the four 

EGDe isolates (Figure 3-28B) was broadly comparable with the biomass of the biofilms 

(Figure 3-21A). I concluded that the main difference between the biofilms formed by the 

four EGDe variants was the number of the cells attached to the surface. Additionally, the 

reference strain, WT1031, formed a flat and thin biofilm. Neither a “knitted chain” nor 

“honeycomb” structures reported previously were observed in our experiments (Rieu et 

al., 2008; Guilbaud et al., 2015).  

  



134 

 

3.3 SNPs to biofilm formation 

3.3.1 Dissection of the impact of each nonsense SNP on biofilm formation 

In the experiments described previously, I have identified that EGDe stock WT1030 had 

a reduced biofilm capability while the other three sublines did not. I next wanted to link 

the genomic information with phenotype. In particular, I was interested in why WT1030 

had a reduced profile of biofilm formation. Strain WT1030 carries nonsense SNPs in 

lmo0184, rsbU, and rmlA in its genome (Table 3-4). To investigate the effect of each 

nonsense mutation on biofilm formation, in-frame deletions of each gene were 

constructed in the background of strain WT1031. After construction, biofilm formation 

of the single gene deletion strains was examined at 30°C and 37°C respectively. 

 

3.3.1.1 In-frame deletion with pMAD 

An allelic exchange approach using pMAD, was used to construct in-frame deletions in 

specific coding regions on the chromosome (Arnaud et al., 2004). As shown in Figure 

3-29, the regions of DNA upstream and downstream of the target coding region were 

fused with a KpnI restriction site and introduced into pMAD. The pMAD-derived 

plasmid, containing the insert of choice, was electroporated into EGDe isolate WT1031. 

An in-frame deletion of the target coding region was constructed via homologous 

recombination between the insert carried by the pMAD plasmid and the homologous 

region on the chromosome (Figure 3-29). The coding region of the target gene was left 

with a six amino acid ‘scar’ (ATG-first codon-KpnI-last codon-stop codon).  
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3.3.1.2 Biofilm formation of the single gene deletion strains at 30°C 

With the pMAD-based approach, I constructed single gene deletions in lmo0184, rsbU, 

and rmlA in the background of WT1031. The biofilm formation of the strains generated 

was examined at 30°C in MWB. 

 

Biofilms formed by Δlmo0184 mutant strain had a similar profile to that of the parental 

strain (Figure 3-30). The absolute value of A595 measured at 12 h was at ~0.28. The 

biomass slightly increased upon longer incubation. The development of biofilms of the 

mutant strain reached a stasis early, which was comparable with WT1031. Consistent 

with these findings, the number of cells attached per FOV in the biofilm formed by 1031 

Δlmo0184 was similar to WT1031 in the electron microscopic images (Figure 3-31A and 

B). A significant difference in the features of the biofilms was not detected between strain 

1031 Δlmo0184 and WT1031. These results implied that gene deletion of lmo0184 did 

not affect biofilm formation. 

Figure 3-29 Schematic diagram of an in-frame deletion of the target gene with pMAD. The upstream 

and the downstream region of the target genes were fused with a KpnI restriction site. The modified DNA 

sequences were constructed into pMAD. The pMAD-derived plasmid was sent into L. monocytogenes cells. 

The coding region of the target on the chromosome is replaced by the insert in pMAD plasmid through 

homologous recombination. 
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Next, I examined the impact of deleting the rsbU coding region on biofilm formation 

(Figure 3-30). The absolute A595 value measured at 12 h was slightly lower than the 

parental strain. A significant increase in the biomass of biofilm was observed upon longer 

incubation. These data implied that gene deletion of rsbU had a pattern of the ‘rapid 

development’ of the biomass over time. In the microscopic images, the number of cells 

adhered per FOV in biofilms at 48 h formed by 1031 ΔrsbU was ~1.3-fold as high as the 

parental strain (Figure 3-31B). I also noticed ‘finger-like’ structures connecting some of 

the cells adhered (Figure 3-31C). Overall, I concluded that strain 1031 ΔrsbU had an 

‘enhanced’ profile of biofilm formation. 

 

 

  

Figure 3-30 Biofilm formation of Δlmo0184, ΔrsbU, ΔrmlA strains at 30°C. The MWB cultures of the 

single gene deletion strains were inoculated in the Calgary biofilm device and incubated at 30°C for 12, 24, 

36, and 48 h. The biomass of biofilm formed on the pegs of the Calgary device was measured by CV stain. 

The bar chart represents the mean of the biomass of biofilm from at least four individual batches of 

experiment (n≥4) with standard error as the error bar. One-way ANOVA was performed by comparing the 

value of each time point with the respective value from WT1031. The significance of the Dunnett’s multiple 

comparison tests were indicated, * p≤0.05, and ** p≤0.01. 
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Last, I examined the biofilm formed by the ΔrmlA mutant strain (Figure 3-30). The value 

of A595 measured at 12 h was comparable to that of WT1031. The biomass of the material 

attached slightly decreased by ~0.4-fold over time. In line with the low absolute A595 

value, the number of cells adhered per FOV of strain 1031 ΔrmlA was significantly lower 

Figure 3-31 Representative images of biofilms formed by Δlmo0184, ΔrsbU, and ΔrmlA strains. The 

single gene deletion strains were inoculated in the MWB into the Calgary biofilm device to form biofilms 

at 30°C for 48 h. The biofilm-coated pegs were prepared as described in the method for electron microscope 

imaging. A. Representative images of the biofilm formed by the single gene deletion strain at the 

magnification factor of 2k×. The scale bar represents 10 m. B. The cell number per FOV in the 2k× images 

from SEM. The dots stand for the individual value from each image. The statistical significance was 

analysed by one-way ANOVA with Dunnett’s multiple comparison tests against value from WT1031, * 

p≤0.05. C. The representative of the 10k× images of the biofilms formed by the strains. These images were 

taken from the images shown in A. The scale bar stands for 1 m. 
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than WT1031 (Figure 3-31A and B). These data suggested that rmlA was required for 

biofilm formation. 

 

In brief, I constructed the single gene deletion strains and examined the capability of 

forming biofilms at 30°C. Among the three nonsense mutations, rsbU and rmlA are 

related to biofilm formation at 30°C. Disruption of rsbU led to an enhanced biofilm 

profile; deletion of rmlA had a defect in the development of biofilms over time. 

 

3.3.1.3 Biofilm formation of the strains carrying single gene deletions at 37°C 

Next, the biomass of the biofilms formed by the single gene deletion strains at 37°C was 

measured (Figure 3-32). Gene deletion of lmo0184 and rmlA had a similar profile of 

biofilm formation to that measured at 30°C. The A595 value measured at 12 h were at 

~0.15 and increased moderately until 36 h. The biomass of biofilm at 36 h to 48 h were 

at a comparable level. These data suggested that genes neither lmo1084 nor rmlA impact 

biofilm formation at 37°C. In the case of ΔrsbU mutant strain, the biomass of the material 

attached measured at 12 h was slightly higher than the other strains tested. The biomass 

of biofilm increased by ~2.5-fold over time. These results implied that rsbU was required 

for modulating biofilm formation at 37°C. 
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3.3.1.4 Summary 

In this section, I identified that two of the nonsense mutations in WT1030 affected biofilm 

formation. First, disruption of rsbU led to a rapid increase in the biomass of biofilm over 

time in a temperature-independent manner (Figure 3-30 and Figure 3-32). Second, 

deletion of rmlA had a reduced profile of biofilm formation. This impact only occurs at a 

lower incubation temperature (Figure 3-30). The following sections will shed light on 

the specific mechanisms of these two genes in biofilm formation in L. monocytogenes. 

 

Figure 3-32 Biofilm formation of the single gene deletion strains at 37°C. The MWB cultures of strains 

WT1031, WT1030, 1031 Δlmo0184, 1031 ΔrsbU, and 1031 ΔrmlA were inoculated into the Calgary 

biofilm device and incubated at 37°C. The biomass of biofilms was measured by CV stain after 12, 24, 36, 

and 48 h of incubation. The bar chart presents the mean of the biomass of biofilm from at least four 

independent rounds of experiments (n≥4). The error bar stands for the standard error of the values. The 

statistical significance was analysed by one-way ANOVA with Dunnett’s multiple comparison tests against 

the values from WT1031; ** p≤0.01. 
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3.3.2 Role of rsbU and related signalling pathway in biofilm formation 

3.3.2.1 RsbU involved in regulating SigB 

RsbU (Lmo0892) is encoded in an operon consisting of eight genes in L. monocytogenes. 

The eight genes are rsbR-rsbS-rsbT-rsbU-rsbV-rsbW-sigB-rsbX, and they are involved in 

the regulation of SigB (Figure 3-13) (Chaturongakul et al., 2004).  

 

SigB (σB) is activated when cells are exposed to nutritional or environmental stress (Shin 

et al., 2010). As shown in Figure 1-6, SigB activity is regulated by the stressosome 

(RsbRST). In conditions without stress, the stressosome does not activate RsbU which 

halts the following signalling transduction and keeps SigB inactive. When cells are under 

stress, the STAS domains of RsbR and RsbS of the stressosome are phosphorylated by 

an unknown mechanism (Chaturongakul et al., 2004; Tiensuu et al., 2019). The 

phosphorylated stressosome frees RsbT, and this results in the activation of RsbU (Figure 

1-6). The activated serine phosphatase, RsbU, dephosphorylates RsbV, and this is 

followed by a complex of RsbV-RsbW forming. Thus, SigB is freed from the anti-σ 

factor, RsbW, and becomes active. Active SigB binds with RNA polymerase and 

activates the transcription. In short, the activity of SigB indirectly requires a functional 

RsbU (Chaturongakul et al., 2004; Shin et al., 2010).  

 

I have demonstrated that ΔrsbU mutant strain had an enhanced pattern of biofilm 

formation at both 30°C and 37°C (Figure 3-30 and Figure 3-32). Strains carrying 

mutations in the coding region of rsbU are predicted to have a defect in SigB activity 

(Figure 1-6 and section 3.1.2.3). This signalling pathway has been identified as regulating 

the expression of ~300 genes. Also, studies have shown that SigB is vital for biofilm 

formation, but the specific role is still unclear (van der Veen et al., 2010; Lee et al., 2014; 
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Lee et al., 2018). Here I focused on investigating whether rsbU and sigB have the same 

phenotype.  

 

3.3.2.2 Biofilm formation of ΔsigB at 30°C 

An in-frame deletion of sigB was constructed in the background of WT1031, and biofilm 

formation was examined (Figure 3-33A). The profile of biofilm formation of ΔsigB 

mutant strain was broadly comparable to that of ΔrsbU. The A595 value measured at 12 h 

were slightly lower than strain 1031 ΔrsbU. The biomass of the material attached 

increased significantly over time. The A595 value measured at 48 h were ~3-4 times higher 

than that of 12 h. In brief, gene deletion of sigB displayed an ‘enhanced’ profile of biofilm 

formation. The patterns were similar to the gene deletion of rsbU. These data suggested 

that rsbU and sigB had a similar effect on biofilm formation at 30°C. 

 

 

Figure 3-33 The biofilm formation of ΔsigB and ΔrsbU at 30°C. Strains WT1031, 1031 ΔrsbU and 1031 

ΔsigB were inoculated in the MWB and seeded into the Calgary biofilm device. The biofilms were allowed 

to form at 30°C. A. The biomass of the biofilm formed on the pegs of the Calgary device after 12, 24, 36, 

and 48 h of incubation. The bar chart presented the mean of the values from at least four individual batches 

of experiments with the standard error as the error bar. B. The cell number per FOV from the SEM images 

at the magnification factor of 2k×. Dunnett’s multiple comparison tests was performed for statistical 

analysis by comparing with the value from WT1031, * stands for p≤0.05 and ** represents p≤0.01. 
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To confirm the enhanced profile of biofilm formation was due to the same reason, I 

quantified the number of cells attached per unit area in electron microscopic images 

(Figure 3-34A and Figure 3-33B). The cell density in each FOV seemed to change with 

the location of the pegs. Among the five positions chosen for imaging, the cell density in 

the FOV from position 1 (close to the liquid surface, see Figure 3-27) was comparable to 

the parental strain. The number of cells attached gradually increased when the FOV 

moved toward the very tip of the peg. Despite the gradient in attachment, the average 

number of cells per unit area from the five positions in biofilms formed by1031 ΔsigB 

was ~1.6-times higher than the parental strain. The number of cells adhered per FOV in 

the biofilms formed by ΔsigB mutant strain was comparable to that of ΔrsbU mutant 

strain. These data supported the findings of the significant increase in the biomass of 

biofilm measured by CV stain. Here I concluded that deletion of either sigB or rsbU had 

a higher number of cells attached to the pegs than the parental strain at 30°C. 
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I again noticed that some objects protruded from the cell surface of the ΔsigB and ΔrsbU 

strains (indicated with green triangles in Figure 3-34B). These objects protruded from 

the cell surface and appeared to form a connection between two individual cells. The 

protrusions were rarely detected in biofilms formed by the wild type EGDe strains and 

have not been reported previously. I did not manage to identify the protrusion and their 

link, if any, to biofilm formation. 

 

Figure 3-34 Electron microscope images of biofilms formed by ΔrsbU and ΔsigB strains. The MWB 

cultures of strains WT1031, 1031 ΔrsbU, and 1031 ΔsigB were inoculated into the Calgary biofilm device 

and incubated at 30°C for 48 h. The biofilm-coated pegs were harvested and prepared for SEM image. A. 

The representative images of biofilms imaged at the magnification of 2k×. The scale bar represents 10 m. 

B. The representative 10k× images from the SEM. The images shown in B were chosen from A. The scale 

bar stands for 1 m. 
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3.3.2.3 Biofilm formation of ΔsigB strain at 37°C 

I confirmed that deletion of either sigB or rsbU causes an alteration to biofilm formation 

at 30°C (Figure 3-33). In section 3.3.1.3, an increase in biofilm for 1031 ΔrsbU was 

observed at a higher incubation temperature (37°C). Here I examined whether the ΔsigB 

mutant strain exhibited a similar profile of biofilm formation as rsbU mutant strain at 

37°C. As shown in Figure 3-35, gene deletion of sigB had an increase in the biomass of 

biofilm developed over time. The absolute value of A595 measured at 12 h as comparable 

to ΔrsbU mutant strain. The biomass of biofilm increased to A595 of ~0.45 at 24 h and 

slightly decreased upon longer incubation. These measurements were slightly different 

from that of the rsbU gene deletion mutant. In brief, the profile of biofilm formation 

between gene deletion of sigB and rsbU were different at 37°C. These data suggested that 

an unknown factor restraining the impact of sigB deletion on biofilm at this incubation 

temperature. 
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3.3.2.4 Summary 

Together, I observed that sigB and rsbU mutant strains exhibited a similar profile of 

biofilm formation at 30°C but different at 37°C. At 30°C, deleting either sigB or rsbU 

had a significant increase in the biomass of biofilm over time (Figure 3-33). The number 

of cells per FOV in biofilms formed by ΔsigB and ΔrsbU were comparable in the 

microscopic images (Figure 3-33 and Figure 3-34). Both mutant strains had a higher cell 

density in the biofilm than the parental strain, WT1031. However, sigB and rsbU mutant 

strain had different patterns in biofilm formation at 37°C (Figure 3-35). 

 

3.3.3 Role of RmlA and its related pathway in biofilm formation 

3.3.3.1 RmlA and the related signalling transduction 

Gene rmlA (lmo1081) is located in an operon consisting of five genes (Figure 3-14A). 

These five genes are rmlTACBD (lmo1080-1084), which are involved in the biosynthesis 

Figure 3-35 Biofilm formation of strain ΔrsbU and ΔsigB at 37°C. Strain WT1031, 1031 ΔrsbU, and 

1031 ΔsigB were inoculated in the MWB and seeded into the Calgary biofilm device. Biofilms were 

allowed to form at 37°C for 12, 24, 36, and 48 h. The bar chart stands for the mean of the values from at 

least four independent batches of experiments with the error bar represents the standard error (n≥4). The 

statistical analysis was performed by comparison with the values from WT1031 with Dunnett’s multiple 

comparison tests, ** stands for p≤0.01. 
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of TDP-L-rhamnose and the L-rhamnosylation of the WTA (Figure 3-36). The first part 

of this signalling transduction pathway is a four-step reaction synthesising TDP-L-

rhamnose from D-glucose-1-phosphate. RmlA, RmlB, RmlC, and RmlD are responsible 

for each of the step, respectively. The genes encoding these four enzymes have been 

identified to be well-conserved in several species of Gram-positive bacteria (Mistou et 

al., 2016). In L. monocytogenes, the genes encoding these four enzymes are lmo1081, 

lmo1083, lmo1082, and lmo1084 (Figure 3-14A). The product from the four-step reaction 

becomes the substrate for L-rhamnosylation of the ribitol phosphate (Figure 3-36). RmlT 

(Lmo1080) is the rhamnosyltransferase.  

 

 

Figure 3-36 The synthesis of TDP-L-rhamnose and the L-rhamnosyl-ribitol phosphate through 

RmlTABCD in L. monocytogenes. RmlABCD is responsible for a four-step reaction in producing TDP-

L-rhamnose from D-glucose-1-phosphate. The product is applied to the decoration onto ribitol phosphate by 

a rhamnosyltransferase, RmlT. The signalling transduction of RmlABCD was adapted from Mistou et al. 

(Mistou et al., 2016). 
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3.3.3.2 Production of TDP-L-rhamnose is essential for the biofilm formation 

RmlA catalyses the conversion of D-glucose-1-phosphate into TDP-D-glucose. This 

reaction is the first step for the cascade of TDP-L-rhamnose biosynthesis (Mistou et al., 

2016). Gene deletion of rmlA, therefore leads to a defect in the production of TDP-L-

rhamnose (Carvalho et al., 2015). I have demonstrated that gene deletion of rmlA in 

WT1031 had a reduced profile of biofilm formation. Here, I first focused on investigating 

the role of TDP-L-rhamnose biosynthesis in biofilm formation. To examine this, I 

constructed a strain containing a WT copy of rmlA in strain WT1030. This EGDe isolate 

carries a nonsense SNPs in the coding region of rmlA. Complementing the mutant with 

an intact rmlA in WT1030 was expected to restore the production of TDP-L-rhamnose 

and biofilm formation. 

 

I used a lactose/IPTG-inducible vector, pIMK3, to restore the expression of rmlA in 

WT1030 (Monk et al., 2008). With assistance from Teri Bigham and Claire Gorby, a 

pIMK3-rmlAK2Q integrated strain was constructed in the background of WT1030. I first 

indirectly assessed if complementing the coding region of rmlA restores L-

rhamnosylation of the WTA. The WTA of strain 1030::pIMK3-rmlAK2Q was extracted 

from the cultures plus and minus IPTG, and the molecular weight of the products was 

assessed with native PAGE (Figure 3-37A). The apparent molecular mass of the WTA 

extracted from the culture without IPTG supplemented was comparable to WT1030, and 

1031 ΔrmlA. The WTA from the induced cultures had a similar molecular weight as 

WT1031. These results indicated that strain 1030::pIMK3-rmlAK2Q could synthesise 

TDP-L-rhamnose after induction and further re-established its role in the L-

rhamnosylation of the WTA.  

 



148 

 

 

Next, I examined biofilm formation of strain 1030::pIMK3-rmlAK2Q plus and minus 

induction at 30°C (Figure 3-37B). The strain had a comparable profile of biofilm to strain 

WT1030 without induction. The absolute value of A595 were in the range of 0.15 to 0.25 

in the condition without induction. The low A595 readings suggested that the biofilm 

forming ability was not restored under this condition. In the cultures supplemented with 

IPTG, the biomass of the material attached increased over time. The value of A595 

measured at 12 h was comparable to that of WT1030. The biomass of biofilm increased 

by ~1.6-fold upon longer incubation. These data suggested that the strains were able to 

form biofilms with induction. Together, I concluded that the TDP-L-rhamnose 

biosynthesis is required for biofilm formation.  

Figure 3-37 Complementation of rmlA in WT1030 and its impact on biofilm formation. A. Strains 

WT1031, WT1030, 1031 ΔrmlT, 1031 ΔrmlA, and 1030::pIMK3-rmlAK2Q were inoculated in BHI and 

incubated at 37°C for ~17 h. The WTA of each strain were extracted from the culture as described in section 

2.3.9 and the apparent molecular mass were assessed in 20% native PAGE stained with alcian blue. B. 

Biofilm formation of strain WT1031, WT1030 1030:: pIMK3-rmlAK2Q plus and minus IPTG. The biomass 

of biofilm formed at 30°C over time was determined by CV stain. The bar chart presents the mean from at 

least two individual batches of experiments with the standard error as the error bar. The statistical 

significance was analysed by one-way ANOVA by Dunnett’s multiple comparison tests against the values 

from WT1031, ** stands for p≤0.01. The IPTG was supplemented at a concentration of 1 mM in the cultures 

shown in A and B. 
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3.3.3.3 Role of rmlT in biofilm formation 

I have learned that the production of TDP-L-rhamnose was essential for biofilm formation 

(Figure 3-37). This nucleotide sugar is a precursor for specific cell wall polysaccharides 

(Mistou et al., 2016; van der Beek et al., 2019). Currently, the WTA is confirmed to be 

one of the rhamnose-containing cell wall polysaccharides in L. monocytogenes 

(Kamisango et al., 1983; Carvalho et al., 2015). It is unclear whether other forms of 

rhamnose-containing cell wall polysaccharides are present in L. monocytogenes. Here, I 

wondered if the L-rhamnosylated WTA or other rhamnose-containing cell wall 

polysaccharides mediates biofilm formation (Figure 3-38). To examine this, a single gene 

deletion of rmlT was constructed in the background of WT1031. In ΔrmlT mutant strain, 

the TDP-L-rhamnose biosynthesis remains intact, but rhamnosylation of the WTA cannot 

occur. Upon strain construction, I assessed the sugar decoration of the WTA (Figure 

3-37A). The molecular weight of WTA from ΔrmlT mutant strain was comparable to 

ΔrmlA strain. This data implied that the sugar moiety of Rha on the WTA was absent as 

expected.  

 

Figure 3-38 The hypothesis of the role of TDP-L-rhamnose in biofilm formation. TDP-L-rhamnose is 

essential for biofilm formation by L. monocytogenes. RmlT transfer TDP-L-rhamnose onto ribitol phosphate 

as the WTA. It is likely that the nucleotide sugar is incorporated into another undefined rhamnose-

containing polymer. Whether the decorated WTA or undefined rhamnose-containing polymer is required 

for biofilm is unknown. 
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I examined the biofilm forming ability of rmlT mutant strain (Figure 3-39A). Gene 

deletion of rmlT resulted in a comparable profile of biofilm formation to that of ΔrmlA 

(Figure 3-39A). A biomass of biofilm at A595 of ~0.3 was measured at 12 h for strain 

ΔrmlT. The biomass of biofilm decreased by 0.3-fold over time. The absolute A595 value 

measured at 36 and 48 h was significantly lower than that of WT1031. In line with this 

finding, the number of cells attached per unit area was comparable to ΔrmlA mutant strain 

(Figure 3-39B). The cell density of biofilms formed by rmlT mutant strain was reduced 

to 0.6-fold that of the parental strain. A significant difference in the single cell 

morphology and the structures of biofilms were not detected in the microscopic images 

(Figure 3-40B). Together, the strain lacking RmlT, the rhamnosyltransferase, had a 

reduced profile of biofilm formation. These results indicated that the L-rhamnosylation 

of WTA was required for cell adhesion during biofilm formation.  

 

 

Figure 3-39 Examining the role of rmlT in biofilm formation at 30°C. The cultures of the strains 

WT1031, WT1030, 1031 ΔrmlA, and 1031 ΔrmlT were inoculated into the Calgary biofilm device and 

incubated at 30°C. A. The biomass of biofilms after 12, 24, 36, and 48 h of incubation determined by CV 

stain. The mean of the values from at least four individual batches of experiments was presented with 

standard error as the error bar (n≥4). The production of the dTDP-L-rhamnose and the presence of L-

rhamnose on the WTA of each strain were indicated. B. The cell number per FOV in the images from SEM 

at the magnification factor of 2k×. The dots represent the individual value from each image. The statistical 

significance was performed by comparing with the values from strain WT1031 with Dunnett’s multiple 

comparison tests, * stands for p≤0.05 and ** represents p≤0.01. 
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3.3.3.4 Rhamnose decoration on the WTA and biofilm formation at 37°C 

Finally, I examined if the Rha decoration on the WTA was required for biofilm formation 

at 37°C (Figure 3-41). All the strains tested had a comparable pattern of biofilm 

formation (Figure 3-41). The absolute value of A595 were at ~0.16 at 12 h, and increase 

by ~1.4-fold after 36 h of incubation. The biomass of the material attached slightly 

decreased from 36 h to 48 h. These results implied that none of the mutations had a 

significant impact on biofilm formation at 37°C. 

 

Figure 3-40 The representative images of biofilms formed by WT1031, 1031 ∆rmlA, and 1031 ∆rmlT. 

The strains were inoculated in the Calgary biofilm device and incubated at 30°C for 48 h. The biofilm-

coated pegs were harvested and prepared for SEM imaging as described. Biofilms were imaged at the 

magnification factor of 2k× (A) and 10k× (B). The images shown in B were the regions chosen from A. 

The scale bar represents 10 m in A and 1 m in B. 
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3.3.3.5 Summary 

Together, I examined the role of rmlA and its related signalling pathway in biofilm 

formation by L. monocytogenes. RmlA is the first enzyme for TDP-L-rhamnose 

biosynthesis. I first discovered that TDP-L-rhamnose was positively related to biofilm 

formation (Figure 3-36). The TDP-L-rhamnose is an essential precursor for the L-

rhamnosylation of WTA (Kamisango et al., 1983; Carvalho et al., 2015). Here I learned 

that the sugar moiety of Rha was also required for biofilm formation (Figure 3-39). Last, 

the impact of this pathway on biofilm formation only occurs at 30°C, not at 37°C.  

 

Figure 3-41 The biofilm forming ability of the strains carrying defect in Rha decoration on WTA at 

37°C. Strains WT1031, WT1030, 1031 ∆rmlA, 1031, ∆rmlT, 1030::pIMK3-rmlAK2Q plus and minus 1 mM 

of IPTG were inoculated in MWB into the Calgary biofilm device and incubated at 37°C. The biomass of 

biofilm was measured after 12, 24, 36, and 48 h of incubation by CV stain. The production of dTDP-L-

rhamnose and the glycoside of L-rhamnose on the WTA of each strain were indicated.  
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3.3.4 Prerequisite of rmlA for biofilm formation 

I discovered that two of the nonsense SNPs in strain WT1030 were involved in biofilm 

formation (Figure 3-30). However, they had opposing impacts on the development of 

biofilms. Disruption of rsbU had an ‘enhanced’ pattern of biofilm formation. The impact 

of this mechanism was in a temperature-independent manner. In contrast, the rmlA mutant 

strain displayed a reduced biofilm forming ability only at a lower incubation temperature 

(30°C). Strain WT1030 had a profile of biofilm formation that was more comparable to 

the rmlA deletions than the rsbU mutant. I, therefore, hypothesised that the rmlA mutation 

was dominant over the impact of deleting rsbU. To examine this, I constructed ∆rmlA 

mutant in the background of strain 1031 ∆rsbU. A double gene deletion strain of ΔrmlA 

∆lmo0184 was also constructed to examine if the third nonsense mutation in WT1030, 

lmo0184, modulates the impact of rmlA over rsbU on biofilm formation. The biofilm 

formation of the double gene deletion strains was examined. 

 

3.3.4.1 Intact rmlA is essential for the biofilm formation at 30°C 

I examined biofilm formation of the double gene deletion strains at 30°C (Figure 3-42). 

An ‘enhanced’ profile of biofilm formation in strain 1031 ΔrsbU was not observed after 

the ΔrmlA mutation was introduced. The double gene deletion of rmlA and rsbU strain 

had an initial attachment at A595 of ~0.16. The biomass slightly decreased by ~0.75-fold 

upon longer incubation. These results indicated that gene deletion of rmlA in the 

background of rsbU mutant strain had a reduced profile of biofilm. To confirm the 

dominance of the rmlA deletion over ΔrsbU, biofilms formed by strain 1031 ΔrmlA 

ΔrsbU were imaged and analysed (Figure 3-43). The cell number per unit area in biofilms 

were ~0.7-fold lower than the rsbU single gene deletion strain. These results indicated 

that ΔrmlA mutation negated the increase in biofilms when rsbU was deleted.  
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The strain containing deletions of rmlA and lmo0184 also had a pattern of reduced biofilm 

formation (Figure 3-42). The A595 value measured at 12 h from the double gene deletion 

strain was comparable to the Δlmo0184 mutant strain. The biomass of the material 

attached slightly decreased upon longer incubation. The decrease of the biomass over 

time suggested that gene deletion of rmlA was also dominant over Δlmo0184. In line with 

this finding, the cell number per FOV was ~0.5-times lower than single gene deletion of 

lmo0184 (Figure 3-43). These data suggested that introducing ΔrmlA mutation into strain 

1031 Δlmo0184 also reduced the biofilm forming ability. 

 

 

 

 

Figure 3-42 Biofilm formation of the double gene deletion strains. Strains WT1031, WT1030, 1031 

ΔrmlA, 1031 ΔrsbU, 1031 ΔrmlA ΔrsbU, 1031 Δlmo0184, 1031 ΔrmlA Δlmo0184 were inoculated into the 

Calgary biofilm device and incubated at 30°C. The biomass of biofilm was measured by CV stain after 12, 

24, 36, and 48 h of incubation. The bar chart presents the mean from four individual batches of experiments 

(n≥4) with standard error as the error bar. The statistical significance was analysed with Dunnett’s multiple 

comparison tests by comparing the values measured from WT1031; * stands for p≤0.05 and ** represents 

p≤0.01. 
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3.3.4.2 Deletion of rmlA masked biofilm formation at 37°C 

Next, I examined biofilm formation of the double gene deletion strains at 37°C (Figure 

3-44). The double gene deletion strain of rsbU and rmlA had a pattern different from the 

single gene deletion strains. The A595 readings measured at 12 h were comparable to that 

Figure 3-43 The SEM images and the cell density of the biofilms formed by the double gene deletion 

strains. Strains were inoculated in the Calgary device and incubated at 30°C for 48 h. The biofilm-coated 

pegs were prepared for SEM imaging. A. The representative images of biofilms at the magnification factor 

at 2k×. B. The cell number per FOV in the images taken at 2k×. Each dot stands for the individual values 

from one image. The mean and the standard deviation were shown. C. The representative 10k× images. 

The FOV shown in C is a region chosen from A. 
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of the single gene deletion strains. The biomass of biofilm increased ~2-fold over time. 

However, it was not as consistent as the single gene deletion of rsbU. These data 

suggested that ΔrmlA had an additive effect with ΔrsbU on biofilm formation. In the case 

of double gene deletion of rmlA and lmo0184, the pattern was similar to the parental 

strain. The absolute value of A595 were at ~0.14 and slightly increased to 36 h. The 

biomass of the material attached then decreased slightly from 36 h to 48 h. I did not 

observe a significant impact of ΔrmlA on biofilms in the background of lmo0184 mutant 

strain. Overall, gene deletion of rmlA reduced the capability of biofilm formation in the 

background of ΔrsbU strain but not in Δlmo0184 at 37°C. 

 

 

3.3.4.3 Summary 

From these experiments, I concluded that rmlA was a dominant factor for biofilm 

formation at 30°C. Introducing the ΔrmlA mutation into the either ΔrsbU or Δlmo0184 

Figure 3-44 Biofilm forming ability of the double gene deletion strains at 37°C. The cultures of strain 

WT1031, WT1030, 1031 ΔrmlA, 1031 ΔrsbU, 1031 ΔrmlA ΔrsbU, 1031 Δlmo0184, 1031 ΔrmlA 

Δlmo0184 were seeded into the Calgary biofilm device and incubated at 37°C. The biomass of biofilm was 

measured by CV stain after 12, 24, 36, and 48 h of incubation. The mean of the values from four independent 

experiments was shown in the bar chart with the error bar stands for the standard error (n≥4). The statistical 

analysis was performed by Dunnett’s multiple comparison tests versus the values from WT1031 and the 

statistical significance was indicated, ** stands for p≤0.01. 
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mutant strains reduced their ability to form biofilms at 30°C (Figure 3-42). Deleting the 

rmlA gene overrode the increase in biofilms observed for the 1031 ΔrsbU strain at 37°C, 

although rmlA alone did not have a significant impact under this condition. (Figure 3-44). 

These implied that rmlA may still be a prerequisite factor for the biofilm formation at 

37°C when the level of biofilm formation is higher. 

 

3.3.5 Summary 

In this chapter, I identified that two genes were involved in biofilm formation by L. 

monocytogenes: rsbU and rmlA. The product of rsbU is linked to the regulation of SigB 

activity. Gene deletion of rsbU or sigB had an enhanced biofilm forming ability. In the 

case of rmlA, its product is responsible for the TDP-L-rhamnose biosynthesis. Both TDP-

L-rhamnose and the L-rhamnosylated WTA were required for cell adhesion during biofilm 

development. Last, I further confirmed that the impact of deleting rmlA could dominate 

rsbU mutation on biofilm formation. 
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3.4 Screening the effect of small molecules on TDP-L-rhamnose 

synthesis 

3.4.1 Background 

The mechanism of TDP-L-rhamnose biosynthesis is well conserved between several 

species of bacteria (Tsukioka et al., 1997; Ma et al., 2002; Mistou et al., 2016). 

Production of TDP-L-rhamnose is catalysed by a four-step reaction from D-glucose-1-

phosphate. RmlA, B, C, and D are the enzymes responsible for this process (Figure 3-36). 

The TDP-L-rhamnose product is an important nucleotide sugar for the synthesis of certain 

cell wall polysaccharides (Oelschlaeger et al., 2010), such as rhamnolipid in Escherichia 

coli, and polyrhamnose in Streptococcus spp. (Mistou et al., 2016). In many cases, 

depletion of TDP-L-rhamnose biosynthesis attenuates the virulence of the bacteria and is 

essential to bacterial growth (Oelschlaeger et al., 2010). Thus, developing a therapeutic 

agent targeting the production of TDP-L-rhamnose is hypothesised to be an alternative 

approach to tackle bacterial infections.  

 

In previous work from Dr Helge Dorfmueller’s group, small molecules which can bind 

to purified recombinant enzymes of the TDP-L-rhamnose biosynthesis pathway from S. 

pyogenes have been identified (van der Beek et al., 2019). The compounds bind to either 

RmlB, RmlC, and/or RmlD (GacA in S. pyogenes) and inhibit the TDP-L-rhamnose 

biosynthesis. It remains to be identified, if the small molecules are competitive inhibitors 

of the active site, or for instance binding to allosteric sites on the proteins.  

 

In this chapter, I aimed to examine if these compounds inhibit the production of TDP-L-

rhamnose in L. monocytogenes. However, prior to assessing the effect of the small 

molecules on the TDP-L-rhamnose biosynthesis, the homology of RmlB, C, and D 
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between S. pyogenes and L. monocytogenes was examined. Once this proved satisfactory, 

I tested the tolerance of L. monocytogenes WT1031 to the compounds, and finally, I 

modified the phage pull-down assay to evaluate the impact of the compounds on TDP-L-

rhamnose biosynthesis by L. monocytogenes. 

 

3.4.2 Homology of RmlB, C, and D from L. monocytogenes and S. pyogenes 

For L. monocytogenes, L-rhamnosylated ribitol phosphate was first discovered in 1983 

(Kamisango et al., 1983). The mechanism, however, for producing the precursor TDP-L-

rhamnose remained unclear until 2015 (Carvalho et al., 2015). The four enzymes for 

TDP-L-rhamnose biosynthesis are known to be encoded by lmo1081-lmo1084 in L. 

monocytogenes. Deleting any one of the coding regions causes a defect in the synthesis 

of this nucleotide sugar (Carvalho et al., 2015). Whether the active site residues in RmlA, 

B, C, and D from L. monocytogenes are conserved with the ones from S. pyogenes 

remained unclear. To examine this, I analysed the sequence identity of RmlB, C, D 

between S. pyogenes, and L. monocytogenes. Here, I also compare the protein sequences 

from the Gram-negative pathogen, E. coli, to predict whether the small molecules may 

have an impact on TDP-L-rhamnose biosynthesis in other bacteria. 

 

3.4.2.1 RmlB 

RmlB is responsible for the second step of the TDP-L-rhamnose biosynthesis. This 

enzyme catalyses the conversion of TDP-D-glucose, the product from RmlA, to TDP-4-

keto-6-deoxy-D-glucose. Here, I compared the sequence identity of RmlB from S. 

pyogenes, E. coli, and L. monocytogenes (Figure 3-45). The protein sequences of RmlB 

from L. monocytogenes shares 47.2% identity with that of RmlB of S. pyogenes. RmlB 

from E. coli shows an identity of 49.1% compared to S. pyogenes RmlB (Table 3-9). I 
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further examined whether the known active sites in RmlB were conserved in the protein 

sequences. The crystal structure of RmlB from Salmonella enterica reveals 16 relevant 

active site residues (Allard et al., 2002). All these 16 amino acids were conserved in the 

three different species of bacteria analysed (highlighted in Figure 3-45). These results 

indicated that the RmlB from L. monocytogenes shares high sequence identity with the 

enzymes from S. pyogenes and E. coli.  

 

 

3.4.2.2 RmlC 

RmlC catalyses the conversion of TDP-4-keto-6-deoxy-D-glucose into TDP-4-keto-L-

rhamnose. The protein sequences of this enzyme from L. monocytogenes shares 28.09% 

identity compared to S. pyogenes RmlC (Table 3-9). The crystal structure of 

Figure 3-45 Analysis of homology of RmlB and S. pyogenes, E. coli, and L. monocytogenes. The 

alignment of the protein sequences was performed and the similarity at each residue indicated with a symbol 

by Clustal Omega. The identical residue was indicated with an asterisk; a colon (:) stands the property of 

the amino acid are highly similar, a period (.) represents the residues have weak similarity in chemical 

properties. The active site residues of RmlB from Allard et al. are highlighted in yellow (Allard et al., 

2002). 
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Streptococcus suis was published in 2003 and sequence analysis reveals full conservation 

of all the active site residues between S. pyogenes and Streptococcus suis (Dong et al., 

2003). In the case of L. monocytogenes, 6 out of 7 active site residues were conserved in 

the protein sequences (Figure 3-46). A substitution of E78 (number in S. pyogenes) to Q 

was detected, an amino acid predicted to have similar chemical properties. Thus, the 

E78Q variation is expected to have an insignificant impact on the activity of the enzyme. 

Together, RmlC in L. monocytogenes is highly similar to that of S. pyogenes, and most of 

the amino acids that comprise the active site were conserved. 

 

 

3.4.2.3 RmlD 

RmlD mediates the last step in the production of TDP-L-rhamnose. The homology of 

RmlD between the three species of bacteria was analysed. RmlD from S. pyogenes shares 

48.73% and 38.71% identity with L. monocytogenes and E. coli, respectively (Table 3-9). 

These four amino acids are the residues of the active sites in RmlD from S. pyogenes (van 

der Beek et al., 2015). These four amino acids were conserved in L. monocytogenes and 

Figure 3-46 The alignment of RmlC between S. pyogenes, E. coli and L. monocytogenes. The protein 

sequences of RmlC from different species of bacteria were aligned by using Clustal Omega. The fully 

conserved residue between three species was indicated with an asterisk; a colon (:) stands the property of 

the amino acid are highly similar, a period (.) represents the residues have weak similarity in chemical 

properties. The known positions of the active site residues of RmlC were extracted from Dong et al. and 

highlighted in yellow (Dong et al., 2003). 
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E. coli (Figure 3-47). Therefore, I concluded that L. monocytogenes RmlD shares 

fractional conservation with S. pyogenes RmlD. 

 

 

Table 3-9 Sequence identity of the RmlBCD from S. pyogenes, E. coli, and L. monocytogenes 

Enzyme 

Species 
RmlB RmlC RmlD 

S. pyogenes 100 100 100 

E. coli 49.09 37.97 38.71 

L. monocytogenes 47.22 28.09 48.73 

The percentage of the identity between protein sequences were calculated by Clustal Omega. 

 

3.4.2.4 Summary 

Here, I analysed the sequence identity of the RmlB, C, and D from S. pyogenes, E. coli 

and L. monocytogenes. RmlB and RmlD from L. monocytogenes were highly similar 

(>40% identity) to the ones from S. pyogenes. The similarity of RmlC from the two Gram-

Figure 3-47 Analysing the homology of RmlD between S. pyogenes, E. coli, and L. monocytogenes. 

The alignment of protein sequences of RmlD was performed by Clustal Omega. Identical amino acid 

between two protein sequences was indicated with *; a colon (:) stands the property of the amino acid are 

highly similar, a period (.) represents the residues have weak similarity in chemical properties. The positions 

of the active site residues of RmlD were highlighted in yellow. 
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positive bacteria is lower than the other two enzymes. In addition, the active sites in the 

enzymes were well conserved in the proteins from the species of bacteria analysed.  

 

3.4.3 List of compounds and the general toxicity test 

A small molecule library was screened using bio-layer interferometry against the 

recombinantly expressed and purified enzymes RmlB, RmlC, and RmlD (GacA) from S. 

pyogenes. Several hits were validated for their binding affinity to the target enzyme. Ri03 

was shown to bind with micromolar affinity to the purified recombinant enzymes RmlB, 

and RmlD (GacA) as well as with low millimolar affinity to RmlC from S. pyogenes (van 

der Beek et al., 2019). Several other small molecules were validated using dose-reponse 

assays (listed in Table 3-10) that bound to the recombinant enzymes from S. pyogenes. 

As described above, most of the amino acids located in the active sites were well 

conserved in the ones from L. monocytogenes. Thus, I wanted to test whether the small 

molecules also bind to RmlB, RmlC, and RmlD from L. monocytogenes. Prior to testing 

the effect of the compounds on the production of TDP-L-rhamnose, the tolerance of cells 

to the solvent and the chemicals was examined. 

 

3.4.3.1 Tolerance to DMSO 

The vehicle solvent for the small molecules was dimethyl sulfoxide (DMSO). DMSO is 

an organic solvent widely used in dissolving chemicals for drug development (Randhawa, 

2006; Capriotti et al., 2012). It has mild toxicity to many species of bacteria (Wadhwani 

et al., 2009). Thus, I first tested the tolerance of L. monocytogenes cells to DMSO. To 

achieve this, the cultures of WT1031 were seeded into BHI medium supplemented with 

the defined concentration of DMSO. The OD600 were monitored during incubation at 

30°C. As shown in Figure 3-48A, strain WT1031 had a comparable profile of growth 
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with 0.5% to 2% (v/v) DMSO. The cultures treated with 4% (v/v) DMSO exhibited a 

longer generation time in the exponential phase of growth. These data implied that 

WT1031 could grow as expected with up to 2% (v/v) DMSO. In the case of the ΔrmlA 

mutant strain, a similar pattern of growth was observed. The generation time was also 

mildly affected by the treatment of 4% (v/v) DMSO. The similar profile of growth rate 

between WT1031 and rmlA mutant suggested that the TDP-L-rhamnose biosynthesis did 

not affect the tolerance to DMSO. 

 

 

Figure 3-48 Examination of the tolerance of L. monocytogenes to DMSO. The cultures of WT1031 (A) 

and 1031 ΔrmlA (B) were incubated in BHI supplemented with the defined concentration of DMSO at 

30°C. The OD600 of each culture was measured every 15 min using a plate reader. Average from two 

biological repeats (n=2) are shown, with standard deviation as the error bar. The red lines shown in the 

figure are the medium controls. 
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3.4.3.2 Examining the bactericidal activity of the small molecules 

Having determined the maximum DMSO dose that could be added without impacting cell 

growth. I inspected whether the compounds had a bactericidal effect on the cells. Cells of 

strain WT1031 were treated with different concentrations of the small molecules in the 

BHI media containing 2% (v/v) of DMSO. The growth of each culture was monitored at 

30°C (Figure 3-49), and I determined the minimum inhibitory concentration (MIC) of 

each compound. The definition of MIC is the lowest concentration at which a compound 

inhibits growth after ~17-20 h of culture. Along with evaluating the MIC, I also 

determined the concentration of the treatment that altered the growth rate as the sub-

minimal inhibitory concentration (sub-MIC). Therefore, both the MIC and the sub-MIC 

of each compound were determined (Table 3-10). 
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Figure 3-49 Assessing the bactericidal activity of the small molecules against L. monocytogenes. Strain 

WT1031 were inoculated in BHI medium with a defined concentration of (A) Ri003, (B) Ri006, (C) Ri007, 

(D) Ri008, (E) Ri009, (F) Ri010, and (G) Ri011. The cultures were incubated at 30°C, and the OD600 

monitored over time. The mean of the values from two independent batch of experiments (n=2) are shown, 

with standard deviation as the error bar. 
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Figure 3-49 (continued)  
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Table 3-10 List of the small molecules and the general toxicity against WT1031 

Inhibitor # Chemical name of compound Sub-MIC (n=2) MIC (n=2) 

Ri003 5-(4-chlorophenyl)-2-furoic acid 100 M >1 mM 

Ri006 4,4’-thiodiphenol 100 M 1 mM 

Ri007 [2-(2-furyl)phenyl]methylamine >10 M, <100 M 1 mM 

Ri008 2-(2.5-dimethyl-1H-[yttol-1-

yl)benzoic acid 

1 mM >1 mM 

Ri009 5-phenyl-2-furoic acid 100 M >1 mM 

Ri010 5-(4-chlorophenyl)-2-methyl-3-

furoic acid 
>10 M, <100 M >1 mM 

Ri011 2-(aminomethyl)-5-phenyl-3-furoic 

acid 

>1 mM >1 mM 

The growth curve of WT1031 in presence of the inhibitors are shown in Figure 3-49. 

 

3.4.4 The effect of the small molecules on the TDP-L-rhamnose synthesis 

Finally, the effect of the chemicals on TDP-L-rhamnose biosynthesis was assessed. It is 

known that the TDP-L-rhamnose is required for the L-rhamnosylation of WTA in L. 

monocytogenes (Figure 3-36) (Carvalho et al., 2015). The rhamnose moiety of the WTA 

is a critical factor for the affinity of the cells to the phage (Figure 3-7) (Eugster et al., 

2011a; Eugster et al., 2012; Eugster et al., 2015). Thus, I used an indirect phage pull-

down assay to determine whether the treatment of the small molecular compounds 

inhibited the production of TDP-L-rhamnose. 

 

3.4.4.1 Method development: modified phage pull-down assay 

Prior to the pull-down assay, I first inoculated the cultures of WT1031 into the BHI 

medium containing 2% (v/v) DMSO with the compounds and incubated at 30°C for 17 h 

(Figure 3-50). After incubation, the cells were harvested and resuspended in listeriophage 

medium. Replacing the medium used for growth was designed to eliminate any 

interference from the DMSO or chemicals between the affinity of the phage and cells. A 

defined amount (104 PFU/ml) of listeriophage was added to each sample. The mixture of 
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treated cells with phage was incubated for 40 min and centrifuged for 5 min. After 

centrifugation, the unbound phage was separated from the cell bounded phage. The 

relative adsorption was calculated by quantifying the number of PFUs of the listeriophage 

in the supernatant. The hypothesis was that the cells treated with the small molecules 

would have a lower affinity for the phage than the untreated sample. This would be due 

to the fact that the compounds should inhibit the TDP-L-rhamnose biosynthesis pathway 

and subsequently the strain incorporates less rhamnose into the surface carbohydrate. 

Strain Mack and 1031 ΔrmlA were included in the experiments as the positive and 

negative control, respectively. Strain Mack contains the Rha decoration on the ribitol 

phosphate, and the cells have a high affinity to both P35 and A511 (Figure 3-51). The 

rmlA mutant strain has a defect in the production of TDP-L-rhamnose. Thus, this strain 

cannot generate TDP-L-rhamnose and therefore cannot bind with listeriophage. As 

expected, strain 1031 ΔrmlA had a low affinity for both phage isolates (Figure 3-51). 

These results indicated that the DMSO treatment does not affect the phage binding to the 

cells, and demonstrate that the defect in the TDP-L-rhamnose biosynthesis can be detected 

using this assay. 

 

 

Figure 3-50 Schematic diagram of the phage pull-down assay for evaluating the inhibiting effect of 

the compound on TDP-L-rhamnose biosynthesis. The WT strain (WT1031) was mixed with the 

compound and incubated at 30°C for ~17 h. The cells were collected and resuspended in the fresh medium 

after treatment. An aliquot of phage stock (104 PFU/ml) was added and incubated to allow the phage to 

bind with cells. A brief centrifuge was used to separate the unbound phage from the phage bound with cells. 

By calculating the plaque forming unit (PFU) of the unbound phage, the relative adsorption was calculated 

by Equation 2-3. 
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3.4.4.2 Examine the effect of the small molecules with a phage pull-down assay 

I next treated strain WT1031 with the small molecules using the MIC previously 

calculated. As shown in Figure 3-51A, I did not detect a significant alteration on the 

affinity between cells and phage isolate P35 after treated with the compounds. These 

results indicated that the compounds do not affect the adsorption of phage P35. 

 

 

I examined the affinity of the treated cells for phage isolate A511 and revealed that none 

of the small molecule inhibitors impacted the level of rhamnose incorporated into the cell 

wall of WT1031. The molecules were not able to reduce the levels of surface rhamnose 

detected by the phage when comparing to that of vehicle control. In conclusion, these 

results confirmed that none of the compounds reduced the levels of TDP-L-rhamnose 

inside the cells sufficiently to inhibit the affinity of L. monocytogenes cells with phage. 

 

Figure 3-51 Examination of the indirect effect of the small molecular compound on the affinity of 

cells with phage P35 and A511. Strain WT1031 were incubated with the small molecular compounds in 

BHI containing 2% (v/v) DMSO at 30°C for 17 h. Strain Mack, and 1031 ΔrmlA were included as the assay 

control and negative control, respectively. The pull-down assay was performed with listeriophage P35 (A) 

and A511 (B) respectively. The relative adsorption rate of each treatment was performed as described 

previously. 
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3.4.5 Summary 

Here I reported work where I modified the phage pull-down assay to screen the effect of 

the small molecules on the TDP-L-rhamnose biosynthesis in L. monocytogenes. However, 

none of the compounds reduces the TDP-L-rhamnose to a level that can affect the surface 

rhamnose in L. monocytogenes. This assay could be potentially used to identify TDP-L-

rhamnose inhibitors or inhibitors of the rhamnosyltransferase that is responsible for the 

incorporation of rhamnose into the WTA. 
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4 Discussion 
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4.1 Variations of the laboratory-adapted strain from different sources 

Through the studies, I have discovered phenotypic variations between four wild type 

EGDe sublines. I have correlated phenotypic variations displayed by the cells with the 

genotypes of the EGDe variants. It remains unclear how or when the single nucleotide 

polymorphisms were introduced. There are, however, several possibilities, such as the 

continuous generation of adaptive mutation or defect in the DNA repair system (Denamur 

et al., 2006; Perfeito et al., 2007). Multiple stocks of the laboratory-adapted strains are 

widely distributed around the world. Mutations in the genome can happen individually 

during propagating and stocking strains (Read et al., 2014). Although the DNA repair 

system, such as MutS and MutL, are conserved in several species of bacteria including L. 

monocytogenes, dysfunction of the mechanism frequently occurs (Merino et al., 2002; 

Denamur et al., 2006; Kreuzer, 2013; Wigley, 2013). Thus, the introduction of point 

mutations to the chromosome of bacteria during handling in the laboratory is an 

unavoidable event. Therefore, it is advisable to obtain the whole genome sequences of 

any research model. 

 

Here I discussed the correlation of the phenotypes and genotypes. I first observed that the 

growth rate of all the EGDe sublines was similar (Figure 3-1). There are different 

numbers of mutations in the genomes of the EGDe collection (Table 3-4). Taken together 

with the similar profile of growth these findings implied none of the mutations affects 

growth. Therefore, I concluded that the differences in other behaviours I analysed were 

not a consequence of different growth rates.  

 

I detected a minor difference in flagellar-based motility between the four EGDe variants. 

More specifically, WT1030 had a minor defect in the flagellar-based motility at 30°C 
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compared with the other three isolates (Figure 3-2). In the WGS, none of the mutations 

was found to be directly linked to the flagellum biosynthesis or regulatory genes (Table 

3-4). Therefore I presumed that a consequence of the accumulated mutations or mutation 

in a non-coding region impacted flagellar-based motility of WT1030. The reason for the 

minor defect in the motility displayed by WT1030 remains unclear.  

 

The difference in the chitinase activity between the four EGDe sublines further assists in 

categorisation of the four WT strains. Larsen et al. reported that expression of the 

chitinases gene (chiA and chiB) is activated by SigB (Larsen et al., 2010). The decrease 

in the chitinase activity in WT1030 and WT1033 was here linked to a nonsense SNP in 

the coding region of rsbU (Figure 3-4 and Table 3-4). These findings agree with 

previously published data showing that the coding regions of upstream regulators of SigB 

are prone to mutation (Quereda et al., 2013). Thus, I support the conclusion that it is 

essential to examine SigB activity in L. monocytogenes when collecting isolates or 

making mutant strains. I observed that the two RsbU- WT strains had a low level of 

chitinase activity upon longer incubation times (Figure 3-4). Some recent articles 

reported that the expression of chitinases is also regulated by other mechanisms, such as 

PrfA, agr quorum sensing system and small RNA (Nielsen et al., 2011; Paspaliari et al., 

2014). The low expression level of chitinase in the two RsbU negative WT strains 

(WT1030 and WT1033) support the statement SigB is not the sole regulator for the 

expression of chitinases. 

  

One of the EGDe sublines, WT1030, showed a gross defect in the WTA (Figure 3-6). 

The apparent molecular mass of WTA extracted from WT1030 was lower than the other 

WT strains. Strain EGDe carries type 1 WTA, which is composed of ribitol phosphate as 
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the monomer. The ribitol phosphate is synthesised by TagO1 and TagO2 (Eugster et al., 

2012). Each monomer is decorated with one molecule of N-acetylglucosamine (GlcNac) 

and one molecule of L-rhamnose (Rha) (Kamisango et al., 1983). The 

glycosyltransferases responsible for each sugar moiety have been identified (Carvalho et 

al., 2015; Eugster et al., 2015). The mechanisms for regulating the length of the polymer 

and the enzymes for the linkage between each monomer are unclear. I was not sure if any 

other mutations affect the length of the WTA or the type of linkage (type1 or type 2). 

Listeriophage isolates can recognize and bind to strain with specific forms of WTA 

(Eugster et al., 2011a; Eugster et al., 2012; Hagens et al., 2014; Bielmann et al., 2015). 

Therefore, I used the affinity of different listeriophage with cells to identify the details in 

the defect of the WTA in WT1030. Through these experiments, I confirmed that WT1030 

carries a defect in the Rha decoration on the WTA (Figure 3-8). The WTAs from the 

other three EGDe variants were decorated with GlcNAc and Rha as expected. The defect 

in the Rha decoration on the WTA was linked with the nonsense mutation located in the 

coding region of rmlA. 

 

Last, the results from the whole genome sequencing indicated that there are 12 mutations 

clustered in a specific region in the chromosome of strain WT1032. This region is where 

phage A118 integrates into the genome of EGDe. I used PCR and discovered that the 

A118 prophage was excised from the genome of WT1032, this could account for the 

mutations (Figure 3-11). The A118 prophage is found to be excised from the genome of 

L. monocyotogenes strain 10403S during intracellular growth (in phagosomes) 

(Rabinovich et al., 2012), although the mechanism for the prophage excision is unclear. 

Additionally, the A118 prophage is also not detected in the ancestor strain of EGDe, EGD 

(Becavin et al., 2014). Therefore, it is likely the A118 prophage can be removed from the 

genome spontaneously. My findings indicate it is advisable to examine whether the A118 
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prophage has remained in the genome after constructing mutant strains in the background 

of strain EGDe. 

 

4.2 Biofilms form on the Calgary biofilm device 

Microtiter plates are widely used for studying biofilms. Most of the studies used the 

microtiter plates to measure the biomass of biofilms with crystal violet stain. However, it 

is frequent to see research use microtiter plate to measure the biomass of biofilm and then 

use another platform for microscopic imaging. This can cause an issue when the biomass 

of biofilms measured in one situation is not equivalent to the biomass observed in 

microscopic images, as biofilm formation can be sensitive to materials and substratum 

used for culturing. The Calgary biofilm device was invented to solve this gap (Ceri et al., 

1999), and has become popular for measuring the biomass of biofilm (Azeredo et al., 

2017). That said research groups still tend to use other platforms, such as petri-dish or 

stainless steel coupons, for microscopic imaging. This means it is still hard to link the 

biomass to the three-dimensional features of biofilms. In this work, I measured the 

biomass and acquired microscopic images using the same substratum and method of 

growing biofilms. 

 

While there are several benefits to the Calgary biofilm device, there are limitations that 

make it difficult to compare the patterns of biofilms formed on the Calgary biofilm device. 

Biofilms formed on the Calgary biofilm device can be divided into two sections: the wells 

and the pegs on the lid. Few studies pointed out which part of the data shown. In this 

project, I measured the biomass of the materials attached to the wells and the pegs 

separately. Although the patterns between the two parts were broadly comparable, I found 

that the absolute value of A595 formed on the pegs have less statistical variation (Table 
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3-5). These observations suggest that the data generated using the Calgary biofilm device 

needs to indicate more details of the experimental approach. 

 

Here I reported another significant difference in biofilms observed in this study. From 

images acquired by SEM, the strain designated as the reference (WT1031) formed a thin 

and flat biofilm on the pegs of the Calgary biofilm device (Figure 3-27). Most of the 

published microscopic images show a thick layer of cells in biofilms formed by L. 

monocytogenes strains (Renier et al., 2011). I considered the reason causing differences 

between the monolayered and the multi-layered structured biofilms was the platform used 

for growing biofilms. Many studies grow biofilms on a horizontal surface, such as petri-

dish or flow-cell. Gravity pulls cells toward the substratum and cells accumulate. This 

increases the chance of co-adhesion and develops a loose three-dimensional structure. 

Thus, multilayered biofilms are formed, for example, the ‘knitted chain’ and 

‘honeycomb’ three-dimensional features observed previously (Rieu et al., 2008; 

Guilbaud et al., 2015). In our case, cells attached to a vertical surface which eliminates 

the effect of the gravity. Without help from gravity, cells have to rely on motility to attach 

their own. After attachment, cells have to develop tight cell-to-cell or cell-to-surface 

adhesions on the vertical surface. Loose adhesion may still occur, but these cells will be 

washed away during processing. Thus, the “persisters” are the cells observed in the 

experiments. 

 

4.3 Does L. monocytogenes produce a biofilm matrix? 

From the aspect of the biofilm matrix, EPS can be the majority of the biomass of biofilms 

(Flemming et al., 2010). However, few publications mention the presence of EPS in 

biofilms formed by L. monocytogenes. Although homologies of genes involved in the 
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synthesis of exopolysaccharides were detected in L. monocytogenes, there is no direct 

evidence for the correlation of pssA-E operon and the biofilm matrix (Chen et al., 2014; 

Koseoglu et al., 2015; Brauge et al., 2016). I only infrequently detected material that 

could be EPS in the biomass of biofilm. Therefore, I assume that L. monocytogenes might 

not be an EPS-producer in a static culture in MWB. I then wondered how L. 

monocytogenes forms biofilms in a natural environment with so little biofilm matrix. It is 

perhaps worth noting that L. monocytogenes can form multi-species biofilms. The 

cooperative species can include Lactobacillus and Enterococcus, highlighting the 

opportunity for cross-species interactions and synergy (Carpentier et al., 2004; da Silva 

Fernandes et al., 2015). It could be that L. monocytogenes itself does not produce but 

instead shares the biofilm matrix synthesised by other species in the natural environment.  

 

4.4 Flagella: needed for more than just motility in biofilm formation? 

An active flagellum is critical for biofilm formation (Lemon et al., 2007), therefore, I 

used the EGDe ΔflaA as a negative control. Stains carrying gene deletion of flaA, which 

encodes the main component of filament in the flagella, were not able to attach to the 

surface. On the other hand, the four EGDe variants were able to form biofilms. The 

differences in the biofilm forming abilities between WT and ΔflaA mutant strain support 

the conclusion that gene flaA is required for biofilm formation. Here I want to take a 

closer look at the links between flagellar-based motility and biofilm formation. In section 

3.1.2.2, I observed that the WT EGDe variants were motile at 30°C but not at 37°C. It is 

because the expression of flaA is repressed at 37°C (Peel et al., 1988). I assume the 

difference in the flagellar-based motility is the reason for the two RsbU+ strains display 

higher biofilm forming abilities at 30°C than 37°C (Figure 3-21). However, a question 

arises-why do the EGDe variant formed higher biomass of biofilm than EGDe ΔflaA at 
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37°C while all the strains were non-motile (Figure 3-3)? This could have been the 

consequence of a secondary mutation in the genome of the ΔflaA strain, which impairs 

biofilm formation. However, the WGS data indicate that the genome of the EGDe ΔflaA 

was comparable to that of WT1031 (Table 3-4). Thus, I considered that there is an 

undefined factor causing the different profile of biofilms at 37°C.  

 

Peels et al. observed “fragments” of the flagellum in microscopic images of cells grown 

at 37°C for L. monocytogenes (Peel et al., 1988). This fact is rarely mentioned in the 

literature. Consistent with the formation of flagella at 37°C, I observed that the wild type 

strains formed ‘fuzzy’ colonies on MWB based semi-solid agar (Figure 3-3). This 

observation suggests that the production of flagellum is not completely blocked in this 

growth medium. Therefore, I proposed that the fragments of flagellum may have a role 

in biofilm formation other than motility or could it be that the cells have motility at a low 

but important level. It is perhaps worth to mention that the flagellum has a structural role 

in biofilms formed by Escherichia coli (Serra et al., 2013). I presumed that the flagellum 

might also have a similar function in L. monocytogenes.  

 

4.5 SigB and biofilm formation 

I identified that rsbU is involved in biofilm formation. The product of this gene is an 

upstream regulator of the alternative transcription factor, SigB (Chaturongakul et al., 

2004). SigB is vital for cells to adapt to harsh conditions, both in the external environment 

and in the host (Martinez et al., 2010; Tiensuu et al., 2019). Previous reports have linked 

SigB activity to biofilm formation in L. monocytogenes (van der Veen et al., 2010; Lee 

et al., 2014; Lee et al., 2018). They suggest that the ΔsigB mutant strain exhibits a lower 

biofilm forming ability than the parental strain. In our experiments, deleting either rsbU 
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or sigB led to the same impact on biofilm formation at 30°C at early time points. The 

absolute value of A595 measured at 12 h were lower than the parental strain, WT1031. 

The difference in the biomass of biofilm detected at this early time point fits with the 

conclusion that “SigB is required for biofilm” (van der Veen et al., 2010; Lee et al., 2014; 

Lee et al., 2018). However, the biomass of biofilm formed by the ΔrsbU and ΔsigB strains 

continued to increase upon longer incubation times. The biomass of the material attached 

at 48 h was significantly higher than that of the parental strain. I, therefore, categorised 

that the overall pattern of biofilms formed by rsbU and sigB mutant strain as “enhanced”. 

It is hard to say conclusively if our data agree or disagree with the published results. They 

do, however, emphasise that biofilm formation is a dynamic process. Monitoring this 

dynamics process will give a clear understanding of the molecular mechanism of biofilm 

formation. 

 

In our experiments, the biomass of biofilm was correlated with the number of cells per 

FOV. The overall number of cells per unit area in microscopic images of the ΔrsbU and 

ΔsigB mutant strains was higher than the parental strain. I also observed an impact on the 

number of cells attached to different positions of the pegs. The number of cells per FOV 

was higher at the tip of the pegs. The cell density decreased when the FOV moving toward 

the liquid surface. These data suggested that the cells were likely to accumulate in the 

base of the wells in the Calgary biofilm device. Therefore, I presume that gene deletion 

of sigB or rsbU reduces the aerotactic ability of the cells. Aerotaxis is the movement of 

bacterial cells toward a location with a high concentration of oxygen (Mazzag et al., 

2003). It has been confirmed that aerotaxis contributed to the biofilm forming ability of 

Shewanella oneidensis and Bacillus subtilis (Armitano et al., 2013; Holscher et al., 2015). 

In L. monocytogenes, it has been confirmed that the aerotaxis can be induced by using 
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glycerol as the carbon source in the growth medium (Crespo Tapia et al., 2018). Whether 

the aerotaxis is SigB dependent in L. monocytogenes remains unclear.  

 

In biofilms formed by the sigB and rsbU mutant strains, I noted ‘protrusions’ extending 

from the cell surface. These objects were different from the filament of a flagellum 

(Figure 3-34). No comparable appendage have been previously reported for L. 

monocytogenes as far as I can tell. However, based on evidence from B. subtilis, I 

hypothesised these protrusions could be nanotubes (Dubey et al., 2011; Dubey et al., 

2016). Nanotubes connect individual cells and form channels for exchanging substances 

such as nutrients, proteins and DNA. It has been identified that YmdB is essential for the 

formation of nanotubes (Dubey et al., 2016; Baidya et al., 2018). YmdB is a 

phosphodiesterase, a core regulator of gene expression in B. subtilis (Diethmaier et al., 

2011). It is also needed for biofilm formation by B. subtilis (Diethmaier et al., 2011; 

Diethmaier et al., 2014). I searched for homologous of YmdB in L. monocytogenes 

genome. The protein sequence of Lmo1401 is highly similar (66% identity) with YmdB 

from B. subtilis (Figure 4-1) (Zemansky et al., 2009). Therefore, I hypothesised that 

Lmo1401 might also play a role in forming the “protrusions” and perhaps this impacts 

biofilms. To test this, I deleted lmo1401 in the WT1031 background. As the protrusion 

appears on the surface of ΔrsbU and ΔsigB strains, I also introduced the Δlmo1401 

mutation into strain 1031 ΔsigB. I have not had the opportunity to examine the profile of 

biofilm formation of Δlmo1401 mutant strains. It will be interesting to learn if my 

hypothesis is correct in the future.  
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I observed that the sigB deletion strain did not exactly phenocopy the profile of biofilm 

formation measured for the ΔrsbU mutant at 37°C. In Figure 3-35, data are shown that 

the biofilms formed by the rsbU mutant strain, where an increase between 12 h to 36 h is 

apparent. In contrast, the biomass of the ΔsigB mutant strain biofilm reached a peak at 24 

h and slightly decreased upon longer incubation times. The effect of the continuous 

increase on the biomass of biofilm of ΔsigB is not as significant as that of ΔrsbU. As 

RsbU and SigB share the same signalling pathway, I was expecting the pattern of biofilm 

would be similar. Therefore, there might be an undefined reason that moderates the 

impact of removing SigB on biofilm formation. This impact on biofilm formation 

appeared to be temperature dependent, as the ΔsigB mutant strain phenocopied the ΔrsbU 

strain at 30°C.  

 

4.6 WTA and biofilm formation 

WTA is a polysaccharide anchored to peptidoglycan that plays a critical role in 

maintaining cell shape, cell division, and several other physiology of bacteria (Brown et 

Figure 4-1 Alignment of protein sequences of YmdB from B. subtilis and Lmo1401 from L. 

monocytogenes. The alignment of protein sequences was performed by Clustal Omega. The conservation 

of the amino acids was indicated with symbols. Identical amino acid between two protein sequences was 

indicated with *; a colon (:) stands the property of the amino acid are highly similar, a period (.) represents 

the residues have weak similarity in chemical properties. 
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al., 2013). L. monocytogenes strain EGDe carries type 1 WTA, which is composed of ~21 

monomers linked together where each is decorated with one molecule of Rha and one 

molecule of GlcNAc (Figure 3-5). The GlcNAc decoration of the WTA has been 

identified to be required for biofilm formation (Brauge et al., 2018). Deleting the coding 

region of the glycosyltransferases, Lmo2549 and Lmo2550, reduced the cell number 

adhered to the stainless steel coupons. Brauge et al. also showed that biofilms formed by 

the mutant strain were easier to be detached by water flow than the parental strain (Brauge 

et al., 2018). Here I showed that the Rha decoration of the ribitol phosphate is also 

required for biofilm formation. Deletion of rmlA or rmlT caused a defect in the Rha 

decoration of WTA and resulted in a lower biofilm forming ability than the WT. Together, 

I concluded that the decorations on the WTA are essential for cell attachment and biofilm 

formation.  

 

How could decorations on the WTA be needed for biofilm? The biomass of biofilms 

formed by rmlA or rmlT mutant strains were at a comparable level with the parental strain 

at 12 h. The mutant strains instead had defects in increasing the biomass of biofilm over 

time. As mentioned above, tight cell-to-surface interactions are essential for biofilm 

formation on the Calgary biofilm device. Therefore, the sugar moiety of the WTA may 

be critical to the cell-to-surface interactions. Adhesion to a surface requires both non-

specific and specific forces (section 1.1.2.1). Non-specific forces can be affected by the 

chemical properties of the cell surface (Bos et al., 1999), and can be predicted by 

analysing the acid dissociation constant (Ka). The pKa values of the WTA isoforms were 

predicted and are shown in Table 4-1. The pKa values between the WTA isoforms were 

similar. These findings suggested that decorations of the WTA are unlikely to affect the 

cell-to-surface interactions through non-specific forces.  
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Table 4-1 Acid dissociation constant of the WTA isoforms 

WTA isoforms 

    
Sugar moiety GlcNAca, Rhab GlcNAc Rha - 

Predicted pKac (1) 1.5, (2) 12.1 (1) 1.5, (2) 12.2 (1) 1.8, (2) 12.4 (1) 1.8, (2) 13.1 

M.W. of 

monomer (Da) 

598 434 377 213 

M.W. of 

polymer (n=21, 

Da) 

12.5k 9.1k 7.9k 4.4k 

a GlcNAc: N-acetylglucosamine 
b Rha: L-rhamnose 
c The pKa was predicted by https://epoch.uky.edu/ace/public/pKa.jsp. 

 

Specific cell-to-surface interactions are mostly linked with the composition of the cell 

wall that includes both proteins and polysaccharides (DiRienzo et al., 1978; Bucher et al., 

2015). I hypothesised that the lack of rhamnose decoration affects the composition on the 

cell wall, perhaps by stopping a protein from binding. A study has shown that different 

fractions of purified cell wall from L. monocytogenes have diverse biological activities 

(Hether et al., 1983). Purification of the cell wall and analyse the compositions may shed 

light on this hypothesis.  

 

4.7 Which is more critical for biofilm formation? SigB or the sugar 

moiety of WTA? 

In this work, I identified two genes whose products impact biofilm formation by L. 

monocytogenes. First, rsbU encodes the upstream regulator for SigB. This alternative 

transcription factor contributes to the adaptation to the various condition of environments 

during invasion and biofilm formation (Tiensuu et al., 2019). Deletion of rsbU (or sigB) 

https://epoch.uky.edu/ace/public/pKa.jsp
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leads to an ‘enhanced’ pattern of biofilm formation. Second, RmlA is one of the enzymes 

responsible for producing TDP-L-rhamnose, and the rmlA mutant strain has a reduced 

biofilm forming ability. The impact of deleting rsbU and rmlA have opposing effects on 

the ability of L. monocytogenes to form biofilms. Strain WT1030 contains mutations in 

both genes, and the level of biofilms formed are more comparable to those of the rmlA 

mutant than rsbU deletion strain (Figure 3-21). These data suggested that ΔrmlA negates 

the impact of deleting rsbU on biofilm formation. In section 3.3.4, I introduced the rmlA 

deletion into the ΔrsbU mutant strain and assessed the biofilm forming ability. The strain 

containing deletions of rmlA and rsbU had a profile of biofilm formation comparable to 

rmlA mutant strains at 30°C. At a higher incubation temperature (37°C), deletion of rmlA 

moderate the ‘enhanced’ impact of removing RsbU on biofilm formation. These data 

suggested that rmlA deletion does indeed override the effect of rsbU deletion on biofilm 

formation.  

 

The effect of rmlA deletion is dominant over the rsbU mutant and thereby highlights the 

critical role of rmlA in biofilm formation. As mentioned in section 4.6, RmlA mediates 

biofilm formation through enhancing cell-to-surface interactions. In addition, the 

reduction in the aerotaxis of the ΔrsbU mutant strain was not observed in the ΔrmlA 

ΔrsbU mutant strain. Therefore, I concluded that cell-to-surface interaction is a 

prerequisite factor for biofilm formation. 

 

4.8 Correlations of the biofilm forming ability with invasion ability 

Invasion ability is an important factor in studying the physiology of L. monocytogenes. 

Here I assessed the invasion ability of the four EGDe variants (Figure 3-9). From our 

data, WT1030 has a lower invasion ability than the rest of the WT strains. Here I take a 
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closer look at why the invasion ability of this EGDe isolate is lower than the designated 

reference strain (WT1031). WT1030 carries three nonsense SNPs in the chromosome. 

Two of the mutations are identical with those in WT1033. As WT1033 has a comparable 

invasion ability to that of the reference strain (WT1031), I assumed that these two 

mutations did not contribute to the infection ability. These two mutations are in the coding 

region of lmo0184 and rsbU. There is no direct evidence for the correlation of lmo0184 

with invasion. However, RsbU is one of the upstream regulators for SigB, which regulates 

the expression of inlA and inlB (Kim et al., 2005; Tiensuu et al., 2019). The products of 

these two genes are required for infecting the host (Kim et al., 2005; Bonazzi et al., 2009; 

Pizarro-Cerda et al., 2012). Here I did not observe a significant correlation of RsbU with 

the invasion ability. This leaves the third nonsense SNP, which located in the coding 

region of rmlA in WT1030. RmlA is required for infecting mouse (Carvalho et al., 2015). 

These findings agree with previously published literature. As I have discovered that 

RmlA is required for cell-to-surface interactions during biofilm formation, I conclude that 

RmlA is essential for both infection and biofilm formation. 

 

4.9 New insights into the molecular mechanisms of biofilm formation 

by L. monocytogenes 

I identified that there were phenotypic variations in different isolates of L. monocytogenes 

EGDe strain. To investigate whether these mutations impacted biofilm formation, I 

developed methods for growing biofilms on a vertical surface. With these methods, I 

discovered that the defined reference strain (WT1031) formed a thin and flat biofilm. 

Through this work, I identified two genes that influenced biofilm formation (Figure 4-2). 

I have concluded that deletion of rsbU or sigB is likely to impair aerotaxis and causes an 

accumulation of cells at the tip of the peg. The aggregation of cells increase the 
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opportunity for cells to develop a robust cell-to-cell adhesion and thus increases the 

biomass of biofilm. Also, removing RsbU or SigB induces the formation of ‘protrusions’ 

on the cell surface, which is likely to prompt intercellular communication and biofilm 

formation. Second, RmlA is essential for cell-to-surface interactions. Deleting the coding 

region of rmlA leads to a defect in TDP-L-rhamnose biosynthesis and consequentially the 

L-rhamnosylation of WTA. The lack of L-rhamnose decorations on the WTA further 

appears to weaken the cell-to-surface interactions and lower the biofilm forming ability 

of the strain. 

 

 

Figure 4-2 Summary of the roles of RsbU and RmlA in biofilm formation by L. monocytogenes. RsbU 

is the upstream regulator for SigB. The activation of SigB is likely to induce the aerotaxis of the cell and 

inhibit the formation of protrusions. The biofilm forming ability is ‘enhanced’ when SigB is removed. 

RmlA is the first enzyme for TDP-L-rhamnose biosynthesis. The nucleotide sugar is transferred to decorate 

the wall teichoic acid by RmlT. The decoration of wall teichoic acid enhance the cell-to-surface 

interactions. 
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4.10 Limited effect of small molecules on the production of TDP-L-

rhamnose 

From my work, I have uncovered that production of TDP-L-rhamnose is essential in 

biofilm formation. Additionally, through collaboration with Dr Helge Dorfmuller, I tested 

the effect of potential inhibitors for the TDP-L-rhamnose synthesis. Production of this 

nucleotide sugar is mediated by RmlA, RmlB, RmlC, and RmlD. Dr Helge Dorfmuller 

has identified some small molecules that can bind to either purified recombinant RmlB, 

RmlC, or RmlD from S. pyogenes (van der Beek et al., 2019). I discovered that the protein 

sequences of these three enzymes from L. monocytogenes were similar to that of S. 

pyogenes (section 3.4.2). In addition, most of the amino acids in the active sites were 

conserved in the enzymes in L. monocytogenes. To further investigate the effect of the 

small molecules on TDP-L-rhamnose biosynthesis, I developed a method using phage 

affinity (Figure 3-50). TDP-L-rhamnose is an important nucleotide sugar needed for L-

rhamnosylation of WTA. The Rha decoration on the WTA has been identified to be 

required for the affinity of cells for listeriophage (Eugster et al., 2015). I tested the affinity 

of small molecules treated cells with two listeriophage isolates. I detected that none of 

the treatments lowered the affinity of cells with listeriophage. 

 

Dr Helge Dorfmuller has published that one of the small molecules can inhibit the growth 

in S. pyogenes, where TDP-L-rhamnose is essential for growth in this species of bacteria 

(van der Beek et al., 2019). Here, I measured the effect of the compounds on the affinity 

of cells with phage, which is indirectly related to TDP-L-rhamnose biosynthesis. I did not 

directly quantify the amount of the TDP-L-rhamnose produced in the cells. In addition, 

whether the L-rhamnosyltransferase (RmlT) is efficient with transferring small amounts 

of TDP-L-rhamnose is unknown. It is presumed that the compound did reduce the total 
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amount of TDP-L-rhamnose production, but the remainder was still enough for RmlT to 

decorate the ribitol phosphate. This hypothesis needs to be examined by other methods, 

such as direct detection of the TDP-L-rhamnose production using mass spectrometry or 

examination of enzyme activity.  

 

4.11 Closing remarks and future objectives 

Here I discussed the potential mechanisms of RsbU and RmlA in biofilm formation by L. 

monocytogenes. However, there are still some questions remained and worth further 

investigation. In the case of RsbU, it is worthy of investigating the links between SigB 

activity and aerotaxis. The identity of the protrusions on the cell surface of ΔrsbU and 

ΔsigB mutant strains also needs to be confirmed. A transcriptome or proteome analysis 

would be worth to study the SigB regulated genes that enhance biofilms. Last, it will be 

interesting to find out why the ΔsigB strain phenocopies the profiles of biofilms with 

ΔrsbU mutant strain in a temperature-dependent manner. On the other hand, RmlA was 

necessary for forming biofilms. The impact of rmlA deletion can override the effect of 

rsbU deletion on biofilm formation. It is crucial to study how did RmlA, and the 

subsequent L-rhamnosylation of WTA affects cell-to-surface interactions. Therefore, 

purify and examine the components of cell wall could be the next stage for this part of 

the project. The methods performed by Hether et al. and Belyi et al. for purifying the cell 

wall fraction from L. monocytogenes could be a good start (Hether et al., 1983; Belyi et 

al., 1992). A thorough study of the proteome and the component of polysaccharides in 

the cell wall from WT and ΔrmlA/ΔrmlT strains may be interesting.  
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Appendix I: Expression of epsA and tapA operons 

during the pellicle formation by Bacillus subtilis 
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This appendix includes data I contributed to the publication of “Division of Labor during 

Biofilm matrix Production” (2018) Current Biology 28, 1903-1913 

 

Goal: 

Examine the expression level of epsA and tapA operons at single cell level in pellicle 

biofilms formed by Bacillus subtilis. 

 

List of contributions: 

- Construction of a strain carrying two transcriptional reporter fusions: Bacillus subtilis 

NCIB3610 sacA::PepsA-gfp (kan) amyE::PtapA-mkate2 (cm) (NRS5832). 

- Inoculate strains in MSgg medium to allow the formation of pellicle biofilms (see details 

in section 2.5.2). 

- Harvest samples and paraformaldehyde (PFA) fixation of the pellicles for the analysis 

with flow cytometry. 

- Analysis of the expression of epsA and tapA operons at single cell level with flow 

cytometry (Figures 2C, S3B, S3C, S3D in the publication, Figure I-1 and Figure I-2) 

 

Main Conclusion: 

Three distinct groups of cells were detected in the pellicle biofilms: (1) cells expressing 

both operons, (2) cells only expressing epsA operon, and (3) cells not expressing either 

epsA or tapA operons. The relative frequency of the subpopulations were not due to the 

different fluorescent reporters used. 
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Figure I-1 Subgroups of epsA and tapA operon expressing cells in the pellicles. A. Representative 

results of pellicles from NCIB3610, 3610 sacA::PepsA-gfp (NRS2242), 3610 amyE::PtapA-mKate 

(NRS3913), 3610 sacA::PepsA-gfp amyE::PtapA-mKate (NRS5832) analysed by flow cytometry. The 

threshold of the intensity for GFP (x-axis) and mKate (y-axis) were set based on the autofluorescence of 

NCIB3610. B. The bar chart of the percentage of subgroups of cells expressing epsA and tapA operons. 

The mean of the percentage was acquired from three individual batches of experiments with the standard 

deviation as the error bar. 
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Figure I-2 The impact of the different fluorophores reporter strain on the distribution of the 

subgroups during pellicle formation. A. Representative results of the distribution of cells expressing 

PtapA-mKate and PtapA-gfp in the pellicle at 30C for 72 h via the flow cytometry. The threshold for the 

intensity of GFP and mKate were set based on the cell distribution of the WT. B. The bar chart of the 

percentage of the population of the cells expressing PtapA-mKate and PtapA-gfp from A. The mean of the 

% of the population was taken from two independent experiments with standard deviation as the error bar. 
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SUMMARY

Organisms as simple as bacteria can engage in
complex collective actions, such as group motility
and fruiting body formation. Some of these actions
involve a division of labor, where phenotypically
specialized clonal subpopulations or genetically
distinct lineages cooperate with each other by per-
forming complementary tasks. Here, we combine
experimental and computational approaches to
investigate potential benefits arising from division
of labor during biofilm matrix production. We
show that both phenotypic and genetic strategies
for a division of labor can promote collective biofilm
formation in the soil bacterium Bacillus subtilis.
In this species, biofilm matrix consists of two major
components, exopolysaccharides (EPSs) and TasA.
We observed that clonal groups of B. subtilis
phenotypically segregate into three subpopulations
composed of matrix non-producers, EPS pro-
ducers, and generalists, which produce both EPSs
and TasA. This incomplete phenotypic specializa-
tion was outperformed by a genetic division of la-
bor, where two mutants, engineered as specialists,
complemented each other by exchanging EPSs
and TasA. The relative fitness of the two mutants
displayed a negative frequency dependence both
in vitro and on plant roots, with strain frequency
reaching a stable equilibrium at 30% TasA pro-
ducers, corresponding exactly to the population
composition where group productivity is maxi-
Curren
mized. Using individual-based modeling, we show
that asymmetries in strain ratio can arise due to dif-
ferences in the relative benefits that matrix com-
pounds generate for the collective and that genetic
division of labor can be favored when it breaks
metabolic constraints associated with the simulta-
neous production of two matrix components.

INTRODUCTION

Microbes can act collectively in groups, and thereby substan-

tially influence their local environment to their own benefit.

Such beneficial collective actions include the secretion of

nutrient-degrading enzymes [1], iron-scavenging siderophores

[2], biosurfactants for group motility [3], and structural compo-

nents for biofilm formation [4, 5]. In certain cases, cooperation

even involves a division of labor, where subpopulations of cells

specialize to perform different tasks [6, 7]. Division of labor re-

quires three basic conditions: individuals must exhibit different

phenotypes (task allocation), the interaction between pheno-

typesmust be cooperative, and all individualsmust gain an inclu-

sive fitness benefit from the interaction [8]. The allocation of

tasks can be achieved either at the phenotypic or at the geno-

typic level. In the phenotypic specialization scenario, each indi-

vidual carries genetic machineries for all tasks, but differences

in gene expression result in tasks allocation [9]. In the genotypic

specialization scenario, individuals carry only the genetic ma-

chinery for their own specialist task [9].

Both types of division of labor have been proposed to occur in

microbes. For instance, during sliding colony expansion Bacillus

subtilis cells phenotypically differentiate into surfactant pro-

ducers and matrix producers where the role of the first is to
t Biology 28, 1903–1913, June 18, 2018 ª 2018 Elsevier Ltd. 1903
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reduce surface tension, while the latter allows expanding colony

‘‘arms’’ to form and explore new territories [7]. Given the high

relatedness between cells, specialization is likely beneficial for

the group as a whole [8], with individuals gaining an inclusive

fitness benefit from helping their clone mates [10–12]. However,

division of labor has recently also been documented between

genetically different strains or species [13, 14].Cooperative divi-

sion of labor based on genetic differentiation seems to evolve

both frequently and reproducibly [14, 15], lending support for

the so-called Black Queen hypothesis, which depicts the

microbial world as a network of interdependencies between

species [16].

While our understanding of division of labor in microbes

deepens [7, 13, 14], it has remained unclear what the advantages

and disadvantages of the phenotypically versus genetically

determined division of labor are, and which form yields higher

fitness returns for the specialists and the community as a whole.

When considering division of labor based on the exchange of

two beneficial public goods, a phenotypic specialization could

offer advantages because cells producing the two public goods

will naturally be close to one another due to binary cell division.

Close spatial proximity is essential for efficient public good

sharing [17], yet might be compromised with genetically deter-

mined division of labor, as spatial separation of partners can

readily occur and the switching of specialization states is not

possible [18]. Conversely, genetically determined division of la-

bor might offer advantages because it allows a complete decou-

pling of traits at the metabolic level. Specifically, the expression

of two alternative synthetic pathways (both bearing a metabolic

burden) can be terminally allocated into two different genetic lin-

eages [19]. Finally, it has been argued that in contrast to pheno-

typic differentiation, terminal genetic divergence bears risks of

conflicts such as social exploitation because relatedness be-

tween interacting partners is reduced, potentially leading to

diverging interests between partners [18].

Here, we focus on identifying the costs and benefits associ-

ated with different division of labor strategies for biofilm forma-

tion in the common soil and plant-colonizing bacterium

B. subtilis, in terms of individual and collective productivity. Bio-

films represent the most common lifestyle of bacteria, where

cells are in close proximity to one another, embedded in extra-

cellular matrix (ECM) [20]. There is ample opportunity for division

of labor over matrix construction, because ECM usually consists

of multiple secreted compounds that form a mesh of complex

exopolysaccharides (EPSs) and structural proteins, sometimes

accompanied by extracellular DNA (eDNA). While the presence

of eDNA can be the consequence of cell death [21], the produc-

tion of matrix EPSs and proteins tends to be triggered by coop-

erative signaling [22], cues released by competitors [23], or

specific nutrient components [24, 25]. As the synthesis of large

polymers is metabolically costly, tight regulation of matrix gene

expression is often in place, and it has been suggested that

the overall metabolic costs for the community may be reduced

by assigning matrix production only to a subpopulation of cells

[26]. Here, we propose an alternative scenario involving division

of labor, where subgroups of individuals within a biofilm each

specialize (either phenotypically or genetically) in the production

of a different matrix component, which are then shared at the

level of the group.
1904 Current Biology 28, 1903–1913, June 18, 2018
Our model system involves B. subtilis forming robust, wrinkly

pellicle biofilms that reside at the oxygen-rich liquid-air interface

[27]. Increasing cell density of the planktonic cells results in a

decreasing oxygen concentration in the bottom layers of the

static medium. Aerotaxis of B. subtilis leads to an accumulation

of cells near the liquid-air interface and eventually a colonization

of the surface in a form of a densely packed pellicle biofilm. Dur-

ing pellicle development transcription of the matrix-related op-

erons epsA-O and tapA-sipW-tasA is derepressed [26, 28–30]

eventually allowing synthesis of the biofilm EPS, and the struc-

tural protein TasA [31, 32]. Mutants lacking either EPSs or

TasA cannot establish pellicle biofilms individually, but they

can complement each other in co-culture, indicating that both

matrix components are necessary for pellicle biofilms and that

they are shared [31, 33, 34].

Using a mixture of fitness assays, single-cell gene expression

analyses and mathematical modeling, we show that the two ma-

trix components EPSs and TasA are indeed costly to produce.

We further found that cells within a biofilm phenotypically differ-

entiate into three distinct subpopulations consisting of cells pro-

ducing either both of the matrix components, EPSs alone, or

none of the two components. We then demonstrate that in terms

of group productivity, genetic division of labor for matrix con-

struction can be superior to the phenotypic differentiation strat-

egy present in the wild-type. Specifically, biofilm productivity

was maximized at an intermediate mixing ratio of mutants defi-

cient for either EPSs or TasA, both in pellicle biofilms grown in

the laboratory, and in biofilms grown on plant hosts. Crucially,

theDeps:DtasA proportion at which biofilm productivity maximi-

zation occurred represents a stable equilibrium.

RESULTS

The Matrix Components EPSs and TasA Serve as Costly
Public Goods
Components of bacterial ECM are often large, complex poly-

mers, which can potentially bear significant metabolic produc-

tion costs [1, 35]. To demonstrate the costs associated with the

production of EPSs and TasA in our B. subtilis strain (NCBI

3610), we competed the non-producing mutants Deps and

DtasA against the wild-type (WT) under conditions where matrix

is synthesized but not required for survival [36], which is up to

16 hr of growth, prior to surface colonization (Video S1; see

STAR Methods). We confirmed that in the pre-pellicle phase

the WT, Deps, and DtasA strains first grow exponentially before

reaching the early stationary phase (Figure S1A). While strains

expressed the corresponding matrix components (Figures

S1B–S1D assays based on fluorescent transcriptional reporters

Peps-gfp and PtapA-gfp), the expression patterns slightly varied

between the WT and the mutants. The expression of PtapA in

Deps and Peps in DtasA was slightly stronger and weaker,

respectively, with shift toward more homogeneous expression

in both mutants (Figure S1C). Under these conditions, our

growth competition fitness assay revealed significant costs

for both matrix components (Figure 1A). The fact that Deps

had significantly higher relative fitness than DtasA in pairwise

competition against the WT suggests that EPS synthesis bears

a higher cost than TasA production under these conditions

(Figure 1A).
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Figure 1. Costs and Benefits of Matrix

Components EPSs and TasA

(A) To estimate the metabolic costs of EPS and

TasA production the matrix-deficient strains Deps

and DtasA were competed against the WT and

against each other under conditions where matrix

components are produced but not required (see

STAR Methods). Relative fitness (W) was calcu-

lated for Deps (when competed against WT),

DtasA (when competed against WT), and Deps

(when competed against DtasA). Relative fitness

W significantly larger than 1 indicates an advan-

tage of a given strain in a given pairwise compe-

tition. For Deps versus WT, n = 13, p < 003; for

DtasA versusWT, n = 13, p < 008; forDtasA versus

WT, n = 8, p < 007 (**p < 0.01, ***p < 0.001).

(B) Productivity of the WT, Deps, DtasA, and

Deps+DtasA co-culture (50:50 ratio) measured as

colony-forming units (CFUs) per milliliter. Data

points represent mean and error bars represent SE

obtained from biological triplicates.

(C) Bright-field images of pellicle morphology

developed by the WT, matrix-deficient mutants in

monocultures, and by the Deps+DtasA co-culture

(50:50 ratio). The cartoons below represent public

goods produced by each culture.

(D) To confirm that EPSs and TasA can be shared

and thereby serve as public goods, the matrix-deficient strains Deps and DtasAwere allowed to form pellicles in presence of spent media (SM) obtained from the

WT or from the complementary mutant (n = 4–6). Pellicle productivity (CFU/mL) reached in presence of those SMs was compared with the productivity of the

control (a strain exposed to its own SM): for Deps + SM of WT p < 5 3 10�7; Deps + SM of DtasA p < 0.008; DtasA + SM of WT p < ; DtasA + SM of Deps SM

p < 0.001 (**p < 0.01). Boxes represent Q1–Q3 (quartiles), lines represent the median, and bars span from max to min. To better distinguish between the matrix-

deficient mutants, data for Deps and DtasA are presented in pink and blue, respectively.

See also Figures S1 and S2 and Video S1.

214
Next, we examined sharing of the two components. We began

with complementation assays mixing the twomutants (Deps and

DtasA single-deletion mutants) in 1:1 ratios. In line with previous

reports [31, 33, 34], we found that the mutants could not estab-

lish pellicles when grown in monocultures but complemented

each other when co-cultured, indicating that EPSs and TasA

can be shared (Figures 1B and 1C). Since TasA was previously

depicted as a cell-associated amyloid fiber, anchored through

the accessory protein TapA to the cell [33], we performed addi-

tional experiments to confirm cross-complementation. Specif-

ically, we added conditioned media from the EPS and TasA

producers to growing cultures of the Deps and DtasA, respec-

tively, and quantified their surface colonization ability. We

observed that the conditioned medium from the WT or the com-

plementary mutant significantly improved pellicle formation as

compared to the control, with the effect being more pronounced

for the Deps than the DtasA mutant (Figure 1D). This result sug-

gests that the spent medium obtained from the WT and DtasA

contained freely released EPSs, which could complement the

Deps strain. Similarly, WT and Deps released a portion of TasA

into the medium that could partially complement the DtasA

phenotype.

As the above results (Figure 1D) suggest that the matrix com-

ponents EPS and TasA differ in the extent to which they are

shared, pointing toward stronger privatization of TasA, we hy-

pothesized that efficient mixing of EPS producers and TasA pro-

ducers is necessary for successful complementation. To test the

role of mixing, we took advantage of a previously observed

motility effect on cell assortment in pellicle biofilms [37]: cells
lacking a functional flagellum (Dhag) are less efficient in swim-

ming to the top of the liquid, which likely results in very low num-

ber of founder cells carrying the Dhag mutation (compared to

WT) in the pellicle. As a result, pellicles formed by two isogenic

Dhag strains labeled with different fluorophores contain large

clusters of cells of the same lineage, indicating limited genotype

mixing [37]. As expected, the efficiency of complementation be-

tween EPS and TasA producers was negatively affected in the

Dhag genetic background as compared to the control with func-

tional flagella (Figure S2A). Finally, the spatial assortment of cells

in the pellicles formed by mixtures of Deps and DtasA and pelli-

cles formed by the WT were compared using a density correla-

tion function quantification method (see STAR Methods), to

assess the spatial effects of genetic division of labor (Figures

S2B–S2D). The level of spatial strain mixing was slightly higher

in pellicles formed by mixtures of Deps and DtasA (regardless

of the fluorescence reporter combination) as compared to pelli-

cles formed by the WT (Figures S2C and S2D).

Altogether, these results confirm that both matrix components

EPSs and TasA can be shared and that robust pellicle biofilm for-

mation depends on the efficient exchange of these compounds.

WT Cells Exhibit Phenotypic Heterogeneity in the
Expression of Matrix Components
As EPSs and TasA are costly to produce (Figure 1A) and can both

be shared between the producers and non-producers (Figures

1B–1D), we hypothesized that phenotypic differentiation into

EPS producers and TasA producers could occur and form the

basis of a division of labor in WT B. subtilis populations during
Current Biology 28, 1903–1913, June 18, 2018 1905



Figure 2. Native Phenotypic Heterogeneity in the Expression of Matrix Components

(A) Pellicles formed by the double-labeled strain carrying the Peps-gfp PtapA-mKate reporters and the strain carrying the PtapA-gfp PtapA-mKate reporters (control)

were visualized using a confocal microscope to compare the distribution of fluorescence signal from different fluorescence reporters (GFP, mKate).

(B) Volumes in GFP and mKate fluorescence channels (obtained by manual thresholding) were merged and dissected into cubes, and the average intensities in

the GFP and mKate channels for all cubes were plotted (see STAR Methods). The maximum density is normalized to 1 and the contour lines correspond to 0.05

decrease in density.

(C) The following strains: NCIB3610, NRS2242 (carrying Peps-gfp), NRS3913 (carrying PtapA-mKate), and NRS5832 (carrying Peps-gfp and PtapA-mKate) were

allowed to form pellicles and were then analyzed using flow cytometry. Bar chart (mean ± SD) represents fraction of OFF cells, cells expressing eps-gfp,

tapA-mKate, and cells expressing both reporters (n = 3).

See also Figure S3.
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pellicle formation. To test for phenotypic heterogeneity of eps

and tasA expression at the single-cell level, we used a reporter

strain carrying a promoter fusion of the eps promoter to gfp

(Peps-gfp) and an analogous reporter for the tapA promoter

based on mKate (PtapA-mKate) at two distinct genomic loci

(see STAR Methods; Table S1). As a control, we used the

PtapA-gfp PtapA-mKate strain (see STAR Methods; Table S1) for

which no phenotypic heterogeneity and a linear correlation be-

tween the two fluorescence channels was expected. Fluores-

cent images of mature pellicles of the WT Peps-gfp PtapA-mKate

strain and the control WT PtapA-gfp PtapA-mKate strain were

captured using confocal laser scanning microscopy (CLSM).

While the control strain showed a clear spatial correlation be-

tween GFP and mKate fluorescence intensities, this was not

the case for theWT Peps-gfp PtapA-mKate strain (Figure 2A). Spe-

cifically, large bright clusters of strong GFP signal could be

observed in locations in which there was reducedmKate fluores-

cence, suggesting the presence of a subpopulation that is

partially specialized for EPS production (Figure 2A). We further
1906 Current Biology 28, 1903–1913, June 18, 2018
performed quantitative analyses of the fluorescent images by ar-

tificially dissecting the images into small cubes and quantifying

the GFP- and mKate-signal intensities in each cube (see STAR

Methods). This allowed us to examine whether GFP and mKate

fluorescence intensities linearly correlate in space. Such linear

correlation was expected from the control strain (WT PtapA-gfp

PtapA-mKate) and could be the case for the Peps-gfp PtapA-mKate

strain if eps and tasA were expressed by the same population

of cells. The analysis confirmed that, for biofilms made by the

PtapA-gfp PtapA-mKate strain, signal intensities from GFP and

mKate channels showed strong linear correlation in space,

this correlation was much weaker in case of the Peps-gfp

PtapA-mKate strain (Figures 2B and S3A).

The above experiment suggests that matrix-expressing sub-

populations of WT B. subtilis exhibit a certain degree of pheno-

typic differentiation into cells that producemostly EPSs and cells

that produce both EPSs and TasA (generalists). To confirm this

pattern, we analyzed single cells extracted from pellicles using

fluorescence-guided flow cytometry (FC). FC analyses were
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B Figure 3. Productivity and Fitness in Pelli-

cles with Genetic Division of Labor

(A) Productivities of Deps+DtasA biofilms

(CFU/mL) measured for different mixing ratios and

compared to average productivity reached by the

WT (black horizontal line with gray shaded 95%

confidence interval [CI]). The dashed line and

green shaded 95% CI represent a cubic fit to the

fitness data (F3, 68 = 54.9, R2 = 0.695, p < 0.0001).

(B) The relative fitness of Deps in competition with

DtasA followed a negative-frequency-dependent

trajectory, best described by a cubic fit (dashed

line with 95% CI: F3,46 = 94.7, R2 = 0.852,

p < 0.0001).
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performed at 3 time points during pellicle development (24, 48,

and 72 hr) and included controls with strains carrying single

reporter fusions (see STAR Methods; Table S1). These analyses

revealed the presence of 3 distinct subpopulations of cells: (1)

matrix-OFF cells where fluorescence signals from both the

Peps and PtapA promoters were below the detection thresholds;

(2) matrix-ON cells where there was a positive linear correlation

of the signals from the Peps and PtapA promoters: (3) EPS-ON

cells, containing a fluorescent signal fromPeps, but not fromPtapA

(Figures 2C and S3B). Differences in relative frequencies of

Peps-gfp and PtapA-mKate ON cells were not due to the use of

different fluorescent reporters, as evidenced by our FC control

experiments where strains carrying either a PtapA-gfp or a

PtapA-mKate reporter construct showed identical frequencies

of ON cells (Figures S3C and S3D). Thus, our FC experiments

confirmed that the expression of the twomajor matrix promoters

Peps and PtapA is not perfectly correlated, which likely translates

into phenotypic diversity at the level of EPS and TasA production

in WT B. subtilis pellicles.

Genetic Division of Labor Yields Higher Biofilm
Productivity than Phenotypic Differentiation
Although the above data indicate that WT cells differentiate into

EPS producers, generalists, and non-producers during pellicle

biofilm formation, this pattern does not resemble the canonical

principle of division of labor where distinct subpopulations of

cells are expected to either commit completely to TasA or EPS

production. The incomplete specialization could be due to regu-

latory constraints. For instance, it is known that the epsA-O and

tapA-sipW-tasA operons share multiple regulators, suggesting

that some level of parallel expression (either on or off) at the sin-

gle-cell level is expected [38, 39].

We thus wondered whether an incomplete specialization rep-

resents a beneficial strategy or whether it can be outperformed

by a genetically determined specialization, where cells are ulti-

mately constrained in the production of either TasA or EPSs.

To address this question, we studied the division of labor be-

tween DtasA as the exclusive EPS producer and Deps as the

exclusive TasA producer. In a first experiment, we mixed the

exclusive EPS and TasA producers at different ratios and exam-

ined the productivities of pellicles (Figure 3A). We found that

pellicle productivity varied in response to strain frequency and
peaked at a strain ratio of approximately 30% Deps: 70% DtasA

(Figure 3A). Interestingly, the group productivity of mixtures

close to this optimal ratio was significantly higher than the WT

productivity, indicating that the genetic division of labor over

matrix construction outperforms the native phenotypic differen-

tiation observed in the WT (Figure 3A).

Genetic Division of Labor Is Evolutionarily Stable in
Pellicles and on Plant Roots
We next asked whether such genetic division of labor, which

yields the highest fitness returns at a strain ratio of approximately

30:70, represents a stable equilibrium or simply a transient phe-

nomenon. To test this possibility, we competed the Deps strain

against the DtasA strain across a range of frequencies

(1%–99%), over the full cycle of pellicle growth (from inoculation

until formation of robust, wrinkly pellicle after 48 hr). These com-

petitions revealed that the relative fitness of Deps followed a

negative frequency-dependent pattern: Deps outcompeted

DtasA when rare but lost the competition when common (Fig-

ure 3B). Strikingly, the two strains showed equal competitive-

ness at starting frequencies between 20% and 30% Deps,

thus exactly at the strain ratio where biofilm productivity is maxi-

mized. These findings strongly suggest that, regardless of the

metabolic cost imbalance between the two matrix components,

stable coexistence of the EPS and TasA producers is favored in

the pellicle, with strain frequency evolving toward the optimum in

terms of biofilm biomass productivity (Figures 1A and 3B).

To test whether stable genetic division of labor could alsoman-

ifest in a relevant ecological environment,we repeatedseveral key

experiments using plant root associated biofilms. Specifically, we

subjected the roots of Arabidopsis thaliana seedlings to coloniza-

tion by the WT, or a mixture of Deps and DtasA strains at a 50:50

ratio, or monocultures of the two mutants (see STAR Methods).

Each strain carried a constitutive fluorescent reporter to allowbio-

film visualization by CLSM (see STAR Methods; Table S1). In line

with previous studies [40], both the WT and the mixture of Deps

andDtasA strainswere able toproduce thick biofilmson the roots,

which was not the case for the Deps and DtasAmutants grown in

monocultures on the plant root (Figures 4A and 4B). Analogous to

the pellicles, we found that the productivity of root biofilms was

significantly higher for the Deps + DtasAmixture as compared to

the WT. Next, we estimated the relative frequencies of Deps and
Current Biology 28, 1903–1913, June 18, 2018 1907
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Figure 4. Genetic Division of Labor on Plant Roots

(A) Arabidopsis thaliana roots were colonized by the WT and Deps+DtasA mix, and the mutants in monocultures and biofilm productivities were measured as

CFUs per millimeter of root (for WT and co-culture, n = 6; for Deps and DtasA, n = 11) (see STAR Methods). The productivity reached by the Deps+DtasAmixture

was compared with productivity of the WT (p < 0.04).

(B)A. thaliana roots were colonized bymixed cultures ofWTGFP+WTmKate,DepsGFP+DtasAmKate,DepsmKate+DtasAGFP, and themutants inmonocultures (DepsGFP

and DtasAGFP) and visualized using CLSM. Scale bar represents 10 mm.

(C) Frequencies of each strain in the root-associated biofilmwere determined based on image analysis (see STARMethods). Bars represent average (n = 3–5) and

error bars represent SE.
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DtasAmutants in themixedbiofilmon the root, basedon total pixel

volumes (see STAR Methods), and found that the mutant fre-

quency settled at the optimal ratio of 20%and 30%Deps (Figures

4B and 4C). In contrast, the frequency remained close to 0.5:0.5 in

our control mixtures of two WT strains labeled with different

fluorescent reporters (Figures 4B and 4C). Altogether, our experi-

ments demonstrate that the genetically hard-wired division of la-

bor between EPS and TasA producers provides fitness benefits

not only in pellicles, but also on plant roots.

Simulating Pellicle Formation to Understand the Drivers
of Genetic Division of Labor
To better understand the conditions required for genetic division

of labor to evolve between EPS- and TasA-producing special-

ists, we used an individual-basedmodeling platform, specifically

developed to simulate microbial interactions [41]. The platform

consists of a two-dimensional toroidal surface, where bacterial

cells are modeled as discs. Bacteria are seeded in low numbers

to their in silico habitat and are then allowed to consume re-

sources, grow, divide, disperse, and produce public goods ac-

cording to specified parameters for 10,000 time steps (see

STAR Methods for fitness equations). The system keeps track

of both bacterial strains and their public goods over time and

space, and closely recovers patterns of real pellicle formation

(Figure S4).
1908 Current Biology 28, 1903–1913, June 18, 2018
First, we examined the performance of a WT strain, which

simultaneously produces two complementary public goods,

representing EPSs and TasA. Simulations started with eight

cells placed in the center of the landscape to mimic the early

phase of pellicle formation. Cells grew and divided at a basic

rate (m). Cells additionally produced diffusible public goods at

a constant rate. Public goods diffuse randomly and can decay

or generate fitness benefits for receiver cells. While each public

good generates a benefit on its own, synergistic benefits

accrue to cells that encounter the two complementary public

goods within a certain time frame. Using this setup, we found

that WT biofilm productivity peaked with lower public good

diffusion d (Figure S5A), indicating that reduced diffusion mini-

mizes the loss and improves sharing of public goods. Since our

experimental data suggest that TasA and EPSs differ in the

level of sharing, and thus in the relative benefit these goods

can generate for the group, we varied this parameter in our

model but found that it did not affect the productivity of WT pel-

licles (Figure S5B). We then implemented metabolic constraints

(via the factor f, defined in Equation 1 in the STAR Methods) in

the WT to account for the possibility that the simultaneous

production of two public goods exceeds the sum of each

individual public good (f > 1) [19]. We observed that biofilm

productivity sharply declined with increased levels of con-

straints (Figure S5C).
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Figure 5. Individual-Based Simulations Iden-

tify Drivers of Genetic Division of Labor

We simulated biofilm formation of the mutants

Deps (producing TasA) and DtasA (producing

EPSs) when grown in co-culture. Biofilms were

initiated with eight cells, with Deps frequency

varying between 0 and 1, in steps of 0.125. Cells

produced diffusible matrix components (either

TasA or EPSs) and grew according to their fitness

functions. After 10,000 time steps, we measured

the absolute productivity of the biofilm (no. of cells)

and the relative fitness of the competing strains

within biofilms. Fitness trajectories are shown as

the best fit from linear models across 50 simula-

tions for each condition (±95% CI).

(A and B) Variation in biofilm productivity (A) and

relative fitness of mutants (B) as a function of strain

frequency and the matrix diffusion coefficient,

under conditions where both matrix components

generate equal benefits.

(C and D) Variation in biofilm productivity (C) and

relative fitness of mutants (D) as a function of strain

frequency and different relative benefits of the two

matrix components (diffusion coefficient d = 5).

Dashed lines and gray shaded area in (D) depict

mean ± 95%CI productivities ofWT biofilms across

a range of metabolic constraints (f) accruing in the

WT for simultaneously producing two public goods.

(E and F) Biofilm productivity (E) and relative fitness

(F) of a mutant growing together with the WT,

respectively, as a function of strain frequency and

the matrix diffusion coefficient, under conditions

where both matrix components generate equal

benefits.

See also Figures S4 and S5.
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Next, we considered different levels of phenotypic heteroge-

neity in the WT by starting simulations with different ratios of

specialist and non-specialist cells (Figures S5D–S5F). We found

that any level of phenotypic heterogeneity outperformed uniform

trait expression at the beginning of pellicle formation (Fig-

ure S5D). Conversely, the most beneficial strategies in more

mature pellicles were either complete specialization or no

specialization at all (Figures S5E and S5F). We hypothesize

that no specialization performs well because it allows efficient

public good sharing at higher cell densities, and complete

specialization is beneficial because it breaks metabolic con-

straints. In contrast, any intermediate form of phenotypic hetero-
Current B
geneity suffers from reduced sharing and

sustained metabolic constraints and

should thus be selected against. This

finding might explain why the B. subtilis

WT strain showed relatively low levels of

phenotypic heterogeneity.

We then asked whether two genetically

fixed mutants, producing either one or

the other public good (i.e., mimicking

Deps and DtasA mutants) can com-

plement each other. Similar to our empir-

ical observations, we found successful

complementation between the two

specialist strains, with pellicle productivity
peaking at intermediate mixing ratios (Figure 5A). Moreover, the

relative fitness of the Deps strain exhibited negative-frequency

dependence (Figure 5B), and the point of fitness equilibrium

occurred exactly at the productivity peak of the group. Next,

we implemented the experimental observation that TasA yields

lower benefits than EPSs. We again observed successful

complementation, but pellicle productivity reached higher levels

and peaks shifted to lower frequencies of the Deps strain, in the

case of a greater benefit imbalance between the two public

goods (Figure 5C). The relative fitness of the Deps strain again

followed a negative-frequency dependence with the point of

intersection being exactly at the pellicle productivity peak
iology 28, 1903–1913, June 18, 2018 1909
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(Figure 5D). To examine whether the reciprocal symmetric ex-

change of public goods is the reason for why strain equilibrium

frequency coincides with maximal group productivity, we simu-

lated a scenario of asymmetrical public good exchange between

a strain producing both public goods and a strain producing a

single public good (Figures 5E and 5F). For this scenario, we

found that the relationship between strain equilibrium and

maximal group productivity breaks: the strain producing only

one public good experienced relative fitness advantages at all

strain frequencies, driving strain frequency away from maximal

group fitness.

Finally, we asked whether genetic division of labor between

the Deps and DtasA strains can outperform the WT strategy,

as observed in our empirical experiments. However, in the

absence of any metabolic constraints (f = 1), the WT pellicle pro-

ductivity was 1,714 ± 39 cells (mean ± SE, with intermediate

diffusion d = 5), and thus by far higher than productivity in any

of the complementation scenarios (Figure 5). Conversely, when

the WT faces metabolic constraints, we found a parameter

space (f > 1.1), in which pellicle productivity of complementing

strains exceeds WT performance (Figure 5C).

Taken together, our simulations recover the key features of our

experimental system and suggest that the reciprocal symmetri-

cal exchange of public goods under conditions of relatively low

diffusion together with the decoupling of metabolic constraints

are the preconditions required for the evolution of stable genetic

division of labor over biofilm matrix production.

DISCUSSION

Despite their unicellular simplicity, microbes can coordinate

complex behaviors as a group. Some of these multicellular be-

haviors involve division of labor between phenotypically distinct

subpopulations [7, 42], or even different genetic lineages [14].

Here, we deployed a combination of experiments and simula-

tions to directly compare these two alternative cooperative

strategies. By focusing on the production of two biofilm matrix

components in B. subtilis, we found evidence for significant,

yet incomplete phenotypic specialization in matrix production

among clonal cells of the WT strain. However, this strategy of

phenotypic specialization was outperformed by genetic division

of labor, where strains, engineered as strict specialists, settled

on an equilibrium ratio that maximized biofilm productivity. Our

individual-based modeling approach captures the experimental

system and reveals that metabolic decoupling of two costly traits

can be the key to success for genetic specialization.

While we demonstrate that B. subtilis WT displays partial

phenotypic differentiation at the level of matrix production, we

might ask why this form of specialization is not more pro-

nounced, especially in the context of the reported fitness bene-

fits that can accrue from complete genetic specialization

(Figure 3A). One explanation might be that the epsA-O and

tapA-sipW-tasA operons share multiple regulators, such that

some level of parallel expression is inevitable [38, 39, 43, 44].

Still, there could be certain mechanisms in place to decouple

EPS and TasA production, for example, a positive feedback

where EPSs prevent autophosphorylation of the EpsAB kinase,

allowing activation of the EpsE glycosyl-transferase, thereby

promoting EPS synthesis [45]. It was also proposed that the ma-
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jor matrix repressor SinR, acts differently on Peps and PtapA pro-

moters. Specifically, in the case of Peps it directly competes with

an activator RemA for the binding site upstream of the promoter,

thereby serving as an anti-activator, while in case of PtapA it binds

simultaneously with RemA, probably serving as a repressor [44].

The opposing relationship between SinR and RemA may lead to

an outburst of epsA-O expression in a subpopulation of cells,

while tapA-sipW-tasA remains under tighter control of SinR.

While these regulatorymechanisms could allow for some hetero-

geneity in gene expression, complete specialization seems

impossible. Another possibility is that such complete specializa-

tion with 30:70 frequencies of TasA producers and EPS

producers does not always reflect an optimal solution. Biofilm

formation is only one out of multiple cooperative survival strate-

gies of B. subtilis and each strategy might require different

optimal ratios of generalists and specialists. For instance, the

presence of generalists that can produce both EPSs and TasA

may be favored during social spreading on solid surfaces, where

both components are important [7], but where the diffusion of

these public goods is reduced compared with pellicle growth

conditions.

Our findings on successful genetic division of labor between

specialized strains, producing either EPSs or TasA, show that

strain frequency settles as a stable frequency of approximately

70:30. Our model suggests that the dominance of EPS pro-

ducers in biofilms may be driven by a higher relative benefit of

EPSs compared with TasA. In addition, the altered matrix gene

expression patterns in Deps (overproducing TasA) and DtasA

(reduced EPS production) suggest that a higher proportion of

DtasA might be required for stable pellicle production. Perhaps

the two matrix components engage in an interaction that alters

their biochemical properties. One possibility is that, upon inter-

action with EPSs, TasA becomes less soluble and vice versa.

This could explain a decreased complementation efficiency of

Deps and DtasA strains by the spent media obtained from the

WT (Figure 1D). Recent work suggests that the structural func-

tionality of TasA fibers may directly depend on the presence of

EPSs in the extracellular environment [46].

The 70:30 population structure is stable in typical laboratory

setup (pellicle biofilms) and in plant root-associated biofilms.

Although the genetic division of labor arose as the winning strat-

egy, our study also points toward the canonical problem associ-

ated with fixed cooperation strategies: limited mixing of strains

prevents efficient genetic division of labor [18]. Specifically, we

found that the complementation between EPS and TasA pro-

ducers was ineffective in experiments with flagellum-deficient

strains, which exhibit a decreased level of mixing, thereby

reducing public good sharing and the formation of robust pellicle

biofilms. Mathematical models ([47], our model) suggest that

complementation is most efficient when strain mixing is high,

but the diffusion of public goods is reduced, conditions that fos-

ter efficient public good exchange between neighbors and

prevent losses due to diffusion. A further complication is that

the goods to be exchanged might often vary in their diffusion

properties. Our assays, for instance, suggest that the diffusion

and sharing of TasA is rather limited compared to EPSs. We

argue that such low diffusion rates must be compensated by

an increased spatial mixing of the cooperation partners. There-

fore, in opposition to ‘‘xenophobic’’ mechanisms employed by
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microbes to avoid strangers [48–50], ‘‘xenophilic’’ strategies

might be crucial for genetic division of labor.

In conclusion, our study offers major insights into the evolution

of division of labor. First, it shows that genetic specialization can

be superior over phenotypic division of labor because it enables

to break metabolic and regulatory constraints prevailing in or-

ganisms that remain totipotent. Second, sophisticated genetic

division of labor can occur in simple organisms such as bacteria.

Finally, genetic division of labor, based on the reciprocal ex-

change of public goods, could represent an evolutionary stable

strategy, with strain frequency evolving toward an equilibrium

that maximizes group productivity. Important to consider is

whether de novo mutations may occur in the long term and

disturb the observed equilibrium. For instance, a double-mutant

DepsDtasA, which is deficient in both matrix components could

exploit the complementing partners and derail the genetic divi-

sion of labor. Future studies will need to experimentally test

whether the reported cases of genetic division of labor are evolu-

tionary stable in the long run.
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Á.T.K. Work in the laboratory of Á.T.K. is partly supported by the Danish Na-

tional Research Foundation (DNRF137) for the Center for Microbial Secondary

Metabolites. We acknowledge the help of Dr. Rosemary Clarke for assistance

with flow cytometry performed at the University of Dundee.

AUTHOR CONTRIBUTIONS
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Schuster, S., and Kost, C. (2016). Pervasive selection for cooperative

cross-feeding in bacterial communities. PLoS Comput. Biol. 12,

e1004986.
Current Biology 28, 1903–1913, June 18, 2018 1911

https://doi.org/10.1016/j.cub.2018.04.046
https://doi.org/10.1016/j.cub.2018.04.046
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref1
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref1
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref1
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref2
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref2
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref3
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref3
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref3
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref3
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref4
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref4
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref5
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref5
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref5
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref6
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref6
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref6
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref6
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref7
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref7
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref7
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref8
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref8
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref9
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref9
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref10
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref10
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref11
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref11
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref11
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref12
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref12
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref12
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref13
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref13
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref14
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref14
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref15
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref15
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref15
http://refhub.elsevier.com/S0960-9822(18)30518-9/sref15


221
16. Morris, J.J., Lenski, R.E., and Zinser, E.R. (2012). The Black Queen

Hypothesis: Evolution of dependencies through adaptive gene loss.

MBio. Published online May 2, 2012. https://doi.org/10.1128/mBio.

00036-12.
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STAR+METHODS
KEY RESOURCES TABLE
Reagent or Resource Source Identifier

Chemicals

Lysogeny broth (LB), Lennox Carl Roth GmbH Catalog # X964.1

Agar-Agar Carl Roth GmbH Catalog # 5210.3

Potassium Hydrogen Phosphate Carl Roth GmbH Catalog # P749.1

Potassium Dihydrogen Phosphate Carl Roth GmbH Catalog # 3904.2

L-Glutamic acid Monopotassium salt monohydrate Alfa Aesar Catalog # 17232

Magnesium chloride hexahydrate Carl Roth GmbH Catalog # 2189.1

Potassium chloride Carl Roth GmbH Catalog # 6781.3

Calcium chloride Carl Roth GmbH Catalog # 5239.2

Manganese(II) chloride Carl Roth GmbH Catalog # T881.3

Iron(III) chloride Carl Roth GmbH Catalog # P742.1

Zinc chloride Carl Roth GmbH Catalog # T887.1

Ammonium chloride Carl Roth GmbH Catalog # K298.2

Thiamin Carl Roth GmbH Catalog # T911.1

MOPS Carl Roth GmbH Catalog # 6979.4

Glycerol Carl Roth GmbH Catalog # 7533.1

Murashige and Skoog medium (MS) Sigma Aldrich Catalog # M5519

Sodium hypochlorite Carl Roth GmbH Catalog # 9062.3

Tetracycline hydrochloride Carl Roth GmbH Catalog # 0237.1

Spectinomycin dihydrochloride Alfa Aesar Catalog # J61820

Glucose Fisher Scientific Catalog # G/0500/61

EDTA VWR Catalog # 20302.260

Tris VWR Catalog # 103157P

HCl VWR Catalog # 20252.335

Experimental Models: Organisms/Strains

Bacillus subtilis NCBI 3610 comIQ12I [51] Strain DK1042

Bacillus subtilis NCBI 3610 comIQ12I derivatives

(listed in Table S1).

This study N/A

Arabidopsis thaliana Col-0 Greenhouse of Max Plank Institute

for Chemical Ecology, Jena

N/A

Recombinant DNA

pmKATErrnB [35] GenBank: KF245454; https://www.ncbi.nlm.nih.

gov/nuccore/KF245454

pTB848 This study N/A

pTB849 This study N/A

pTB498 This study N/A

pNW725 This study N/A

Sequence-Based Reagents

Primers used in this study are listed in Table S2. This study N/A

Software and Algorithms

ImageJ [52] https://imagej.nih.gov/ij/

OriginPro 2015G OriginLab, Northampton, MA http://www.originlab.com/
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ákos

T. Kovács (atkovacs@dtu.dk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All bacterial strains used in this study derived from Bacillus subtilis NCBI 3610 comIQ12I strain [53]. Strains were maintained in LB

medium (Lysogeny broth (Lennox); Carl Roth, Germany), while MSgg medium was used for pellicle formation assay [27]. The

MSgg medium was prepared as follows: MSgg base was prepared by weighting 0.026 g KH2PO4, 0.061 g K2HPO4, 2.09 g MOPS

and 0.04 g MgCl2x6H2O per 100ml of dH2O and adjusting the pH to 7.0 using KOH. The MSgg base was autoclaved, cooled

down to RT and supplemented with 0.1ml of 0.7 M CaCl2, 0.1ml of 100mM MnCl2, 0.1ml of 50mM FeCl3, 0.1ml of 1mM ZnCl2,

0.1ml of 2mM thiamine, 0.57ml of 86% glycerol and 10 mL of 5% K-glutamate.

Strain construction
All strains that were used in this study or that were used solely as gDNA donors are listed in Table S1. To obtain TB601 and TB863,

the NCBI 3610 comIQ12I was transformed with gDNA isolated from DL1032 selecting for Tet-resistant colonies or Km-resistant col-

onies, respectively.

TB524.1 and TB525.2 were obtained by transforming TB601with gDNA isolated from TB500.1 and TB501.1, respectively. TB538.1

and TB539.1 were obtained by transforming TB602 with gDNA isolated from TB500.1 and TB501.1, respectively. To obtain TB864

and TB865, NCBI 3610 comIQ12Iwas first transformed with gDNA from 168hymKate and then with gDNA isolated from NRS2242 and

NRS3913, respectively. To obtain Anc Kate Peps-GFP, strain TB602 was first transformedwith gDNA from 168hymKate and then with

gDNA fromNRS2242. To obtain Anc Kate PtapA-GFP, strain TB 601 was first transformed with gDNA from 168hymKate and then with

gDNA from NRS2394. In order to construct pTB848 and pTB849, the eps and tapA promoters were amplified using oTB172-oTB173

and oTB174-oTB175 primers pairs, respectively (see Table S2), the PCR products were digested with EcoRI and NheI, and cloned

into the corresponding sites of vector pmKATErrnB. To obtain strains TB961 and TB962, first NCBI 3610 comIQ12I was transformed

with gDNA fromNRS2242, and the obtained strain (TB373) was transformedwith plasmids pTB848 and pTB849, respectively. TB960

was constructed by transforming NCBI 3610 comIQ12I with gDNA from NRS3913 and the obtained strain (TB363) was

subsequently transformed with pTB849 plasmid. To construct plasmid pTB498 harboring a constitutively expressed mKATE2

gene, the Phyperspank-mKATE2 fragment was PCR amplified with primers oTH1 and oTH2 from plasmid phy-mKATE2 [35], digested

with XbaI and EcoRI, ligated into plasmid pWK-Sp as described in [54]. Resulting plasmids were verified by sequencing and trans-

formed into B. subtilis NCBI 3610 comIQ12I, resulting in TB539.

Plasmid pNW725 was used to construct strain NRS3913. This was generated through amplification of the mKate2 coding region

from plasmid pTMN387 using primers NSW1026 and NSW1027 (see Table S2) and ligation into plasmid pNW600 using HinDIII and

BamHI. Plasmid pNW600 carries the PtapA promoter region [55], and therefore plasmid pNW725 has themKate2 coding region un-

der the control of the tapA promoter region. Plasmid pNW725 was integrated into the chromosome of B. subtilis NCIB3610 at the

amyE locus. Strain NRS5832 was generated by phage transduction of the PepsA-gfp reporter fusion from strain NRS2242 into

NRS3913 as the recipient. Phage transduction was performed using SSP1 phage as previously described [56].

METHOD DETAILS

Pellicle formation and productivity assays
To obtain pellicle biofilms, bacteria were routinely growth in static liquid MSggmedium at 30�C for 48 hours, using 1% inoculum from

overnight cultures. Productivities where accessed by examining colony forming units (CFUs) in mature pellicles. Prior each CFU as-

says, pellicles were sonicated according to a protocol optimized in our laboratory that allows proper disruption of biofilms without

affecting cell viability [34, 57]. To access relative frequencies of Deps and DtasA strains, the cocultures were plated on selective an-

tibiotics tetracycline (10mg/ml) and spectinomycin (100mg/ml), respectively.

Fitness assays
Since the expression of epsA-O and tapA-sipW-tasA operons strongly depend on cultivation conditions and media composition

[24, 40, 51, 54, 56], we performed the competition experiment for the fitness costs of EPS and TasA production under the same con-

ditions that were later used for the assays that involved pellicles. Strains of interest were premixed at 1:1 ratios based on their OD600

values and the mixture was inoculated into MSgg medium at 1%. Cultures were grown under static conditions at 30�C. CFU assays

(using selective antibiotics for theDeps andDtasA strains) were performed immediately after inoculation and after 16 hours of growth.

The growth curves obtained at the initial stage of pellicle formation were performed under standard pellicle growth conditions in

96-well plates. The optical densities and GFP-fluorescence were monitored using an infinite F200PRO plate reader (TECAN Group

Ltd, M€annedorf, Switzerland).
Current Biology 28, 1903–1913.e1–e5, June 18, 2018 e2
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Spent media complementation assay
The supernatants were obtained from the WT, Deps and DtasA strains grown under static conditions in MSgg medium at 30�C for 48

hours. Cells were pelleted by centrifugation (5min, 8000 rpm), the supernatants were sterilized usingMillipore filters (0.2mmpore size),

and mixed in 1:1 ratio with 2 times’ concentrated MSgg medium. Surface colonization of the Deps and DtasA in presence of condi-

tioned media from the WT or complementary mutant strains were compared with the negative controls where the mutants grew in

presence of their own conditioned media.

Microscopy/confocal laser scanning microscopy
Bright field images of whole pellicles and colonies were obtained with an Axio Zoom V16 stereomicroscope (Carl Zeiss, Jena, Ger-

many) equipped with a Zeiss CL 9000 LED light source and an AxioCam MRm monochrome camera (Carl Zeiss). For time-lapse

experiment, cultures were grown in 24-well plates (1.5 cm diameter per well), incubated in INUL-MS2-F1 incubator (Tokai Hit, Shi-

zuoka, Japan) at 30�C and images were recorded every 15 min. The detailed description of the fluorescence time lapse microscope

has been previously published [58]. The pellicles were also analyzed using a confocal laser scanningmicroscope (LSM 780 equipped

with an argon laser, Carl Zeiss) and Plan-Apochromat/1.4 Oil DICM27 633 objective. Fluorescent reporter excitation was performed

with the argon laser at 488 nm and the emitted fluorescence was recorded at 484–536 nm and 567–654 nm for GFP and mKate,

respectively. To generate pellicle images, Z stack series with 1 mm steps were acquired. Zen 2012 Software (Carl Zeiss) was used

for both stereomicroscopy and CLSM (confocal laser scanning microscopy) image visualization.

Sample fixing and flow cytometry
Pellicles were harvested at 24, 48, and 72 h into sterile 2 mL screw cap tubes, followed by centrifugation at 17000’g for 10 min. GTA

buffer (50 mMglucose, 10mMEDTA pH 8.0, and 20mMTris-HCl pH 8.0) was added into 24-well plates to harvest the cells remained

in wells and pooled with cell pellet from previous step. Pooled cell pellets were then pumped through 23G needles 6 times to disperse

pellicles. Dispersed samples were pelleted down and fixed by incubation with 4% paraformaldehyde for 7 min at room temperature.

Fixed samples were washed with GTA, and subjected to mild sonication prior flow cytometry. Flow cytometry (LSRFortessa, BD bio-

sciences) were operated by FACS facility in School of Life Sciences, University of Dundee. For initial experiments comparing the

expression of matrix genes in the WT and the biofilm mutants flow cytometry (BD Facscanto II, BD biosciences) was performed

at Disease Systems Immunology Group, DTU Bioengineering.

Root colonization assay/root biofilms productivity
Colonization ofArabidopsis thaliana roots was performed according tomodified protocol from [40].Arabidopsis ecotype Col-0 seeds

were surface sterilized using 2% (v/v) sodium hypochlorite solution as follows: seeds were incubated in 2% (v/v) sodium hypochlorite

with mixing on an orbital shaker for 20 min and thenwashed five timeswith sterile distilled water. The seeds were placed on pre-dried

MS agar plates (Murashige and Skoog basal salts mixture; Sigma) (2.2 g l�1) in an arrangement approximately 20 seeds per plate at a

minimum distance of 1 cm. Seeds were germinated and grown on agar plates containing MS medium. After 3 days of incubation at

4�C, plates were placed at an angle of 65� in a plant chamber (21�C, 16h light per day). After 6 days, homogeneous seedlings ranging

0.8-1.2cm in length were selected for root colonization assay. Seedlings were transferred into 48-well plates containing 270ml of

MSNg medium [40] per well. The MSN medium was prepared as follows: the base was prepared by weighting 0.026 g KH2PO4,

0.061 g K2HPO4, 2.09 g MOPS and 0.04 g MgCl2x6H2O per 100ml of dH2O and adjusting the pH to 7.0. The base was autoclaved,

cooled down to RT and supplemented with 0.1ml of 0.7 M CaCl2, 0.05ml of 100mMMnCl2, 0.1ml of 1mM ZnCl2, 0.1ml of 2mM thia-

mine, NH4Cl to final 0.2% and glycerol to final 0.05%. TheMSNgmediumwas supplemented with 30ml of exponentially growing bac-

terial culture diluted to OD650 = 0.2. The sealed plates were incubated at rotary shaker at 28�C for 18h at 90 rpm After the incubation,

plants were washed 3 times with MSNg to remove non-attaching cells and then transferred to a glass slide for imaging using CLSM.

To access root biofilm productivities, the roots were transferred into Eppendorf tubes, subjected to standard sonication protocol and

the CFU assays were performed for obtained cell suspensions. To extract CFU/mm of root, the obtain CFU values were divided by

total length of a corresponding root.

Images of plant roots
For biofilm roots visualization, the GFP andmKate images were converted into 3D projections, contrast was enhanced using normal-

ized function and green and red lookup tableswere applied for GFP andmKate channels, respectively. Overlay imageswere obtained

in ZEN software and further processed using ImageJ as follows: Brightness and contrast were adjusted, the root and biofilm area was

manually selected and the background was lightened and smoothed using ‘adjust brightness’ and ‘smooth’ functions, respectively.

Modeling
We performed individual-based simulations, using the platform developed previously [41]. Microbial simulations occur on a

two-dimensional toroidal surface with connected edges (i.e., there are no boundaries). The surface of the torus is 10,000 mm2

(100 3 100 mm). Bacteria are modeled as discs with an initial radius of 0.5 mm. Bacteria can consume resources, grow at a basic

growth rate (m = 1) and divide when reaching the threshold radius of 1 mm. In our simulations, we assumed that resources are not

limited. Bacteria further produce beneficial public goods at a cost c per molecule and at constant rate of 1 molecule/s. Public goods

diffuse randomly according to the diffusion coefficient d (mm2/s) and following a Gaussian randomwalk. Public goods can decay with
e3 Current Biology 28, 1903–1913.e1–e5, June 18, 2018
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a certain probability p, with p increasing exponentially with time following the exponential function p = 1 – e –wDt/v, where Dt is the age

of themolecule,w the stiffness of the decay and v the durability of themolecule. A public good can generate a benefit b to the cell that

takes it up, which occurs when the cell and the public good physically overlap on the landscape. Bacteria can randomly disperse, too,

defined by the diffusion coefficient D (mm2/s). Because we aimed to model bacterial performance in biofilms, where cell dispersal is

relatively low, we set D = 0.01 mm2/s. Important to note is that neither bacteria nor public goods are bound to a grid, but move on a

continuous landscape (following an off-lattice model with double-precision numbers). This mimics natural bacterial behavior as close

as possible. One practical complication of this approach is that cells overlap with each other following diffusion. To cope with this

issue, we applied an overlap correction after each time step following the procedure described in [41].

Using this setup, we simulated the performance of awild-type (WT) strain, producing two public goods representing EPS and TasA,

and two strains (PG1 and PG2) producing only one of the two public goods. We arbitrarily considered PG1 = TasA producer and

PG2 = EPS producer. The growth of the three strains is defined by the following recursive functions:

GWT ðt + 1Þ=
h
m� fðc1 + c2Þ+ b1

X
pg1+b2

X
pg2+b3

�X
pg1+Rpg1

��X
pg2+Rpg2

�i
GWT ðtÞ (1)
GPG1ðt + 1Þ=
h
m� c1 + b1

X
pg1+b2

X
pg2+b3

�X
pg1+Rpg1

��X
pg2+Rpg2

�i
GPG1ðtÞ (2)
GPG2ðt + 1Þ=
h
m� c2 + b1

X
pg1+b2

X
pg2+b3

�X
pg1+Rpg1

��X
pg2+Rpg2

�i
GPG2ðtÞ; (3)

where G is the radius increase per time step t, m is the basic growth rate, c1 and c2 are the costs of producing the respective public

goods, and f is the metabolic constraint factor, whereby f > 1 if the simultaneous production of both public goods is costlier than

producing either of the public goods alone. Furthermore, while b1 and b2 are the benefits accruing when a respective public good

is taken up multiplied by the total number of public goods consumed (
P

pg1 and
P

pg2) per time step, b3 is the synergistic benefit

accruing for all the complementary public goods taken up within a certain period of time (Rpg1 and Rpg2, respectively). We arbitrarily

chose five time steps for Rpg1 and Rpg2.

For all simulations, we seeded our in-silico landscapewith eight cells placed in the center of the landscape tomimic the early phase

of pellicle formation. Cells then started to produce public goods, grew and divided defined by their growth function. We let bacteria

grow for 10,000 time steps in 50 independent replicates for each parameter combination. We examined three growth treatments,

which included the WT strain in monoculture, the two complementary strains PG1 and PG2 in monocultures, and the two comple-

mentary strains PG1 and PG2 in mixed cultures. In the mixed cultures, we varied the starting frequency of the two strains from 1:7

(PG1 to PG2) to 7:1. For all simulations, we extracted the absolute productivity of the biofilm and the relative fitness of the competing

strains within biofilms. To assess the role of public good diffusion on biofilm productivity and relative strain fitness, we varied public

good diffusion from 3 to 7 mm2/s in steps of 0.5 mm2/s. To take into account that the public goods TasA and EPS might generate

different benefits we varied the b1/b2 ratio from 1/9 to 1/1. Finally, we examined the effect of metabolic constraints on WT fitness

by varying f from 1 to 1.3. All parameters together with the specific values used are given in the Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Relative fitness
Relative fitness WA for strain A in competition with strain B was calculated as follows:

WA =
�
ln
�
CFUA 16h

�
CFUA start

����
ln
�
CFUB 16h

�
CFUB start

��

All replicates where one strain occurred to strongly dominate in the initial inoculum (exceeding initial 0.8 frequency) were removed

from the dataset.

Strain frequencies on plant roots
Ratios of theDepsGFP andDtasAmKate (and control with swapped fluorescent reporters) in root biofilmswere estimated from the ratios

of white pixel volumes measured on corresponding fluorescent images. Images were analyzed using ImageJ software. First, the root

and biofilm area it was manually selected on the white-light image. For each channel, the stacks were converted into binary images

and threshold was set up to > 0 value. Next, the root+biofilm selection was activated on the processed stacks and total pixel volumes

for each channel were extracted using ‘stacks statistics’ function.

Density correlation
The corresponding image stacks were dissected into cubes of 10 px side length. For each channel, the biovolume per cube was ob-

tained. For all cubes containing biovolume in either of the two fluorescence channels (designated ch1 and ch2) the total biovolume in

ch1 and ch2 within a sphere of a given radius (1 - 5 mm) was summed up, multiplied and normalized by the total volume of the sphere.
Current Biology 28, 1903–1913.e1–e5, June 18, 2018 e4
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The resulting value ranges from 0 (no correlation, no biomass in one of the channels) over 0.25 (50% of biomass in ch1, 50% of

biomass in ch2) to 1 (cube is completely filled in both channels = 100% overlap).

Statistical analysis
For relative fitness assay, statistical differences fromW = 1 were identified using one-sample Student’s t test. In case of productivity

measurements statistical differences between two experimental groups were identified using two-tailed Student’s t tests assuming

equal variance. Variances in the two main types of datasets (relative fitness, productivity) were similar across different samples. No

statistical methods were used to predetermine sample size and the experiments were not randomized. All relevant data are available

from the authors.
e5 Current Biology 28, 1903–1913.e1–e5, June 18, 2018
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Figure S1. Growth and matrix gene expression in the WT, ∆eps and ∆tasA. Related to Figure 1. (A) 

Planktonic growth of the WT and matrix-deficient mutants ∆eps and ∆tasA were monitored for 20 h. 

Red arrow represents the time point selected as suitable for the fitness assays. Grey area corresponds 

to surface colonization phase where matrix components EPS and TasA become beneficial for the cells 

and when OD reads become less reliable due to cell clumping (see Video S1). (B) Expression 

dynamics of eps and tasA were monitored in the WT using the Peps-gfp and WT PtasA-gfp reporter 

strains. It is important to note that the PtapA-gfp reporter construct produced significantly stronger 

signal than the Peps-gfp. Such differences can be due to actual differences in promoter strength or 

different efficiencies of promoter fusions. For panel A and B: data points represent an average (n=8) 

and error bars represent standard error. (C) Histograms of flow cytometric measurements for Peps-

gfp and PtapA-gfp in the WT and corresponding biofilm mutants. Y-axis shows normalized cell count 

and X-axis shows GFP fluorescence in arbitrary units. Negative control represents GFP expression in 

non-gfp-labelled WT strain. Representative images are shown for each strain (n=5). (D) Comparative 

analysis of CLSM images of Δeps PtapA-gfp, WT PtapA-gfp, ΔtasA Peps-gfp and WT Peps-gfp, to evaluate 

the expression of remaining matrix genes (from PtapA and Peps promoters, respectively) by matrix-

deficient strains. All strains used in this experiment constitutively expressed mKate. Width of each 

confocal image corresponds to 130 μm. 
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Figure S2. Role of motility and mixing in complementation assay. Related to Figure 1. (A) Three upper 

rows: matrix-proficient strains (WTs) and complementary mutant strains ∆eps+∆tasA labelled with 

different constitutive fluorescent reporters were mixed in 50:50 ratios and allowed to form pellicles. 

Three bottom rows: the same experiment was performed in flagellum-deficient background (∆hag). 

Assortment of strains in co-cultures was assessed after 48h (mature pellicles) using a fluorescence 

stereomicroscope. (B) Pellicles formed by WT strain mixtures with different fluorescent reporters 

(labeled 2xWT in the figure) and ∆eps+∆tasA mixtures labelled with different constitutive fluorescent 

reporters were visualized using CLSM. (C) Visual representation of density correlation function applied 

in (D); Left: example pellicle image of WTGFP+WTmKate obtained using CLSM; right: density correlation 

map for the same image with r = 2 µm. Blue: low density in either GFP or mKate channel. Yellow: high 

density in both channels. Scale bar represents 10µm. (D) Distribution of density correlation (2-class 

thresholding) for different ranges (see Methods) was compared for pellicles formed by matrix-

proficient strains (WTs) and complementary mutants ∆eps+∆tasA.  
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Figure S3. Native phenotypic heterogeneity in the expression of matrix components accessed at 

different time points. Related to Figure 2. (A) Volumes in GFP and mKate channels (obtained by 

manual thresholding) were merged, dissected into cubes and the average intensities in GFP and mKate 

for all cubes are plotted (see methods). The pellicles were sampled after 24h and 72h. The maximum 

density is normalized to 1 and the contour lines correspond to 0.05 decrease in density. (B) Pellicles 

formed by NCIB3610, NRS2242 (Peps-gfp), NRS3913 (PtasA-mKate) and NRS5832 (Peps-gfp PtasA-mKate) 

were sampled after 24h, 48h and 72h and analysed by flow cytometry. GFP (X-axis) and mKate (Y-axis) 

intensity were shown and threshold for fluorescent expression were set based on the cell distribution 

of NCIB3610. (C) Cell fluorescence distribution of NCIB3610, NRS3913 (PtasA-mKate), and NRS2394 

(PtasA-gfp) obtained via flow cytometry. Pellicles were grown for 48 h. (D) Corresponding bar chart 

(mean±SD) representing the fractions of ON and OFF cells in the pellicles analyzed in (C) (n=2). 
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Figure S4. Illustrative examples of simulated pellicle formation. Related to Figure 5. (A) Wildtype 

bacteria (blue discs), simultaneously producing the two complementary public goods TasA and EPS 

(depicted by the tiny colored dots) grows to high cell densities and forms circular pellicles. (B) Co-

culture of the two specialized mutants ∆eps (red discs, producing TasA) and ∆tasA (yellow discs, 

producing EPS) can complement each other by exchanging public goods. However, cell density is lower 

at the end of the simulation compared to the wildtype since these examples assume that there are no 

metabolic constraints of producing two public goods in the wildtype. (C) Inefficient complementation 

between the two mutants at a non-optimal strain ratio leads to low cell density in the pellicle. These 

examples further demonstrate that a high proportion of public goods is lost by diffusion, especially at 

low cell densities (i.e. early time points). Parameter settings were: public good diffusion d = 5, 

metabolic constraints f = 1, benefits b1 = b2 = b3 = 0.0005. 
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Figure S5. Variables affecting in-silico biofilm productivity of the wild type strain. Related to Figure 

5. (A) - (C) Simulated biofilm formation of the wild type strain, simultaneously producing TasA and 

EPS. Biofilms were initiated with eight cells, each producing the two matrix components at the same 

rate and growing according to their fitness function (see STAR methods). Panels show endpoint 

productivity of the biofilms after 10,000 time steps, under conditions, where the diffusion coefficient 

d of the matrix components (A), the relative benefit b of the two matrix components (B), or the 

strength of metabolic constraints f for simultaneously producing two matrix components (C) were 

varied. Panels (D) - (F) show the number of cell doublings for different time intervals and for different 

levels of phenotypic heterogeneity. All simulations started with 8 cells. The metabolic constraint value 

was set to f = 1.16. With this value, unspecialized and completely specialized groups perform equally 

well across the entire growth cycle. It thus allows to compare how intermediate levels of specialization 

compare relative to these two extremes. The implemented levels of phenotypic heterogeneity were: 

0 = 8 unspecialized cells; 1 = 6 unspecialized cells + 1 TasA specialist + 1 EPS specialist; 2 = 4 

unspecialized cells + 2 TasA specialists + 2 EPS specialists; 3 = 2 unspecialized cells + 3 TasA specialists 

+ 3 EPS specialists; 4 = 4 TasA specialists + 4 EPS specialists. Dashed lines indicate trend lines of the 

best significant fit to the data. If not indicated otherwise, parameter settings were d = 5, f = 1, b1 = b2 

= b3 = 0.0005. 

 

238



 

 

Table S1. Bacterial strains used during experiments or as a source of genomic DNA. Related to 

STAR Methods. 

  

Strain name Genotype Reference 

DL1032  eps::tet, tasA::Km, amyE::PsrfAA-lacZ (ery) [S1] 

NCIB3610 Prototroph NSW laboratory 

TB601 3610 comIQ12I eps::tet This work 

TB602 3610 comIQ12I tasA::spec [S2] 

TB863 3610 comIQ12I tasA::kan This work 

TB500 3610 comIQ12I amyE::Phyperspank-GFP (SpecR) [S2] 

TB501 3610 comIQ12I amyE::Phyperspank-mKate (SpecR) This work 

TB524 3610 comIQ12I eps::tet amyE::Phyperspank-GFP (SpecR) This work 

TB525 3610 comIQ12I eps::tet amyE::Phyperspank-mKate (SpecR) This work 

TB538 3610 comIQ12I tasA::kan amyE::Phyperspank-GFP (SpecR) This work 

TB539 3610 comIQ12I tasA::kan amyE::Phyperspank-mKate (SpecR) This work 

168hymKate 168 amyE∷Phyperspank-mKATE2 (CmR) [S3] 

TB864 3610 comIQ12I amyE::Phyperspank-mKate (CmR) sacI::Peps-gfp 

(KmR) 

This work 

TB865 3610 comIQ12I amyE::Phyperspank-mKate (CmR) sacI::PtapA-gfp 

(KmR) 

This work 

Anc Kate 

Peps-GFP 

3610 comIQ12I tasA::spec amyE::Phyperspank-mKate (CmR) 

sacI::Peps-gfp (KmR) 

This work 

Anc Kate 

PtapA-GFP 

3610 comIQ12I eps::tet amyE::Phyperspank-mKate (CmR) 

sacI::PtapA-gfp (KmR) 

This work 

TB960 3610 comIQ12I amyE::PtapA-mKate (CmR) sacI::Peps-gfp 

(KmR) 

This work 

TB961 3610 comIQ12I amyE::Peps-mKate (CmR) sacI::PtapA-gfp 

(KmR) 

This work 

TB962 3610 comIQ12I amyE::PtapA-mKate (CmR) sacI::PtapA-gfp 

(KmR) 

This work 

NRS2394  3610 sacA::PtapA-gfp (KmR) [S4] 

NRS3913  3610 amyE::PtapA-mKate2 (CmR) This work 

NRS2242  3610 sacI::Peps-gfp (KmR) [S4] 

NRS5832  3610 sacI::Peps-gfp (KmR) amyE::PtapA-mKate2 (CmR) This work 

239



 

Primer Experimental purpose Sequence 

oTB172 Cloning eps promoter into pmKATErrnB CACGAATTCCAACAGCCAGCTGATTAAT

AG 

oTB173 Cloning eps promoter into pmKATErrnB CTGAGCTAGCCATTTCCTCTCCTCCTTCC

CGCGGCTGGCTTC 

oTB174 Cloning tapA promoter into pmKATErrnB CACGAATTCCCTTCCCTCAGAGTTAAAT

G 

oTB175 Cloning tapA promoter into pmKATErrnB CTGAGCTAGCCATTTCCTCTCCTCCTGTA

AAACACTGTAAC 

oTH1 Cloning Phyperspank-mKate into pWK-Sp GCATCTAGAGTTGCTCGCGGGTAAATG

TG 

oTH2 Cloning Phyperspank-mKate into pWK-Sp CGAGAATTCATCCAGAAGCCTTGCATAT

C 

NSW1026 Amplification mKate2 from plasmid 

pTMN387 

GTACAAGCTTAAGGAGGAACTACTATG

GATTCAATAGAAAAGGTAAG 

NSW1027 Amplification mKate2 from plasmid 

pTMN387 

GTACGGATCCTTATCTGTGCCCCAGTTT

GCT 

 

Table S2. Primers used in this study. Related to STAR Methods. 
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Parameter Description Value(s) 

µ basic growth rate 1 

D cell diffusion 0.01 

d public good diffusion 3 - 7 µm2/s 

 stiffness of decay function 0.1 

 public good durability 500 s 

c1 cost of public good 1 (TasA) 0.0005 per molecule 

c2 cost of public good 2 (EPS) 0.0005 per molecule 

f metabolic constraint factor 1 - 1.3 

b1 benefit of public good 1 (TasA) 0.0001 - 0.0009 

b2 benefit of public good 2 (EPS) 0.0001 - 0.0009 

b3 synergistic benefit 0.0005 

   

 

 

 Table S3. Parameters and specific values used in modeling. Related to STAR Methods. 
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Appendix II: Shining a light on the unseen heroes 

of cosmetic products 



244 

This appendix includes the context I contributed to “Shining a light on the unseen 

heroes of cosmetic products” (September 2016, not peer-reviewed) 

List of contribution: 

Organize the components in the cosmetic products which are extracted from bacteria 

and used in the markets. 



FEATURES

Shining a light on the unseen 
heroes of cosmetic products

LEVAN  Bacterial Source:  Production requires an enzyme extracted from Erwinia, 
Streptococcus, Pseudomonas, Zymomonas spp. and Bacillus subtilis

Properties: Skin protecting, film forming, increase viscosity 
Usages: Skin-moisturizing, reduction of skin irritation and 

skin-whitening effects

GELLAN GUM Bacterial Source:  Sphingomonas paucimobilis
Properties: Increase viscosity
Usages:  Emulsion stabilizer, viscosity-increasing agent

HYALURONIC ACID Bacterial Source:  Streptococcus equi subsp. zooepidemicus
Properties: Skin conditioning, increases viscosity
Usages:  Dermal filler via injection, anti-ageing creams

XANTHAN GUM Bacterial Source:  Xanthomonas campestris
Properties: Increases viscosity
Usages:  Viscosity controller, oral hygiene products such as toothpastes

The utility of bacteria in producing materials that are 
used in everyday cosmetic products is diverse, and it is 
likely that more materials will come onto the market. 
One polymer that is at more advanced stages of 
development is bacterial cellulose, which can be 
extracted from Gluconacetobacter xylinus and is being 
considered as a replacement to plant-derived material 
(cellulose gum). Cellulose gum has reported uses in 
wound-healing, skin repair and in the construction of 
artificial nails. Increasing consumer demand for innovative 
products, balanced by growing concerns about the 
sustainability of source materials, drive the development 
of components derived from microbial systems. 

Watch this space (and your cosmetics) to see what 
new materials will enter into commercial use! 
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Cosmetics, and other personal care items, are complex 
multiphase formulations, meaning that they comprise 
multiple individual ingredients that are combined to 
generate the final product with distinct properties.  

Here we briefly shine a light on the unseen heroes that 
are used for the production of fast-moving consumer 
goods including toothpaste and face cream.
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