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Highlights 

 

• The biofilm formation and interaction between P. fluorescens, S. aureus, and L. 

monocytogenes are dependent on the nutrient concentration, with higher nutrient levels 

leading to higher biofilm formation, greater exopolysaccharide production, enhanced 

tolerance to sanitisers, and synergistic interactions.  

 

• The shear stress impacts the biofilm formation in both single and multi-species biofilm. 

L. monocytogenes showed weak biofilm formation (cell counts) under flow but 

increased in dual species and triple species biofilm where P. fluorescens was present.  

 

• Filament-like structures formed with L. monocytogenes in a single species biofilm 

under turbulent flow (shear stress), which were absent in dual species biofilm (with P. 

fluorescens), indicating better adaptation in a multispecies arrangement compared to a 

single species under shear stress. 

 

• The dual-species biofilm formed by P. fluorescens and L. monocytogenes is 

significantly impacted by the sequence of colonisation. L. monocytogenes showed 

significantly higher attachment (30 min) and biofilm formation when introduced to a 

pre-formed P. fluorescens biofilm (48 h). 
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Abstract  

 

Multispecies biofilms are an arrangement of sessile communities of multiple species of 

bacteria, embedded within the 3D structure of the extracellular matrix produced by multiple 

microorganisms in the community. These biofilms can be found in many natural environments, 

such as food, clinical, and natural surfaces. When multiple species of bacteria come together, 

the interactions between these bacteria define the evolution of the biofilm, including 

pathogenicity and response to cleaning and sanitizing agents. The existing research focus has 

been extensively on single-species biofilm, as these are simpler to study. However, in a natural 

environment, multi-species biofilm is the most common. The variables present in the 

environment can impact the complex interactions in multispecies biofilms. This study 

hypothesized that multispecies biofilms have different biofilm properties compared to their 

single-species counterparts, and common variables encountered in the food industry, such as 

nutrients and flow, significantly impact both single and multispecies biofilm formation. 

For the first research objective, single, dual, and triple species biofilm from a combination of 

spoilage and pathogenic bacteria relevant to food processing, P. fluorescens, S. aureus, and L. 

monocytogenes, were studied for changes in the interactions under different nutrient 

environments on polystyrene surfaces. The crystal violet values (O.D590 nm) and interaction 

equations showed that the interactions between the bacteria can develop into competition under 

nutrient limitation (10% TSB), in contrast to synergy under nutrient abundance (full-strength 

TSB). These observations were supported by higher biofilm formation based on total biomass 

and higher exopolysaccharide under nutrient-abundant conditions. Since the cell 

concentrations between the bacteria formed under both nutrient conditions were comparable, 

it may be possible that under low nutrient conditions, the bacteria are focused on survival rather 

than on matrix overproduction as observed in nutrient-abundant conditions (Chapter 3). All 

three bacteria involved showed increased tolerance against sodium hypochlorite sanitizer in the 

multispecies arrangement compared with their single-species counterparts, more so prominent 

in L. monocytogenes with 1.1 log10 reduction in multispecies compared to its single species 

tolerance (4.3 log10 reduction), indicating added protection in multispecies biofilm. 

The next objective examined biofilm formation on an industrially relevant surface, stainless-

steel, under the influence of turbulent flow (Reynold number > 4000). The impact of flow in 

single and multispecies biofilm formation was analysed using the Centre for Disease Control 
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and Prevention (CDC) bioreactor. Both single and multispecies biofilm formation were 

significantly impacted by the turbulent flow, with higher exopolysaccharide (EPS) and 

increased tolerance to sodium hypochlorite sanitizer in biofilm formed under flow compared 

to the static system. Epifluorescence microscopy revealed structural variation, with interstitial 

voids present in the three-species biofilm, which was not observed in the static system 

(Chapter 4). The impact of turbulence was more pronounced for single and dual species 

combinations of S. aureus and L. monocytogenes, with observations such as macroscopic 

threads and microscopic filaments and low cell concentrations in both single and dual species 

biofilm. In the presence of P. fluorescens, both these structures were absent, and the cell 

concentrations increased significantly (p<0.05) in the multispecies biofilm. 

The filamentous cell formation in single species and its absence, followed by a significant 

increase in L. monocytogenes cells in the dual species biofilm with P. fluorescens under 

turbulent flow, were further analysed. Preliminary analysis found that the cell concentration of 

L. monocytogenes in a single species was limited to 5.1 log10 CFU/cm2 after 48 h, where 

filamentous cells (27.7 µm in length) were observed. In dual species with P. fluorescens, the 

cell concentration reached 8.7 log10 CFU/cm2, and no filaments were observed. Gene 

expression analysis showed significant (p<0.001) downregulation of motB (motility), sigB 

(stress), and cell division (ftsX and ftsW), and upregulation of mpl (adhesion) and rodA (rod 

shape), indicating L. monocytogenes adaptation to shear stress (Chapter 5). While the gene 

expression and motility studies provide insight into stress adaptation and filament formation, 

further insights into the significantly higher cell concentration of L. monocytogenes in dual-

species biofilm with P. fluorescens can be understood through sequential biofilm formation. 

For the final chapter, the sequence of attachment and biofilm formation in a dual species 

biofilm of P. fluorescens and L. monocytogenes under both static and turbulent flow conditions 

was investigated to further understand why L. monocytogenes cells show a spike in cell 

concentration under turbulent flow in dual-species biofilms. Results showed that this 

significant spike can be observed within 48 h in 2 conditions: when both bacteria are co-

inoculated, and secondly, when L. monocytogenes was added into the 48 h preformed P. 

fluorescens biofilm. The preformed P. fluorescens biofilm also correlated with higher 

attachment (30 min) of L. monocytogenes cells (Chapter 6). Interestingly, the conditioning of 

the stainless-steel surfaces by freeze-dried and rehydrated exopolysaccharides (0-27.5 µg/mL) 

extracted from P. fluorescens biofilm did not affect the attachment of L. monocytogenes, 

indicating other factors, such as biofilm structure, other biofilm components, or the presence 
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of P. fluorescens cells, could be at play. While the initial attachment of P. fluorescens was 

negatively affected by the Listeria preformed biofilm formed under flow, the overall biofilm 

(cell concentration) was not affected by either the flow or the colonisation order. This chapter 

provides insight into the significantly higher growth of L. monocytogenes in multispecies 

biofilm under turbulent flow, also observed in the previous chapter. 

Overall, the presence of multiple bacteria in the three species biofilm selected for this study 

altered the cell composition of the biofilm, the exopolysaccharide concentration, stress 

adaptation, and the tolerance to sanitizers, indicating the importance of studying multispecies 

biofilm as the natural state of biofilm in the environment. This is the first reported study on 

biofilms in these three species to examine the nutrient and flow variables and to provide 

insights into how the interaction between bacteria varies in response to these external variables. 
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1.1 Background 

 

Biofilm is composed of microbial cells embedded in the extracellular polysaccharide matrix 

produced by bacteria and is attached to biotic/abiotic surfaces (Rodríguez-Melcón, Alonso-

Hernando, et al., 2021). Bacteria rarely exist by themselves in any relevant environment, 

including, but not limited to, food contact surfaces (Zhou, Dong, et al., 2024), natural 

environments (Raghupathi et al., 2018), waste-water treatment plants (Huang et al., 2019), 

medical equipment and surfaces (Maillard & Centeleghe, 2023), and marine fouling (Park et 

al., 2025). The number of bacteria in these multispecies arrangements can range from dual 

species to hundreds, residing in the same community and undergoing different interactions 

(Tan et al., 2017). The beneficiaries are decided through bacterial interactions and spatial 

structures equipped with an array of channels for the distribution of nutrients and removal of 

waste materials (Pang et al., 2017; Sauer et al., 2007). The evolution of planktonic cells to 

sessile cells benefits the bacteria by providing increased resistance to stressors (antibiotics, 

antimicrobials, and host immunity), and an organised distribution of nutrients (Bottery et al., 

2021; Donlan, 2001; Shrout et al., 2011), stable spatial arrangement for metabolites and genetic 

material exchange (Molin & Tolker-Nielsen, 2003), and mechanical stability (Mosteller & 

Bishop, 1993). Multispecies biofilm formation on any biotic/abiotic surface takes place 

through various stages, initiated by the irreversible attachment of one or more bacteria to the 

surface, followed by the production of extracellular matrix (ECM), microcolony formation, 

maturation, and sequential dispersal of biofilms (Jahid & Ha, 2014). The major constituents of 

the extracellular matrix in the biofilm are extracellular polysaccharides (EPS), enzymes, 

bacteriocins, proteinaceous substances, and nucleic acids (Hobley et al., 2015; Schilcher & 

Horswill, 2020). 

Pseudomonas, Staphylococcus, and Listeria are among the most frequently isolated bacteria 

from industrial surfaces, both in single-species and multispecies communities (Dong et al., 

2022; Kart et al., 2014; Zhou, Dong, et al., 2024). There have been reports of the enhanced 

attachment and growth of Listeria in the presence of specific Pseudomonads (Norwood & 

Gilmour, 2000; Rodríguez-López et al., 2022), and Staphylococcus being the 

precursor/signalling microorganisms to test for the presence of Listeria specific to the dairy 

industry when sampled in 15 dairy plants (Frank et al., 1990). These arrangements can result 

in a complex biofilm with a complicated spatial structure and emergent properties, rendering 

the single-species targeted antimicrobials less effective or even ineffective (Alonso et al., 2020; 
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Tadielo et al., 2022; Wang et al., 2021; L. Yuan, M. F. Hansen, et al., 2020). The interaction 

between these multiple bacteria in the biofilm directly affects the formation and maturation 

through interspecies interactions, such as neutral, antagonistic, or synergistic (Elias & Banin, 

2012). While the neutral interaction has no specific effect on the bacteria present, the 

synergistic interaction can result in the formation of persistent biofilms with emergent and 

functional properties, distinct from those of a single species (Wicaksono et al., 2022). These 

interactions have been hypothesized to be impacted by the environmental factors that are 

universal in natural/food processing environments (Guillonneau et al., 2018; Luo et al., 2022).  

When the dynamic nature of these interactions is taken into consideration, biofilm properties 

such as population diversity, spatial arrangement, exopolysaccharide networks, and the 

response to sanitizers cannot be predicted from the fixed condition biofilms (Røder et al., 2020; 

Tan et al., 2017). This research aims to understand the biofilm formation, properties, and 

response of bacteria in multispecies biofilms under environment-dependent factors, such as 

nutrient variation, substrate, shear stress, and the sequence of colonization. This information 

will aid in understanding the evolution of biofilm in such habitats and the repercussions these 

could have on overall diversity and the persistence of biofilm.   

1.2 Research questions 

 

a) Does the nutrient availability and substrate material influence the biofilm formation of 

Pseudomonas fluorescens 2614, Staphylococcus aureus subsp. aureus Rosenbach 

(ATCC 9144), and Listeria monocytogenes H1 in a single, dual, and triple species 

biofilm? Are the interactions between these bacteria fixed or dynamic, depending upon 

these variables?   

 

b) Do the hydrodynamics (shear stress) of the media impact the biofilm formation in single 

and multispecies? How does L. monocytogenes H1 adapt to hydrodynamic stress, 

especially in multispecies biofilm? 

 

c) Is there an optimal order of colonization of the surface by the bacteria for the best fitness 

of the multispecies biofilm? Is attachment, maturation, or detachment impacted by the 

presence of preformed conditioned biofilm on a surface? 
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1.3 Objectives 

 

The primary objective of this study is to evaluate and understand the interspecies interactions 

between bacteria: Pseudomonas fluorescens 2614, Staphylococcus aureus subsp. aureus 

Rosenbach (ATCC 9144), and Listeria monocytogenes H1 in a multispecies biofilm under 

variables relevant to food industry surfaces.  

a) To understand the impact of nutrient variation on the biofilm formation, interaction, 

and sanitizer tolerance between Pseudomonas fluorescens 2614, Staphylococcus 

aureus subsp. aureus Rosenbach (ATCC 9144), and Listeria monocytogenes H1. 

 

b) To analyse the impact of turbulent flow on the single and multispecies biofilm 

formation. 

 

c) To assess the impact of sequential colonization on the dual-species biofilm formation 

by P. fluorescens 2614 and L. monocytogenes H1. 

 

1.4 Hypotheses for the research 

 

The biofilm formation and interactions between bacteria are significantly influenced by 

variables such as nutrient content, hydrodynamic conditions, and the sequence of colonisation, 

and are vital to understand for the control of multispecies biofilms.  
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2. Chapter 2. Literature Review 

 

 

 

This chapter contains material that was published as a peer-reviewed article: 

Pant, K., Palmer, J., & Flint, S. (2025). Multispecies biofilm cities and the importance of the 

order of colonization. Food Control, 111319.  
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2.1 Introduction  

 

Biofilms are sessile communities of cells embedded in the extracellular matrix of 

polysaccharides, formed to protect from adverse conditions (Ramstedt & Burmølle, 2022).   

Biofilms are often considered a stress response to environmental changes. In food, 

environments, and industrial settings, the probability of bacteria existing in multispecies 

communities is higher than that of bacteria existing by themselves (Lee et al., 2014; Liu et al., 

2018; Wang et al., 2021). By existing in a mixed population, the bacteria gain the advantage 

of maximum exploitation of the current environment, as well as a competitive advantage over 

the co-existing bacteria in the biofilm (Natan et al., 2022). This is possible because of 

interspecies communication between bacteria via multiple pathways, including, but not limited 

to, genetic material transfer, quorum sensing, metabolic pathways, and physical interactions 

(Joshi et al., 2021). Understanding the interactions and communications between bacteria is 

vital to developing biocidal agents with increased effectiveness in biofilms (Kirisits & Parsek, 

2006). 

In food, several resident bacteria such as Pseudomonas spp, Serratia, Staphylococcus, 

Stenotrophomonas spp, and Bacillus licheniformis have been noted to thrive in the niches of 

industry surfaces, where they can attach themselves and enhance the chance of contamination 

through food that comes into contact with the surface (Cleto et al., 2012). Pseudomonas 

fluorescens is a gram-negative, rod-shaped, motile, spoilage bacterium and is extensively 

studied in biofilm research as a model organism for single-species biofilm formation (Kumar 

et al., 2019). P. fluorescens is a challenging bacterium in the food industry (milk and milk 

products, meat products, and vegetable processing industries) for its ability to grow in a wide 

range of temperatures and the production of heat-resistant spoilage enzymes (proteases, lipases, 

lecithinases), volatile compounds, and pigments (Decimo et al., 2014). P. fluorescens can 

attach to several substrates (milk tankers, drains, conveyor belts) of varying materials and form 

biofilm, and enhance its tolerance to chemical (disinfectants) and environmental stress 

(desiccation) (Rossi et al., 2016). Staphylococcus aureus is a gram-positive, non-motile, 

coccus-shaped, food-borne pathogen capable of producing enterotoxins (Léguillier et al., 

2024). The enterotoxins are resistant to proteolytic enzymes in the human gastrointestinal tract, 

allowing them to cross the gastrointestinal barrier and enter the blood, resulting in nausea, 

abdominal pain, diarrhoea, and fever 12-48 h after 8 h of consuming contaminated food. The 

consumption of S. aureus-contaminated foods can result in mild food poisoning to life-
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threatening illnesses (Bencardino et al., 2021). Listeria monocytogenes is a gram-positive, rod-

shaped, motile pathogen involved in several foodborne outbreaks over the years because of its 

ability to survive low temperatures (0-4°C), high salt, and pH environments (<4.4) (Colagiorgi 

et al., 2016). The consumption of L. monocytogenes-contaminated food can result in 

‘listeriosis’, and although rare, it can be fatal to immunocompromised individuals, such as 

pregnant women, infants, and older people, making it a public health concern (Liu et al., 2024). 

L. monocytogenes can form biofilm on multiple surfaces relevant to food industries (glass, 

plastic, polypropylene, rubber, and stainless-steel) and show higher tolerance to chemical 

disinfectants when embedded in its exopolysaccharide matrix (Bonsaglia et al., 2014).  

The biofilm is a complex structural formation where the cells are in a sessile form in their own 

matrix of components consisting of polysaccharides, proteins, enzymes, and other metabolites 

(Røder et al., 2016). The presence of bacteria in the biofilm (oral) is limited to 5-25% of the 

volume, the bulk (75-95%) being exopolysaccharides (Huang et al., 2011). These components 

are known to assist in the adhesion and maturation of biofilms at different stages of biofilm 

formation. In addition, the EPS provides physical support and protection against desiccation 

and osmotic pressure changes while acting as a warehouse for the nutrients, trace minerals, and 

cell-promoting metabolites (Schlafer & Meyer, 2017). The composition of the biofilm matrix 

of Staphylococcus aureus in tryptone soy broth (TSB) consists of protein (82.5%), 

polysaccharides (82.5%), and extracellular DNA (8.9%), respectively. Similarly, the matrix of 

a mature L. monocytogenes biofilm formed in TSB supplemented with 0.3% w/v yeast extract 

consists of proteins (83.3%), polysaccharides (10.9%), and extracellular DNA (5.67%) 

(Cervantes-Huamán et al., 2022).  

P. fluorescens, S. aureus, and L. monocytogenes have several colonisation and nutritional 

niches (meat, dairy, fresh cut fruits and vegetables processing surfaces) in common, which 

result in a multispecies biofilm complex along with other background micro-organisms (Figure 

2.1). The food safety risk increases when pathogens such as S. aureus and L. monocytogenes 

are capable of hiding in the matrix formed by higher biofilm formers, such as P. fluorescens, 

and survive strategies employed to remove them from food contact surfaces (Carrascosa et al., 

2021; Fagerlund et al., 2021). 

In mixed species biofilm, these bacteria that colonize the surface first and regulate the 

interactions with the secondary bacteria are also referred to as resident microbiota (Hascoët et 

al., 2019), founder bacteria (Clarke, 2016; Eigentler et al., 2022), pioneer bacteria (Lapointe et 
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al., 2019), or promoter bacteria (Prabhukhot, Eggleton, Kim, & Patel, 2024). The impact of 

early colonizers on later colonizers can be either inhibitory or facilitative, also termed as 

‘priority effects’ (Fukami, 2015; Olsen et al., 2019). These priority effects define the 

composition and interactions among bacteria in the biofilm (Fukami, 2015). In facilitative 

conditions, the resident microbiota create a microenvironment that allows the second pathogen 

to acquire nutrients/metabolites. More recently, under inhibitory conditions, the concept of 

biocontrol by using a non-pathogen as a primary colonizer has also been explored (Angoshtari 

et al., 2023). 

The impacts of multispecies biofilms have been studied extensively in the human gut (Debray 

et al., 2022; Gensollen et al., 2016; Gibbons et al., 2017; Lee et al., 2013), and nature 

(soil/plants) (Eng et al., 2020; von Gillhaussen et al., 2014). Microbes on food surfaces also 

follow similar patterns of biofilm assembly (Pang & Yuk, 2019). With the added complexities 

of biotic (multiple strains/species/kingdom) and abiotic (food industry surface, wastewater 

treatment surface, medical implants in clinical settings) variables, the biofilm formation, spatial 

arrangements, and the interactions between the bacteria discussed in the literature will vary 

from case to case (Sauer et al., 2022). Multispecies biofilms have been described as similar to 

cities (Clarke, 2016) with their own architecture, cross-feeding, and microenvironment 

maintenance within the biofilm (Paula et al., 2020). This chapter explores biofilm formation in 

single and multispecies arrangements, their interactions and spatial arrangements, the impact 

of colonisation sequence, and the removal of multispecies biofilm from industrially relevant 

surfaces. 
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Figure 2.1 Co-occurrence of Pseudomonas, Staphylococcus, and Listeria in multispecies arrangements in food processing industries
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2.2 Biofilm formation 

 

There are five stages of biofilm formation according to the single-species model: 

a) Reversible attachment b) Irreversible attachment c) Maturation d) Microcolony formation 

and e) Detachment (Sauer et al., 2022). When multiple bacterial species approach a surface, 

they can form a multispecies biofilm. However, simultaneous attachment of multiple species 

of bacteria at the same time is rarely observed. The variation in the formation steps can be 

observed with the assumption of sequential colonisation as represented in Figure 2.2: a) 

primary coloniser attaching to the surface, b) microcolony formation by the primary coloniser, 

c) attachment of secondary bacteria on the microcolonies formed by the primary coloniser, and 

d) sequential dispersion of the biofilm (Cheah & Bae, 2023). In the presence of multispecies 

bacteria, higher biofilm-forming bacteria/fast colonisers become the primary colonizers, often 

easing the attachment of the lower biofilm-forming bacteria. For example, in multispecies 

biofilm containing Pseudomonas, early attachment of Pseudomonads is observed frequently, 

owing to their ability to form higher biofilm (Periasamy et al., 2015). 

a) Attachment 

The first stage of biofilm formation requires the contact between biotic and abiotic surfaces 

and bacteria, facilitated by the flow of the media, electrostatic forces, Brownian motion of the 

particles in the media, sedimentation, in addition to the structural characteristics of bacteria 

such as flagella and pili, proteins, and surface polysaccharides (Floyd et al., 2017; Luo et al., 

2022). The impact of these forces can be predicted using DLVO (Derjaguin, Landau, Verwey, 

and Overbeek) theory, which summarises the interaction of van der Waals forces (attraction) 

and electrostatic forces (repulsion at neutral pH). In addition, the presence of food and non-

food components settled on surfaces from the bulk flow can alter surface properties 

(hydrophobicity, electrostatic charges) through the formation of a conditioning film and 

subsequently impact bacterial attachment (Palmer et al., 2007). The attachment step is 

reversible and can be affected by insufficient adhesive compounds in the combined flow 

patterns. In addition to the surface attachment, the formation of a microcolony requires the 

attachment of bacteria to the adjacent cells (autoaggregation or coaggregation) and the 

immobilized cells on the surface (co-adhesion) (Foster & Kolenbrander, 2004; Joshi et al., 

2021; Kolenbrander et al., 2010; Yao et al., 2022). Similar to a single species attachment, the 

attachment of a second bacterium to the primary microcolony also requires coaggregation 
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between the bacteria (Clarke, 2016). This coaggregation was observed to be higher for dual 

species biofilm of L. monocytogenes and Myroides odoratus compared to their single species 

counterparts (Jacobs & Chenia, 2009). Sequential attachment and ecological succession of the 

bacteria were observed in dual-species biofilm of E. coli and P. aeruginosa, with E.coli 

attaching first (fast coloniser) but being overpowered by P. aeruginosa, which attached itself 

to the E. coli biofilm in the later stages (slow coloniser) (Wetherington et al., 2022). After 

surface attachment, bacteria multiply within the matrix, laying the foundation for biofilm 

maturation. The accumulation of loosely adhered exopolysaccharides is required around the 

polar region of the cell to form a stable arrangement and an irreversible structure. The bacterial 

composition of the biofilm at the time of attachment can differ significantly from that of the 

mature multispecies biofilm, depending on the microbes involved and internal and external 

stimuli (Clarke, 2016).   

b) Maturation 

A mature biofilm consists of compact layers of multiple species of bacteria embedded in the 

extracellular matrix with microenvironments suitable for each bacteria and linked with 

interstitial channels throughout the layers, providing access of nutrients to cells under the layers 

and an outlet for waste metabolites (Yao et al., 2022). The properties and constituents of a 

mature biofilm can be vastly different depending on the complexities of bacterial species in the 

biofilm (Eigentler et al., 2022). The relative abundance of bacteria in a mature biofilm is 

determined by their ability to replace themselves while withstanding various stresses, including 

nutrient gradients, environmental factors (temperature, oxygen, pH, shear), and other metabolic 

challenges. Due to these variables, the question of how the founding cell impacts the mature 

biofilm and the intercellular interactions remains a mystery on many levels (Eigentler et al., 

2022). In a 79-day biofilm maturation study, most (six out of nine) of the founder bacteria 

abundant (>5%) at 8 days were replaced by minority species at the 79-day endpoint. 

Additionally, the bacteria that dominated the overall multispecies biofilm were observed in 

significant concentrations only from the 56-day mark of the 79-day study (Brislawn et al., 

2019). Hence, the higher abundance of a single bacterium type is not guaranteed and has been 

reported to fluctuate as the biofilm matures. The presence of multispecies also impacts the 

properties of a mature biofilm. The time taken for the maturation of dual species biofilm of 

Shewanella baltica and P. fluorescens was found to be longer despite the decreased thickness, 

biomass, and polysaccharide content compared to their single species counterparts (Zhu et al., 

2019).  
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A mature biofilm is a complex structural formation where the cells are in a sessile form in their 

own matrix of components commonly known as extracellular matrix, which includes 

polysaccharides, proteins, enzymes, and other metabolites (Røder et al., 2016). The 

exopolysaccharide provides physical support and protection against desiccation and osmotic 

pressure changes, meanwhile acting as a warehouse for the nutrients, trace minerals, and cell-

promoting metabolites (Schlafer & Meyer, 2017).   

c) Dispersal  

Dispersion of the biofilm is often triggered by external stimuli/stress factors, such as nutrients, 

pH, oxygen availability, and temperature (Roy et al., 2021), as well as internal agitation 

between bacteria, facilitated by the release of dispersal enzymes (Rumbaugh & Sauer, 2020). 

In multiple species, the dispersion of a bacterium from the biofilm can create opportunities for 

other bacteria to attach to the hollow voids left behind and colonise the space (Culotti & 

Packman, 2014). In a three-species biofilm composed of P. aeruginosa, E. coli, and E. faecalis, 

P. aeruginosa dispersal was higher in biovolume than in the other two species, allowing all 

three bacteria to maintain their populations and coexist in the biofilm. In the lack of dispersion, 

P. aeruginosa dominated the biofilm, displacing both E. coli and E. faecalis. The periodic 

dispersal of  P. aeruginosa cells allowed the coexistence and population boom of other bacteria 

in the multispecies biofilm (Holt et al., 2024). While there are assumptions that the dispersal 

of higher EPS-producing bacteria that produce surfactants, such as rhamnolipid, is also capable 

of removing other bacteria from the biofilm (Wood et al., 2018). This is highly dependent on 

the spatial arrangement and location of the bacteria within the biofilm. It can also be assumed 

that the bacteria embedded in the Pseudomonas biofilm layers might be removed during the 

dispersal of Pseudomonas biofilm, allowing the rare species on the outskirts an opportunity to 

multiply and flourish (Holt et al., 2024). In addition to the natural biofilm cycle, the removal 

of predominant bacteria (Stenotrophomonas maltophilia) through antimicrobial treatment 

increased the abundance of an antimicrobial-resistant, smaller bacterial community (E. faecium 

and Stenotrophomonas haemolyticus) in a multispecies biofilm (Wicaksono et al., 2022). In 

addition to the presence of multiple species of bacteria already existing in the biofilm, the 

attachment of new bacteria to the remnants of EPS produced by the primary after dispersion or 

cleaning is very much a possibility (Puga et al., 2018). Either way, the dispersal of bacteria in 

multispecies biofilm is closely related to the concept of competition-colonization trade-off in 

multispecies bacteria competing for space and resources in the biofilm (Wetherington et al., 

2022).   
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Figure 2.2 Multispecies biofilm formation steps with sequential colonisation and 

sequential detachment 

2.3 Quorum sensing in multispecies biofilm 

 

In a biofilm, communication between bacteria is facilitated by the secretion and reception of 

specific effector molecules, also known as auto-inductors (Elias & Banin, 2012). These effector 

molecules significantly impact the bacterial attachment, nutrient uptake, and virulence in 

biofilms (Hosni et al., 2011). Currently, three quorum-sensing molecules are known to mediate 

this type of communication. Acyl Homoserine lactones (AHLs) (specific for gram-negative 

bacteria), autoinducer peptide compounds (AIP), and autoinducer-2 (AI-2) for gram-positive 

and interspecies communication between bacteria. Autoinducer-2 (AI-2) is a universal 

interspecies communication molecule present in bacteria, which gives rise to signalling 

pathways (Bai & Rai, 2011; Miller & Bassler, 2001; Schauder & Bassler, 2001). The 

concentration of these autoinducers is a deciding factor in the expression of genes responsible 

for EPS production and biofilm formation. In a three-species biofilm comprising P. aeruginosa, 

P. protegens, and K. pneumoniae, the AHL molecule produced by P. aeruginosa was detected 

as a community modulating (higher biomass and tolerance to chemical stress) quorum-sensing 

molecule (Subramoni et al., 2021). When P. aeruginosa in the biofilm was replaced with QS 

mutants, the community's stress resistance was lost, indicating that a single bacterium can act 

as a keystone species regardless of its proportion in the biofilm (Subramoni et al., 2021). In the 

antagonistic dual-species biofilm of Salmonella and P. aeruginosa, AHLs produced by P. 

aeruginosa interrupt the cell division process and adhesion properties of Salmonella, resulting 
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in the inhibition of Salmonella in the dual-species biofilm (Wang et al., 2013). The P. 

aeruginosa lasl mutant produced flat, unstructured biofilms with reduced tolerance to 

detergents (sodium dodecyl sulphate), compared to the large aggregate structures typically 

observed in wild-type strains (Passos da Silva et al., 2017). In the dual species oral biofilm of 

Actinomyces naeslundii and Streptococcus oralis, communication between the bacteria during 

coaggregation was mediated by the autoinducer-2 (AI-2) (Hardie & Heurlier, 2008). This 

communication via AI-2 can inhibit or promote the bacteria involved in biofilm formation. In 

the dual species biofilm of Streptococcus mitis and P. aeruginosa, S. mitis produces the AI-2 

molecule, which promotes the growth, biofilm formation, and pathogenicity of P. aeruginosa 

(Wang et al., 2016). Depending on the bacteria, AI-2 can also influence motility and 

exopolysaccharide production in the biofilms (Hardie & Heurlier, 2008). 

2.4 Biofilm formation systems 

 

Most of the research in single and multispecies biofilm has been focused on static systems for 

the higher degree of control over factors such as nutrient conditions, metabolic interactions, 

and substrates (Buckingham-Meyer et al., 2007; Diarra et al., 2023) (Figure 2.3).  In the food 

processing industries, there are unit operations such as ‘fresh-cut’ in the minimal processing 

vegetables (MPV) sector (Cunault et al., 2015), storage (transport) tanks in the dairy sector 

(Alabdullatif, 2024), spray drying systems (Al-Sharify et al., 2025), and flow through stainless-

steel tubes (Perni et al., 2006), where the impact of hydrodynamic conditions can be observed 

(Szlavik et al., 2012). Depending upon the hydrodynamic conditions of the biofilm formation 

environment, the structure, population diversity, composition, and architecture of the biofilm 

can be impacted (Prabhukhot, Eggleton, Vinyard, & Patel, 2024). The bioreactor system (e.g. 

CDC), with its continuous supply of media and turbulent flow conditions, allows for a more 

robust biofilm formation that simulates the biofilms formed in food industries (Lindsay et al., 

2022). These variables have been observed for biofilm formed in many food industries under 

flow and mixing, and hence, there is a need to understand the bacterial response under such 

conditions (Fysun et al., 2019). The bioreactor also provides flexibility to form biofilm of 

differing structures (thickness), function (nutrient consumption), and composition by altering 

the parameters of the system (Goeres et al., 2005).  

Some of the different types of bioreactors designed to analyse single and multispecies biofilms 

have been summarised in Table 2.1. Among the systems used in the literature, the bioreactor 
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introduced by the Center for Disease Control and Prevention, also known as the CDC 

bioreactor, has been one of the most extensively studied for its biofilm formation and response 

to sanitisers for bacteria such as L. monocytogenes (Mendez et al., 2020), P. aeruginosa 

(Goeres et al., 2005), and S. aureus (Buckingham-Meyer et al., 2007). Depending on the target 

environment, the fluid dynamics of the CDC bioreactor can be operated to form strong biofilms 

with greater mass (turbulent flow) or porous biofilm with weaker attachment (static or laminar 

flow) (Simões et al., 2022). The bioreactor consists of 4 components (Figure 2.3.C) (Lindsay 

et al., 2022), 

A) Sterile inlet media tank: The type of media in this tank depends on the requirements of 

biofilm formation. Some of the commonly used media for biofilm formation for 

continuous systems are: 1% (300g/L) TSB for P. aeruginosa and S. aureus (single 

species) biofilm formation (Buckingham-Meyer et al., 2007), 0.1% (1g/L) of BHI for 

L. monocytogenes multi-strain biofilm (Mendez et al., 2020), 1% TSB for single species 

L. monocytogenes biofilm (Manville et al., 2023), and 10% TSB for dual species 

biofilm of E. coli and L. monocytogenes (Prabhukhot, Eggleton, Vinyard, & Patel, 

2024). 

 

B) Peristaltic pump: Connected to both the inlet media tank and the bioreactor, the flow 

rate of the media to the bioreactor is controlled by this pump. For steady-state biofilm 

formation, the residence time of planktonic cells (inoculated/shed) in the bioreactor 

should be shorter than the doubling time of the bacteria. Depending upon the doubling 

time of bacteria under the growth conditions (temperature), 11.46 mL/min for P. 

aeruginosa and 11.47 mL/min for S. aureus (1% TSB), 11 mL/min for L. 

monocytogenes (0.1% TSB) are some of the commonly used flow rates (Buckingham-

Meyer et al., 2007; Mendez et al., 2020).  

   

C) Bioreactor: The bioreactor consists of an impeller and the 8 rod holders. Each rod 

consists of 3 coupons, totalling 24 coupons in the bioreactor. The coupons, made of 

stainless steel, polystyrene, polypropylene, and glass, have been commonly used to 

observe the impact of substrate variables on biofilm formation. Depending on the 

impeller rpm, the flow can be classified as static (no flow), laminar (<2000 Reynolds 

number), transient (2000-4000 Reynolds number), or turbulent (>4000 Reynolds 
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number). Based on the Reynolds number, the shear stress (N/m2) imposed on the 

coupon surface can also be calculated.  

 

D) Outlet tank: This tank collects the waste media from the bioreactor.  

 

Depending upon the velocity of flow, the shear stress can enhance both attachment and 

detachment; the balancing value between these two processes is called the ‘critical shear stress’ 

value (Nejadnik et al., 2008). The presence of shear stress during biofilm formation can 

promote biofilm formation (Tsagkari et al., 2022) and increase the resistance to the mechanical 

removal of the biofilm from the surface (Berne et al., 2018). This is the result of either a 

continuous supply of nutrients to the cells or of cell adaptation during biofilm formation, which 

is often observed in experimental studies. In addition to the number of cells, the dominating 

population in the polymicrobial biofilm, the spatial arrangement, and the biofilm properties, 

such as thickness and composition, can also be impacted by the shear stress (Stoodley et al., 

1999). After the formation of biofilm, the sloughing off of the bacteria from the surface 

(Chawla et al., 2020), also known as ‘washing’ away of the quorum-sensing molecules, is one 

of the other factors impacted by the flow system. The sloughing off of the biofilm from the 

surface in the flow system should reduce the biofilm biomass, but some research shows that it 

increases instead, indicating that the biofilm formation rate is higher than the sloughing off 

through periodic dispersion (Rickard et al., 2004). Signalling molecules such as cyclic-di-GMP 

are expressed in shear stress for P. aeruginosa, and are indicated by the overproduction of EPS 

matrix in the biofilm (Rodesney et al., 2017). This overproduction of EPS acts as a physical 

barrier against stresses and protects the bacteria within, as noted in the dual species biofilm of 

P. aeruginosa and E. coli (Cheah & Bae, 2023).  
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Figure 2.3 Some common systems used for multispecies biofilm analysis A) static and B) 

continuous systems. The image was created using Biorender. 

Static systems 

Continuous system 

A. Polystyrene 96 well-plates (Diarra 

et al., 2023) 

B. Stainless-steel coupons on petri 

plates / well-plates (Buckingham-

Meyer et al., 2007)  

C. CDC bioreactor (Lindsay et al., 2022) 

Sterile media 

tank 

Peristaltic 

pump 

Hot plate with magnetic 

stirrer 

Bioreactor (330 mL) 

Substrate (Stainless-steel 

coupons) 

Waste media tank 

To set the flow rate 

(mL/min) of the inlet 

media  

Impeller for flow (rpm) 
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Table 2.1 Biofilm formation systems used for single and multispecies biofilm formation 

System Flow in the system Bacteria studied Observation References 

 

Trickle-bed bioreactors 

 

Transient flow 

 

Burkholderia sp. and 

Pseudomonas sp. 

 

Population diversity responds to 

environmental stresses 

 

(Hekmat et al., 2006) 

Microfluidic chamber Static and Laminar flow P. fluorescens Higher diffusion of temporin-L 

(antibiofilm) under flow conditions 

(Di Somma et al., 2020) 

Flow cell reactors Laminar and Turbulent 

flow 

 

P. fluorescens Higher biofilm mass/cm2, cellular 

density, and protein content in 

turbulent flow 

(Simões et al., 2007) 

Flow through reactors 60 rpm L. monocytogenes and 

Flavobacterium spp. 

Higher cell concentration of L. 

monocytogenes in mixed species 

biofilm 

(Bremer et al., 2001) 

Rotating cylinder reactor 

(RCR) 

Turbulent flow B. cereus and  

P. fluorescens 

High shear results in compressed 

biofilm 

(Gomes et al., 2021) 

CDC bioreactor Laminar and Turbulent  E. coli,  

L. monocytogenes and 

R. insidiosa 

Less ineffective chlorine treatment 

under turbulent flow 

(Prabhukhot, Eggleton, 

Vinyard, & Patel, 2024) 
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2.5 Regulation of biofilm through the sequence of colonisation 

 

In a multispecies biofilm arrangement, the co-attachment of multiple species of bacteria to the 

abiotic surface simultaneously would be rare. If the continuous influx of new colonisers in a 

multispecies biofilm is taken into account, significant changes in the biofilm composition, 

properties, and interactions can be observed (Sauer et al., 2022) (Table 2.2). This is also 

referred to as bacterial conditioning and impacts the attachment of the sequential bacterial 

species that come after the first attaching bacterial species (primary coloniser/resident 

microbiota) (Pang & Yuk, 2019). The resident microbiome can reduce the attachment and 

inhibit the growth of later attaching bacteria, or enhance it (Hascoët et al., 2021), through 

metabolic processes like niche pre-emption (depletion of resources by early colonisers), niche 

facilitative modification (early colonisers produce metabolites beneficial for later arriving 

microbes), and niche inhibitory modification (competition that prevents the attachment of later 

arriving microbes) (Debray et al., 2022). In synergistic interactions, multiple researchers have 

found that the presence of one bacterium species on the surface enhances the attachment of 

consecutive bacterial species (Lapointe et al., 2019). 

In some cases, the predominance of certain isolates can be observed regardless of the biofilm 

stage at which the new coloniser was introduced (co-culture vs sequential). E. coli virulent 

serotypes can dominate the biofilm through competition regardless of the order of colonisation, 

which explains the frequent isolation of this specific serotype from food outbreaks (Wang et 

al., 2015). On the other hand, the production of biosurfactant by a primary coloniser such as B. 

safensis has been associated with the reduced attachment of secondary colonisers such as L. 

monocytogenes and S. epidermidis (Table 2.2) (Abdelli et al., 2019; Hascoët et al., 2021). A 

similar reduction in biofilm formation was observed for L. monocytogenes when inoculated to 

preformed Lactobacillus sakei biofilms (bacteriocin formers). In addition to the inhibitory 

compounds, the exopolysaccharide (negatively charged teichoic acid) produced by L. sakei has 

been assumed to inhibit adhesion of L. monocytogenes to preformed Lactobacillus biofilms 

(Leriche & Carpentier, 2000; Pérez-Ibarreche et al., 2016). The addition of bacteriocin carrier 

B. thuringiensis to a preformed S. aureus biofilm successfully removed the 24 h S. aureus 

biofilm and re-established a new biofilm consisting only of B. thuringiensis. This process was 

accelerated by the motility of B. thuringiensis, which created channels within the preformed S. 

aureus biofilm, facilitating the delivery of bacteriocin molecules (Houry et al., 2012). The 

three-species biofilm formed under shear stress (Centre for Disease Control Bioreactor- CDC) 
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showed that primary colonisation by either P. fluorescens or Leuconostoc 

pseudomesenteroides resulted in enhanced attachment of L. plantarum, indicating a synergistic 

interaction between the three bacteria enhanced by the amphiphilic nature of the EPS produced 

by Pseudomonas (Lapointe et al., 2019). Another interesting observation was made by Olsen 

et al., (2019), where the pre-colonisation by single species (good biofilm formers) did not affect 

the subsequent colonisers and overall biofilm formation. But when the surface was pre-

colonised with dual species (good biofilm formers), the subsequent biofilm formation was 

higher compared to the four-species biofilm formed through co-inoculation (via drip flow 

reactor) comprising Stenotrophomonas rhizophila, Xanthomonas retroflexus, Microbacterium 

oxydans, and Paenibacillus amylolyticus (Table 2.2). This sheds light on another perspective 

on sequential biofilm formation when multispecies arrangements are concerned. 
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Table 2.2 Sequence of colonisation and its impact on biofilm composition in a multispecies biofilm system 

Bacteria Sequence of colonisation Observation Reference 

 E. coli (STEC) O157:H7 and E. 

coli O111:H8 

Co-inoculation 

 

Serotype O157:H7 outcompetes the O111:H8 (Wang et al., 2015) 

Pre-formed biofilm Primary coloniser dominates the biofilm 

 

B. safensis and L. monocytogenes Co-inoculation Inhibition of L. monocytogenes (Ripolles-Avila et al., 2022) 

B. safensis preformed (2 days / 

7 days) 

 

Inhibition of L. monocytogenes (Hascoët et al., 2021) 

L. monocytogenes and L. sakei 

 

Co-cultured Inhibition of L. monocytogenes biofilm 

formation 

(Pérez-Ibarreche et al., 2016) 

Lactobacillus preformed (6 

days) 

Prevention of L. monocytogenes biofilm 

formation 

 

L. monocytogenes and P. 

fluorescens 

Co-cultured (2 days) Reduced growth of L. monocytogenes (Puga et al., 2016b) 

(Puga et al., 2018) Pseudomonas preformed Higher cell concentration and matrix 

overproduction 

 

B. thuringiensis and S. aureus S. aureus preformed (1 day) Complete eradication of S. aureus biofilm and 

replacement by B. thuringiensis  

(Houry et al., 2012) 
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 P. fluorescens, L. plantarum, and 

L. pseudomesenteroides 

 

P. fluorescens or L. 

pseudomesenteroides 

preformed 

Enhanced attachment of L. plantarum (Lapointe et al., 2019) 

Stenotrophomonas rhizophila, 

Xanthomonas retroflexus, 

Microbacterium oxydans and 

Paenibacillus amylolyticus 

Co-inoculated Synergistic interaction-higher biofilm (Olsen et al., 2019) 

Preformed biofilm- S. 

rhizophila and X. retroflexus  

Higher biofilm formation 

Preformed biofilm-  

M. oxydans and P. 

amylolyticus 

Lowered biofilm formation 
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2.6 Spatial arrangement of bacteria in multispecies biofilm 

 

The limited mobility of the bacteria embedded inside the biofilms results in a specific spatial 

arrangement commonly approached through microscopic observations and modelling (Bao et 

al., 2015). The metabolic function and the overall role of each bacterium regulate the spatial 

arrangement of the bacteria in a multispecies biofilm setup (Lee et al., 2014). The spatial 

location and density of the primary colonisers were significant in the competitive interactions 

between the bacteria in a multispecies biofilm (Eigentler et al., 2022). The higher biofilm-

forming bacteria can be found around the top, and the bacteria that provide structural support 

are found at the bottom (Cheah & Bae, 2023). In addition, facultative anaerobes can be found 

in the bottom layers, covered by the species that require oxygen for growth and EPS production 

(Cheah & Bae, 2023). The bacterial population across the mature biofilm is also regulated by 

the gradients of nutrients, oxygen, and waste products across the plane (Serra & Hengge, 2014).  

The spatial arrangement of the biofilm can be observed as microcolonies, co-growth microbial 

layering, and specific mixing patterns (Figure 2.4), depending on the metabolic requirements 

and the nutrient distribution in the media (Liu et al., 2018). Much of the spatial structure is 

associated with the extracellular matrix, which directly affects resilience, intercellular 

communication, nutrient distribution, and genetic material exchange between cells (Lee et al., 

2014; Nadell et al., 2017). In dual species biofilm formed by Pseudomonas spp. and L. 

monocytogenes, the latter was found in the bottom layers of the biofilm, providing higher 

survival during surface sanitiser treatment (Puga et al., 2018; Ripolles-Avila et al., 2022). In 

addition to the co-culture, the sequentially added L. monocytogenes incorporated itself more 

deeply into the bottom layers of preformed Pseudomonas biofilm, with Pseudomonas forming 

a blanket-like layer of bacteria on top (Puga et al., 2018; Thomassen et al., 2023). The hollow 

voids left behind by P. aeruginosa during dispersion on the surface can be colonised by E. coli, 

leading to a similar ‘blanket’ layering of the E. coli (Culotti & Packman, 2014). When a higher 

EPS-producing spoilage microbe, such as P. fluorescens, is introduced into multi-strain biofilm 

environments, it initiates overproduction of EPS and migrates to the top of the biotic and abiotic 

layers to gain increased access to oxygen (W. Kim et al., 2014). The migration of bacteria 

within preformed biofilms is driven by gradients across the surface created by high cell density 

(in the centre of the biofilm) and by access to nutrients (at the edges and surface of the biofilm) 

(Xavier et al., 2009). A similar observation was made for four species of biofilm consisting of 

Stenotrophomonas rhizophila, Xanthomonas retroflexus, Microbacterium oxydans, and 
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Paenibacillus amylolyticus, where the pre-inoculation of bacteria did not affect the spatial 

arrangement despite causing significant changes in the biofilm biomass (Olsen et al., 2019). 

These observations show that the spatial distribution of bacteria in the biofilm depends on their 

inherent properties and metabolic requirements and can be independent of the sequence of 

colonisation. 

In addition to the layering effect, the formation of individual microcolonies on the surface, with 

the primary coloniser inside and the second bacterium attached to the outside in layers, has also 

been observed. This spatial arrangement was observed for bacteria with high oxygen 

requirements, in which one microcolony maintains a safe distance from another, and each 

microcolony has two layers of bacteria, as observed in the dual species biofilm of P. putida 

and Acinetobacter sp. C6 (Haagensen et al., 2015) (Figure 2.4.C). 

 

Figure 2.4 The spatial arrangement of bacteria in biofilm  A) single species microcolonies 

of Pseudomonas sp. and Burkholderia sp., B) Intermixed dual species biofilm of P. 

fluorescens and L. monocytogenes. C) Layered dual species biofilm of Salmonella and E. 

faecium. This image was created using Biorender.  

2.7 Interaction between the bacteria in the multispecies biofilm  

 

The high density of bacteria in biofilms and their spatial arrangement ensure both inter- and 

intra-species linking within the biofilms (Kreth et al., 2005). The interspecies interactions in 

multi-species biofilms are so intricately linked that these biofilms have often been referred to 

A 

(Nielsen et al., 2000) 

B 

(Rodríguez-López et 

al., 2022) 

  

C 

(Haagensen et al., 2015) 

(Rodríguez-Melcón, 

Alonso-Hernando, et al., 

2021) 
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as multicellular individuals (Yao et al., 2022). This coalescing can lead to various interactions, 

cooperative/synergistic, competitive/antagonistic, and neutral (Burmølle et al., 2014). The 

coaggregation leading to cooperative interactions has been extensively studied in dental 

biofilms (Kim et al., 2017; Kreth et al., 2005). To categorise the interactions between the 

bacteria, as a first step, biofilm biomass is compared under similar incubation and growth 

conditions between the single species and their combination (Ren et al., 2015). For example, 

the biomass of a multispecies biofilm will be higher than that of a single species, with the 

highest biofilm biomass for synergistic interaction. Similarly, for neutral and antagonistic 

biofilm, the biomass in the multispecies biofilm will be the same or lower than that of the single 

species with the highest value, respectively. These interactions are highly strain dependent 

(Sadiq et al., 2023). Based on similar measures, the interaction between bacteria in the biofilm 

can be broadly categorized into 3 types.  

2.7.1 Synergistic Interactions 

 

Synergistic interactions result in the protective effects against stressors for one or more bacteria 

in the biofilm (Bottery et al., 2022).  In addition to the improved survival of bacteria in the 

mixed population, the overproduction of EPS and increased resistance to the antimicrobial 

compounds are some of the factors associated with synergistic interactions (Table 2.3) (Bottery 

et al., 2022). Multiple species of bacteria within the same biofilm can also alter the resistance 

of select bacteria to antibiotic treatments. Streptococcal protein A produced by S. aureus 

improved the biofilm formation and increased the tobramycin resistance of P. aeruginosa 

(Beaudoin et al., 2017). In exchange, 4-hydroxy-2-heptylquinoline-N-oxide and siderophores 

produced by P. aeruginosa increase the vancomycin resistance of S. aureus (Orazi & O’Toole, 

2017). The higher biofilm biomass in the synergistic biofilm can also be the result of the 

production of limited metabolites (e.g., Vitamin B6 and iron) by multiple species of bacteria in 

the biofilm (Wicaksono et al., 2022). A three-fold increase in biofilm was observed for a four-

species combination of dairy bacteria, Stenotrophomonas rhizophila, Bacillus licheniformis, 

Microbacterium lacticum, and Calidifontibacter indicus as the result of synergistic interactions 

(Sadiq et al., 2023).  

When bacteria attach to surfaces in an ordered manner, the early colonisers can modify the 

environment, also known as ‘niche modification’, which eases the attachment and growth of 

secondary bacteria (Debray et al., 2022; Fukami, 2015). Also known as the facilitative priority 
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effect, this phenomenon has been studied as a synergistic interaction once the bacteria 

successfully attach to the surface. The presence of multiple species allows the use of available 

nutrients to produce a simplified carbon source termed ‘cross-feeding’, which normally is not 

possible for single-species communities (Joshi et al., 2021; Tan et al., 2017). The term ‘public 

goods’ was introduced to describe the synergistic cross-feeding in the multispecies biofilm, 

where substrates produced by one bacterium are utilised by another bacterium in proximity for 

their growth or defence (Evans et al., 2020). These ‘goods’ can be a composition of the matrix, 

such as exopolysaccharides or metabolic byproducts. In a multispecies oral biofilm consisting 

of S. oralis and Veillonella sp., the lactic acid produced by S. oralis is used by Veillonella sp. 

for growth in saliva (Periasamy & Kolenbrander, 2010).  

2.7.2 Antagonistic interactions 

 

Nutrient competition and negative metabolic interactions between multiple species of bacteria 

in the biofilm can favour the survival of dominant bacteria better suited to certain growth 

conditions (Burmølle et al., 2014). These interactions can be recurring when bacteria from 

different sources are introduced  (Madsen et al., 2016). The antagonistic interaction can result 

in the reduction of tolerance against environmental or chemical stressors compared to 

synergistic interactions (Z. Zhu et al., 2020). There are exceptions to this, as some bacteria 

within the biofilm can produce a specific structure that resists chemical stress (chlorine), even 

during antagonistic interactions (Z. Zhu et al., 2020). These interactions are commonly the 

result of the production of antagonistic metabolites, which are used to outcompete other 

bacteria present in the biofilm. For example, when B. cereus and L. monocytogenes were 

introduced on the stainless-steel surface, the B. cereus produced metabolites that inhibited the 

growth and adherence of L. monocytogenes to the stainless-steel surface (Alonso et al., 2020) 

(Table 2.3). A similar observation was made in dual-species biofilm of B. safensis and L. 

monocytogenes, where the preformed biofilm significantly reduced the cell count of L. 

monocytogenes through competition for nutrients, space for attachment, and production of 

biosurfactant (Hascoët et al., 2021). Furthermore, the negative interaction between 

Lactococcus piscium and L. monocytogenes was found to require cell-to-cell contact, the 

mechanism of inhibition assumed as horizontal gene transfer via secretion pathways (types IV 

and VI) and nanotubes (Saraoui et al., 2016). In addition to the transfer of DNA and protein 

molecules, under nutrient-limiting conditions, the production of surface-inhibiting compounds 

(Bacteriocins CibA and CIbB) also inhibited secondary bacteria upon cell-to-cell contact with 
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S. pneumoniae (García-Curiel et al., 2021). The inhibition of bacteria in a multispecies 

environment also depends on physicochemical changes of the media (pH) and temperature. In 

a complex 4-species biofilm formed in microfiltered milk, the inhibition of S. aureus by the 

combination of Lactococcus garvieae, Lactococcus lactis, and Enterococcus faecalis co-

incubation was a result of pH reduction (Alomar et al., 2008). The interaction between a dual-

species biofilm of Streptococcus and Lactobacillus is defined by the metabolites produced by 

Lactobacilli that hinder the biofilm formation of Streptococcus on glass surfaces by altering 

the microenvironment’s pH (Söderling et al., 2011). In a biofilm formed by multispecies 

bacteria such as Enterococcus and Listeria over 8 days, a reduction in pH (7 to 4.4) was found 

to be favourable for the growth of Enterococcus compared to L. monocytogenes (da Silva 

Fernandes et al., 2015). In sequential colonisation, the attachment prevention of the late 

colonisers can take place through ‘niche pre-emption’, where the resources available 

(nutrients/space) have already been utilised by the early colonisers, hence preventing the 

attachment of late-arriving species (Debray et al., 2022; Fukami, 2015).  

2.7.3 Neutral Interactions 

 

Another type of interaction is neutral interaction, which can be observed when the presence of 

one or more bacteria does not significantly impact the overall bacterial population in a 

multispecies biofilm. Depending on nutrient availability and incubation time, neutral 

interactions can shift to antagonistic interactions in which competition for nutrients leads to the 

domination of one or more bacteria over others in the population. This type of interaction has 

also been observed in the interaction in the biofilm (Sphingomonas + Microbacterium) when 

comparing 24 h (neutral) with 48 and 72 h (competitive) biofilms (Z. Zhu et al., 2020).  

Some common examples of multispecies interactions in bacteria relevant to food industry 

surfaces are highlighted in Table 2.3.
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 Table 2.3 Multispecies and the result of their interaction in multispecies biofilms relevant to the food industry 

Microbiological Niches Microbes Involved Interaction  Result of interaction References 

Pipe walls of drinking 

water 

Acinetobacter calcoaceticus 

and Stenotrophomonas 

maltophilia 

Synergistic -Higher biofilm formation. 

-Increased sensitivity to sodium 

hypochlorite. 

(Gomes et al., 2018) 

Stainless-steel surfaces in 

the food industry 

P. aeruginosa and Salmonella Antagonistic -Reduced biofilm formation. (Pang et al., 2017) 

Fish processing industry Shewanella baltica and P. 

fluorescens 

Antagonistic -Lowered biomass and 

polysaccharides.  

-Longer time taken for the biofilm 

cycle. 

-Less compact biofilm in dual 

species biofilms. 

(Zhu et al., 2019) 

Meat processing 

conditions 

L.  pseudomesenteroides, L. 

plantarum, and P. fluorescens 

Synergistic -Enhanced attachment of L. 

plantarum. 

-Increased resistance of Leuconostoc.  

(Lapointe et al., 2019) 

Food processing facilities L. monocytogenes and 

Salmonella Typhimurium 

Neutral -No changes in cell concentration. (Tadielo et al., 2022) 
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Industrial juice filtration 

membranes 

Rhodotorula mucilaginosa, 

C. tropicalis, Candida krusei 

and Candida kefyr 

Neutral -No changes in effect against 

farnesol, 2-phenyl ethanol.  

(Agustín et al., 2019) 

Poultry processing 

environment 

S. Enteritidis, C. 

jejuni, and C. perfringens 

Synergistic -Increased cell concentration of C. 

jejuni. 

(Kim & Oh, 2024b) 

Food processing industry S. aureus and S. enterica, 

Raoultella planticola  

Competitive -Decreased biofilm biomass in dual 

species biofilm containing S. aureus. 

(Makovcova et al., 

2017) 

Fish juice P. fluorescens and S. aureus Competitive -Dominance of P. fluorescens. 

-Increased sensitivity to carvacrol. 

(Y. Wang et al., 2020) 

Dairy surface Stenotrophomonas 

rhizophila, B. licheniformis, 

Microbacterium lacticum, 

and Calidifontibacter indicus  

Synergistic -Elevation in biofilm formation 

(3.13-fold). 

(Sadiq et al., 2023) 
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2.8 Factors affecting multispecies biofilm formation 

 

2.8.1 Abiotic surfaces 

 

Since attachment to a surface is the first stage of biofilm formation, the surface properties play 

a significant role in the overall biofilm formation (Abdallah et al., 2014). Some of the common 

surfaces where multispecies bacteria have been isolated from are: Meat processing surfaces 

(knives, tables, mincing machines) (Gounadaki et al., 2008), dairy processing industries 

(pasteurisation lines) (Sharma & Anand, 2002), salmon processing surfaces (conveyor belt) 

(Langsrud et al., 2016), fruit packing facility (floors under washing, drying, and waxing area, 

bristles of brushes) (Rolon et al., 2023) (Figure 2.1). The common materials used for these 

contact surfaces are stainless-steel (SS), polystyrene (PS), polyethylene (PE), silicone rubber 

(SR), polyethylene glycol (PEG), polyvinyl chloride (PVC), and polypropylene (PP). With 

extensive use, these common contact surfaces undergo surface degradation, which results in 

surfaces that enhance bacterial attachment upon contamination (Uneputty et al., 2022).  The 

bacterial attachment to the surfaces is a complex process that depends on the surface properties 

(hydrophobicity, roughness), mass transfer (Van der Waals forces, electrostatic interactions, 

Brownian motion), and bacterial structure (pili, fimbriae, flagella), also summarised by the 

extended DLVO theory (Krsmanovic et al., 2021; Palmer et al., 2007).  

In recent years, surface manipulation to prevent bacterial attachment and subsequent biofilm 

formation has been employed. Fabrication of an irregular nanostructure on the polyethylene 

surface successfully reduced the attachment of E. coli (Schwibbert et al., 2019). The fabrication 

of cones and holes, spherical nanostructures, copolymer brushes, changes in wettability (super-

hydrophobicity), and the adoption of copper hydroxide nanowires are among the fabrication 

techniques successfully tested for reduced bacterial attachment (Uneputty et al., 2022). These 

surfaces can be impregnated with various antibiofilm/antibacterial compounds, such as nitric 

oxide on a polymer brush (Zhao et al., 2024), and with metal ions, such as copper, zinc, and 

silver on aquatic surfaces (Li et al., 2024). Between the natural (pebble/wood) and artificial 

(carbon fibre and polyvinyl chloride) substrates, the formation of biofilm was found to be more 

intricate, with high diversity and stability in the artificial substrate, with the increased ability 

to metabolise nitrogen, carbon, and arsenic sources in addition to resistance to extrinsic factors 

(Miao et al., 2021). Because of the greater smoothness of the plastic surfaces, bacteria were 
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retained less on the plastic surfaces as compared to the wooden surfaces with complex micro-

topography (Gough & Dodd, 1998). But this can be highly dependent on the strain and the 

nature of the material because surfaces with higher smoothness, such as Titanium (Truong et 

al., 2010) and glass (Mitik-Dineva et al., 2009), can show higher bacterial attachment. In 

contrast, the increase in the roughness of the stainless-steel did not impact bacteria’s adhesion 

(Hilbert et al., 2003). 

2.8.2 Nutrient availability 

 

The interaction between bacteria in the multispecies community is affected by the nutrient 

availability and the presence of antimicrobials during the formation of the biofilm (Parijs & 

Steenackers, 2018). In addition to growth, the nutrient conditions also impact the architecture 

of the biofilm. The biofilms formed under high nutrient availability have thicker biofilm and 

higher biovolume compared to low nutrient conditions (S. Yuan et al., 2020). At low glucose 

concentrations, L. monocytogenes biofilm surfaces were found to be rough and uneven (higher 

surface area) to increase the uptake of the nutrient for survival (Kyoui et al., 2016).  P. 

aeruginosa formed mushroom-shaped biofilm under glucose minimal media, but flat non-

structured biofilms in citrate or benzoate minimal media (Klausen et al., 2003).  The biofilm 

formation of L. monocytogenes was found to be higher in 10× diluted brain heart infusion broth 

compared with full-strength BHI, owing to the compact structure of biofilms formed under 

stress for more efficient survival (Cherifi et al., 2017). The stress conditions, such as nutrient 

limitation and the presence of disinfectants in the medium, enhance biofilm formation. The low 

nutrient conditions can impact the interactions in multispecies biofilm formation, owing to the 

compatibility of the multispecies bacteria and varying community structure (Wicaksono et al., 

2022). During the first stages of growth, the main carbon source, such as glucose, is 

metabolised for growth. In the lack of a continuous supply in multispecies biofilm, the main 

carbon source is replaced by the recalcitrant substrates, resulting in cross-feeding (Rivett et al., 

2016). For example, after the depletion of the primary carbon sources, glycerol produced by S. 

cerevisiae can be utilized by Lactobacillus in fermentation, resulting in synergistic cross-

feeding between the bacteria (Xu et al., 2021).  

The presence of specific food constituents in milk, such as Ca++ and Mg++, increases biofilm 

formation of Geobacillus, and lactose in B. subtillis and S. aureus, respectively (Dutra et al., 

2018). A similar observation was made for L. monocytogenes biofilms in salmon broth (higher 
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biofilm formation) compared with diluted TSB (Pang et al., 2019). The conditioning (5% skim 

milk) of the polystyrene surface by a protein layer resulted in 8-13% higher biofilm formation 

of L. monocytogenes (Ripolles-Avila et al., 2018). This has been attributed to the conditioning 

layer formed by concentrated food constituents (nutrient layers) on the surface for enhanced 

biofilm formation (Mazaheri et al., 2023).  In a study of L. monocytogenes biofilm formation 

on stainless-steel coupons, higher bacterial growth was observed on the non-preconditioned 

(6.63 ± 0.42 log10 CFU/cm2) surface compared with the preconditioned (food residue) surface 

(5.71 ± 0.60 log10 CFU/cm2). Depending on composition, the conditioning layers can impact 

the bacteria's binding behaviours and result in weaker biofilms (Paz-Méndez et al., 2017). The 

food constituents also influence the efficiency of cleaning compounds in the industry. The 

removal (alkaline chlorine) of L. monocytogenes was found to be higher for preconditioned 

surfaces in comparison to the non-preconditioned surfaces (Mazaheri et al., 2023). A similar 

observation was made by Hua et al., (2021), where the reduction of L. innocua was higher on 

preconditioned surfaces (apple juice coating) than on non-preconditioned surfaces when treated 

with saturated steam (100°C).  

2.8.3 Temperature  

 

Studies on the effect of temperature on the arrangement of bacteria embedded in the biofilm 

indicate the importance of temperature in interspecies interactions. In the specific case of L. 

monocytogenes and Pseudomonas biofilm, the low temperature stress (4°C) was found to be 

unfavourable to synergistic biofilm formation compared with higher temperatures (20°C) 

(Puga et al., 2016b). At low temperature, the biofilm matrix components varied, despite similar 

cell concentrations, which was hypothesised to impact the interactions between the species 

(Puga et al., 2016a). The temperature also determines the number of active bacteria in the 

biofilms and their EPS production. P. fluorescens cells were found to be more active in biofilms 

formed at 4°C than at 30°C. Similarly, the EPS production by the P. extremaustralis bacteria 

was higher at lower temperatures (10°C) than at higher temperatures (28°C) (Yuan et al., 2018). 

When dual-species biofilm formed by Pseudomonas and Listeria at two different temperatures 

(20°C and 4°C) was compared for its structural properties, the thickness of the higher 

temperature biofilm was found to be double that of the lower temperature. Hollow cavities 

could be observed for biofilm formed under higher temperature post-treatment with antibiofilm 

chitosan, as observed by confocal laser microscopy (Puga et al., 2016a).  
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2.8.4 Other environmental factors 

 

Some of the other factors that impact the biofilm formation are oxygen level and pH (Abdallah 

et al., 2014). Each bacterium in a multispecies biofilm may have different oxygen requirements 

(aerobic/anaerobic), which is also one of the factors that determines the spatial arrangement in 

biofilm formation. In the dual-species biofilm formed by P. putida and Acinetobacter, P. putida 

forms its own microcolonies, owing to its high oxygen requirements. As the oxygen level 

decreases, the P. putida biofilm disperses, impacting both the spatial arrangement of the 

bacteria in the biofilm and interspecies interactions (Hansen et al., 2007). The commonly 

observed layered biofilm formation (Figure 2.4) is the result of bacteria with high oxygen 

requirements on the top layers, followed by bacteria that prefer/can survive on limited oxygen 

access on the bottom layers (Yao et al., 2022). In multispecies with aerobic requirements, the 

exhaustion of oxygen can result in oxygen gradients across the biofilm, directly evolving the 

biofilm interactions into competition (Pouget et al., 2020). The antagonistic interaction 

between the obligate aerobe Brevibacillus sp. and the facultative aerobe Pseudoxanthomonas 

sp. in dual species biofilm formed at the air-liquid interface results in the reduction of 

Brevibacillus as a result of competition for oxygen (Yamamoto et al., 2010).  

In the biofilm formed by multispecies organisms like Enterococcus and Listeria over the period 

of 8 days, the reduction of pH (7 to 4.4) was found to be favourable for the growth of 

Enterococcus compared to L. monocytogenes (da Silva Fernandes et al., 2015). The pH 

variation of the dual species biofilm formed by S. epidermis and S. aureus resulted in 

predomination of S. epidermis at lowered pH (pH 5 and 6) and S. aureus at high pH (pH 8 and 

9). At high pH values, S. epidermis does not fully integrate into the multispecies biofilm and 

remains as small microcolonies compared to large clusters of dominant S. aureus colonies 

(Stewart et al., 2017), indicating that, in addition to metabolic interactions, pH also impacts the 

spatial arrangements. Since pH adjustment has been used to disrupt the biofilm formation and 

disrupt the mechanical matrix, the impact of pH on the removal of the biofilm is significant 

(Stewart et al., 2015). 

2.9 Challenges in biofilm control 

 

Chemical (antimicrobials), physical (UV, cold plasma), and biological (bacteriophages, 

enzymes) measures are targeted towards dismantling the biofilm matrix and inhibiting the 
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bacteria embedded in the matrix, so that further attachment of the bacteria into new biotic and 

abiotic surfaces does not take place (Sadekuzzaman et al., 2015; Y. Zhu et al., 2020). The 

removal of mature biofilm depends on various factors, including, but not limited to, attachment 

strength to abiotic/biotic surfaces, surface roughness, the composition and properties 

(thickness) of the biofilm (Y. Zhu et al., 2020).  

2.9.1 Chemical methods 

 

Sodium hypochlorite, peracetic acid, and quaternary ammonium compounds are some of the 

commonly used sanitizers in the food industry for their high efficiency and low costs (Deng et 

al., 2020) (Table 2.4). Sodium hypochlorite affects the cell through oxidation of sulfhydryl 

groups of certain enzymes inside the cellular membrane efficiently, but has a limited effect on 

mature biofilm due to its interaction with organic compounds, which are major biofilm 

components (Rodríguez-Melcón et al., 2019). In contrast, peracetic acid has minimal effect on 

other biofilm components and works as an oxidizing agent of cellular compounds  (Castro et 

al., 2021). Even though the peracetic was found to be more effective post-application, higher 

growth control was achieved with sodium hypochlorite in multispecies studies (Fernández-

Gómez et al., 2023) (Table 2.4).   

Since effective cleaning and sanitation requires access to the sessile cells embedded in the 

exopolysaccharide layers in the biofilm, the interaction of sanitizers with these layers can 

reduce their efficiency. Recent research on dual species biofilm of Escherichia coli O45 and 

Salmonella enterica serovar Typhimurium treated with 100 mg/L of sodium hypochlorite for 

1 min, showed that there was a significant (p<0.05) increase in chlorine tolerance in dual 

species (0.70 and 1.17 log10 CFU reduction) as compared to single species (1.97 and 2.01 log10 

CFU reduction) (Lin et al., 2022) (Table 2.4). A similar study on the sanitizer effects on 

multispecies biofilms based on ricotta processing areas for E. faecium, E. faecalis, and L. 

monocytogenes showed increased resistance in multispecies biofilms to sanitizers, sodium 

hypochlorite, and quaternary ammonium compounds compared to their single species 

counterparts (da Silva Fernandes et al., 2017). A protective observation was made for the dual 

species biofilm combinations of  S. rhizophila with B. licheniformis or M. lacticum, where the 

spatial arrangement of S. rhizophila (on top layers) protected the dual species biofilms against 

cleaning and disinfection processes (Table 2.4) (Sadiq et al., 2024). The pre-colonisation of P. 

fluorescens in a dual-species biofilm with L. monocytogenes resulted in higher EPS production, 
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better attachment, and greater resistance to desiccation or disinfectant treatment for L. 

monocytogenes (Pang & Yuk, 2019). 

The resistance of multispecies biofilm to chemical sanitizers has been attributed to the synergy 

between the bacteria in the biofilm, due to the increased EPS production and increased 

thickness, which resists the diffusion of chemicals through the layers (Cloete, 2003), in addition 

to the spatial localization of the bacteria in these EPS layers (Z. Zhu et al., 2020). Genetic 

characteristics (genes related to oxidative stress resistance), biofilm age, and metabolite 

interference are some of the additional measures taken by bacteria for resistance in multispecies 

biofilm (Li et al., 2021). 

2.9.2 Alternate methods  

 

Owing to the rise of multidrug-resistant bacteria, the application of plant-derived antibiofilm 

compounds has been effective. The impact of volatile compounds can be observed via their 

structural groups, representing bioactive compounds such as monoterpenes (carvacrol, thymol, 

linalool), sesquiterpenes, and phenylpropanoids in single and multispecies biofilms. The 

mechanism of inhibition of sessile bacteria in the biofilm was commonly found to be membrane 

injury (Klančnik et al., 2021). Multispecies biofilm formed by E. coli, Salmonella 

Typhimurium, and L. monocytogenes showed enhanced resistance to grapefruit seed extract 

compared to their mono-species counterparts (Kim & Oh, 2024a). More recently, the 

application of a combination of essential oils has been introduced to overcome limitations with 

the application of a single bioactive compound. 

Among the molecules used for the communication between interspecies bacteria and 

intraspecific bacteria, N-acyl homoserine lactone (AHL) molecules have been noted in 

multispecies biofilm containing P. aeruginosa, K. pneumoniae, and P. protegens (Subramoni 

et al., 2021). These autoinducer molecules can be quenched to further avoid the formation of 

biofilm, as in the case of P. chlororaphis (Gannesen et al., 2015). Bacteriocins (Melian et al., 

2019), essential oils (eg, black cardamom) (Abdullah et al., 2021), and organic acids (lactic 

acids, malic acids, acetic acids, cinnamic acids) (Almasoud et al., 2016) have been identified 

to be effective quorum quenchers against L. monocytogenes, Salmonella Typhimurium, and 

E.coli, respectively.   
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Table 2.4 Effect of antibiofilm agents on the multispecies biofilm 

Niches Microbes Involved Treatment Observation References 

Food 

processing 

surfaces- 

stainless-steel 

E. coli O45 and Salmonella enterica 

serovar Typhimurium 

100 mg/l sodium hypochlorite 

for 1 min 

-Reduced log reduction in 

multispecies compared to 

single species- increased 

chlorine tolerance  

(Lin et al., 2022) 

Food contact 

surfaces 

P. fluorescens and Salmonella 

Enteritidis 

Quaternary ammonium 

compounds (20 ppm/5 days)  

-Enhanced survival of S. 

Enteritidis 

(Pang et al., 2020) 

Food industry 

surfaces 

E. coli, S. Typhimurium, and L. 

monocytogenes  

Grapefruit seed extract -Enhanced resistance in 

multi-species biofilm 

(Kim & Oh, 2024a) 

Dairy 

pasteurizer 

S. rhizophila, B. licheniformis, and M. 

lacticum 

Standard CIP* regime -Protected against 

disinfection in multi-

species 

(Sadiq et al., 2024) 

Fruit packing 

facilities 

 L. monocytogenes, 

Pseudomonadaceae, 

Xanthomonadaceae, 

Microbacteriaceae, and 

Flavobacteriaceae 

Benzalkonium chloride (12.5 

ppm/2h) 

-Enhanced survival of L. 

monocytogenes 

(Rolon et al., 2024) 

*CIP: water rinse-1.5 % (w/v) sodium hydroxide at 60 °C /6.45 min-another water rinse-1.0 % nitric acid at 60 °C /4.45 min-water rinse-0.01 % peracetic 

acid/7.6 min-water rinse 
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2.10 Gaps in the literature 

 

It has already been established in the literature that biofilm formation, interactions, and the 

efforts of removal are dependent on the environmental variables, such as nutrient conditions, 

substrates, hydrodynamics, and the presence of multiple species (Houry et al., 2012). The 

impact of the nutrition and substrate variables has been in focus in single-species biofilm 

research (Tamminen et al., 2022). While that provides fundamental information on the bacterial 

nature in biofilm, properties such as population diversity, the spatial arrangement, EPS 

networks, and sanitiser tolerance of biofilm formed under dynamic conditions cannot be 

predicted from the mono-species arrangement, formed under static conditions, with the 

assumptions of co-inoculation (Røder et al., 2020; Tan et al., 2017). This oversight might be 

the reason why, despite a continuous effort to curb contamination and spoilage in food 

industries through a large number of physical, chemical, and biological methods of cleaning 

and disinfecting, the persistence of specific bacteria to grow and form biofilms continues (Luo 

et al., 2022). Bioreactors have been used to mimic dynamic target environments to further 

understand the attachment and biofilm formation (Lindsay et al., 2022; Prabhukhot, Eggleton, 

Kim, & Patel, 2024). Shear stress (12-54 Pa) reduces the adhesion of different strains of 

bacteria on the surfaces (Busscher & Van Der Mei, 2006). But these observations are based on 

a single-species model (Nejadnik et al., 2008) and the response to shear might not be 

comparable in multispecies arrangements, especially in the presence of more stress-tolerant 

bacteria such as Pseudomonas. There is a lack of research in understanding the multispecies 

biofilm formation under stress, the effect on the biofilm components, and the underlying 

reasons for their persistence in their natural environment (Guillonneau et al., 2018; Luo et al., 

2022).   

The establishment of higher EPS producing bacteria on the surface might impact the ‘critical 

shear stress’ value of the later-arriving bacteria, which could result in enhancement of bacterial 

attachment, in contrast to the decrease we observe in the single species as a result of shear. In 

studies of a multispecies biofilm model, the conditioning by the primary coloniser is a reality 

that has been considered in a few interaction studies (Puga et al., 2018; Sasahara & Zottola, 

1993). The colonisation sequence can impact the attachment and biofilm formation, which 

could impact the interspecies interactions and their response to antimicrobial agents as well 

(Puga et al., 2018). Further research is needed to understand how this priority-based assembly 

of the biofilm impacts functional properties of multispecies biofilm relevant to food surfaces. 
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These findings allow us to explore the biocontrol strategies to reduce microbial contaminants 

of food, as well as the interference that needs to be done before the keystone antimicrobial-

resistant bacteria are cemented on the surface.  
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3 Chapter 3 Impact of nutrient abundance on 

multispecies biofilm formation  
 

 

 

This chapter contains material that was published as a peer-reviewed article: 

Pant, K., Palmer, J., & Flint, S. (2025). Conditional synergy: Impact of nutrient abundance on 

multispecies biofilm formation and sanitizer tolerance. Food Microbiology, 104952.  
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3.1 Introduction  

 

The presence of multispecies bacteria in natural biofilms has been observed in a multitude of 

industrial settings and food processing areas, often leading to contamination and microbial 

corrosion (Bonneville et al., 2021; Di Pippo et al., 2018; Dula et al., 2021).  Biofilm formers 

such as  P. fluorescens, S. aureus, and L. monocytogenes have been isolated in combination 

from various food surfaces (Cherif-Antar et al., 2016) (Figure 2.1). Staphylococcus and 

Pseudomonas are good biofilm formers with common nutritional niches such as meat, dairy, 

fresh fruits, milk, and vegetables, with Pseudomonas causing spoilage and Staphylococcus 

capable of causing food poisoning (Xu et al., 2019). L. monocytogenes can adhere to, multiply, 

and show higher sanitizer tolerance on industrial surfaces in the presence of Pseudomonas (dos 

Santos et al., 2023; Fagerlund et al., 2017; Kocot & Olszewska, 2020; Thomassen et al., 2023). 

These multispecies biofilms show increased tolerance to cleaning agents compared to single-

species biofilms, which has been associated with the exchange of public goods, quorum sensing 

between the bacteria involved, and added resistance provided by the biofilm matrix (Sanchez-

Vizuete et al., 2015; Wicaksono et al., 2022; L. Yuan, M. F. Hansen, et al., 2020). The bacteria 

that survive these treatments on industrial processing surfaces can be released into the passing 

liquid, partly due to shear stress, and contaminate the food (Rückerl et al., 2014), which has 

been previously noted for pathogens such as L. monocytogenes (Rodríguez-Campos et al., 

2019). The cross-contamination that leads from failure to remove biofilm on food industry 

surfaces has so far accounted for 25% of the world’s food safety outbreak cases (Yushina et 

al., 2024).  

The sanitizers commonly used in the food industry for cleaning and sanitation are quaternary 

ammonium compounds, peracetic acid, and chlorine compounds such as sodium hypochlorite 

(Chaves et al., 2024; Simões et al., 2010). The chlorine oxidizes the organic matter in the 

biofilm before diffusing into the layers for a bactericidal effect (Sarjit & Dykes, 2017) and can 

interact with proteins, enzymes, lipids, DNA, and RNA (Barnes & Greive, 2013; Ran et al., 

2019). The recommended concentration of sanitizer, such as sodium hypochlorite (active 

chlorine 13%), ranges from 0.05-2%, depending on the intended application and treatment time 

(Aarnisalo et al., 2007). In the food industry, surfaces are cleaned and sanitized frequently, 

which results in a nutrient-depleted surface for the possible formation of bacterial biofilms. 

Hence, it is important to understand the responses of biofilm-forming bacteria under different 

nutrient conditions (Pang et al., 2019). The biofilm and its components, including 
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exopolysaccharides, proteins, and eDNA, are significantly affected by the nutrient conditions 

(Wang et al., 2022).  

Previous biofilm research has extensively focused on single-species biofilm, largely due to the 

relative simplicity of investigations in a single species. However, bacteria on the food contact 

surfaces rarely exist by themselves (Sadiq et al., 2017) and the sanitizer response is defined by 

the complex interaction dynamics of the multiple bacteria present in the biofilm (L. Yuan, N. 

Wang, et al., 2020). Environmental variables such as temperature (Yushina et al., 2024), 

nutrients, and substrate (topography, material, and coating/conditioning) can impact the 

interspecies interaction in the biofilm (key species, chemical composition, and sanitizer 

resistance) (Ramstedt & Burmølle, 2022). Among them, nutrient concentration is a critical 

parameter for biofilm formation and is vital to understanding interspecies interactions in 

multispecies environments (Ibusquiza et al., 2012; Wang et al., 2022). This chapter aimed to 

understand the effect of nutrient variation on the single, dual, and triple-species biofilm formed 

by P. fluorescens, S. aureus, and L. monocytogenes and their tolerance to sub-lethal 

concentrations of sodium hypochlorite (50 ppm/5 min) on polystyrene surfaces.  

3.2 Materials and Methods 

 

3.2.1 Bacterial strains and culture media used 

 

Stock cultures (-80°C) of Pseudomonas fluorescens 2614 (P1) (Dairy), Staphylococcus aureus 

subsp. aureus Rosenbach (ATCC 9144) (S2), and Listeria monocytogenes H1 (LM1) 

(Environment-soil) were streaked into tryptone soy agar (TSA) (DifcoTM, Becton, Dickinson 

and Company, USA) and incubated at 30°C for 24 h. All three bacteria are from a previously 

established culture collection of the Food Microbiology Lab, School of Natural Sciences and 

Food Technology, Massey University, Palmerston North, New Zealand. The colonies were 

then inoculated into tryptone soy broth (TSB) (DifcoTM, Becton, Dickinson and Company, 

USA) individually and incubated again in 15 mL centrifuge tubes (Falcon®, Corning, USA) for 

another 18 h at 30°C to prepare the working culture. After the secondary incubation, the 

cultures were centrifuged (Sigma® 6-16, John Morris Scientific Ltd., Germany) at 10000× g 

for 10 min at room temperature. The cell pellets after centrifugation were washed with sterile 

saline solution (0.85% w/v) via vortex mixing (30 s, highest setting) (Scilogex, Germany) and 

centrifugation (10000× g for 10 min). The concentrated cells were collected by removing the 
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saline solution and resuspending the final pellet into fresh sterile saline solution to the required 

cell concentration (CFU/mL). The cell concentration of each bacterium was set to 8 log10 

CFU/mL for biofilm formation using a graph of O. D600nm vs. cell concentration (log10 

CFU/mL) (Appendix VI). The final cell concentration in the sample was fixed to 6 log10 

CFU/mL using saline solution for dilution (×100 times). 

3.2.2 Biofilm formation  

 

Polystyrene 96-well plates (Falcon, USA) (0.34 cm2) were used as substrates. For single 

species biofilm formation, 20 µl of bacteria in saline solution (8 log10 CFU/mL) was added to 

180 µl of media (TSB or 10% TSB) in each well of the 96-well plate. For dual and triple species 

biofilm formation, P. fluorescens, S. aureus, and L. monocytogenes in 1:1 (10 µl each) and 

1:1:1 (10 µl each) was added into the media (full strength TSB and 10% TSB) in single, dual, 

and triple species to 180 µl of media (TSB or 10% TSB). The final cell concentration was fixed 

at ̴ 6 log10 CFU/mL. The plates were incubated for 24 h at 30°C for cell quantification in the 

biofilm and 72 h for exopolysaccharide quantification. For blank samples, the respective sterile 

media were added to the wells.  

3.2.3 Biofilm biomass  

 

The biofilm biomass was determined according to Stepanović et al., (2004) with crystal violet 

dye (Acros Organics, USA). Crystal violet stains all biofilm components, including cells and 

extracellular components. The 24 h incubated plates from section 3.2.2 were washed with the 

saline solution (0.85%) and air-dried at room temperature for 20 min. Crystal violet dye (200 

µl) (0.5% w/v in water) was added to each well in a 96-well plate and allowed to stain for 20 

min before washing with saline solution until the water runs clear. The stained plate was 

allowed to air-dry at room temperature for 30 mins before adding 200 µl of 95% ethanol. After 

20 min of ethanol extraction, the absorbance value was noted at an optical density of 590 nm 

using a spectrophotometer (Varioskan Lux 3020-1333, Thermo Fisher Scientific Ltd., USA). 

Depending on the crystal violet value for the single and multispecies biofilm, the interaction 

was classified into synergistic, neutral, and antagonistic. For synergy to be effective, the 

absorbance for the multispecies biofilm (OD590 MS) needed to be higher than the absorbance 

obtained from the highest biofilm producer in the single-species biofilm (OD590 HS). This can 

be written as (OD590 MS- S.D) > (O.D590 HS + S.D), where S.D is the standard deviation of 
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respective values. Similarly for neutral interaction, (OD590 MS- S.D) = (O.D590 HS + S.D) and 

for competitive interactions, (OD590 MS- S.D) < (O.D590 HS + S.D) (Ren et al., 2015).    

3.2.4 Sanitizer treatment 

 

The response of single and multiple species bacteria in biofilm to sub-lethal concentrations of 

sodium hypochlorite sanitizer was analyzed according to Lin et al., (2022). After 24 h 

incubation at 30°C (section 3.2.2), the wells were washed with sterile saline solution (×2) to 

remove planktonic cells from the wells before treating with sodium hypochlorite (200 µl, 50 

ppm, pH: 6.8-7) (Janola, Australia) for 5 min at room temperature immediately followed by 

200 µl of 1% sodium thiosulphate neutralizer (AnalaR®, VWR International, England) for 2 

mins. The wells were then promptly saline solution washed and air dried before swabbing with 

cotton buds (Citoswab® Citotest Labware, China) in saline solution and mixed by vortex 

(highest setting/1 min) to remove the cells to enable the number of cells in the biofilm after 

treatment to be determined. The serial 10-fold dilutions for plate counting were carried out 

using saline solution (0.85%) and plated on selective agar. Pseudomonas Isolation agar 

(DifcoTM, USA) for P. fluorescens, Mannitol salt agar (Oxoid, UK) for S. aureus, and Modified 

Oxford agar (HiMedia, USA) for L. monocytogenes.  

3.2.5 Exopolysaccharide concentration 

 

The biofilm matrix from the polystyrene surface was extracted using sonication and then 

quantified using phenol-sulphuric acid hydrolysis (Zhou, Dong et al., 2024). The 96-well plates 

with single and multispecies biofilms (72 h) from section 3.2.2 were washed (×3) with sterile 

saline (0.85%) solution to remove planktonic cells. Sterile distilled water (200 µl) was added 

into each well, and the wells were sealed using microplate sealing tape (Nunc™, Thermo 

Scientific™, Denmark) before sonication for 20 min (40 kHz) (Ultrasonic cleaner, DAIHAN 

Scientific Co., Ltd, Korea). The extraction process was completed by centrifugation (14,400× 

g /5 mins) of the sample solution collected from the wells. The supernatant was pooled from 

96 wells in the plates and collected for filtration (0.20 µm) (Minisart, Sartorius, Germany), and 

the pellet was discarded. To 200 µl of filtrate, 100 µl of 6% phenol (Sigma-Aldrich, Germany) 

and 500 µl of 98% sulphuric acid (Ajax Finechem, Thermo Fischer Scientific, Australia) were 

added, and left to react for 20 min at room temperature. The optical density reading was taken 
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at O.D 490 nm using a spectrophotometer and compared with the standard curve for dextran 

(Appendix VII), and the EPS was determined as µg/cm2 of the polystyrene surface. 

To confirm the removal of biofilm from the well's surface through sonication, the wells 

incubated with the sample and blank were stained with crystal violet (0.5% w/v) after 

sonication and compared. 

3.2.6 Gram staining and microscopic observation 

 

The polystyrene surfaces for microscopy were prepared by laser cutting (EpilogLaser fusion 

120 W, Alfex Laser, Australia) the polystyrene well plates into coupons of sizes of 10 mm×10 

mm. The dual species biofilm was formed in 48 well plate (Falcon, USA) in 1:1 ratio and 10% 

TSB according to section 3.2.2. The 24 h dual species biofilm of P. fluorescens, S. aureus, and 

L. monocytogenes were washed with saline solution and prepared for gram staining by air-

dying the surface. The surface dry coupons were introduced into 6-well plates containing 

crystal violet and dipped for 1 min, followed by washing. The coupons were then introduced 

in wells containing Gram’s iodine (potassium iodide and iodine- Thermo Fisher, New Zealand) 

for 1 min, followed by rinsing and decolorization with ethanol for 20 sec. The coupons were 

then counterstained by Safranine (Baker Analyzed®, UK) for another 1 min and air-dried for 

observation under light microscope (Olympus BX53F, Japan).   

3.2.7 Confocal microscopy and surface plots 

 

The co-localization of the bacteria and the structure of the biofilm formed under varying 

nutrient conditions was analyzed using two different stains: 4′,6-diamino-2-phenylindole 

(DAPI) (Invitrogen, Thermo Fisher Scientific, USA) for P. fluorescens and wheat germ 

agglutinin (WGA) Texas RedTM- X conjugate (Invitrogen, Thermo-Fischer Scientific, Life 

Technologies corporation, USA) for L. monocytogenes (Zhou, Dong, et al., 2024). Biofilm 

formed in 10% TSB and full-strength TSB for 72 h at 30°C on polystyrene surfaces was 

selected for staining and confocal microscopy (Nikon D-eclipse C1, Japan). The polystyrene 

coupons were washed with phosphate buffer solution (PBS) (Oxoid, Oxoid Ltd, UK) and a 

staining solution containing 6 µL of DAPI (1 mg/mL) and 6 µL of WGA- Texas red (1 mg/mL) 

in 6 mL of TSB. The staining was completed in the dark for 60 mins at room temperature, after 

which the coupons were washed with sterile distilled water and allowed to dry in the dark 

before proceeding to the confocal imaging. The z-stack sequence was obtained using EZ-C1 
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(Gold version 3.80 build 860) and processed in ImageJ software (ImageJ 1.54g, National 

Institute of Health, USA) for surface plots. P. fluorescens and L. monocytogenes dual-species 

biofilm was chosen for imaging based on the lowest log reduction of each bacterium (higher 

sanitizer tolerance) observed compared to other combinations and their single species 

counterparts (Table 3.2). 

3.2.8 Statistical analysis 

 

The significant differences between the samples were determined with one-way ANOVA (IBM 

SPSS version 29) with 95% confidence (p<0.05), together with Tukey analysis for post-hoc 

analysis. The correlation between the properties of the biofilm was analyzed using Pearson’s 

Correlation Analysis (IBM SPSS version 29). All experiments had at least two biological 

replicates and six technical replicates, and results were presented as mean ± standard deviation.  

3.3 Results  

 

3.3.1 Biofilm formation  

 

All three bacteria formed biofilm on the polystyrene surface under both nutrient conditions 

(TSB and 10% TSB) as observed through the O.D590 nm value after crystal violet staining. 

Significantly higher biofilm (p<0.001) was observed in full-strength TSB compared to 10% 

TSB for all three bacteria in single and multispecies (Figure 3.1). In 10% TSB, P. fluorescens 

(0.09) and S. aureus (0.06) formed comparatively higher biofilm (p<0.001) compared to L. 

monocytogenes (0.02) in single species. A similar pattern was observed for single-species 

biofilm formed in TSB, with L. monocytogenes being the poor biofilm former (0.11) compared 

to P. fluorescens (0.21) and S. aureus (0.37) (Figure 3.1).  
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Figure 3.1 Crystal violet values (O.D 590 nm) of P. fluorescens (P1), S. aureus (S2), and L. 

monocytogenes (LM1) in single, dual, and triple species biofilm (24 h) formed in 10% TSB 

and full-strength TSB. The lowercase letters x,y,z, and a,b,c,d indicate the significant 

differences between combinations in 10% TSB and TSB, respectively. 

The relationship equation by Ren et al., (2015) provided insight into the interaction between 

the bacteria in both nutrient-sufficient (TSB) and nutrient-deficient (10% TSB) conditions. In 

TSB, the combination of P. fluorescens, S. aureus, and L. monocytogenes in dual and triple 

species biofilm resulted in synergistic interactions except for P. fluorescens and L. 

monocytogenes dual species biofilm, which resulted in neutral interaction (0.2) (Table 3.1). 
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Table 3.1 Interaction between P. fluorescens (P1), S. aureus (S2), and L. monocytogenes 

(LM1) in dual and triple species biofilm formed in TSB and 10% TSB based on the 

relationship equation 

Media Sample Multispecies 

biofilm MS  

(O.D590 - S. D) 

Highest biofilm 

former- single 

species SS  

(O. D590 + S. D) 

Interaction 

TSB P1+S2 0.75 0.37 Synergistic 
 

P1+LM1 0.22 0.23 Neutral 
 

S2+LM1 0.78 0.37 Synergistic 
 

P1+S2+LM1 0.81 0.37 Synergistic 

10% TSB P1+S2 0.09 0.16 Antagonistic 
 

P1+LM1 0.07 0.11 Antagonistic 
 

S2+LM1 0.11 0.07 Synergistic 
 

P1+S2+LM1 0.06 0.11 Antagonistic 

Synergistic interaction: MS (O.D590 - S. D) > SS (O. D590 + S. D); Neutral interaction: MS 

(O.D590 - S. D) = SS (O. D590 + S. D); Antagonistic interaction MS (O.D590 - S. D) < SS (O. 

D590 + S. D) 

 Biofilm formed under 10% TSB resulted in antagonistic interactions between all combinations 

of dual and triple species, except S. aureus and L. monocytogenes dual species, indicating the 

nutrient content-based synergy of the bacteria involved (Table 3.1).  

3.3.2 Biofilm formation: Cell concentrations 

 

Under nutrient-limiting concentrations (10% TSB), there was no significant difference 

(p>0.05) in the cell concentration between single and multispecies biofilm for all three bacteria 

involved (P. fluorescens, S. aureus, and L. monocytogenes). P. fluorescens, S. aureus, and L. 

monocytogenes reached the cell concentration of 6.1-6.3 log10 CFU/cm2, 7.4-7.7 log10 

CFU/cm2, and 6.1-7.0 log10 CFU/cm2, respectively, indicating biofilm formation in both single 

and multispecies biofilms (Figure 3.2). The co-inoculation of the second bacteria did not impact 

the cell concentrations of any bacteria involved in the dual and triple species biofilm formed in 

10% TSB (Figure 3.2).  
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In full-strength TSB, the cell concentration of all three bacteria involved, P. fluorescens, S. 

aureus, and L. monocytogenes, was comparable in single and dual species, reaching 7.0-7.7 

log10 CFU/cm2, 6.5-7.6 log10 CFU/cm2, and 6.1-6.6 log10 CFU/cm2, respectively, for each 

bacterium. Significantly higher cell concentration (p<0.001) was observed for L. 

monocytogenes in the three-species biofilm (7.9 log10 CFU/cm2) compared to its single (6.6 

log10 CFU/cm2) and dual species (6.1-6.4 log10 CFU/cm2) counterparts (Figure 3.2). There was 

no significant difference (p>0.05) between the cell concentrations of biofilm in TSB and 10% 

TSB. 

In the three-species biofilm, the predominance of the bacteria varied depending on the media 

used. In the three-species biofilm formed in 10% TSB, the cell concentration of S. aureus was 

higher (7.7 log10 CFU/cm2) compared to L. monocytogenes (6.18 log10 CFU/cm2) and P. 

fluorescens (6.76 log10 CFU/cm2), indicating the predominance of S. aureus. In contrast, 

observations showed that the three biofilm species formed in full-strength TSB had no 

significant differences (p>0.05) in the cell concentration among P. fluorescens (7.7 log10 

CFU/cm2), S. aureus (8.3 log10 CFU/cm2), and L. monocytogenes (7.9 log10 CFU/cm2) (Figure 

3.2).  

These mixed species of biofilms showed intermixed cells in the biofilm formed in full strength 

TSB, as observed through Gram staining (Figure 3.3).  
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Figure 3.2 Cell concentrations of P. fluorescens (P1), S. aureus (S2), and L. monocytogenes (LM1) in single, dual, and triple species biofilm 

formed in nutrient-limited conditions (10% TSB) and nutrient-abundant conditions (TSB). The lowercase letters a,b and u-z indicate the 

significant differences between combinations in 10% TSB and TSB, respectively. 
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Figure 3.3 Gram-staining images of P. fluorescens (pink cylindrical cells), S. aureus 

(purple spherical cells), and L. monocytogenes (purple cylindrical cells) dual species 

biofilm formed in full-strength TSB on polystyrene surface at 30°C for 24 h.  

3.3.3 Sanitizer tolerance 

 

The sanitizer treatment of biofilms (single and multispecies) formed in nutrient-limiting 

conditions (10% TSB) reduced the cell concentration of all three bacteria, P. fluorescens, S. 

aureus, and L. monocytogenes below the detection limit (<2.1 log10 CFU/cm2) (Figure 3.4). 

A. P. fluorescens (pink 

rods) and L. 

monocytogenes 

(purple rods) 

B. P. fluorescens (pink 

rods) and S. aureus 

(purple cocci) 

C. S. aureus (purple cocci) 

and L. monocytogenes 

(purple rods) 
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Figure 3.4 Surviving cell concentrations (log10 CFU/cm2) of P. fluorescens (P1), S. aureus (S2), and L. monocytogenes (LM1) in single, dual, 

and triple species biofilm formed in 10% TSB and full-strength TSB after treatment with sodium hypochlorite (50 ppm/5 mins). The 

dotted line represents the detection limit (<2.1 log10 CFU/cm2). The lowercase letters a-g indicate the significant differences between 

combinations in TSB. 
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In full-strength TSB, the highest reduction post-sanitizer treatment was observed for L. 

monocytogenes in single species (4.3 log10 reduction), this tolerance further improved in dual 

species, in the presence of P. fluorescens (1.1 log10 reduction) and S. aureus (2.2 log10 

reduction). Similar observations were made for P. fluorescens with 2.8 log10 reduction in single 

species, 2.0 log10 reduction with S. aureus in dual species, and 1.4 log10 reduction with L. 

monocytogenes in dual species. The lowest log reduction was observed for S. aureus in single 

species (2.4 log10 reduction), which further improved in dual species (1.9 log10 reduction with 

P. fluorescens, and 2.2 log10 reduction with L. monocytogenes) (Table 3.2).  

Table 3.2 Log10 reduction of P. fluorescens (P1), S. aureus (S2), and L. monocytogenes 

(LM1) in single, dual, and triple species biofilm formed in 10% TSB and full-TSB. 

Biofilm  Bacteria Log10 reduction (log10 CFU/cm2) 
  

10% TSB TSB 

P. fluorescens  
 

5.21 ± 0.39y1 2.86 ± 0.23cd2 

S. aureus  
 

5.38 ± 0.21y1 2.49 ± 0.41bcd2 

L. monocytogenes 
 

4.99 ± 0.37xy1 4.32 ± 0.09e2 

P. fluorescens + S. aureus  P. fluorescens  5.01 ± 0.20xy1 2.08 ± 0.42abcd2 
 

S. aureus  5.32 ± 0.17y1 1.96 ± 0.06abc2 

P. fluorescens + L. 

monocytogenes 

P. fluorescens  4.90 ± 0.43xy1 1.46 ± 0.76ab2 

 
L. monocytogenes 4.76 ± 0.36xy1 1.12 ± 0.36a2 

S. aureus + L. monocytogenes S. aureus  5.64 ± 0.40y1 2.25 ± 0.40abcd2 
 

L. monocytogenes 4.74 ± 0.25xy1 2.23 ± 0.10abcd2 

P. fluorescens + S. aureus + L. 

monocytogenes 

P. fluorescens  4.67 ± 0.02xy1 1.31 ± 0.51ab2 

 
S. aureus  5.64 ± 0.22y1 1.88 ± 0.02abc2 

 
L. monocytogenes 4.08 ± 0.10x1 3.34 ± 0.09de2 

Note: letters (x,y) indicate the significant differences between the log10 reduction of bacteria 

for biofilm formed in 10% TSB (between rows). Letters (a,b,c,d,e) indicate the significant 

differences between the log10 reduction of bacteria formed in TSB (between rows). Numbers 

(1,2) indicate the significant differences between the log10 reduction of bacteria for biofilm 

formed in 10% TSB and TSB (between columns). 
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In the three-species biofilm formed in full-strength TSB, the survival of all three bacteria 

increased with the log reduction ranging 1.3 log10 CFU/cm2, 1.8 log10 CFU/cm2, and 3.3 log10 

CFU/cm2 for P. fluorescens, S. aureus, and L. monocytogenes, respectively. This indicated that 

all three bacteria in this study benefit from the synergy in dual and triple-species biofilm 

(Figure 3.4).  

3.3.4 Exopolysaccharide content 

 

The exopolysaccharide (EPS) content of the biofilm formed under nutrient-abundant 

conditions (TSB) was significantly higher (p<0.001) than that under nutrient-limiting 

conditions (10% TSB) (Figure 3.5). Under both nutrient conditions, L. monocytogenes 

produced significantly lower exopolysaccharides (2.5-11.8 µg/cm2) compared to S. aureus and 

P. fluorescens.  In nutrient-limited conditions, the triple species combination resulted in 

significantly higher (p<0.001) EPS content (16.9 µg/cm2) compared to their single species 

counterparts (1.3-8.0 µg/cm2) but was comparable to their dual species combinations (13.0-

15.0 µg/cm2). A similar observation was made for a multispecies biofilm formed in full-

strength TSB, where the three species biofilm showed significantly higher (p<0.001) EPS 

concentration (60.9 µg/cm2) compared to their single species (11.8-33.5 µg/cm2) and dual 

species counterpart (36.7-42.3 µg/cm2). The EPS concentration (Figure 3.5) reflected the 

findings of biofilm formation (crystal violet staining) (Figure 3.1). 
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Figure 3.5 Exopolysaccharide concentration (μg/cm2) of single, dual, and triple species 

biofilm consisting of P. fluorescens (P1), S. aureus (S2), and L. monocytogenes (LM1). 

The lowercase letters (a, b) and uppercase letters (A-D) indicate the significant differences 

between the combinations in 10% TSB and full-strength TSB respectively.  

 

3.3.5 Correlation between biofilm formation and sanitizer tolerance  

 

A significant positive correlation (0.6) was observed between exopolysaccharide content and 

sanitizer tolerance (Table 3.3), indicating that the higher exopolysaccharide concentration in 

combinations could be one of the reasons for increased tolerance in multispecies biofilm 

(Figure 3.4). The cell concentration in the biofilm and the sanitizer tolerance did not have a 

significant correlation (0.1) (Table 3.3), clarifying the variation between sanitizer tolerance for 

biofilm formed in 10% TSB and TSB despite having comparable cell concentrations (Figure 

3.4).   
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Table 3.3 Pearson’s coefficient analysis between biofilm biomass (CV), biofilm cells, 

sanitizer tolerance, and the exopolysaccharide concentration  

 
CV Biofilm cells Tolerance EPS 

CV 1 0.247 .555** .807** 

Biofilm cells 0.247 1 0.146 0.284 

Tolerance .555** 0.146 1 .618** 

EPS .807** 0.284 .618** 1 

** Correlation is significant at the 0.01 level (2-tailed). 

 

3.3.6 Structural variation as a result of nutrient conditions 

 

The biofilm formed in 10% TSB was observed to consist of mound-like protrusions compared 

to the compact layers formed in full-strength TSB (Figure 3.6. A and B). The compact biofilm 

formed in full-strength TSB consisted of higher EPS concentration (Figure 3.5) and higher 

tolerance to sanitizer (Table 3.2) compared to the biofilm with uneven surfaces formed in 10% 

TSB.  
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Figure 3.6 Confocal microscopy images showing dual-species biofilm formed with P. 

fluorescens (blue) and L. monocytogenes (red) in A) 10% TSB and B) full-strength TSB. 

A.1 and B.1 are 2-D images obtained from the microscope after dual staining. A.2 and B.2 

are the surface plots showing the structural differences between the biofilm formed under 

varying nutrient conditions for 10% TSB and full-TSB, respectively. 

  

A.1 A.2 

B.1 
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3.4 Discussion 

 

Significantly higher (p<0.05) biofilm formation was observed for single and multispecies 

biofilm formed in full strength TSB, compared to 10% TSB for all three bacteria involved: P. 

fluorescens, S. aureus, and L. monocytogenes, as observed through crystal violet staining 

(Figure 3.1) and confirmed by exopolysaccharide concentrations (Figure 3.5). Similar 

variations in the biofilm as a result of nutrient conditions have been mentioned before. S. Yuan 

et al., (2020) observed that the increased access to nutrients resulted in biofilms with higher 

thickness, biovolume, and roughness. Interestingly, the variation in nutrient content had no 

significant impact (p>0.05) on the cell concentrations in single and multispecies biofilms 

(Figure 3.2). Pseudomonas species have been previously reported as one of the major microbial 

contamination risks in the food industry because of their ability to grow and form biofilm even 

under low nutrient conditions and at low temperatures (frequently isolated from water - Centre 

for Disease Control and Prevention) (Xu et al., 2019). The supplementation of media with 

glucose, sucrose, and sodium chloride yielded higher biofilm (biomass) measured by crystal 

violet staining for Staphylococcus (Liu, Zhang et al., 2020; Singh et al., 2017). A similar 

observation was made by Karatan & Watnick, (2009) for S. aureus and S. epidermis, where the 

presence of added glucose and related sugars in the media resulted in multilayer biofilm 

formation. Another study shows that the growth and attachment of Pseudomonas and 

Staphylococcus in pure and mixed (1:1) cultures in the presence of four different media (Brain 

Heart Infusion (BHI), Nutrient Broth (NB), Luria Bertani (LB), and Roswell park Memorial 

Institute (RPMI) 1640) resulted in higher growth and attachment in BHI broth (nutrient rich) 

(Wijesinghe et al., 2019). Enhanced planktonic growth and biofilm attachment have been 

positively associated with high nutrient concentrations. In a study of biofilm formation in 

different media, such as chicken juice and TSB, L. monocytogenes showed higher biofilm 

formation in TSB (Dong et al., 2022). In contrast, Wang et al., (2022) reported the increased 

production of exopolysaccharides for L. monocytogenes strains under nutrient-limiting 

conditions (dTSB-YE) compared with nutrient-rich conditions (TSB-YE), indicating the 

response is strain dependent. The order of predominance of bacteria in a three-species biofilm 

was found to be dependent on the media as well. In 10% TSB media, S. aureus predominated 

the biofilm, followed by P. fluorescens and L. monocytogenes (Figure 3.2). Previous reports 

have mentioned the predominance of P. fragi and S. xylosus in the steady-state multispecies 

setup containing P. fragi, S. xylosus, and L. monocytogenes in dilute TSB (2g/L) formed in a 
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constant-depth film fermenter (Norwood & Gilmour, 2000). The order of dominance between 

Acinetobacter and Enterobacter in dual-species biofilm was also found to be dependent on the 

nutrient concentration in an 8-day study (S. Yuan et al., 2020).  

In this study, synergistic interaction in multispecies biofilm was observed to be prevalent in 

high nutrient conditions (full-strength TSB). Under nutrient-deficient conditions, the 

relationship equations showed higher antagonistic combinations than nutrient-sufficient 

conditions (Table 3.1). Depending upon the nature of the bacteria, a similar shift in interaction, 

depending on the nutrient conditions, is noted for a combination of oligotrophic bacteria 

(stress-preferring) and a fungus, which shifted their interaction from competition to 

cooperation when evaluated in a low-nutrient environment (Velez et al., 2018). While the 25% 

TSB did not have a significant effect on the growth of the strains, lower synergy was observed 

in the multispecies biofilm formed by Stenotrophomonas rhizophila, Xanthomonas retroflexus, 

Microbacterium oxydans, and Paenibacillus amylolyticus compared with the multispecies 

biofilm formed in full TSB (Olsen et al., 2019). Competitive interactions are reported to occur 

when there is competition for nutritional niches and space (Parijs & Steenackers, 2018). Hence, 

under nutrient-limiting conditions, the interaction between the bacteria has been reported to 

evolve into competition (Xu et al., 2019). The synergistic interaction occurs in many ways: 

physical interaction (co-aggregation) and metabolite interaction (secretion of enzymes, 

metabolic cross feeding), but does not necessarily assure higher fitness of the biofilm 

(Burmølle et al., 2006). The interaction between the dual-species biofilm formed by P. 

aeruginosa and K. pneumoniae changed from neutral to competition when the nutrient feeding 

and waste removal rates decreased (Tan et al., 2017). These observations collectively indicate 

that the interaction between the bacteria is conditional and dynamic. 

In this study, the synergy between the bacteria in the multispecies biofilm provided the 

increased fitness of the mixed biofilm, showing increased survival of all three bacteria in the 

multispecies biofilm formed in full-strength TSB (Figure 3.4). The sanitizer tolerance of the 

pathogen L. monocytogenes increased significantly (p<0.05) in dual and triple species 

combinations (Figure 3.4). In a similar disinfection study, eighteen L. monocytogenes cultures 

in single and dual species (with Pseudomonas) were treated with peracetic acid and antibiotics.  

After the disinfection, survival of ten cultures of Listeria was noted in dual species, whereas in 

single species, all eighteen cultures of Listeria were reduced to undetectable levels (Thomassen 

et al., 2023). The dual species of Pseudomonas and S. enteritidis showed increased tolerance 

against quaternary ammonium compounds in a dual species combination (Pang et al., 2020).  



59 

 

The protective effect of the binary biofilm of E. coli and P. aeruginosa against benzalkonium 

chloride has been noted before (Machado et al., 2012). In addition to the binary biofilm, the 

persistence of L. monocytogenes was also found to be elevated in the presence of S. 

Typhimurium and P. aeruginosa against black pepper essential oil in a three-species biofilm 

(dos Santos et al., 2023). The results show enhanced resistance of the Listeria in binary biofilm 

with Pseudomonas, which can be added to the fact that Pseudomonas produces higher EPS 

(thickness and distribution), which acts as a barrier for the sanitizer before it reaches the 

Listeria or Staphylococcus, also known as the sheltering effect (Kocot & Olszewska, 2020; 

Thomassen et al., 2023). The formation of denser biofilm (higher EPS) in multiple species and 

its correlation with increased sanitizer tolerance has been discussed before (Table 3.2).   

In this study, despite the concentration of exopolysaccharide increasing significantly in three 

species biofilm (Figure 3.5), the surviving bacteria in the three species biofilm after sanitizer 

treatment were comparable to dual species (Figure 3.4), which might suggest that in addition 

to exopolysaccharides, the higher survival of L. monocytogenes in multispecies biofilm could 

be the result of quorum sensing, horizontal gene transfer, and/or spatial arrangement with one 

specific bacterium present in the combination (Wagner et al., 2020). Guillonneau et al., (2018) 

observed that irrespective of the number of bacteria (dual and triple) in the biofilm, P. 

mediterranea was able to benefit from only one bacterium (Shewanella sp.) in the combination. 

Previous reports have indicated the importance of spatial arrangement on the composition and 

behavior of multispecies biofilm (Dong et al., 2023; Ibusquiza et al., 2012). In the dual-species 

biofilm consisting of P. aeruginosa and S. aureus, S. aureus was located at the bottom of the 

biofilm (facultative anaerobic), whereas P. aeruginosa was found on the top layers owing to 

its aerobic metabolism. The polysaccharide Psl produced by P. aeruginosa was found to form 

a protective barrier between S. aureus and P. aeruginosa, protecting the former bacteria from 

the lytic effect of the latter (Xu et al., 2019). In addition to sanitizer tolerance, the synergistic 

interaction in multispecies biofilm has been noted to provide the bacteria with higher resistance 

towards invasive bacterial species (Burmølle et al., 2006) and surfactant and antibiotics (Lee 

et al., 2014). 

In this study, major structural differences were observed for biofilm formed under different 

nutrient conditions (Figure 3.6). The Pseudomonas biofilm formed under nutrient-abundant 

conditions had a thick, compact, and uniform structural appearance compared to the biofilm 

formed under nutrient-deficient conditions, where a porous biofilm containing interstitial 

channels and voids can be observed (Heydorn et al., 2000). The relationship between the 
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nutrient content and structure of the biofilm has direct implications for sanitizer tolerance (Bas 

et al., 2017). Compact biofilm with higher EPS density has been noted to increase resistance 

against external factors (hydraulic flow, antimicrobials). This has also been previously 

recognized as rugose (uneven) morphotype vs smooth morphotype in S. Typhimurium, 

observed as the result of continuous exposure to sodium hypochlorite (Bansal et al., 2019).  

The structure of the biofilm is dependent on the nutrient uptake and diffusion of the nutrient 

throughout the biofilm. Once the microcolonies are formed, the proliferation of the bacteria is 

dependent on the nutrient uptake by the bacteria on the outer layer of the structures (Lobo-

Cabrera et al., 2024). A porous and heterogeneous structure can be observed when diffusion of 

the nutrients is limited in the biofilm compared with a homogenous and compact biofilm when 

the diffusion limitations are absent (Van Loosdrecht et al., 2002). These structural observations 

are significant because the efficiency of antimicrobials (hydrogen peroxide, chlorine dioxide, 

and quaternary ammonium compounds) was found to be dependent on the proportion of biofilm 

coverage on the surface (Bas et al., 2017). Under different nutrient conditions, different genes 

may be upregulated, leading to differences in the EPS production and hence structural 

properties (Campanac et al., 2002). This higher EPS production and compact biofilm result in 

higher proximity of the cells to each other and allow cell-cell interactions and the formation of 

a synergistic biofilm (Flemming & Wingender, 2010).  

3.5 Conclusion 

 

While the O.D595 nm was an accurate indicator of the biofilm biomass, the relationship equation 

based on these values did not correlate with the synergistic interactions in all the cases studied. 

Among the three bacteria analyzed in this study, L. monocytogenes was the weakest biofilm 

former with the highest susceptibility to sanitizers in single-species and benefited most in the 

multispecies arrangement. While it's clear that higher exopolysaccharide concentration results 

in higher tolerance, the uneven log reduction of bacteria in three species biofilm (compared to 

dual species) indicates that the role of spatial arrangement might be significant in defining 

which bacteria will be sheltered more in multispecies biofilms. In conclusion, by limiting the 

nutrient concentration, more impactful removal methodologies can be developed without 

having to increase the concentration of the chemical sanitizers. Overall, understanding the 

interactions between bacteria in a multispecies arrangement and their response to sanitizers 

under different environmental variables can help to develop a targeted, efficient, sustainable 

cleaning regime.  
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3.6 Link to the next chapter 

 

While this chapter explores the nutrient variation on polystyrene surfaces under static 

conditions, providing fundamental information on multispecies arrangements, the interactions 

on relevant industrial surfaces (e.g., stainless-steel) under dynamic conditions (continuous 

supply of media/shear stress) might vary. The next chapter (Chapter 4) will explore the single 

and multispecies biofilm formation on stainless-steel surfaces under static and turbulent flow. 
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4 Chapter 4. Single and Multispecies Biofilm 

Formed in the Static and Continuous Systems  

 

 

This chapter contains material that was published as a peer-reviewed article: 

Pant, K., Palmer, J., & Flint, S. (2025). Evaluation of single and multispecies biofilm formed 

in the static and continuous systems. International Journal of Food Microbiology, 429, 111030.  
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4.1 Introduction  

 

Listeria monocytogenes, commonly isolated from outbreaks in food products such as milk, soft 

cheese, and delicatessen meats (pork tongue in jelly) (Leriche & Carpentier, 2000),  can adhere 

to and multiply on industrial surfaces in the presence of Pseudomonas (Agustín & Brugnoni, 

2018; Fagerlund et al., 2017; Kocot & Olszewska, 2020; Thomassen et al., 2023). Multiple 

species of planktonic bacteria can come together in the biofilm, which defines the biofilm’s 

characteristics and stability (Brooks & Flint, 2008; Papaioannou et al., 2018). In the food 

industry, stainless-steel surfaces that are cleaned and sanitized are frequently contaminated 

with multispecies bacteria within a biofilm, along with nutrient-depleted conditions (Pang et 

al., 2019). The interactions between the bacteria involved in multispecies biofilm depend on 

strains of the bacteria, temperature, pH, oxygen content, and hydrodynamic conditions. The 

hydrodynamic conditions play a significant role in the transport of nutrients, expulsion of waste 

metabolites, and how the bacteria adapt to the shear stress (Wang et al., 2014). The common 

niches of Pseudomonas, Staphylococcus, and Listeria, where they might experience dynamic 

flow conditions through unit operations such as washing has been mentioned before (Figure 

2.1). The changes in these variables lead to interactions such as synergistic interactions because 

of cooperation and utilization of common goods; antagonism because of the competition for 

nutrients and space (Ramstedt & Burmølle, 2022). Depending on the interaction, 

exopolysaccharides/metabolites produced by one bacterium in a polymicrobial biofilm can 

protect other bacteria, resulting in increased survival during cleaning and disinfection 

(Sanchez-Vizuete et al., 2015).  

In the last decade, biofilm research in dynamic conditions has been extensively focused on 

single species (single strain/multi-strain) (Lineback et al., 2018; Mendez et al., 2020; Mettler 

et al., 2022; Nkemngong et al., 2020). Considering the dynamic nature of biofilm formation on 

the food industry surfaces, a continuous system with a multispecies bacterial model provides a 

more realistic representation of the biofilm (Diarra et al., 2023; L. Yuan, N. Wang, et al., 2020). 

The viability of the Centre for Disease Control and Prevention (CDC) reactor to replicate the 

dairy industry settings in laboratory-controlled conditions (Lindsay et al., 2022) and form 

multispecies biofilms (Prabhukhot et al., 2023) has been mentioned before. This study aimed 

to understand the effect of flow on the biofilm formation and sanitizer tolerance of 

Pseudomonas aeruginosa, Staphylococcus aureus, and Listeria monocytogenes in single, dual, 

and triple-species biofilm using the CDC bioreactor. 
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4.2 Materials and Methods 

 

4.2.1 Culture preparation 

 

Stock cultures (-80°C) of Pseudomonas fluorescens 2614 (P1) (Dairy), Staphylococcus aureus 

subsp. aureus Rosenbach (ATCC 9144) (S2), and Listeria monocytogenes H1 (LM1) 

(Environment-soil) were prepared for inoculation into the static system according to section 

3.2.1. For the continuous system, 1 mL of ˜ 9 log10 CFU/mL in saline solution (0.85%) 

(Appendix VI) was introduced into the 330 mL bioreactor, consisting of 10% TSB for the final 

cell concentration of ˜ 6 log10 CFU/mL of individual bacteria.  

4.2.2 Biofilm formation in the static system 

 

Stainless-steel coupons (316-2B; Advanced Sheetmetals Ltd., Palmerston North) (2.4 cm2) 

(Figure 4.1.A) were used as substrates for biofilm formation in the static system. The coupons 

were prepared by passivation to generate a chromium oxide coat by dipping in 50% nitric acid 

(Sigma Aldrich, USA) and heating to 70°C for 30 min, followed by washing, drying, and 

autoclaving (121°C, 15 min). The sterile coupons were introduced vertically into each well (1 

mL) of 48-well plate (Costar®, Corning, USA) containing 10% tryptone soy broth (TSB) or 

full-strength TSB with final bacterial concentration of 6 log10 CFU/mL. A 1:1 and 1:1:1 ratio 

of each bacterium at the same cell concentration were added for dual species and triple species 

inoculations respectively. The 48-well plates were incubated for 24 h at 30°C. The media (10% 

TSB or full-strength TSB) was refreshed every 24 h. The cell count was estimated every 24 h, 

and exopolysaccharide and microscopic observations were made at 72 h to obtain mature 

biofilms. The experiment was repeated for at least two biological replicates, and each biological 

replicate consisted of three technical replicates. 
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Figure 4.1 Stainless-steel coupon used as the substrate to form biofilm under static 

conditions and turbulent flow. Circular grooves can be observed on the surface of circular 

coupons used for biofilm formation under turbulent flow. 

4.2.3 Biofilm formation in the continuous system 

 

The CDC bioreactor® (Biosurface Technologies, USA) was used to form biofilm in a 

continuous flow system for 72 h. The CDC reactor system consisted of 4 components 1) the 

influent tank 2) the pump and flow rate control system 3) the bioreactor 4) the effluent tank 

(Figure 4.2). These components were connected via silicone 16 tubing (Masterflex®, Cole-

Parmer®, USA) and passed through the pump using neoprene 16 tubing.  The bioreactor 

consisted of 8 coupon rods, each rod consisting of three circular stainless-steel coupons (2.26 

cm2) passivated and sterilized according to section 4.2.2 (Figure 4.1.B). The media (10% TSB) 

was prepared in the influent tank and connected to the bioreactor via a pump (Masterflex®, 

Cole-Parmer®, USA), which fixed the constant flow rate of 5 mL/min. The doubling time for 

Pseudomonas, Staphylococcus, and Listeria in 10% TSB at 30°C was found to be 1.22 h, 1.5 

h, and 1.27 h following the growth curve. The bioreactor was run at 120 rpm and 30°C using a 

hot plate setup (VWR International, U.S.A). Every 24 h, 2 coupon rods were removed from the 

bioreactor, and cell counts in the biofilm were calculated per cm2 of the stainless-steel coupon 

surface. The system was continuously operated for 3 days for all single species and multiple 

species combinations. The exopolysaccharide (EPS) content and sanitizer resistance were 

determined at 72 h to analyze mature biofilm. The experiment was repeated at least twice (2 

biological replicates), and three technical replicates were acquired from each biological 

replicate for analysis.  

1
0
 m

m
 

10 mm 

12.7 mm 

B. Turbulent flow coupons A. Static conditions coupons 
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Figure 4.2 CDC bioreactor setup for biofilm formation 

The Reynolds number of the fluid through the speed of the impeller in the reactor was 

determined to estimate the turbulence in the media (Re<2100-laminar, 2100<Re<4000-

transient, Re>4000-turbulent) (Prabhukhot, Eggleton, Kim, & Patel, 2024; Prabhukhot, 

Eggleton, Vinyard, & Patel, 2024). The Reynolds number was calculated according to the 

modified equation for the tangential velocity of media in the agitated vessel. 

𝑅𝑒 =
𝑣 × 𝐷ℎ

µ
                                     (1)         

Where Re is the Reynold number, v is the hydrodynamic velocity (m/s), Dh is the diameter of 

the annulus given by 2 (Ro-Ri), Ro  (0.03 m) is the outer radius measured from the impeller 

center to the inner coupon surface, Ri (0.0225 m) is the inner radius measured from the impeller 

center to the outer edge of the impeller, and µ is the kinematic viscosity (1.0023E-06 m2/s) 

(Prabhukhot, Eggleton, Kim, et al., 2024). 

The shear stress on the coupons were calculated based on the Colebrook equation (Colebrook 

et al., 1939) as Equation 2. 

1.Media tank 

2. Pump setup 

3. Bioreactor 

4. To effluent tank 

Stainless-steel coupons 
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1

√𝑓
= −4.0 × 𝑙𝑜𝑔10 (

∈

𝐷ℎ
+

4.67

𝑅𝑒×√𝑓
) + 2.28                                                                               (2) 

Where ∈ is the surface roughness of the material (stainless-steel = 0.015×10-3 m) and f is the 

fanning factor. The change in the properties of the material as the result of biofilm formation 

was not accounted.  

The shear stress (𝜏𝑤) can be calculated as (Equation 3) (Prabhukhot, Eggleton, Kim, & Patel, 

2024), 

𝜏𝑤 = 0.5 × 𝑓 × 𝜌 × 𝑣2                                                                                                            (3) 

f is the fanning factor calculated from equation (2), 𝜌 is the density of fluid (998.23 kg/m3). 

The shear stress (N/m2) was used to understand the impact of flow on the biofilm formation 

formed in bioreactor under turbulent flow. 

4.2.4 Sanitizer treatment 

The incubated stainless-steel coupons obtained from static and continuous systems incubated 

for 72 h were washed with saline solution (0.85% w/v) to remove planktonic cells before being 

treated with sodium hypochlorite (SH) (50 ppm, pH: 6.5-7)  (Janola, Australia) (Lindsay et al., 

2022; Pang et al., 2019). The sanitizer dilution and preparation were done as mentioned before 

in section 3.2.4. The coupons with undisturbed biofilms from both static and continuous 

systems were dipped into 50 mL centrifuge tubes containing 5 mL of sodium hypochlorite 

sanitizer and treated for 5 mins before being introduced into another tube containing 1% 

sodium thiosulphate neutralizer with sterile forceps for 1 minute before being washed (10s in 

5 mL saline). The coupons containing biofilm were dipped in sterile saline solution instead of 

sanitizer for untreated samples, followed by sodium thiosulfate neutralizer and surviving cells 

enumerated according to section 4.2.5. The treatments were conducted in biological duplicates, 

with each duplicate containing a technical triplicate. 

4.2.5 Enumeration of cells from biofilm coupons 

The cells were detached from the coupons using the glass bead beating method, vortex mixing 

with 10 g of sterilized glass beads (diameter -5 mm, Sigma-Aldrich, Germany) with 5 mL 

saline solution (0.85%), for 5 min. Selective agars were used to enumerate cells (Pseudomonas 

Isolation agar for Pseudomonas, Mannitol salt agar for Staphylococcus, and Modified Oxford 

agar for Listeria). Similarly, to check the presence of L. monocytogenes in macroscopic threads 
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observed in dual species filamentous biofilm of S. aureus and L. monocytogenes, the threads 

were collected using sterile forceps, washed by gentle dipping into sterile saline solution 

(0.85%), and deposited into a sterile tube containing glass beads (10 g) and saline (5 mL). The 

sample was mixed by vortex for 5 mins at the highest setting until the threads were not visible 

in the suspension. The sample was plated using selective agars as mentioned above.   

4.2.6 Extracellular polymeric substances (EPS) quantification 

 

The biofilm matrix from the coupon surface was extracted using glass beads and saline 

solution, along with vortex and sonication, and then quantified using a phenol-sulphuric acid 

hydrolysis (Zhou, Dong, et al., 2024). Stainless-steel coupons with single and multispecies 

biofilms were washed (×3) with sterile distilled water to remove planktonic cells. The washed 

coupons were then mixed by vortex with sterile glass beads (5 g) and sterile distilled water (2 

mL) for 5 min at the maximum setting to remove the adhered cells and EPS. This was followed 

by the sonication (40kHz) of the tubes containing coupons, saline, and glass beads for 5 min. 

The extraction process was completed by centrifugation at 10,000× g for 5 min. The 

supernatant was collected for filtration (0.20 µm), whereas the pellet was discarded. To 200 

µL of filtrate, 100 µL of 6% phenol, and 500 µL of 98% sulphuric acid were added and left to 

react for 20 min at room temperature. The optical density reading was taken at 490 nm and 

compared with the standard curve for dextran (Appendix VII), where the EPS was determined 

in ug/cm2 of the stainless-steel coupons. 

4.2.7 Microscopy 

 

The coupons obtained from the static and the CDC system at 72 h were washed in sterile 

distilled water before air drying the surface at room temperature, followed by staining with 

acridine orange (10 g/L) (BDH, England) for 5 min in the dark (Jha et al., 2020). The coupons 

were again washed with sterile distilled water and dried at room temperature (dark) before 

being visualized with an epifluorescence microscope (Nikon Eclipse Ni, USA) at excitation 

filter 485/20nm and emission filter 500-538 nm (TRITC/filter 3). Three coupons were taken 

for each biological replicate for microscopic analysis, and at least five images were captured 

from each coupon across the surface. The observations were made at a magnification of 100 

µm. The epifluorescence images were acquired using NIS-elements D software.  
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The thread-like structures observed in S. aureus biofilm formation under turbulent flow were 

collected with sterile forceps and fixed on a glass-slide before gram staining and observation 

with light microscopy according to section 3.2.6.  

4.3 Statistical analysis 

 

The significant differences between the samples were determined with one-way ANOVA (IBM 

SPSS version 29) with 95% confidence (p<0.05) together with Tukey analysis for a post-hoc 

test. All experiments had at least two biological replicates, and six technical replicates and 

results were presented as mean ± standard deviation.  

4.4 Results  

 

4.4.1 Biofilm formation in the static system 

 

The impact of nutrient variation in the static system (full strength TSB vs 10% TSB) was 

limited to S. aureus in single species and P. fluorescens in dual combinations with S. aureus. 

In nutrient-abundant conditions, the cell concentrations of both S. aureus (in single species) 

and P. fluorescens (in dual species with S. aureus) were found to be significantly higher 

(p<0.05) (Figure 4.3). 

In the static system (10% TSB) (after 48 h), the presence of S. aureus and L. monocytogenes 

did not affect the cell concentration of P. fluorescens in both dual and triple species (Figure 4.3 

and 4.4). The cell concentration of P. fluorescens was found to be consistent in single species 

(6.4 log10 CFU/cm2), dual species (6.0-6.4 log10 CFU/cm2), and triple species (6.5 log10 

CFU/cm2). Similar observations were made for S. aureus and L. monocytogenes in single and 

multi-species. The cell concentration of S. aureus reached 6.9 log10 CFU/cm2 in single species, 

5.8-6.3 log10 CFU/cm2 in dual species, and 5.6 log10 CFU/cm2 in triple species biofilm. In 

single species, the cell concentration of S. aureus reached 5.1-6.9 log10 CFU/cm2 but reduced 

significantly (p<0.05) in dual species (3.7-5.8 log10 CFU/cm2) with P. fluorescens. This trend 

was observed for dual-species biofilm (P. fluorescens and S. aureus) formed in both nutrient-

abundant (full-strength TSB) (Figure 4.3) and nutrient-deficient (10% TSB) conditions (Figure 

4.4).  
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Figure 4.3 Cell concentration (log10 CFU/cm2) of P. fluorescens (P1), S. aureus (S2), and L. monocytogenes (LM1) in single, dual, and triple 

species biofilm formed in the static system in full-strength TSB at 30°C for 72 h. Note: The lower-case superscripts (a-b) indicate the significant 

differences in cell concentration of bacteria at different incubation times. The upper-case subscripts (A-D) indicate the significant differences in 

single and multiple-species biofilm combinations.
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Figure 4.4 Cell concentration (log10 CFU/cm2) of P. fluorescens (P1), S. aureus (S2), and L. monocytogenes (LM1) in single, dual, and triple 

species biofilm formed in the static system in 10% TSB at 30°C for 72 h. Note: The lower-case superscripts (a-b) indicate the significant 

differences in cell concentration of bacteria at different incubation times. The upper-case subscripts (A-D) indicate the significant differences in 

single and multiple-species biofilm combinations. 
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4.4.2 Biofilm formation in continuous system     

         

The Reynolds number of the agitated media in the bioreactor was > 4000, confirming turbulent 

flow in the CDC bioreactor. The shear stress at this turbulent flow was found to be 1.44 N/m2. 

A gradual increase of cell concentration in the biofilm can be observed for S. aureus and L. 

monocytogenes in both single species and dual species combinations (Figure 4.5). In contrast, 

for Pseudomonas, the cell concentration reached 6.4 log10 CFU/cm2 at 24 h and stayed 

comparable over the next 48 h (6.9-7.2 log10 CFU/cm2) in both single and dual species. At 24 

h, the cell concentration of Staphylococcus in single species biofilm was below the detection 

limit (<1.5 log10 CFU/cm2) but was detected in dual species biofilm with Pseudomonas (3.7 

log10 CFU/cm2) as well as with Listeria (2.7 log10 CFU/cm2) and in three-species biofilm (5.5 

log10 CFU/cm2).  

The cell concentration of P. fluorescens in single species biofilm (6.4, 7.2, and 6.9 log10 

CFU/cm2) was found to be comparable (p>0.05) with cell concentration of Pseudomonas in 

dual species (with Staphylococcus - 6.0, 6.7, and 6.6 log10 CFU/cm2 and Listeria -7.0, 7.1, and 

6.6 log10 CFU/cm2) and in triple species (6.8, 6.9, and 6.3 log10 CFU/cm2) at 24 h, 48 h, and 72 

h respectively (Figure 4.5). In contrast, at 24 h, significantly (p<0.05) higher cell concentration 

of Staphylococcus was observed in dual species biofilm with Pseudomonas (3.7 log10 

CFU/cm2), and Listeria (3.5 log10 CFU/cm2) and triple species (5.5 log10 CFU/cm2) compared 

to single species biofilm (<1.5 log10 CFU/cm2). A similar trend of higher biofilm formation of 

S. aureus could be observed for incubation times 48 h and 72 h in combination biofilm (dual 

and triple species) as well.  

Similarly, the presence of a second bacteria (Pseudomonas) improved the cell concentration of 

Listeria, increasing it to 7.2 log10 CFU/cm2 (24 h), 8.2 log10 CFU/cm2 (48 h), and 8.0 log10 

CFU/cm2 (72 h). For the same incubation time order, the cell concentration of Listeria in single 

species was limited to 4.4 log10 CFU/cm2, 5.7 log10 CFU/cm2, and 6.4 log10 CFU/cm2
, 

respectively. Additionally, the Listeria cell concentration in dual species biofilm with 

Staphylococcus was found to be comparable (p>0.05) with single species (Listeria), with cell 

concentrations reaching 3.9 log10 CFU/cm2, 5.2 log10 CFU/cm2, and 7.3 log10 CFU/cm2 at 24, 

48, and 72 h, respectively. As a result of the influence of Pseudomonas (as observed in dual 

species), the cell concentration of Listeria in triple species was found to be significantly higher 

than single species at 7.2 log10 CFU/cm2, 8.9 log10 CFU/cm2, and 8.4 log10 CFU/cm2 for 24, 
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48, and 72 h, respectively.  Overall, in the three-species biofilm (for all three time periods), the 

cell concentration of both Staphylococcus and Listeria improved significantly (p<0.05), 

whereas Pseudomonas was consistent with single species.  

Owing to the limited motility of cells under turbulent flow, the P. fluorescens cells appeared in 

chains (Figure 4.6) at 48 h, and when further observed at 72 h, the chains were absent. These 

P. fluorescens chains could be observed in dual species biofilm with S. aureus as well (Figure 

4.10). The lowered biofilm formation observed by S. aureus and L. monocytogenes, 

respectively, in single species can be visually observed on the coupon surfaces at 24 h, with 

minimal observation of bacteria on the surface (Figure 4.7 and Figure 4.8). 
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Figure 4.5 Cell concentration (log10 CFU/cm2) of P. fluorescens (P1), S. aureus (S2), and L. monocytogenes (LM1) in single, dual, and triple 

species biofilm formed in the CDC system in 10% TSB at 30°C over 72 h. Note: The lower-case superscripts (a-b) indicate the significant 

differences in cell concentration of bacteria at different incubation times. The upper-case subscripts (A-D) indicate the significant differences in 

single and multiple-species biofilm combinations. The dotted line indicates the detection level (1.5 log10 CFU/cm2). 
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Figure 4.6 P. fluorescens biofilm formed on a stainless-steel surface in the CDC bioreactor at 30°C and 10% TSB observed with acridine 

orange 

 

24 h 48 h 72 h 

10 µm 10 µm 10 µm 
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Figure 4.7 S. aureus biofilm formed on a stainless-steel surface in the CDC bioreactor at 30°C and 10% TSB observed with acridine orange  

24 h 48 h 72 h 

10 µm 10 µm 10 µm 
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Figure 4.8 L. monocytogenes biofilm formed on a stainless-steel surface in the CDC bioreactor at 30°C and 10% TSB observed with 

acridine orange staining

24 h 48 h 72 h 

10 µm 
10 µm 10 µm 
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Figure 4.9 CDC bioreactor rod containing three stainless-steel coupons and a thread-

like structure after 48 h of incubation at 30°C.   

Acridine orange staining of the single-species Listeria biofilm showed filament-like structures 

at 48 h (Figure 4.8), when the cell concentration reached 5.7 log10 CFU/cm2. These filamentous 

structures were absent in the static system at a cell concentration of 7.1 log10 CFU/cm2. A 

similar filamentous structure was observed in dual species with Staphylococcus (Figure 4.12) 

at 72 h, where the Listeria cell concentration reached 5.2 log10 CFU/cm2. In contrast, Listeria 

Visual observation of S. 

aureus biofilm on 

stainless-steel coupons 

C. Staphylococcus threads observed by 

Gram staining  

A. Bioreactor rods with 3 stainless-steel coupons taken from the bioreactor with S. 

aureus biofilm after 72 h of incubation under turbulent flow at 30°C.  

B. Staphylococcus observed by acridine 

orange stain, showing live cells on the 

free-flowing edge of the threads  

White filament-like threads 

with one end attached to 

the surface and other end 

floating in the direction of 

flow in the bioreactor 
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in dual species with Pseudomonas did not appear to have filaments, but instead, a layer of 

Pseudomonas cells could be observed (Figure 4.11). With Pseudomonas, the cell concentration 

of Listeria was significantly higher (p<0.05) at 8.2 log10 CFU/cm2. Additionally, the formation 

of wide channel-like structures was observed in the three species of biofilm formed in a 

continuous system (Figure 4.13. A). In contrast, the static system showed a different 

distribution of bacteria with a dense arrangement of bacteria across the surface of the coupon 

(Figure 4.13. B). 

Thread-like structures with one end attached to the coupon rod and another end floating in the 

impeller direction were observed for Staphylococcus biofilm in single and dual species (with 

Listeria) (Figure 4.9). In dual species threads, in addition to Staphylococcus at a cell 

concentration of 7.4 log10 CFU/mL, Listeria was also detected at a cell concentration of 7.2 

log10 CFU/mL in the threads. These observations have been summarized in Table 4.1. 
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Figure 4.10 P. fluorescens and S. aureus dual species biofilm formed on a stainless-steel surface in the CDC bioreactor at 30°C and 10% 

TSB observed with acridine orange staining 
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Figure 4.11 P. fluorescens and L. monocytogenes dual species biofilm formed on a stainless-steel surface in the CDC bioreactor at 30°C 

and 10% TSB, observed with acridine orange staining 

 

 

24 h 48 h 72 h 

10 µm 10 µm 10 µm 



82 

 

 

Figure 4.12 S. aureus and L. monocytogenes dual species biofilm formed on a stainless-steel surface in the CDC bioreactor at 30°C and 

10% TSB observed with acridine orange staining. 
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Figure 4.13 Three-species (P. fluorescens, S. aureus, and L. monocytogenes) biofilm 

formed at 72 h in 10% TSB and 30°C in A) CDC bioreactor system, B) Static system, 

observed with acridine orange staining and at 10 µm magnification. 
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Table 4.1 Summary of the microscopic observations for biofilms stained with acridine 

orange 

Bacteria in the biofilm Incubation 

time 

Microscopic observation 

P. fluorescens 24h Dense cell arrangements over the surface 

48h Arrangement of chains like structure observed 

72h No chain structures, surface covered with cells 

S. aureus 24h Sparse arrangement of cells observed 

48h Surfaces covered with a patchy arrangement of cells 

72h Sparse ones surround dense clumps of cells on the 

surface 

L. monocytogenes 24h Low cell numbers were observed on the surface  

48h Short filaments formation observed 

72h Long filaments clumped and overlapped on the surface 

P. fluorescens + S. aureus 24h Intermixed biofilm with increasing cell densities as 

incubation time increases 48h 

72h 

P. fluorescens + L. 

monocytogenes 

24h Formation of intermixed layers. No chains/filaments 

observed for both bacteria 48h 

72h 

S. aureus + L 

monocytogenes 

24h Sparse distribution of cells on the surface 

48h Patches of S. aureus cell clusters could be observed 

72h Filamentation of L. monocytogenes observed with S. 

aureus intermixed  

P. fluorescens + S. aureus 

+ L. monocytogenes 

24h Observation of cells intermixed and formation of 

channels with the interstitial voids.  

No filaments or chains observed. 

48h 

72h 
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4.4.3 Sanitizer tolerance 

 

Biofilms formed in static systems were more susceptible to sodium hypochlorite treatment 

(p<0.001) compared to biofilms formed in a continuous system. In both static and continuous 

systems, all three bacteria showed significantly higher sanitizer tolerance in dual species 

biofilm compared to their single species counterpart (Table 4.2).  

P. fluorescens cells were more sensitive to sanitizer treatment in single species with log 

reduction of 4.5-6.9 log10 CFU/cm2 compared to dual species combination in both static (3.7-

3.9 log10 CFU/cm2) and continuous systems (0.1-2.3 log10 CFU/cm2). Similarly, for S. aureus, 

the cell survival was found to be higher in dual species with the log reduction of 3.8-5.9 log10 

CFU/cm2 compared to log reduction in single species biofilm (6.1 log10 CFU/cm2), but this 

observation was limited to the static system. In the continuous system, the S. aureus cells were 

found to be more sensitive to sanitizer in dual (3.1-5.0 log10 reduction) and triple species (3.3 

log10 reduction) compared to single species, with only 0.1 log10 reduction.  

Similarly, for L. monocytogenes, in the static system, the 5-log10 reduction observed in single 

species further lowered (p<0.05) to 3.3 log10 CFU/cm2 (with P. fluorescens), and 4.7 log10 

CFU/cm2 (with S. aureus). In the continuous system, the log10 reduction of L. monocytogenes 

in single species (1.3 log10 CFU/cm2) was found to be comparable with L. monocytogenes in 

dual species with S. aureus (1.3 log10 CFU/cm2) and P. fluorescens (1.0 log10 CFU/cm2) (Table 

4.2).  

In three species biofilm (static system), P. fluorescens was found to be the predominant bacteria 

(Figure 4.4) and showed the significant log reduction (p<0.05) in triple species (6.5 log10 

CFU/cm2) upon sanitizer treatment compared to single species (4.5 log10 CFU/cm2) and dual 

species (3.7-3.9 log10 CFU/cm2) biofilm. Similarly, L. monocytogenes was the predominant 

bacterium in the continuous system (Figure 4.5) and showed a significant log reduction in triple 

species (2.6 log10 CFU/cm2) compared with single (1.3 log10 CFU/cm2) and dual species 

counterparts (1.0-1.3 log10 CFU/cm2).  
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Table 4.2 Log reduction of Pseudomonas (P1), Staphylococcus (S2), and Listeria (LM1) 

in single, dual, and triple species 72 h biofilm after treatment with sodium hypochlorite 

in the static and continuous systems 

Biofilm Bacteria Log10 reduction after sodium hypochlorite treatment 

Static (log10 CFU/cm2) Continuous (log10 CFU/cm2) 

P1  4.5 ± 1.5eA 6.9 ± 0.4jB 

S2  6.2 ± 0.7iA 0.1 ± 0.1aB 

LM1  5.1 ± 0.2gA 1.3 ± 0.1cB 

P1+S2 P1 3.9 ± 1.5cdA 1.7 ± 0.5dB 

 S2 4.0 ± 0.2dA 5.0 ± 0.2iB 

P1+LM1 P1 3.7 ± 1.5bA 0.1 ± 0.1aB 

 LM1 3.3 ± 1.5aA 1.0 ± 0.1bB 

S2+LM1 S2 5.9 ± 0.4hA 3.1 ± 0.1gB 

 LM1 4.7 ± 0.4fA 1.3 ± 0.1cB 

P1+S2+LM1 P1 6.5 ± 0.2jA 2.3 ± 0.1eB 

 S2 3.8 ±0.2cA 3.3 ± 0.1hB 

 LM1 4.7 ± 0.1fA 2.7 ± 0.1fB 

 

Note: The same superscript lowercase letters (a-j) indicate the significant differences between 

the bacteria within the same column. The same superscript uppercase letters (A-B) indicate the 

significant differences between the columns (static and continuous). 

4.4.4 Exopolysaccharide production 

 

Significantly higher (p<0.001) exopolysaccharide was produced by the bacteria in the biofilm 

formed in the CDC reactor compared with the static system, irrespective of the number of 

species of bacteria present in the biofilm (Figure 4.14). In the static system, L. monocytogenes 

in single species were found to be the lowest producer (3.2 µg/cm2) of EPS, followed closely 

by the dual species combination of P. fluorescens and L. monocytogenes (3.6 µg/cm2). 

Comparatively, L. monocytogenes in the CDC system (single species) produced higher EPS 

(7.6 µg/cm2). In a continuous system, the dual species combination of P. fluorescens + S. 

aureus (6.3 µg/cm2) and S. aureus + L. monocytogenes (6.4 µg/cm2) produced comparable EPS 

with single species biofilm of P. fluorescens (6.0 µg/cm2) and S. aureus (5.9 µg/cm2). In the 
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flow systems, there was no significant difference (p>0.05) between the EPS produced by the 

three-species combinations compared with the two-species combinations. 

 

Figure 4.14 Exopolysaccharide content (µg dextran/cm2) for single, dual, and triple 

species combinations of P. fluorescens (P1), S. aureus (S2), and L. monocytogenes (LM1) 

in static and CDC systems.  

Note: The lowercase superscript (a-f) indicates the significant differences (p<0.05) between the 

exopolysaccharide content produced by single and multiple species bacteria in static and CDC 

systems. 

4.4.5 Nutrient Flux in the Systems 

 

In addition to the shear stress, another variable that impacts the biofilm formation in the CDC 

system is the continuous supply of fresh media compared to the static system. This difference 

in the nutrient supply was calculated as nutrient flux in each system (Table 4.3). 
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Table 4.3 Nutrient flux in a static and continuous (CDC) system 

 

The CDC system had approximately ×319 times higher influx of nutrients compared to the 

static system with 10% TSB (Table 4.3) and ×32 times higher influx than the static system with 

full strength TSB. In addition to the stress under shear, this might have contributed to the higher 

biofilm formation in the CDC system (Figure 4.5) compared to the static system (Figures 4.3 

and 4.4). 

4.5 Discussion 

 

Significantly higher (p<0.05) exopolysaccharides (Figure 4.14) and tolerance to sodium 

hypochlorite sanitizer (Table 4.2) were noted for biofilms formed in continuous systems as 

compared to static systems. The importance of hydrodynamics and flow in the biofilm 

formation and biofilm community shift in drinking water systems has been stated before (Liu, 

Shan et al., 2020; Wang et al., 2014). The flow plays a vital role in the access of nutrients, 

metabolites, shear stress, and oxygen, ultimately shaping the three-dimensional structure of 

single species biofilm. In addition, the bacteria in the biofilm formed in flow conditions 

produce higher EPS and are more resistant to detachment from the surface (Paul et al., 2012; 

Wang et al., 2014). Depending on the bacterial species, the formation of exopolysaccharide is 

regulated by cyclic-di-guanosine-5′-monophosphate (c-di-GMP), quorum-sensing molecules, 

and small RNA molecules. When these genetic variables are impacted by the stress factors, 

variations in the production of matrix compounds such as exopolysaccharides occur (Flemming 

et al., 2023). In triple species combinations, the highest reduction upon sanitizer treatment was 

observed for bacteria that exist in predominance in both systems, which could be the result of 

a higher chance of exposure to the sanitizer in the biofilm. In this study, the three-species 

Parameter Static system CDC system 

Media (10% TSB) 1 mL 5 mL/min 

Area-coupon 2.4 cm2 2.26 ×24 (8 rods) = 54.24 cm2 

Media/Time 1 mL in 24 h 7200 mL in 24 h 

Media (10% TSB) /cm2 0.416 mL/cm2 132.74 mL/cm2 
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biofilm formed in the continuous system showed the formation of interstitial voids, also known 

as fluid channels, at 48 h (Figure 4.13.A). This is normally established by the bacteria in the 

biofilm primarily for the transportation of metabolites, nutrients, and waste (Chitlapilly Dass 

& Wang, 2022). A study on the biofilm architecture of P. aeruginosa revealed a similar 

formation of open, hydrated structures with large voids in the biofilm structure where fresh 

media was continuously supplied (Davey et al., 2003). This continued access to nutrients and 

metabolites could be the reason for the favorable growth of L. monocytogenes in the continuous 

system in this study. In contrast, at the same incubation time for static culture, dense patches 

of bacteria could be observed where P. fluorescens was the predominant species with S. aureus 

and L. monocytogenes in the three-species biofilm. Some research has hypothesized that the 

predominance of P. fluorescens in multispecies set-ups is the result of higher EPS production 

(Chaggar et al., 2024). This study found that even though biofilms in the CDC system had 

significantly higher EPS content, the predominant species was L. monocytogenes (throughout 

the 72 h incubation), indicating the importance of flow for the order of predominance in a 

multispecies setup.   

The biofilm formation of S. aureus and L. monocytogenes in single species was found to be 

lowered in the first 24 h in the presence of flow, indicating that the shear has a higher impact 

on the weaker biofilm formers as compared to strong biofilm formers (P. fluorescens), which 

remained unaffected. Significantly (p<0.05) higher cell concentration of L. monocytogenes was 

observed in dual (with Pseudomonas) and triple species in the presence of flow at all time 

intervals analyzed (24, 48, and 72 h) (Figure 4.5). This could be the result of synergy between 

the bacteria in the presence of stress factors such as shear. The growth and the interaction of L. 

monocytogenes in multiple species biofilms are known to be different according to the type of 

stress present (Puga et al., 2016b).  

The results showed a significant (p<0.05) increase in the tolerance against hypochlorite 

sanitizer when multiple species of bacteria were present in the biofilm in both static and 

continuous systems (Table 4.2). Various studies have indicated that the elevated protection of 

bacteria in single and dual species biofilm is the result of the sheltering effect produced by a 

higher amount of EPS produced in the combination (Chaggar et al., 2024; Nkemngong et al., 

2020). In this study, the EPS produced by single species biofilm was found to be comparable 

with dual and triple-species biofilms under the flow condition (Figure 4.14) indicating other 

factors, such as quorum sensing, and spatial organization could be the reasons behind elevated 

resistance in multiple-species biofilms formed under shear stress. Previous studies have noted 
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that the biofilm properties (thickness, composition), spatial arrangement, and resistance to the 

physical removal of the bacteria from the biofilm are significantly impacted by the presence of 

turbulent flow (Berne et al., 2018; Chawla et al., 2020).  

In this study, biofilm streamers were observed for S. aureus biofilm in single and dual species 

(with L. monocytogenes) (Figure 4.9). In addition, L. monocytogenes could attach itself to the 

S. aureus streamers and reach high cell concentrations, indicating positive interactions between 

the bacteria. These interactions were found to be highly strain-dependent, as noted in the 

literature. The inhibitory effect of L. monocytogenes by S. aureus via the inhibitory compounds 

has been noted before (Bockelmann et al., 2017; Lynch et al., 2021). With the addition of shear 

forces going unidirectionally, the formation of filamentous structures referred to as biofilm 

streamers, formed in a microfluidic channel, has previously been observed for P. aeruginosa 

(Drescher et al., 2013; Secchi et al., 2022; Stoodley et al., 2002) and S. aureus (M. K. Kim et 

al., 2014). The foundation of P. aeruginosa biofilm streamers was found to be EPS and eDNA 

(Secchi et al., 2022), and they elongate by attaching the passing cells onto the EPS in the initial 

stages (Drescher et al., 2013). Once the initial attachment is complete, the elongation of the 

streamer depends on the type of biofilm formed. In solid biofilm, further elongation of the 

streamer is mostly through cell growth rather than attachment from the passing fluid. But, in 

the case of porous biofilm, the cells flowing through attach themselves to the streamers 

(Drescher et al., 2013). In addition to the gene expression for enhanced attachment and EPS 

production, flow is another factor that decides the structure of the S. aureus biofilm (M. K. 

Kim et al., 2014).  Like any other type of biofilm, dislodgement of the streamer type of biofilm 

results in the attachment of the detached biofilm to another site, continuing the process. 

Additionally, the location of the streamers plays an important role in deciding the flow in a 

microfluidic channel. The presence of P. aeruginosa streamers in the center of the channel 

results in a significantly decreased flow rate compared to the streamers attached to the wall of 

the channel (Drescher et al., 2013), which ultimately results in clogging (M. K. Kim et al., 

2014) and infection challenges (Secchi et al., 2022) for biofilms formed in medical contexts. 

Biofilm formed in static conditions with no shear forces often forms biofilm through layering 

and ends up forming mushroom and tower structures (Secchi et al., 2022). 

Another interesting observation was made for the L. monocytogenes biofilm formed in 

a continuous system, where microscopic filamentous structures of L. monocytogenes could be 

observed in single species (Figure 4.8) and dual species (with S. aureus) (Figure 4.12) but were 

absent in the biofilm formed with P. fluorescens in dual (Figure 4.11) or in triple species 
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biofilm (Figure 4.13). In this study, the L. monocytogenes filaments were only observed when 

the cell concentration was <6 log10 CFU/cm2
, indicating the morphological variation might be 

the result of lowered biofilm formation under stressful conditions. These filamentous structures 

have previously been observed for L. monocytogenes in a planktonic state under sublethal 

sodium chloride concentrations (Hazeleger et al., 2006; Yamaki et al., 2021), antimicrobial 

stress (Rocha et al., 2019), alkaline stress (Giotis et al., 2007), and acidic stress in combination 

with sodium chloride (Bereksi et al., 2002). Furthermore, the filamentous L. monocytogenes 

was found to have higher stress tolerance compared to non-filamentous L. monocytogenes and 

multiplied rapidly once the cells ended the filamentous phase (Yamaki et al., 2021). So far, 

these filaments have not yet been reported in biofilm form. The formation of stress-resistant 

filamentous L. monocytogenes in the single and dual species biofilm in the continuous system 

has important implications in the food industry. 

4.6 Conclusion 

 

Cell concentration, sanitizer tolerance, and spatial organization of the biofilm are significantly 

affected by the presence of turbulent flow, indicating the importance of shear stress and access 

to nutrients in the overall biofilm structure and characteristics. The higher cell concentration of 

L. monocytogenes in multispecies and its ability to attach itself to the S. aureus biofilm 

streamers in the presence of flow is concerning, considering the pathogenicity of L. 

monocytogenes. Additionally, the ability of L. monocytogenes to form filamentous cells under 

flow conditions in single and dual species biofilms with elevated chemical stress tolerance 

could be a serious concern in food safety. This study concludes that to understand the sanitizer 

tolerance of bacteria in multiple species biofilms in a dynamic system, in addition to the 

chemical components (EPS), the spatial arrangement of resistant bacteria in the biofilm 

architecture and variations in gene expression need to be studied.  

4.7 Link to the next chapter 

 

While the nutrient flux explains the higher biofilm formation because of the continuous supply 

of media into the biofilm, it does not explain the morphological changes observed in L. 

monocytogenes in single species and the lack of this in dual species (P. fluorescens) under high 

shear stress in the biofilm. This will be explored in the next chapter (Chapter 5). 
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5 Chapter 5: Shear Stress Adaptation of Listeria 

monocytogenes in Mono and Dual-Species Biofilms  

 

 

This chapter contains material that was published as a peer-reviewed article: 

Pant, K., Palmer, J., & Flint, S. (2025). Shear stress adaptation of Listeria monocytogenes in 

mono and dual-species biofilms. Food Research International, 117190.  
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5.1 Introduction 

 

Listeria monocytogenes is a rod-shaped, non-spore-forming, gram-positive bacteria, and an 

important foodborne pathogens that commonly cause outbreaks in dairy products (raw milk, 

ice cream, cheese), meat products (deli meat), fresh fruits (peaches, cantaloupes) (Redding et 

al., 2024), and vegetables (enoki mushrooms, leafy greens) (Wiktorczyk-Kapischke et al., 

2023). They can persist in the food industry, often showing enhanced resistance to adverse 

conditions such as low temperature (-1.5°C), low nutrients, acidity (pH: 3.3-4.2), salinity 

(10%), and chemicals (lethal/sublethal) (Melian et al., 2022; Papaioannou et al., 2018; 

Wiktorczyk-Kapischke et al., 2021). These stress adaptations can be the result of quorum 

sensing between the bacteria (Zhu et al., 2017), upregulation of stress genes, which are 

regulated by the sigma factor σB (Guerreiro et al., 2020), resulting in the expression of virulence 

genes, and changes in phenotypic traits (Wiktorczyk-Kapischke et al., 2023). 

 Homeoviscous (membrane fluidity maintenance) adaptation for low-temperature survival 

(Miladi et al., 2013), rod to coccoid shape under nutrient stress (Gao & Liu, 2014), and rod to 

elongated chains under saline stress (Giotis et al., 2007; Shah & Bergholz, 2020) are some 

examples of stress adaptation by L. monocytogenes. The filamentation of planktonic L. 

monocytogenes under saline stress has been correlated with the expression of genes related to 

the upregulation of the min C gene (inhibits septa formation) (Kale et al., 2017), 

downregulation of lmo2506 (cell division), lmo2552 (cell wall synthesis), and lmo1376 

(NADPH production) (Liu, Miller, et al., 2014). The phenotypic change includes the elongation 

of cells longer than 4 µm as compared to the ‘normal’ cell length of L. monocytogenes, which 

is 1-2 µm (Yamaki et al., 2021).  L. monocytogenes isolated from conditions of shear stress 

have higher adhesion to abiotic surfaces (Mendez et al., 2020) and enhanced tolerance to 

removal through shear stress (Szlavik et al., 2012; Vázquez-Boland et al., 2001). The formation 

of filamentous cells under stress can also result in the underestimation of the L. monocytogenes 

cell count in the sample (Bereksi et al., 2002; Jones et al., 2013). Once the stress factor is 

removed, rapid proliferation of L. monocytogenes is observed, contributing to foodborne 

outbreaks (Yamaki et al., 2021). 

The adaptation designed to aid bacteria in surviving multiple stressors is known as cross-

tolerance. For example, adapting to cold stress aids in the adhesion of the bacteria to stainless-

steel surfaces and resistance to quaternary ammonium compound sanitizer (Miladi et al., 2013). 
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Similarly, the stress resistance obtained in low-temperature growth improves the cross-

tolerance to osmolarity stress (Schmid et al., 2009). The stress-tolerance of L. monocytogenes 

has been positively correlated with the predominance of L. monocytogenes in polymicrobial 

communities in food processing environments (FPEs) (Wang et al., 2023). This synergistic 

interaction of L. monocytogenes with the background microbiota on FPEs enhances biofilm 

formation and resistance to sanitizers (Gu et al., 2024; Ibusquiza et al., 2012; Puga et al., 2018). 

Pang & Yuk, (2019) observed higher resistance of L. monocytogenes against environmental 

stresses when it was incorporated into a mature P. fluorescens biofilm, indicating the 

importance of multispecies interactions in biofilm eradication. This can result in the utilization 

of extracellular matrix components such as exopolysaccharide (EPS) and metabolites produced 

by the background microbiota, such as P. fluorescens (Flemming et al., 2016; Puga et al., 

2018). P. fluorescens is a major spoilage microorganism frequently isolated from dairy surfaces 

(Maggio et al., 2021) and has been studied extensively for its role in the synergistic 

multispecies biofilm (Puga et al., 2018; Zhou, Dong, et al., 2024). P. fluorescens has been 

reported to produce higher proteolytic enzymes in mixed-species biofilm (Teh et al., 2014), 

harbour weak biofilm formers (Puga et al., 2015), and show enhanced protection of the overall 

biofilm from desiccation and disinfection (Pang & Yuk, 2019).  

So far, studies on the stress response of L. monocytogenes have been limited to pH, saline, bile, 

and nutrients and have focused on planktonic cells, disregarding the most common form of 

bacteria in nature, the biofilm.  The biofilm formation, composition, structure, and finally the 

difficulty of removal from the surface are dependent on many factors, such as hydrodynamic 

conditions, properties of the substrate material, nutrient abundance, and temperature (Simões 

et al., 2022). Flow conditions and nutrient supply to the bacteria are recognized as important 

variables in biofilm development (Prabhukhot, Eggleton, Kim, & Patel, 2024; Simões et al., 

2022; Vázquez-Boland et al., 2001). Another important aspect is understanding the impact of 

hydrodynamic stress on biofilm formation of pathogens such as L. monocytogenes in both 

single and multi-species communities.  

The difficulty in the removal of biofilm formed under flow compared to biofilms formed under 

static conditions has been mentioned before (Vázquez-Boland et al., 2001). This research aims 

to understand the effects of shear stress on the biofilm formation of L. monocytogenes and the 

cross-adaptation it develops as the result of shear stress in a single species. The morphology of 

L. monocytogenes under turbulent flow in the presence of P. fluorescens on industrially 

relevant stainless-steel surfaces was also studied. 
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5.2 Materials and methods 

 

5.2.1 Bacterial strains and culture media used 

 

Pseudomonas fluorescens 2614 (P1) (dairy isolate) and Listeria monocytogenes H1 (LM1) 

(environment-soil isolate) were used for biofilm formation, which are from a previously 

established culture collection (Food Microbiology Lab, School of Natural Sciences and Food 

Technology, Massey University, Palmerston North). The cell concentrations for static and 

bioreactor were prepared according to section 3.2.1. The final cell concentration was set at 8 

log10 CFU/mL for inoculation in the bioreactor (Appendix VI). For dual species inoculation, 

each bacterium was adjusted to this cell concentration and added in a 1:1 concentration during 

inoculation. 

5.2.2 Biofilm formation in static conditions 

 

Single species biofilm of L. monocytogenes was formed according to section 4.2.2. The 

passivated stainless-steel coupons (type 316, 2B finish, 2.4 cm2) (Advanced Sheetmetals Ltd., 

Palmerston North) were used for biofilm formation in static conditions (Skowron et al., 2019). 

The sterile coupons were added to 48-well plates (Costar®, Falcon, USA) containing 10% TSB 

with a final cell concentration of L. monocytogenes adjusted to 6 log10 CFU/mL. The plates 

were incubated at 30°C for 24 h for further analysis of static biofilm. 

5.2.3 Biofilm formation under turbulence 

 

Single and dual species biofilm of L. monocytogenes and P. fluorescens were formed using 

CDC bioreactor as mentioned in section 4.2.3. The CDC bioreactor was run for seven days 

under continuous flow (10% TSB), at 30°C and 250 rpm using a heating magnetic stir plate. 

Depending on the experiments, rods were taken out at appropriate time intervals for cell 

concentration analysis, microscopic observations, and genetic analysis. 

For the dynamics of the biofilm formation in single and dual species, one rod (three coupons) 

was taken out of the bioreactor every 24 h for 7 days. The blank rod replaced the coupon rod 

to maintain the flow. The coupons were saline washed to remove planktonic cells, and the cell 

concentration in the biofilm was estimated according to section 4.2.5 using bead beating assay 
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and selective agar. A similar method was repeated for single-species biofilm as well, where the 

coupons were saline washed, bead-beaten, and plated on tryptone soy agar (TSA) (DifcoTM, 

Becton, Dickinson and Company, USA). The bioreactors were run for at least two biological 

replicates for each sample, and each biological replicate consisted of three technical replicates. 

5.2.4 Cross-adaptation: cells from planktonic, static, and turbulent flow 

 

The cells were harvested from the biofilm at 48 h incubation time, formed in turbulent flow 

(section 5.2.3) and static conditions (section 5.2.2), using glass-bead beating in saline solution 

(5 min), sonication (5 min), and followed by centrifugation (5 min, 12,000× g) (Niboucha et 

al., 2022). The cells from the planktonic culture were harvested through centrifugation (5 min, 

12,000× g). The supernatant was discarded for both cases, and the cells were washed in saline 

solution and centrifuged again for 5 min at 12,000× g. The final cell pellet was resuspended in 

saline solution, and the cell concentration was fixed at 6 log10 CFU/mL before the following 

analysis was carried out with the harvested cells.  

A) Motility 

The motility of the cells harvested from planktonic, static, and turbulent flow was observed 

through swimming agar according to Li et al., (2018) with modifications. A volume of 2 µL 

inoculum (6 log10 CFU/mL) was stabbed into 0.3% agar in tryptone soy broth (TSB) agar 

plates, and the diameter of the growth on the agar at 30°C after 24 h was measured using a 

vernier calliper. 

B) Attachment to stainless-steel surface 

The variation in the attachment of L. monocytogenes cells with filamentation (shear-stressed 

cells) and without filamentation (static and planktonic) was observed using stainless-steel 

coupons (Wang et al., 2022). A volume of 100 µL of harvested cells (6 log10 CFU/mL) was 

inoculated into 10% TSB in a 48-well plate containing stainless-steel coupons and incubated 

for 5 min at 30°C to investigate the initial attachment of the bacteria harvested from different 

growth conditions on the stainless-steel surface (Rodriguez et al., 2008). After the incubation, 

the coupons were removed, washed in saline solution, and cells adhered to the stainless-steel 

surface were enumerated using the glass bead beating method and plated on TSA using a spread 

plate method as mentioned in section 4.2.5. The relative attachment of the cells was calculated 
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by dividing the log10 of the attached bacteria by the log10 of bacteria in the inoculum (Chae & 

Schraft, 2000).  

C) Biofilm-forming ability of harvested cells 

The cells harvested from planktonic culture, static biofilm, and turbulent flow biofilms were 

used as inoculum (adjusted to 6 log10 CFU/mL) to form biofilm on the stainless-steel coupons 

(type 316, 2B finish, 2.4 cm2) at 30°C for 24 h in 10% TSB under static conditions according 

to section 5.2.2. The cells in the biofilm formed were quantified through the glass bead beating 

method and enumeration on TSA plates as described in section 4.2.5.  

5.2.5 Removal of stress from the L. monocytogenes biofilms 

 

To observe whether cell filaments in biofilms formed under turbulent flow conditions 

continued as filamentous cells after the removal of stress, the coupons with filamentous 

biofilms were incubated in static conditions. The coupons collected from the bioreactor in 

section 5.2.3 were washed with saline to remove planktonic cells and reintroduced into a 6-

well plate with fresh sterile media (10% TSB) (5 mL). The plates were incubated at 30°C for 

24 h under static conditions before proceeding with acridine orange staining and microscopic 

observation according to section 5.2.6.   

5.2.6 Epifluorescence- Morphology of the cells 

 

Acridine orange stain was used to visualise the cells in the biofilm after 48 h of incubation on 

stainless-steel coupons in the CDC bioreactor and on static coupon surfaces as mentioned in 

the section 4.2.7. For planktonic sample, 24 h L. monocytogenes culture was centrifuged (5 

min, 12,000× g) for the removal of supernatant followed by the addition of 1 mL of acridine 

orange solution (10 g/L) to the pellet, mixed by vortex. The tubes were incubated in the dark 

for 5 mins. After 5 mins, the suspension was centrifuged again (5 min, 12,000× g) and the 

pellet redissolved in PBS and centrifuged again (5 min, 12,000× g). The final suspension was 

dropped on a glass slide and air-dried before being observed with epifluorescence microscope.  

Picogreen (Quant-iT™ Picogreen™, Thermofisher Scientific, Waltham, Massachusetts, USA) 

was used to visualise eDNA networks of L. monocytogenes for the biofilm formed in the CDC 

bioreactor. The coupons were removed from the bioreactor with mono-species L. 

monocytogenes biofilm at 48 h and washed with sterile distilled water to remove planktonic 
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cells. The washed and air-dried coupons were dipped in acridine orange staining solution for 5 

min in the dark and washed with sterile distilled water before air-drying. Similarly, for eDNA, 

the washed and air-dried coupons were stained with pico-green in the dark for 5 min, further 

washed with sterile distilled water before air-drying. The visualization of the cells/biofilm was 

done using an epifluorescence microscope (Nikon Eclipse Ni, USA) with TRITC (excitation 

filter 485/20 nm and emission filter 500–538 nm) and FITC (Excitation 465/490 nm and 

emission 512 nm) for acridine orange and pico-green, respectively. The NIS-elements D 

software was used to capture images. Five images were captured from each coupon. Three 

technical replicates were acquired from each biological replicate. Two biological replicates 

were used for microscopic analysis. The length of the cells in planktonic, static biofilm, and 

turbulent biofilm samples was measured using ImageJ (ImageJ 1.54g, National Institute of 

Health, USA) from the images obtained from the epifluorescence microscope. The length and 

width of at least 20 cells were measured for each replicate, and the results were presented as 

mean ± standard deviation.   

5.2.7 Fluorescence in situ hybridization (FISH) and confocal microscopy 

 

Dual-species biofilm samples were collected from the bioreactor at 48 h, stained with a 

fluorescent probe (Custom Taqman®, Life Technologies, CA, USA) (Kocot & Olszewska, 

2020) and counterstained with 4′,6-diamino-2-phenylindole (DAPI) (Invitrogen, Thermo 

Fisher Scientific, USA) and visualised using confocal microscopy (Nikon D-eclipse C1, 

Japan). Coupons were washed with PBS before fixing in 4% paraformaldehyde (BDH Limited, 

Poole, England) for 15 min at room temperature. The fixed coupons were treated with 

lysozyme (1 mg/mL) (Sigma-Aldrich, Belgium) at 37°C for 10 min. The treated coupons were 

washed with PBS and air-dried before staining with the fluorescent probe at 46°C for 2 h. The 

coupons were then dipped in wash buffer at 48°C for 15 min before counterstaining with DAPI 

(1 mg/mL) and incubation in the dark at room temperature for 10 min. The coupons were finally 

washed with PBS and air dried before visualization of the cells using blue channels for DAPI 

and red channels for the FISH probe. A 60× water immersion lens was used to observe the 

images. The images were acquired and overlayed using EZ-C1 software (Gold version 3.80 

build 860).   

 



99 

 

5.2.8 Relative Gene Expression 

 Based on the observations made above (Section 5.2.4), the variation in the expression of the 

genes relating to the motility of the cells (motB), stress (sigB), biofilm formation and adhesion 

(mpl), rod shape (rodA), and cell division (ftsW and ftsX) was observed for samples collected 

from static and turbulent flow and compared to planktonic cells (Gao et al., 2024). The PCR 

conditions such as annealing temperature for following genes were optimised from Gao et al., 

(2024) and Liu, Basu, et al., (2014). 16S rRNA and rpoB genes were reference genes for this 

experiment (Table 5.1). Despite the internal housekeeping genes, differences in the nucleic 

acid extraction efficiency and the absence of exogenous internal standard could create 

variability in gene expression measurements. 

Table 5.1 Primer sequences used for gene expression analysis of Listeria monocytogenes  

Gene Primer Sequence References 

16S- reference 

gene 

Forward ACATCCTTTGACCACTCTGGA (Gao et al., 2024) 

 Reverse CAACATCTCACGACACGAGC  

rpoB Forward CGTCGTCTTCGTTCTGTTGG (Gao et al., 2024) 

 Reverse GTTCACGAACCACACGTTCC  

motB Forward TGCAAAAAAATTCGAACAAATGG (Gao et al., 2024) 

 Reverse CTGCCGCGCCTTCCT  

sigB Forward AAAGAAACGGGTGAACTACTCGAT (Gao et al., 2024) 

 Reverse CAACGCCTCTCGAAGTTTTTTAA  

mpl Forward CGGTTATCCAGTATTCGGCG (Gao et al., 2024) 

 Reverse TTCCTCTGTGAGTGGAAGCG  

rodA Forward CTTCCGCTTGGTCTTGTAGC (Liu, Basu, et al., 2014) 

 Reverse CAATGAGCGCAATCGAACTA  

ftsW Forward GGGATCGCTAGTCTGATTGC (Liu, Miller, et al., 

2014) 

 Reverse TACCAAGCATCATCGACAGC  

ftsX Forward AATGGTTGGATGACCTTTGC (Liu, Miller, et al., 

2014) 

 Reverse CGTTGCAAGCTTGTTCATGT  
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The cells from the static and turbulent flow biofilms were collected using ice-cold, acid-treated 

glass beads (Sigma, Germany) and PBS by vortex for 5 min, followed by sonication for 5 min. 

The sonicated solution was centrifuged (12,000× g) for 5 mins at 4˚C, and the pellets were 

collected for RNA extraction. The planktonic samples were centrifuged (12,000× g) for 5 mins 

at 4˚C after 24 h incubation (30°C), and cell pellets were collected for further analysis. The 

RNA was extracted and purified from the planktonic, static, and shear-stressed samples using 

NucleoSpin® RNA Plus (Macherey-Nagel, Germany). The integrity of the extracted RNA was 

analysed using a Nanodrop (Jenway, Bibby Scientific Ltd, UK), and the A260/A280 nm ratio of 

1.9 and above was selected for RT-qPCR (LightCycler® 480, Roche Diagnostics, Switzerland). 

A total volume of 20 µl consisted of SYBR@Green mastermix, primers (forward and reverse), 

DNA template, and PCR-grade water, and the RT-qPCR conditions were set according to 

Luna® Universal One-step RT-qPCR Kit (New England Biolabs, Ipswich, MA). The fold 

change was analysed using the 2-ΔΔct for the target genes (Livak & Schmittgen, 2001) with 

reference gene (16S) as internal control (Table 5.1). The non-template control (NTC) was 

tested for each set of primers. 

5.2.9 Variables in the bioreactor 

 

To further understand whether the variation in the biofilm formation of L. monocytogenes 

under turbulent flow (bioreactor) compared to the static system is due to increased nutrient 

access or the impact of shear, two different bioreactors, each dealing with a single variable, 

were set up (Figure 5.1). Bioreactor A was a closed system where there was no continuous 

supply of fresh media. The bioreactor was emptied every 24 h and replaced with fresh media 

to replicate the nutrient availability in the static system but with the presence of turbulence 

(240 rpm). In bioreactor B, a continuous supply of media was provided; however, the impeller 

was turned off (no turbulent flow). 
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Figure 5.1 Reactor design to understand the influence of nutrient flow and shear as 

individual factors influencing L. monocytogenes biofilm 

5.2.10 Statistical analysis 

 

The significant differences (p<0.05) between the samples were analysed using one-way 

ANOVA (IBM SPSS Statistics 29) and post-hoc analysis using Tukey’s test, and results were 

represented as mean ± S.D. The relationship between the length of the cells with motility, 

adhesion to the stainless-steel coupons, and biofilm formation at 24 h was analysed using 

Pearson’s correlation analysis (IBM SPSS Statistics 29). 

5.3 Results 

 

5.3.1 Biofilm formation under turbulent flow 

 

In the single-species biofilm, the cell concentration of P. fluorescens at 24 h was 6.3 log10 

CFU/cm2, which gradually increased to 7.8 log10 CFU/cm2 over the next 6 days of incubation. 

In the single-species, L. monocytogenes showed a gradual increase in cell concentration from 

4.7 log10 CFU/cm2 (day 1) to 6.3 log10 CFU/cm2 (day 7) (Figure 5.2).  
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The biofilm formation of P. fluorescens was similar in dual species (with L. monocytogenes), 

with cell concentrations ranging from 6.4 to 7.5 log10 CFU/cm2 during a 7-day incubation 

period (Figure 5.2). Significantly higher growth (p<0.05) of L. monocytogenes was observed 

in dual-species, compared with single-species biofilm (Figure 5.2). While the cell 

concentration of L. monocytogenes in 24 h biofilm was comparable to single (4.7 log10 

CFU/cm2) and dual-species (5 log10 CFU/cm2), a significant increase (p<0.005) was observed 

at 48 h where the cell concentration of L. monocytogenes was significantly higher (p<0.05) in 

dual species (8.7 log10 CFU/cm2) biofilm as compared to its single species counterpart (5.1 

log10 CFU/cm2). After this initial rise over 48 h in dual species, the cell concentration of L. 

monocytogenes remained consistent over 7 days (8.7-9 log10 CFU/cm2) (Figure 5.2).  

 

Figure 5.2 Cell concentration of P. fluorescens (P1) and L. monocytogenes (LM1) in 

single- and dual-species biofilms formed under turbulent flow in the CDC bioreactor 

during 7-day incubation at 30°C.  
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5.3.2 Spatial arrangement and morphology of the cells 

 

A ‘knitted’ or ‘web’ structure (Figure 5.3 A) was observed in 72 h L. monocytogenes single 

species biofilm formed under turbulent flow, which, under higher magnification, was observed 

to be overlapping of filaments formed by unseparated cells (Figure 5.3 B). This structure was 

traced with pico green stain specific to extracellular DNA (eDNA) as it is membrane 

impermeable (Figure 5.4). eDNA is a vital component of the extracellular matrix that plays a 

role in both initial attachment and biofilm formation of L. monocytogenes (Harmsen et al., 

2010). While the filament structure was absent in dual-species biofilm formed with P. 

fluorescens under turbulent flow, a ‘web’ structure was observed (Figure 5.6).  

The average length of the ‘normal’ L. monocytogenes cells in planktonic and static biofilm was 

1.3 ± 0.2 µm and 1.4 ± 0.2 µm, respectively (p>0.05). In comparison, the length of the shear-

stressed cells observed in the bioreactor reached 27.7 ± 6.2 µm (refer to Figure 5.5. C for an 

example), which increased in length up to 72 h of incubation. The length of the filaments 

reached as high as 52.3 ± 1.1 µm under the same conditions. In dual-species biofilm formed by 

P. fluorescens and L. monocytogenes, filaments were not visible, with the mean cell length of 

1.6 ± 0.3 µm under flow conditions, indicating no morphological changes of L. monocytogenes 

in the presence of the second bacterium (P. fluorescens) (Figure 5.6). Overall, the bacterial 

width was unaffected (p>0.05) in all growth conditions in single-species biofilm, ranging from 

0.48 ± 0.06 µm, 0.46 ± 0.05 µm, and 0.46 ± 0.04 µm for planktonic, static, and turbulent flow, 

respectively. A similar observation (p>0.05) of cell width (0.45 ± 0.07 µm) was made for L. 

monocytogenes cells in a dual-species biofilm with P. fluorescens.   
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Figure 5.3 Knitted structure of L. monocytogenes in single-species biofilm formed under 

turbulent flow (CDC bioreactor) at 30°C for 72 h, observed with epifluorescence 

microscopy and acridine orange staining under two different magnifications: A) 400× and 

B) 1000× 
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Figure 5.4 Extracellular DNA (eDNA) networks of L. monocytogenes biofilm formed 

under turbulent flow (CDC bioreactor) at 30°C for 72 h, observed with Pico green 

staining and epifluorescence microscopy under two different magnifications A) 400× and 

B) 1000×. 
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Figure 5.5 L. monocytogenes cells morphology under different conditions. A) Cells in 24 h 

planktonic culture, B) Cells in 48 h static biofilm, C) Cells in 48 h CDC bioreactor, all 

incubated at 30°C.  
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Figure 5.6 Confocal microscopy image (60× immersion lens) showing a web-like structure 

of L. monocytogenes (red-cyanine red probe) on P. fluorescens (blue-DAPI) layer, 

observed for a dual-species biofilm formed in a CDC bioreactor at 30°C. Note: the yellow 

arrows indicate P. fluorescens cells (blue) and the white arrows indicate L. monocytogenes cells 

(red). 

5.3.3 Cross-adaptation and correlation 

 

The motility of the cells harvested from biofilm formed under turbulent flow was significantly 

lower (p<0.05) (3.4 ± 0.9 mm) than those harvested from static biofilm (15.3 ± 1.6 mm) and 

planktonic conditions (21 ± 5.6 mm), observed as the diameter of the growth in 0.3% TSB agar 

(Figure 5.7.B). The motility negatively correlated (Table 5.2) with the attachment of the 
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bacteria (5 min) on stainless-steel surfaces in 10% TSB. The highest relative attachment 

(p<0.05) (5 min) was observed for cells from turbulent flow (66.4 ± 7.6%) compared to cells 

harvested from planktonic (51.8 ± 4.3%) and static systems (51.9 ± 6.7%) (Figure 5.7.A). The 

higher relative attachment of cells from turbulent flow resulted in lower cell numbers in 

biofilms (p<0.05) in the turbulent flow (6.7 ± 0.07 log10 CFU/cm2) biofilms compared with 

static (7.2 ± 0.1 log10 CFU/cm2) and planktonic systems (7.0 ± 0.1 log10 CFU/cm2) (Figure 

5.7.C). 
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Figure 5.7 Observations made for planktonic, static, and shear-stressed cells at 30°C. 

The lowercase letters a, b, and c indicate significant differences among cells from three 

different systems. 
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Figure 5.8 Motility assay for cells harvested from A) biofilm formed in a CDC 

bioreactor B) planktonic cells. The yellow arrows indicate the diameter of the respective 

colonies. 

The concentric rings observed in Figure 5.8.B colonies for planktonic cells show the dense 

cells on depleted media (inner rings) and active cells with high motility in outer rings. In 

addition to nutrient depletion, these types of rings have been observed to be a function of cycles 

of oscillating dark and light (Tiensuu et al., 2013), growth rate, substrate consumption and 

metabolic activity (Jeanson et al., 2015). 

Overall, the length of the cells had a positive impact on attachment and a negative correlation 

with motility and biofilm formation. Meanwhile, bacteria with higher motility showed reduced 

attachment, but this had a weak correlation with biofilm. The bacteria's attachment showed a 

weak negative correlation with biofilm, but the correlation was not statistically significant 

(Table 5.2).  

Table 5.2 Correlation between cell length, motility, attachment, and biofilm formation 

(24 h) observed with Pearson’s coefficient  

 
Length Motility Attachment Biofilm 

Length 1 -0.880** 0.869** -0.758* 

Motility -0.880** 1 -0.846** 0.49 

Attachment 0.869** -0.846** 1 -0.415 

Biofilm -0.758* 0.49 -0.415 1 

** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level 

 

A B 
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5.3.4 Relative Gene Expression 

 

The cells from the turbulent flow system showed significant (p<0.001) downregulation of 

motility gene (motB), stress gene (sigB), and cell division genes (ftsW and ftsX), whereas 

adhesion gene (mpl) and rod shape determining gene (rodA) were found to be significantly 

(p<0.001) upregulated, relative to cells harvested from the planktonic and static system (Figure 

5.9).  

 

Figure 5.9 The relative gene expression (fold change) of cells from the planktonic 

system, static biofilm, and biofilm formed under turbulent flow. (Different letters 

represent significant differences between each bar in a triplicate set – i.e. For each gene) 

5.3.5 Filamentation continuity 
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The coupons removed from the turbulent flow with filamentous biofilm were introduced into 

the sterile media and incubated for another 24 h under static conditions. The filaments were 

retained in the biofilm, and further growth of cells around the filaments could be observed. 

While the filaments did not dismantle immediately, additional growth could be seen around the 

filaments during the incubation period (Figure. 5.10). 

 

Figure 5.10 The L. monocytogenes biofilm (filaments) observed after stress removal and 

static incubation (in 10% TSB at 30 °C for 24 h). 

5.3.6 Variables in the bioreactor 

 

The biofilm formed in the bioreactor with no shear and just the constant supply of media was 

observed with the highest cell concentration, reaching 8 log10 CFU/cm2 compared with the 

10 µm 
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closed system with shear (5.2 log10 CFU/cm2) and the system with both variables present (5.8 

log10 CFU/cm2) on day 3 of incubation (Figure 5.11). There was a significant difference 

(p<0.001) between the cell concentration in biofilm formed between the closed system (Figure 

5.1 A) and the continuous system (Figure 5.1 B). 

Among the three models compared for the biofilm formation of L. monocytogenes, biofilm 

formation in the bioreactor (with both variables) was comparable with the biofilm formed in a 

closed system in shear, indicating the shear stress variable to be the dominating variable in the 

bioreactor when both variables are present. 

 

Figure 5.11 The cell concentration of L. monocytogenes in single-species biofilm formed 

under different variables, focusing on shear force and continuous supply of media 

during 96 h incubation. The lowercase letters a,b, and uppercase letters A,B indicate the 

significant differences between incubation time for closed and continuous system 

respectively. 

5.4 Discussion 
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In this study, the cell concentration of L. monocytogenes improved significantly (p<0.05) in 

dual-species biofilm compared to its single-species counterpart under turbulent flow during a 

7-day incubation period (Figure 5.2). L. monocytogenes Scott A was a relatively poor biofilm 

former under turbulent flow, with its inability to form biofilm under shear stress as noted before 

(Fagerlund et al., 2021; Puga et al., 2018). Under turbulent flow, the presence of higher 

exopolysaccharide-producing bacteria (Pseudomonas) was found to be more impactful in 

increasing the biofilm formation of L. monocytogenes than the hydrophobicity, surface charge, 

or the motility of L. monocytogenes (Sasahara & Zottola, 1993). A similar observation was 

made for Pseudomonas and L. monocytogenes dual-species biofilm formed on the glass 

coverslips under flow, where improved cell concentration was observed for L. monocytogenes 

in dual-species compared to its mono-species counterpart (Puga et al., 2018). An observation 

of the spatial arrangement of the bacteria via confocal microscopy showed that L. 

monocytogenes cells embed themselves at the bottom of the biofilm, under the protective layer 

of P. fluorescens, protecting themselves against the shear forces (Puga et al., 2018). In another 

study of dual-species biofilm formed by L. monocytogenes and P. fragi under a flow system, 

the L. monocytogenes cells' mobility was limited to a localised surface area and appeared to be 

trapped between the P. fragi cells and the EPS matrix, protected against the flow (Sasahara & 

Zottola, 1993). Under a different growth condition (static), the cell concentration of L. 

monocytogenes decreased (6.7 log10 CFU/cm2) in dual-species biofilm formed with P. 

fluorescens compared to its single-species biofilm (7.21 log10 CFU/cm2), while P. fluorescens 

maintained its cell concentrations (7.5-7.8 log10 CFU/cm2), indicating the importance of flow 

on the behaviour of bacteria in multispecies setups (Pang & Yuk, 2019).  

The present study observed chain-like filamentation in L. monocytogenes cells of the single-

species biofilm formed under turbulent flow (Figure 5.3), indicating that this adaptation could 

be one of the impacts of high hydrodynamic shear stress in the bioreactor. A similar observation 

was made for L. innocua cells under shear stress, where elongation of specific cells was noted 

for several cells adhered to the stainless-steel surface (Perni et al., 2006). In L. monocytogenes, 

conditional filamentation of bacteria has been attributed to two major conditions: 

environmental stress and starvation (Karasz et al., 2022). These conditions trigger DNA 

lesions, and filamentation has been reported as a response to repair these lesions (Jones et al., 

2013), resulting in inadequate cell separation and the visualization of filament structures. In 

addition to the acridine orange, the network of L. monocytogenes cells could also be traced 

with pico-green, indicating the underlying network of eDNA (Figure 5.4). In response to sub-
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lethal stress, the release of eDNA of genomic origin can be observed in the biofilm, as a result 

of lysis or controlled secretion by the cells (Okshevsky & Meyer, 2015). This has been further 

investigated in the literature by treating the networks of L. monocytogenes biofilm formed 

under stress (nutrient starvation) with DNase I. The DNase I was found to dismantle the 

network structure and remove the biofilm from the surface, indicating that the eDNA plays a 

vital role in the adhesion of cells to the surface (Cherifi et al., 2017; Harmsen et al., 2010). In 

addition to providing extra structural support for cells, this structural eDNA is known to play 

a key role in adaptation and resistance in response to stress (Olwal et al., 2018). 

The average length of L. monocytogenes conditioned with 10% NaCl for 3 days was found to 

be 6.5 ± 3.3 µm (Yamaki et al., 2021), indicating adaptation to salinity stress under sublethal 

conditions. The plating of the filaments may not necessarily separate the cells during 

enumeration, leading to an underestimation of the total cell count (Giotis et al., 2007). In this 

study, the removal of hydrodynamic stress and further incubation in static conditions with fresh 

media (24 h) did not completely separate the cells in the filaments (Figure 5.10). Once 

filamentation is triggered, returning to the ‘normal’ state depends on the type of stress that 

caused filamentation. For example, alkali-stressed Listeria cells required 3 h to revert to 

normal-sized cells when incubated in fresh media with neutral pH conditions (Giotis et al., 

2007), whereas CO2-stressed Listeria cells took longer (2-4 days) to revert to their original 

morphology (Jydegaard-Axelsen et al., 2005). In addition to the filamentous structure, in the 

present study, a knitted pattern was observed in 48 h biofilms formed by L. monocytogenes in 

single-species (Figure 5.3.A) and in dual-species (Figure 5.6). A similar observation of a ‘web-

like’ structure was noted for L. monocytogenes formed under flow and nutrient stress in a 

microfluidic system (1/10 BHI) (Cherifi et al., 2017) or ‘knitted’ structure in flow cell 

chambers (1% TSB) (Rieu et al., 2008). This pattern changed under the lack of nutrient stress 

(full-strength BHI), revealing layered bacterial structures instead of ‘webs’ (Cherifi et al., 

2017).  

In a dual-species biofilm with P. fluorescens, no filamentous structure was observed (Figure 

5.6) and was accompanied by significantly (p<0.001) higher cell concentrations of L. 

monocytogenes (Figure 5.2).   In the case of layering, the upper layer consists of metabolically 

active cells, while the lower layer contains metabolically inactive cells, as observed in L. lactis 

biofilm (Habimana et al., 2009). This phenomenon has been explained in terms of higher 

nutrient access to the top of the biofilm compared to the bottom (Habimana et al., 2011). The 

predominant nature of other bacteria over L. monocytogenes has been associated with 
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differences in growth rates, which result in the smothering of L. monocytogenes into the lower 

layers of the biofilm, leading to competitive inhibition (Habimana et al., 2011). However, in 

the present study, in the continuous system with P. fluorescens and L. monocytogenes although 

P. fluorescens predominated, no competitive inhibition was observed for either bacterium over 

7 days (Figure 5.2).    

While attachment is one of the first steps for biofilm establishment, this study found a weak 

correlation between attachment (5 min) and biofilm formation (24 h) in terms of cell 

concentration (Table 5.2). A negative correlation was observed between motility and 

attachment, resulting in higher attachment of L. monocytogenes in filament forms on the 

stainless-steel surface. In a similar study,  L. monocytogenes strains with low or no motility 

were found to form a higher biofilm at 37°C (Fan et al., 2020). Rapid attachment provides the 

bacteria an opportunity to adhere firmly to the surface and form stronger biofilms before the 

cleaning and disinfection (Wang et al., 2022). In contrast, the attachment period of 30 min on 

polystyrene surfaces showed no linear correlation between attachment and motility of L. 

monocytogenes on polystyrene surfaces (microtiter plate) (Takahashi et al., 2010), indicating 

the importance of duration of adherence. The variation could also be the result of surface 

hydrophobicity (plastic surfaces). The lack of correlation between L. monocytogenes 

attachment and biofilm formation has been noted before on glass surfaces (3 h) (Chae & 

Schraft, 2000).  

A significant downregulation (p<0.05) of the motB gene was observed in cells harvested from 

biofilm under static and flow conditions (Figure 5.9). The motility of the cells is associated 

with the regulation of the motB gene, which regulates the flagella rotation, expressing the 

swimming and swarming abilities of the bacteria (Fan et al., 2020), and also regulates 

chemotaxis protein. The downregulation of motility genes results in the paralysis of flagella, 

resulting in cells with decreased swimming and swarming properties of the bacteria (Jiang et 

al., 2025). In the present study, motility was positively associated with attachment (5 min) but 

did not correlate with biofilm formation (24 h) (Table 5.2). Depending on the L. monocytogenes 

strain, media, and growth temperature, a conflicting relationship between motility and biofilm 

formation can be found in the literature. A positive impact of motility and biofilm formation 

has been noted for L. monocytogenes (Fan et al., 2020; Gao et al., 2024). In contrast, Dong et 

al., (2022) observed no impact of motility on the biofilm formation for L. monocytogenes. The 

significant upregulation of the mpl gene during biofilm formation on stainless-steel surfaces 

has been noted previously, indicating its importance in biofilm formation (Gao et al., 2024). 
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The upregulation of the mpl gene in the present study, corresponded with significantly higher 

attachment (p<0.05) to the stainless-steel surface for the shear-stressed cells (Figure 5.7.A).  

A significant downregulation of the stress-regulating gene (sigB) was observed for cells 

collected from shear-stressed conditions compared to cells collected from planktonic 

conditions (Figure 5.9). The stress factor gene, sigB, controls the general stress response (GSR) 

(Santos et al., 2019) and is assumed to trigger resistance to environmental and antibiotic stress 

in L. monocytogenes, resulting in cross-tolerance (Poimenidou et al., 2023). Upregulation of 

the sigB genes was observed in the presence of flow (van der Veen & Abee, 2010) and NaCl 

(2% and 5%). However, reports also suggest that the stressful conditions do not necessarily 

result in upregulation of sigB, but vary depending on the L. monocytogenes strains, growth 

stages, and conditions (van der Veen & Abee, 2010).  Under cold stress, higher expression of 

stress genes was observed for the biofilm during the mature stage (Santos et al., 2019), in 

contrast to the study by Utratna et al., (2014), where the expression was highest in the early 

stages of biofilm formation. In the present study, the application of hydrodynamic stress in the 

continuous system corresponds to the constant influx of fresh media into the bioreactor and 

removal of waste media from the bioreactor, which could negate the nutritional stress that 

planktonic cells and static cells encounter in a closed system. In a similar stress study, the sigB 

gene was found to be significantly downregulated in the combined treatment of sodium 

hypochlorite + peroxyacetic acid and hydrogen peroxide + peroxyacetic acid (Byun et al., 

2024), and Quercetin (0.2 mM and 0.8 mM) treatment (Vazquez-Armenta et al., 2020),  

indicating the role of suppression of sigB genes in reduced biofilm formation.  

The Fts and RodA proteins belong to the family of SEDS (shape, elongation, division, 

sporulation) proteins (Rismondo et al., 2019).  In the present study, significant downregulation 

of genes (ftsW and ftsX) and upregulation of gene rodA were observed (Figure 5.9). This 

correlated with the microscopic observations of biofilm formed under turbulent flow, which 

showed the formation of filaments with a mixture of divided and non-divided septa (Figure 

5.3). In a similar study, L. monocytogenes mutant cells lacking the RodA protein were observed 

to have shorter cell length (1.3 µm) compared to their wild-type strain (1.9 µm), emphasizing 

the important role of the rodA gene in maintaining the rod shape (Rismondo et al., 2019). Two 

hypotheses have been proposed to explain the elongation of cells as the result of upregulation 

of the rodA gene and downregulation of the ftsW gene. An increase in the concentration of 

RodA leads to the scarcity of proteins required at the cell division site resulting in the 

overproduction of peptidoglycan on the lateral wall. The second one is that the overproduction 
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of the RodA protein inhibits the FtsW protein needed for cell division at the site, leading to 

elongated cells (Rismondo et al., 2019). In another study, downregulation of the cell division 

gene ftsX was observed along with filamentation as a result of salinity stress (2.35% NaCl) 

after 30 days of storage (Liu, Miller, et al., 2014). Additionally, this gene was found to be 

upregulated when the cell filaments started dividing, observed at 60 and 90 days (Liu, Miller, 

et al., 2014). The downregulation of cell division genes indicates adaptation to stressful 

conditions, as observed in the study regarding L. monocytogenes adaptation to a sublethal dose 

of carnocyclin A (Liu, Basu, et al., 2014). The cell division protein FtsW regulates the gene 

ftsW, which controls the cell division transport system permease protein. Additionally, the rodA 

gene determines the rod shape and the cell division protein in L. monocytogenes (Liu, Basu, et 

al., 2014). The role of FtsW and RodA proteins for the cell shape and morphology has 

previously been observed for many bacteria, such as B. subtilis (Henriques et al., 1998), S. 

pneumoniae, and E. coli (Boyle et al., 1997).  

The separation of variables (media supply and shear) in two different bioreactors allowed an 

understanding of the impact of each variable on the biofilms, specifically on L. monocytogenes 

single-species biofilm.  L. monocytogenes biofilm in closed system under shear (Figure 5.11) 

had comparable cell concentrations to the L. monocytogenes biofilm formed in the bioreactor 

containing both variables (Figure 5.2), both of which showed reduced biofilm compared with 

the bioreactor with continuous media supply and no shear (Figure 5.11). This suggests that the 

dominating variable in the bioreactor containing both variables (flow and nutrient supply) is 

turbulent flow. The impact of shear on L. monocytogenes attachment and biofilm formation 

has been discussed in the literature (Mendez et al., 2020).  

5.5 Conclusion 

 

This study investigated the stress adaptation of L. monocytogenes in single and dual-species 

biofilms with morphological and genetic observations under shear stress and continuous media 

supply in the CDC bioreactor. The adaptation of L. monocytogenes under shear stress was 

found to be significantly different in single-species biofilm compared to dual-species (with P. 

fluorescens), indicating the importance of considering multispecies in stress response. The gene 

expression analysis of cells at 48 h incubation time showed that the cells had already adapted 

to the hydrodynamic stress, possibly aided by the constant inflow of fresh nutrients in the 

bioreactor, as indicated by the downregulation of the stress gene sigB relative to static 



119 

 

conditions (Figure 5.9). Another important observation was the filamentation of the bacteria as 

a result of stress adaptation in a single species (Figure 5.3), which has been associated with the 

underestimation of cells in the food chain, posing a critical food safety risk (Yamaki et al., 

2021). The elongation of cells and formation of filaments in L. monocytogenes have been 

associated with the variation in susceptibility to antimicrobials (Rismondo et al., 2019). This 

is crucial information to understand the behaviour of the pathogen L. monocytogenes on food 

processing surfaces under different stressors.  

5.6 Link to the next chapter 

 

In this chapter, the variation in the L. monocytogenes morphology during the biofilm formation 

in the bioreactor was concluded to be due to the presence of shear stress caused by the high 

hydrodynamic flow. Interestingly, this variation was absent in dual-species biofilm. Literature 

suggests that the attachment, which is the first stage of biofilm formation, is most impacted 

because of shear. Hence, the attachment and biofilm formation of L. monocytogenes on sterile 

surfaces vs on preformed P. fluorescens biofilm surfaces under high shear stress will be 

explored in the next chapter (Chapter 6). 
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6 Chapter 6: Sequential assembly of multispecies 

biofilm  

 

 

This chapter contains material that was published as a peer-reviewed article: 

Pant, K., Palmer, J., & Flint, S. (2026). Sequential attachment and Listeria predominance 

under turbulent flow. Biofouling, 1-16.  
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6.1 Introduction 

 

One of the reasons for the persistence of pathogens such as L. monocytogenes on food 

processing surfaces has been attributed to the multispecies arrangement, particularly in the 

presence of high exopolysaccharide-producing spoilage bacteria such as Pseudomonads (Y. 

Wang et al., 2020).  The affinity of Listeria to colonise preformed mature biofilms of 

Pseudomonas and dictate the interspecies interactions has been reported by several researchers 

(Puga et al., 2018; Rodríguez-López et al., 2022; Zhou, Liu, et al., 2024). When microbes attach 

to the surface first in multispecies arrangement as a primary coloniser, they impact and regulate 

the attachment and biofilm formation of secondary colonisers by the accumulation of 

exopolysaccharides (EPS), soluble microbial products (SMP) (Hwang et al., 2013), and cell 

extracts (total cell extract, cytoplasm with cellular debris, periplasmic extract) (Moreira et al., 

2017). Bacterial attachment is the first stage of biofilm formation, with early colonisers 

influencing the overall interactions and ultimately the fate of the multispecies biofilm (Puga et 

al., 2016b). 

The exopolysaccharides produced by the Pseudomonas aeruginosa, also defined as ‘EPS 

footprints’ after their resistant nature during cleaning and disinfection, can impact sequential 

bacterial attachment (Liu et al., 2007). Any positive or negative impact on subsequent 

attachment depends on the composition of the EPS produced by the primary attaching bacteria. 

For example, a matrix containing high concentrations of polysaccharides was found to increase 

the attachment of the free-floating bacteria through interactions between surface polymers on 

the bacteria and the polymers on the EPS on the surface (Hwang et al., 2012). The 

preconditioning matrix, which contained predominantly protein, was found to decrease the 

attachment of the bacteria owing to the repulsion between the proteins on the P. aeruginosa 

cell surface and the matrix composition on the surface (Hwang et al., 2012). 

Another factor that affects bacterial attachment to the surface is hydrodynamic conditions. 

Research on the impact of turbulence using annular bioreactors shows that higher turbulent 

flow can result in the higher attachment and the subsequent formation of biofilms (Tsagkari & 

Sloan, 2018). The hydrodynamic conditions surrounding the attachment surface influence the 

transport rate of nutrients into the microcolonies and, subsequently, the mechanical stability of 

the biofilm (Simoes et al., 2005). The flow also impacts the structure of the biofilm, with 
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turbulent flow resulting in filamentous biofilm (streamers) (Stoodley et al., 1999) compared to 

static and non-turbulent flows. In terms of biofilm composition, biofilms formed under flow 

were found to have a lower thickness, with higher and more compact exopolysaccharides 

packed into the layers compared to biofilms formed in the absence of turbulent flow (Pereira 

et al., 2002). The flow had a significant impact on the architecture of the biofilm when the 

nutrient was limiting during the biofilm formation (≤100 mg glucose/L) (Pereira et al., 2002). 

The architecture of P. fluorescens can vary significantly under flow conditions as observed in 

different flow systems: flow cell reactor (Pereira et al., 2002) vs microfluidic system (Di 

Somma et al., 2020), which could impact the subsequently attaching bacteria. The colonisation 

of L. monocytogenes on preformed P. fluorescens in a bioreactor with continuous shaking (80 

rpm) showed enhanced growth of L. monocytogenes and overproduction of exopolysaccharide 

by Pseudomonas (Puga et al., 2018). The biofilm matrix produced by the primary bacteria is 

bound to be an attachment site for free-floating bacteria (Toté et al., 2009). In addition to a 

preferable surface for attachment, the leftover matrix can also act as a source of nutrients for 

the incoming bacteria (Simoes et al., 2005).   

As we step into multispecies studies, we must naturally consider a sequence of colonisation, 

since realistically, not all bacteria may attach at the same time, and some may serve as the 

foundation for the multispecies biofilm complex, allowing subsequent bacteria to attach. The 

literature on sequential multispecies biofilm focuses on the colonisation of Pseudomonas by 

Listeria on a glass surface under flow (Puga et al., 2016a). While the impact of surface 

conditioning by primarily attached P. fluorescens is clear, it does not delve further into whether 

it’s the cells, the matrix composition, or the architecture of the biofilm that traps the Listeria 

cells into the Pseudomonas preformed biofilm. Additionally, the impact of flow on the 

migration of Listeria into deeper layers of Pseudomonas biofilm requires the observation of 

similar sequential biofilm under static conditions and on a more industrially relevant surface, 

such as stainless-steel. The extracellular matrix (ECM) has been noted to impact the sequential 

colonisation through the creation of a conditioning film via modification of the surface 

properties, such as hydrophobicity, surface charge, and roughness (Hwang et al., 2012). A 

significant research gap exists in how these modifications by the matrix can influence the 

subsequent attachment of other bacteria and the dynamics of multispecies biofilm formation. 

This study explores the different stages of biofilm formation (attachment, maturation, and 

detachment) and spatial arrangement of multispecies biofilm formed by P. fluorescens and L. 

monocytogenes, with a focus on sequential colonisation. The impact of the exopolysaccharide 
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(EPS) conditioning layer was analysed through a range of concentrations of 

exopolysaccharides (extracted from P. fluorescens), which were used as anchoring sites for L. 

monocytogenes attachment under turbulent flow and static environments.  

 

6.2 Materials and methods 

 

6.2.1 Bacteria and media 

 

Pseudomonas fluorescens 2614 (P1) (dairy isolate) and Listeria monocytogenes H1 (LM1) 

(environment-soil isolate) were used for single and dual species biofilm formation, which are 

from a previously established culture collection (Food Microbiology Lab, School of Natural 

Sciences and Food Technology, Massey University, Palmerston North). The inoculum was 

prepared according to section 3.2.1. The final cell concentration was set at 8 log10 CFU/mL for 

inoculation in the bioreactor (Appendix VI). For dual species inoculation, each bacterium was 

adjusted to this cell concentration and added in a 1:1 concentration during inoculation. 

 

6.2.2 Biofilm formation system 

 

The static and continuous system were used to form biofilm under three conditions (Figure 

6.1):  

a) Pseudomonas preformed biofilm- P. fluorescens was allowed to form biofilm for 48 h before 

the introduction of L. monocytogenes into the system,  

b) Listeria preformed biofilm- L. monocytogenes was allowed to form biofilm for 48 h before 

the introduction of P. fluorescens into the system, and  

c) Co-inoculated biofilm where both P. fluorescens and L. monocytogenes were inoculated at 

the same time.  

The time (48 h) was selected for preformed biofilm to allow for mature biofilm formation by 

the primary coloniser before the introduction of the secondary coloniser (Daneshvar Alavi & 

Truelstrup Hansen, 2013; Puga et al., 2016b). 
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Figure 6.1 The conditions used for dual species biofilm formation in static and 

continuous system 

 

A) Static system 

i) Co-inoculation:  

The dual species biofilm under static system was prepared as mentioned in section 4.2.2. Sterile 

and passivated stainless-steel coupons (2.4 cm2) were placed vertically on the wells of a 48-

well plate containing P. fluorescens and L. monocytogenes in cell concentrations (1:1) (6 log10 

CFU/mL) in 10% TSB. The coupons containing wells were incubated for 7 days at 30°C with 

media refreshed every 24 h. After 30 min of attachment and every 24 h after that, triplicate 

coupons were used to enumerate cell concentrations in the biofilm using the glass bead beating 

assay and plating on selective agar according to section 4.2.5. Pseudomonas isolation agar was 

used for P. fluorescens, and Modified Oxford Listeria agar was used for L. monocytogenes.  

ii) Sequential: 

The sterile stainless-steel coupons (2.4 cm2) were prepared under the same conditions as 

mentioned above in the co-inoculation section. The coupons were placed vertically in a 48-

well plate with each well containing primary bacteria (P. fluorescens or L. monocytogenes) (6 

P. fluorescens  L. monocytogenes 

P. fluorescens 

48 h 

L. monocytogenes 

C. Co-inoculated biofilm 

A. Pseudomonas preformed biofilm 

P. fluorescens 

48 h 

L. monocytogenes 

B. Listeria preformed biofilm 
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log10 CFU/mL) in 10% TSB. The wells were incubated for 48 h at 30°C for mature biofilm 

formation by the foundation bacteria with media refreshed every 24 h. After 48 h, the coupons 

were washed with sterile saline solution (0.85%) and placed vertically into a new well 

containing the secondary coloniser (P. fluorescens or L. monocytogenes) (6 log10 CFU/mL) in 

10% TSB at 30°C.  The coupons were analysed for attachment (30 mins) and growth (every 24 

h for the next 5 days) on preformed biofilm. The media (10% TSB) was refreshed every 24 h. 

The cell concentration was analysed using the glass bead beating method and selective agar 

plating as mentioned above in section 4.2.5. 

For single species biofilm formation, coupons were inoculated into wells containing a single 

species of bacteria (P. fluorescens or L. monocytogenes) (6 log10 CFU/mL) and incubated for 

7 days with media refresh every day. Like the dual species assay, the coupons were collected 

at 30 min to analyse the attachment on a clean, sterile surface and every 24 h to analyse the 

dynamics of biofilm formation. The cell concentration was analysed using the glass bead 

beating method and plated into tryptone soy agar (TSA) as mentioned in section 4.2.5. 

B) Continuous system 

The Centre for Disease Control (CDC) bioreactor was used to form biofilm under a continuous 

flow of media (10% TSB) and turbulent flow (Re>4000).  

i) Co-inoculation 

Both P. fluorescens and L. monocytogenes were co-inoculated at a cell concentration (1:1) (8 

log10 CFU/mL) into the bioreactor (10% TSB) for co-inoculation. The incubation temperature 

(30°C) and the turbulence (Re>4000) were set using a hot plate magnetic stirrer. After 30 min 

of run-time, a rod (3 stainless-steel coupons) was removed (replaced with a blank rod) from 

the bioreactor to analyse attachment during co-inoculation. The cell concentration on the 

surface was enumerated post-washing with sterile saline solution (0.85%) using the glass bead 

beating method as mentioned in section 4.2.5. Additionally, the cell count was enumerated 

every 24 h for the next 7 days.  

ii) Sequential:  

Using the above CDC setup, mature biofilm (48 h) was formed for primary bacteria, i.e., for 

single species (P. fluorescens or L. monocytogenes) in bioreactor A at 30°C. After 48 h of 

biofilm formation, the rods were removed from the bioreactor A and washed with sterile saline 

solution (0.85%) to remove planktonic cells and introduced into the sterile bioreactor B with 

10% TSB. The sterile bioreactor B was inoculated with the secondary coloniser (P. fluorescens 
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or L. monocytogenes) (8 log10 CFU/mL), and the system was run for the next 5 days at 30°C 

and at 250 rpm (Re > 4000) with a constant supply of fresh media (10% TSB). For the 

attachment assay, the system was run for 30 min after secondary inoculation and the rods were 

taken out to analyse the attachment of the secondary coloniser on preformed biofilm, and every 

24 h for the next 5 days to analyse the dynamics of biofilm formation using glass bead beating 

and selective agar plating for the attachment assay as mentioned in section 4.2.5.  

For single-species biofilm formation under flow, single species of P. fluorescens and L. 

monocytogenes were inoculated into each bioreactor, which was set up as above. The system 

was run for 7 days with a continuous supply of media (5 mL/min) and under high turbulence 

(Re>4000) at 30°C. Every 24 h, rods were removed from the bioreactor and replaced with a 

blank rod. The cell concentration in the biofilm was estimated using the glass bead beating 

method and plated on tryptone soy agar (TSA) as mentioned in section 4.2.5. 

6.2.3 Pseudomonas preformed biofilm age and L. monocytogenes attachment 

 

To further understand the improved attachment of L. monocytogenes on preformed P. 

fluorescens biofilm, L. monocytogenes was attached to P. fluorescens biofilm of different ages 

(24 h, 48 h, and 72 h). Single-species biofilm of P. fluorescens was formed under static and 

continuous systems, as explained in section 6.2.2 subsections A and B, respectively. Triplicate 

coupons (rods) of preformed Pseudomonas biofilm were removed from the system at 24 h, 48 

h, and 72 h before saline washing and introduced into another system with L. monocytogenes 

inoculum (in 10% TSB). The attachment was allowed for 30 min/30°C under static conditions 

for preformed biofilm formed under the static system and under turbulent flow for preformed 

biofilm formed under turbulent conditions. The stainless-steel coupons were then saline 

washed before proceeding with glass bead beating and cell enumeration using selective agar as 

mentioned in section 4.2.5.  

6.2.4 Extraction, freeze-drying, and quantification of exopolysaccharides 

 

Microtiter plates (96-well plates) (Falcon, USA) were inoculated with P. fluorescens (6 log10 

CFU/mL) in TSB. After 72 h incubation at 30°C, the media were removed, and the wells were 

washed with sterile distilled water. Sterile distilled water (100 µl) was added to each well, and 

the plate was sonicated (40 KHz) for 10 min (Zhou, Dong, et al., 2024). The collected extract 

was centrifuged at 12,000× g for 10 min, and the supernatant was collected for filtration (0.20 
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µm) to remove cells. Extracts were freeze-dried (Lab-Kits®, Hong Kong) before redissolving 

(sterile distilled water) to a range of concentrations for the L. monocytogenes attachment assay.  

The exopolysaccharide (EPS) was quantified using the phenol sulphuric acid method (Zhou, 

Dong, et al., 2024) as mentioned in section 4.2.5. To 200 µl of rehydrated EPS solution, 100 

µl of 6% phenol was added, immediately followed by 500 µl of 95% sulphuric acid. The 

reaction was allowed at room temperature for 20 min before the O.D. was analysed at 490 nm 

using a spectrophotometer. The exopolysaccharide content was determined using a dextran 

standard curve (Appendix VII). 

6.2.5 Preparation of conditioned surfaces and attachment assays 

 

For conditioned surface preparation, the sterile stainless-steel coupons were coated with 

different concentrations (0-27.5 µg/mL) of rehydrated EPS solution and allowed to air-dry. 

After the surfaces dried, they were introduced into the static and turbulent systems. Each 

system consisted of 10% TSB with a L. monocytogenes cell concentration of 6 log10 CFU/mL. 

The attachment assays were run for 30 min at 30°C. After the attachment assay, the coupons 

were washed with the saline solution to remove planktonic cells, and the adhered cells were 

enumerated using the glass bead beating method and plated on tryptone soy agar (TSA) 

according to section 4.2.5.  

The adherence of rehydrated EPS on the stainless-steel surfaces was confirmed by staining 

with calcofluor white (a fluorescent dye that binds with cellulose and chitin to emit blue 

fluorescence). The coupons coated with rehydrated EPS (sample) and sterile distilled water 

(blank) were airdried before staining with calcofluor white stain (Fluka® calcofluor white 

stain, Sigma Aldrich, Canada) for 5 mins in the dark at room temperature. The coupons were 

washed and air-dried before observation with an epifluorescence microscope with a DAPI filter 

(Excitation 340-360 nm and Emission 410 nm) (Appendix VIII).  

6.2.6 Spatial arrangements via confocal microscopy 

 

The samples collected from section 6.2.2 (static-co, static-P1 pre, static-LM1 pre, continuous-

co, continuous-P1 pre, and static-LM1 pre) on their fifth day of incubation were washed with 

phosphate buffer saline (PBS) and air-dried before staining with wheat germ agglutinin 

(WGA)-Texas red conjugate (1 mg/mL) and counterstaining with DAPI (1 mg/mL) 

(Rodríguez-Melcón, Alonso-Hernando, et al., 2021). WGA-Texas red (6 µL) and 6 µL of DAPI 
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were mixed with 6 mL of TSB and used to stain the coupons at room temperature in the dark 

for 50 min. After staining, the coupons were washed with PBS and allowed to air-dry before 

imaging through confocal microscopy (Nikon D-eclipse C1, Japan) (10X) and EZ-C1 software 

(Gold version 3.80 build 860) for image acquisition. 

6.2.7 Statistical analysis 

 

The significant differences between the samples were analysed using one-way ANOVA (IBM 

SPSS Statistics 29) and post-hoc analysis using Tukey’s test. The results were represented as 

mean ± S.D. The images acquired from the confocal microscope were analysed using ImageJ 

(ImageJ 1.54g, National Institute of Health, USA). Biological replicates and technical 

triplicates were repeated for each analysis.  

 

6.3 Results 

 

6.3.1 Sequential biofilm formation under flow 

 

Attachment:  The attachment of L. monocytogenes on a 48-h preformed Pseudomonas biofilm 

was significantly higher (p<0.001) (5.0 log10 CFU/cm2) (Figure 6.2) compared to its attachment 

on the sterile stainless-steel surface (4.0 log10 CFU/cm2), and in co-inoculation (2.57 log10 

CFU/cm2) (with P. fluorescens) (Figure 6.4). In contrast, the attachment of P. fluorescens on 

preformed Listeria biofilm (2.32 log10 CFU/cm2) (Figure 6.3) was comparable with attachment 

in co-inoculation (2.47 log10 CFU/cm2) with L. monocytogenes (Figure 6.4). The attachment 

of P. fluorescens on sterile stainless-steel surfaces in single species was higher compared to 

other conditions at 4.0 log10 CFU/cm2.  

Maturation: L. monocytogenes reached its plateau (8.9 log10 CFU/cm2) earlier (Day 1 of co-

growth) when inoculated onto the Pseudomonas preformed biofilm surface (Figure 6.2) 

compared with co-inoculation mixed species (8.8 log10 CFU/cm2 on Day 3) (Figure 6.4), and 

when L. monocytogenes was the primary attached bacteria (9.0 log10 CFU/cm2 on Day 3 of co-

growth) (Figure 6.3). P. fluorescens did not show preferential growth in any conditions of 

biofilm formation and reached its plateau 7.5 log10 CFU/cm2 on Day 3 in co-inoculation (Figure 
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6.4), 8.0 log10 CFU/cm2 on Day 2 when Pseudomonas was pre-formed (Figure 6.2), and 7.8 

log10 CFU/cm2 on Day 3 when it was inoculated into preformed Listeria biofilm (Figure 6.3). 

Detachment: A periodic dispersal of cells was observed in dual-species biofilm formed under 

both co-inoculated (Figure 6.4) and pre-formed biofilm (Figures 6.2 and 6.3) after Day 3 of co-

growth. In co-inoculated dual species, the sloughing was observed for both bacteria, i.e, after 

Day 3, the cell concentration of both P. fluorescens and L. monocytogenes increased and 

decreased in parallel, showing a wave-like pattern of periodic cell dispersal (Figure 6.4). 

Similarly, when Listeria was inoculated in a pre-formed Pseudomonas biofilm, the detachment 

pattern showed a slow decline in cell concentration for both bacteria after Day 3 of co-growth 

(Figure 6.2). In contrast, where Listeria was preformed, only Pseudomonas showed the wave-

like oscillation in cell concentration, while Listeria cell concentration remained consistent (8.6-

9 log10 CFU/cm2) throughout the incubation period (Figure 6.3).   

In the single-species biofilm formed under flow, the shedding patterns were not observed, with 

the cell concentrations ranging between 6.3 (Day 1) - 7.1 (Day 7) log10 CFU/cm2 for P. 

fluorescens and 4.7 (Day 1) – 6.3 (Day 7) log10 CFU/cm2 for L. monocytogenes, respectively. 

There was no significant reduction (p<0.001) in cell concentration during the 7-day biofilm 

formation under flow.
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Figure 6.2 The cell concentrations (log10 CFU/cm2) of P. fluorescens (P1) and L. monocytogenes (LM1) in sequentially formed dual species 

biofilm under turbulent flow during a 7-day incubation period. The red arrow represents the inoculation of L. monocytogenes in P. 

fluorescens 48 h mature biofilm. Note: The superscripts (a-e) and (w-z) indicate the significant differences between cell concentrations 

during the 7-day incubation period for P. fluorescens and L. monocytogenes, respectively.
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Figure 6.3 The cell concentrations (log10 CFU/cm2) of L. monocytogenes (LM1) and P. fluorescens (P1) in sequentially formed dual species 

biofilm under turbulent flow during a 7-day incubation period. The red arrow indicates the inoculation of P. fluorescens into the L. 

monocytogenes 48 h biofilm. Note: The superscripts (a-c) and (x-z) indicate the significant differences between cell concentrations during 

the 7-day incubation period for L. monocytogenes and P. fluorescens, respectively. 
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Figure 6.4 The cell concentrations (log10 CFU/cm2) of P. fluorescens (P1) and L. monocytogenes (LM1) in co-inoculated dual species 

biofilm during a 7-day incubation period under turbulent flow. Note: The superscripts (a-c) and (w-z) indicate the significant differences 

between cell concentrations during the 7-day incubation period for P. fluorescens and L. monocytogenes, respectively.
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6.3.2 Sequential biofilm formation under static conditions 

 

Attachment: Under static conditions, the attachment of L. monocytogenes was not affected by 

the presence of preformed Pseudomonas biofilm on the surface. In the co-inoculated system, 

the L. monocytogenes attachment was 3.6 log10 CFU/cm2 (Figure 6.7), which was comparable 

with L. monocytogenes attachment on preformed Pseudomonas biofilm (4.3 log10 CFU/cm2) 

(Figure 6.5) and in single species (3.6 log10 CFU/cm2). The attachment of P. fluorescens was 

lower on Listeria pre-formed biofilm (3.3 log10 CFU/cm2) (Figure 6.6) compared to the co-

inoculated (4.2 log10 CFU/cm2) (Figure 6.7) and in single species (4.0 log10 CFU/cm2).  

Maturation: In all three conditions/sequences of biofilm formation, P. fluorescens 

predominated the dual species biofilm formed under static conditions. P. fluorescens reached 

its plateau on Day 2 of co-growth with the cell concentration of 7.5 log10 CFU/cm2 in 

Pseudomonas preformed (Figure 6.5), 7.1 log10 CFU/cm2 in Listeria preformed (Figure 6.6), 

and 6.8 log10 CFU/cm2 in co-inoculation (Figure 6.7), indicating no significant (p<0.05) impact 

of L. monocytogenes being introduced at any point in dual species biofilm. Similarly, the cell 

concentration of L. monocytogenes reached its maximum cell concentration on Day 1 of co-

growth for all three conditions, ranging between 5.6 and 6.3 log10 CFU/cm2. In all three 

attachment conditions, the cell concentration of L. monocytogenes reduced after the first 24 h 

of co-growth (Figures 6.5, 6.6, and 6.7).   

Detachment: A ‘smothering’ effect of P. fluorescens on L. monocytogenes was observed for 

the dual species biofilm when L. monocytogenes was the primary attaching bacteria, with cell 

concentration of L. monocytogenes reducing to 2.3 log10 CFU/cm2 (Day 5) from 6.3 log10 

CFU/cm2 (Day 1) (Figure 6.6). Under similar growth conditions (3 days of co-growth), the cell 

concentration of L. monocytogenes in Pseudomonas preformed biofilm (3.2 log10 CFU/cm2) 

(Figure 6.5) was comparable with co-inoculated dual species biofilm (3.4 log10 CFU/cm2) 

(Figure 6.7). A periodic oscillation of cell concentration was observed for P. fluorescens during 

co-growth but was only limited to co-inoculated (Figure 6.7) and Pseudomonas preformed 

conditions (Figure 6.5). 

In single-species biofilm formed under static conditions, the cell concentration of single-

species biofilm formed by P. fluorescens and L. monocytogenes was in the range 6.9-7.5 log10 

CFU/cm2 and 6.4-7.3 log10 CFU/cm2, respectively, during the first 5 days of biofilm formation. 
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On the 6th day, shedding was observed for both bacteria, where the cell concentration reduced 

to 5.3 log10 CFU/cm2 for P. fluorescens and 3.8 log10 CFU/cm2 for L. monocytogenes.
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Figure 6.5 The cell concentrations (log10 CFU/cm2) of P. fluorescens (P1) and L. monocytogenes (LM1) in sequentially formed dual species 

biofilm under static conditions during a 7-day incubation period. The red arrow represents the inoculation of L. monocytogenes in P. 

fluorescens 48h mature biofilm. Note: The superscripts (a-c) and (x-z) indicate the significant differences between cell concentrations 

during the 7-day incubation period for P. fluorescens and L. monocytogenes, respectively. 
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Figure 6.6 The cell concentrations (log10 CFU/cm2) of L. monocytogenes (LM1) and P. fluorescens (P1) in sequentially formed dual species 

biofilm under static conditions during a 7-day incubation period. The red arrow represents the inoculation of P. fluorescens in L. 

monocytogenes 48h biofilm. Note: The superscripts (a-c) and (w-z) indicate the significant differences between cell concentrations during 

the 7-day incubation period for L. monocytogenes and P. fluorescens, respectively. 
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Figure 6.7 The cell concentrations (log10 CFU/cm2) of P. fluorescens (P1) and L. monocytogenes (LM1) in co-inoculated dual species biofilm 

during a 7-day incubation period under static conditions. Note: The superscripts (a, b) and (x-z) indicate the significant differences 

between cell concentrations during the 7-day incubation period for P. fluorescens and L. monocytogenes, respectively. 
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6.3.3 Attachment on Pseudomonas biofilm and EPS conditioned surfaces 

 

A linear increase (R2=0.98) (p<0.05) in the attachment of L. monocytogenes with increasing 

age of Pseudomonas biofilm up to 72 h was observed. The attachment of L. monocytogenes on 

24 h, 48 h, and 72 h preformed biofilm under turbulent flow was 3.9, 4.6, and 4.9 log10 

CFU/cm2 respectively. The cell concentration of P. fluorescens during this attachment for 24 

h, 48 h, and 72 h was 6.3, 7.5, and 7.8 log10 CFU/cm2, respectively.  In contrast, the P. 

fluorescens biofilm formed under static conditions did not impact the attachment of L. 

monocytogenes, with 5, 4.5, and 4.6 log10 CFU/cm2 attachment for 24 h, 48 h, and 72 h, 

respectively, where the cell concentration of P. fluorescens ranged from 6.8-7.1 log10 CFU/cm2. 

To understand if the increasing exopolysaccharide concentration in the biofilm formed by the 

primary coloniser under flow is impacting the attachment of the secondary coloniser, 

attachment of L. monocytogenes on surfaces conditioned with different concentrations of EPS 

was estimated. 

The concentration of EPS deposited on the surface for conditioning the stainless-steel surfaces 

had no significant (p>0.05) effect on L. monocytogenes attachment (30 min), under both static 

and turbulent flow conditions. Compared to the turbulent flow system (3.7-4.2 log10 CFU/cm2), 

the static system showed significantly higher attachment (30 mins) (p<0.001) (4.8-5.1 log10 

CFU/cm2) at all EPS concentrations (0-27.5 µg/mL) (Figure 6.8). 
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Figure 6.8 The attachment of L. monocytogenes (log10 CFU/cm2) to exopolysaccharide 

(EPS) conditioned stainless-steel surfaces in the range (0-27.59 µg/cm2) under static and 

turbulent conditions.   

6.3.4 Spatial arrangement of the biofilm in co-inoculated and preformed biofilm 

 

For all three conditions of biofilm formed under turbulent flow, the arrangement of L. 

monocytogenes (red) and P. fluorescens (blue) was found to be similar, with L. monocytogenes 

predominating in the biofilm, indicating that these bacteria can rearrange themselves under 

turbulent flow despite the sequence of attachment (Figure 6.9). This correlated with the higher 

concentration of L. monocytogenes compared to P. fluorescens under all three sequence 

conditions (Figures 6.2, 6.3, and 6.4) under turbulent flow. Visually, the predominance of L. 

monocytogenes (red) does not appear evenly throughout the surfaces (Figure 6.9.A and 6.9.C). 

The predominance of L. monocytogenes in cell counts (Figures 6.2, 6.3, and 6.4) indicates that, 

in addition to the top layer of the biofilm, L. monocytogenes could be localised within the P. 

fluorescens layers. The circular patterns in all three conditions for biofilm formed under flow 

(Figure 6.9) show the topography of the stainless-steel coupons.  
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In contrast, visual differences were observed for the dual-species biofilm formed under static 

conditions, depending on the order of inoculation onto the biofilm. For the condition where L. 

monocytogenes was introduced to Pseudomonas preformed biofilm, the L. monocytogenes was 

observed on the top layer (red) (Figure 6.10.B) (3.2 log10 CFU/cm2) compared to Listeria 

preformed (Figure 6.10.C) (2.3 log10 CFU/cm2) and co-inoculated (Figure 6.10.A) (3.4 log10 

CFU/cm2) conditions. The decreased concentration of red areas under Listeria-preformed 

conditions (Figure 6.10.C) correlated with the smothering (reduced cell concentration) of L. 

monocytogenes cells in the dual-species biofilm formed under the same conditions (Figure 6.6). 
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Figure 6.9 The images represent dual-species biofilm formed under turbulent flow in A) Co-inoculation, B) P1 (preformed biofilm) + 

LM1, and C) LM1 (preformed biofilm) + P1. The red represents L. monocytogenes stained with WGA-Texas red conjugate, and the blue 

represents P. fluorescens stained with DAPI. The scale bar represents 100 µm.  
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Figure 6.10 The images represent dual-species biofilm formed under static conditions in A) Co-inoculation, B) P1 (preformed biofilm) + 

LM1, and C) LM1 (preformed biofilm) + P1. The red represents L. monocytogenes stained with WGA-Texas red conjugate, and the blue 

represents P. fluorescens stained with DAPI. The scale bar represents 100 µm.  

  

A B C 
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6.4 Discussion 

 

In sequential biofilm formation, L. monocytogenes attachment was significantly higher 

(p<0.001) on the preformed Pseudomonas biofilm formed under flow (Figure 6.2) compared 

with attachment during co-inoculation (Figure 6.4) and in single species. In contrast, the 

presence of preformed Listeria biofilm lowered the attachment of P. fluorescens (Figure 6.3). 

Various studies discuss the possibility of enhanced interaction of bacteria in the bulk liquid 

with the top layer when the Pseudomonas biofilm is already present on the surface. Sasahara 

& Zottola, (1993) observed that L. monocytogenes showed enhanced attachment to glass 

surfaces in the presence of higher EPS producing bacteria such as P. fragi. The L. 

monocytogenes cells were observed to have preferential adherence around microcolonies of P. 

fragi, indicating attachment and entrapment of the L. monocytogenes cells to the EPS produced 

by P. fragi (Sasahara & Zottola, 1993). Additionally, the attachment of the second bacteria on 

the surface of the biofilm formed by the primary bacteria can also be influenced by the surface 

roughness and the structure of the biofilm formed by the primary attaching bacteria (Silva et 

al., 2024). An EPS producer that forms small aggregates with greater coverage on the surface 

has a population fitness advantage over late colonisers in a multispecies arrangement. Whereas 

the formation of larger aggregates by primary bacteria requiring higher energy expenditure on 

EPS production might result in the predominance of late-arriving colonisers (Jayathilake et al., 

2017).  

The bacterial attachment under different flow conditions depends on mass transport 

(sedimentation or diffusion), flow velocity, and topography (roughness) (Chinnaraj et al., 2021; 

Kreve & Dos Reis, 2021). The ‘sedimentation effect’ has been reported to impact the 

attachment of bacteria under static and even low-flow conditions, which might explain the 

attachment differences observed under flow (Figures 6.2 and 6.3) and static conditions (Figures 

6.5 and 6.6) in this study. The microbes interact and settle into these surfaces using appendages 

(pili, flagella, curli, and fimbriae), forces (van der Waal forces for attraction, electrostatic 

charges for repulsion), acid-base interactions, and/or through adhesion proteins (Gordon & 

Wang, 2019). The surface proteins, such as chaperonin, porin, and elongation Tu factors, are 

affected during the attachment under high shear for bacteria such as P. aeruginosa (Hui et al., 

2016). The attachment under turbulent flow is also challenged by the reversibility of unsteady 

bacterial attachment, reduced boundary layer and contact time, and the impact of shear (J. 

Wang et al., 2020). In a similar study, the attachment of Sphingomonas rubra, Nakamurella 
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multipartita, and mixed bacteria was significantly lowered by the presence of shear (100 and 

150 rpm) compared to static and low shear (0 and 50 rpm) conditions (J. Wang et al., 2020).  

After the initial adhesion, motile bacteria can burrow under the mature preformed biofilm 

through the voids and channels (Houry et al., 2012) formed by the primary bacteria, leading to 

a stable mixed species biofilm. 

Despite having an ecological disadvantage (cell numbers and space), not only is L. 

monocytogenes able to attach itself to the surface, but it also outcompetes the primary bacteria 

(P. fluorescens) (Figure 6.3) under turbulent flow. This observation was found to be specific 

to biofilm formed under flow. In static conditions, while L. monocytogenes can form a biofilm 

as a secondary coloniser, it cannot outcompete the primary biofilm former (P. fluorescens) 

(Figure 6.5). In addition to architectural protection from the stress, L. monocytogenes in dual 

species also benefits from access to higher nutrients because of the continuous flow of nutrients 

in the continuous system. The enhanced biofilm formation under the continuous supply of 

media in a single-species biofilm was observed in the previous chapter (Section 5.3.6). Similar 

observations of L. monocytogenes biofilm formation on multispecies preformed biofilm 

(Pseudomonas predominating) have been observed in a model mimicking a salmon processing 

surface (Langsrud et al., 2016) under static conditions. In a study by Hascoët et al., (2021), the 

cell concentration of L. monocytogenes was found to be unaffected by the individual preformed 

biofilm (1 week) of C. zeylanoides, P. luteola, and P. fluorescens, compared to the control 

(clean surface). In contrast, with shear stress  (80 rpm), L. monocytogenes were able to modify 

the structure of the preformed P. fluorescens biofilm, resulting in overproduction of 

exopolysaccharides (Puga et al., 2018) and further protecting from desiccation and disinfection 

(Pang & Yuk, 2019). Microscopic observations show that L. monocytogenes embeds itself into 

the lower levels of the dual-species biofilm, resulting in added protection against stressors and 

higher cell concentration (1-2 log10 CFU/cm2) compared to single-species L. monocytogenes 

biofilm (Puga et al., 2016b). A sequential study on four biofilm-forming bacteria 

(Stenotrophomonas rhizophila, Xanthomonas retroflexus, Microbacterium oxydans, and 

Paenibacillus amylolyticus) formed in a drip flow reactor (DFR) showed that the prior 

attachment of a good biofilm former results in a population advantage during sequential 

attachment (Olsen et al., 2019). Overall, the EPS producing primary coloniser usually has a 

competitive advantage in the mixed species biofilm  (Jayathilake et al., 2017), but the 

observations varied when shear is present, as noted above. 
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Despite a spike in the cell concentration of the subsequent coloniser (L. monocytogenes), the 

cell concentration of the resident bacteria (P. fluorescens) remained unaffected (Figure 6.2), 

which could be a result of the synergistic interactions also observed during co-inoculated 

mixed-species biofilm formation (Figure 6.4). In a mixed-species biofilm consisting of 

Pseudomonas and Listeria, the Pseudomonas were observed to migrate to the top of the biofilm 

(Silva et al., 2024), resulting in overproduction of EPS and predominance in cell numbers (Puga 

et al., 2018; Xavier & Foster, 2007).  These observations have been made for mixed-species 

biofilm, which also explains the sanitizer tolerance and the protection conferred by 

Pseudomonas (Puga et al., 2018).  

In this study, the cell concentration of L. monocytogenes reached 9 log10 CFU/cm2 in mixed-

species biofilm in all three conditions of sequential attachment (Figures 6.2, 6.3, and 6.4), 

which is significantly higher (p<0.001) compared to L. monocytogenes in single species biofilm 

(6.5 log10 CFU/cm2) under flow. The following hypotheses may be suggested to explain the 

rapid increase in cell concentration of L. monocytogenes in multispecies under flow. Biofilm 

formed under low shear stress has a relatively patchy biofilm formation on the surface, whereas 

the turbulent flow allows the formation of complex structures (filamentous 

streamers/interstitial voids) (Stoodley et al., 1999). These complex structures could facilitate 

the entrapment of secondary bacteria and promote better proliferation during longer incubation 

times and under stressful conditions. In single species, over time, Listeria biofilm sheds its 

cells, revealing the oscillation dynamics of biofilm, but in the presence of Pseudomonas, the 

cells are retained in the EPS matrix, resulting in significantly higher cell concentrations in dual-

species compared with a single-species biofilm (Puga et al., 2018). Flow also helps to transport 

the nutrients into and remove the waste metabolites from the deeper parts of the biofilm and 

enhances the proliferation of the bacteria in the layers within the biofilm, resulting in a higher 

cell concentration compared to the static system, where the flow is absent (Tsai, 2005). 

In this study, under static conditions, the dual species biofilm where P. fluorescens was later 

inoculated on Listeria preformed biofilm resulted in the ‘smothering’ of L. monocytogenes with 

reductions in cell concentrations from 6.3 log10 CFU/cm2 (Day 1) to 2.3 log10 CFU/cm2 (Day 

5) over the period of 5 days of co-growth (Figure 6.6). In a similar study, P. aeruginosa 

predominated the dual species biofilm with L. monocytogenes and was able to inhibit the 

growth of L. monocytogenes (Dong et al., 2022). Structurally, in a mixed-species biofilm, the 

bacteria on the top of the biofilm has improved access to nutrients and oxygen (Lee et al., 

2014). The predominance of P. fluorescens in the dual species biofilm (Figure 6.6) could be 
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favoured by the condition where P. fluorescens attached later, leading to settlement on top 

layers of the biofilm (better access to nutrients), which can also be observed visually (blue) 

(Figure 6.10.C). 

After the attachment and maturation, the detachment of the multispecies biofilm was also 

impacted by the sequence of colonisation, as observed under both flow and static conditions. 

After 3 days of co-growth under flow, biofilm started the shedding cycle for both Pseudomonas 

preformed biofilm (Figure 6.2) and Listeria preformed biofilm (Figure 6.3). In Pseudomonas, 

preformed biofilm, biofilm detachment after 3 days of co-growth resulted in a significant 

reduction of both P. fluorescens and L. monocytogenes cell concentration (Figure 6.2). 

Meanwhile, in the Listeria preformed biofilm, a significant reduction after 3 days of co-growth 

was observed only for P. fluorescens, with L. monocytogenes cell concentration remaining 

consistent after day 2 of co-growth (Figure 6.3). This difference in detachment might be 

explained by how each bacterium attaches to the surface under flow. In the previous chapter, 

we observed that L. monocytogenes goes through stress adaptations to attach and form biofilm 

under turbulent flow (Chapter 5), which might have resulted in a stronger primary attachment 

of L. monocytogenes compared to P. fluorescens attachment and hence a lowered detachment. 

In a similar study, the single and multispecies biofilm formed by Sphingomonas rubra and 

Nakamurella multipartite under high shear stress resulted in a more stable biofilm, indicated 

by the lowered detachment observed after 9 h of incubation (J. Wang et al., 2020). The sloughed 

biofilm matrix and cells through shear stress retain the biofilm phenotype, whereas the released 

cells during non-stress conditions show a planktonic cell phenotype (Donlan, 2002). The 

biofilm matrix, consisting of both cells and EPS, after the detachment, may be protected from 

the environment and chemical stresses, resulting in a high bacterial load and a fast-tracked 

process for colonisation of a clean surface (Ghadakpour et al., 2014).   

The attachment of L. monocytogenes was found to be increasing with the biofilm age of 

preformed P. fluorescens (24 h, 48 h, and 72 h) biofilm under flow. This was absent in biofilm 

formed under static conditions. In both cases, the cell concentration of P. fluorescens in the 

preformed biofilm is comparable, indicating that either the concentration, composition, or 

architecture of the extracellular matrix formed by the primary biofilm former (P. fluorescens) 

under turbulent flow is impacting the subsequent attachment of the secondary colonizer (L. 

monocytogenes). In this study, the manually conditioned exopolysaccharide on the stainless-

steel surface did not impact the attachment of L. monocytogenes (Figure 6.8), despite the 

concentration range covering five times the EPS concentration at which significantly higher 
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attachment was observed under flow (Figure 6.2). With the understanding that there is an 

attachment of rehydrated EPS on the surface (Appendix VIII), the observation that it did not 

affect the attachment of L. monocytogenes could be interpreted in various ways: a) The 

presence of P. fluorescens cells is required in the biofilm for improved attachment of L. 

monocytogenes. b) The freeze-drying and rehydration of EPS to prepare the conditioning film 

for the stainless-steel surface changes the properties of the exopolysaccharide, and c) The 

architecture of the biofilm produced is more important than the concentration of the EPS for 

the attachment of secondary bacteria. Based on the 3-D structure of biofilm formed under flow, 

observed in the previous chapter (Figure 4.13.A), the architecture of the biofilm could have 

been a contributing factor in the elevated concentrations of L. monocytogenes when attached 

to P. fluorescens biofilm. Contrasting observations have been made for the attachment of poor 

biofilm-forming bacteria, such as Listeria, on the conditioned extracellular matrix produced by 

higher EPS producing bacteria, such as Pseudomonas. The matrix can act as a conditioning 

film, which can enhance the attachment of bacteria from the bulk fluid, especially under flow. 

As far as the initial attachment is concerned, in the context of multispecies bacteria, the 

presence of exopolysaccharide-producing bacteria was found to be more vital than the surface 

properties, such as hydrophobicity, surface charges, and flagellar movements (Sasahara & 

Zottola, 1993). The extracellular matrix consists of polysaccharides, proteins, and nucleic 

acids. The coating of these compounds on the stainless-steel surfaces modifies the surface 

properties such as hydrophobicity, surface charge, roughness, and surface functional groups 

(Gubner & Beech, 2000; Tsuneda et al., 2003), which can impact the subsequent attachment 

of the bacteria. Studies have shown both enhancement and inhibition of subsequent attachment 

depending on the EPS composition and environmental conditions (Hwang et al., 2012). The 

conditioning of the surface and metabolic interaction by the preforming bacteria are the most 

common hypotheses put forward for the increased attachment and growth of subsequently 

attaching bacteria (Olsen et al., 2019). Hwang et al., (2012) observed that the presence of EPS 

on the surfaces negatively impacted the initial adhesion of B. cepacia and P. aeruginosa, owing 

to the protein compounds present in the coating. 

6.5 Conclusion 

 

In conclusion, pathogens like L. monocytogenes can integrate into and survive within and even 

proliferate in an existing biofilm of ubiquitous bacteria such as P. fluorescens. In fact, the 

presence of preformed Pseudomonas biofilm improved the attachment of L. monocytogenes, 
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whereas the presence of preformed Listeria biofilm reduced the attachment of P. fluorescens, 

indicating the diverse impact of conditioning layer on the attachment patterns of a secondary 

coloniser under flow. The increased attachment of L. monocytogenes led to quicker biofilm 

formation, with the biofilm reaching a plateau within 24 h of co-growth and outcompeting the 

primary bacteria (P. fluorescens), which suggests that the biofilm matrix produced by one 

primary bacterium can become anchoring and breeding sites for pathogens such as L. 

monocytogenes. The extracted EPS and manual conditioning of the surface did not have any 

impact on the attachment of L. monocytogenes, implying there are more factors in play in 

enhanced attachment than just the deposition of exopolysaccharides. Overall, flow was an 

important variable in understanding the sequentially formed biofilm as it impacted all stages 

of biofilm formation (attachment, maturation, and detachment) as well as spatial arrangement 

for all three attachment conditions. Further research on the architecture and composition of the 

biofilm formed by higher EPS producing bacteria, such as P. fluorescens, and its role in the 

attachment and biofilm formation of subsequently attaching bacteria would be significant in 

understanding the role of primary biofilm formers on the synergistic multispecies biofilm. 
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7 Chapter 7. Discussion 
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7.1 Final discussion 

 

The dynamics of multispecies biofilms are more complex than those of single-species biofilms 

(Chapter 2). Overall, the presence of multiple bacteria in the biofilm regulates the population 

dynamics, exopolysaccharide content, spatial arrangement, and sanitizer tolerance (Chapter 

3). Understanding the intricate interactions between the bacteria under different variables helps 

to navigate the complexity of the multispecies biofilms and develop effective and sustainable 

control methods in their natural environments (Kim et al., 2022).   

7.1.1 Impact of nutrient availability in single and multispecies biofilm 

 

The nutrient variations impacted the interspecies interactions between the bacteria, with high 

nutrient concentrations leading to more synergistic interactions and higher tolerance to sanitizer 

compared with low nutrient concentrations (Table 3.1). Under the nutrient-abundant 

conditions, all three bacteria involved showed increased tolerance against sodium hypochlorite 

sanitizer in the multispecies arrangement compared with their single-species counterparts, with 

notably higher survival for L. monocytogenes (5.3 log10 CFU/cm2) in a multispecies biofilm 

compared with its single-species counterpart (2.3 log10 CFU/cm2). This higher tolerance by 

pathogens such as L. monocytogenes in multispecies (with Pseudomonas) is not limited to 

sodium hypochlorite sanitizer or these specific strains. This pattern of survival has been noted 

for multiple sanitizers (peroxyacetic acid, benzalkonium chloride) and for strains collected 

from a variety of multispecies environments (fruit harvest, dairy) (Voloshchuk et al., 2025). 

The protection provided by P. fluorescens to L. monocytogenes during stress is not limited to 

sanitizer treatments either (Chapter 3). Attachment assays showed that in the presence of P. 

fluorescens, L. monocytogenes attaches better and multiplies to very high concentrations under 

shear stress (Chapters 4 and 5). The mechanism of this protection under various stressors has 

been associated with high exopolysaccharide concentrations, matrix structure, and interspecies 

interactions (Rodríguez-Melcón, Alonso-Calleja, et al., 2021). When multiple species of 

bacteria come together in a biofilm, different types of EPS are produced by various bacteria, 

resulting in a dense and viscous matrix that can serve as an effective barrier against stress 

(Mann & Wozniak, 2012).  However, this changes under low nutrient concentrations (10% 

TSB). Low nutrient levels led to lower exopolysaccharide concentration per cm2, and both 

sanitizer tolerance and additional protection provided by P. fluorescens were reduced, with 
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both bacteria under detectable limits (<2.1 log10 CFU/cm2) (Figure 3.4). This agrees with the 

antagonistic interactions observed (Table 3.1) under such conditions as a result of competition 

for nutrients and space (Sadiq et al., 2021). These interactions could further change when 

nutrient-rich fresh media is added, resulting in synergy in nutrient-rich conditions (Fu et al., 

2020). This finding can be used to understand the impact of frequent cleaning and creating a 

low-nutrient environment for effective removal of multispecies biofilm from the food 

processing environments. The interactions between bacteria are a dynamic process that adapts 

according to the environment, which in this case, is nutrient stress.   

7.1.2 Impact of turbulent flow in single and multispecies biofilm 

 

The formation of macroscopic thread-like structures of S. aureus (Figure 4.9), microscopic 

filaments of L. monocytogenes (Figure 4.8), and stable biofilm formation of P. fluorescens 

(Figure 4.5) are some of the observations made for single-species biofilm formed under 

turbulent flow in a CDC bioreactor. The structural observations made for S. aureus and L. 

monocytogenes occur concurrently with lowered cell concentrations in single and dual species 

biofilm, suggesting slow growth and division as a stress response under turbulent flow. 

However, in the presence of P. fluorescens (in dual and triple species biofilms), there are no 

microscopic filaments (Figure 4.11) or macroscopic thread-like structures for either bacterium, 

suggesting a form of protection provided by P. fluorescens against turbulent flow stress. This 

protected biofilm formation resulted in significantly (p<0.001) higher concentrations of L. 

monocytogenes in dual (with P. fluorescens) and triple species with the addition of S. aureus 

(Figure 4.5) under turbulent flow. The dual species biofilm of S. aureus and L. monocytogenes 

formed both filaments (Figure 4.12) and thread-like structures (also known as streamers) under 

turbulent flow, suggesting this dual species combination was still subject to the stress (Wittig 

et al., 2025) observed in single species biofilm. While nutrient stress forced the bacteria into 

competition (Chapter 3), the turbulent flow (that also incorporated continuous nutrient flow) 

resulted in synergy between the bacteria, indicating that the nutrient access for a bacterium and 

its community interactions might be more important than what we have understood so far. In 

the CDC bioreactor, there are 2 variables at play: continuous supply of media and shear stress 

(Figure 5.1). Experiments comparing each variable with the combined one showed that while 

continuous flux of media supports higher cell concentration in protected biofilms, the 

dominating variable here is shear stress (Figure 5.11).  
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Among the three bacteria studied, L. monocytogenes had the most interesting response to shear 

stress. L. monocytogenes was able to adapt to the stress by changing its morphology and 

regulating its gene expression associated with attachment, motility, cell division, stress 

adaptation, and shape determination (Figure 5.9). This provides insight into how bacteria can 

survive under hydrodynamic stress in single and multispecies environments. This adaptation 

and growth are in contrast with the developments in food processing that focus on using 

mechanical shear to reduce the survivability of L. monocytogenes on surfaces (Sheen et al., 

2010). While the reduced attachment of L. monocytogenes under shear stress has been 

established, the adaptation of the attached bacteria appears to be overlooked. The transfer of 

these stress-adapted bacteria into food could prove to be critical in terms of public health 

(Yamaki et al., 2021). Additionally, the influence of turbulence in multispecies biofilm 

indicates that further biofilm research regarding processing environments where bacteria are 

impacted by flow should be best replicated and studied with bioreactors rather than static 

conditions commonly used so far. 

7.1.3 Impact of sequence of colonisation in multispecies biofilm 

 

The stress-adapted bacteria (L. monocytogenes) proved to be more strongly adherent to the 

surface (Figure 6.3) compared to a stable biofilm former (P. fluorescens) (Figure 6.2), when 

inoculated as a foundation bacterium under turbulent flow. The foundation bacterium, also 

referred to as the primary bacterium in this research, influenced the attachment and growth of 

subsequently attaching bacteria by conditioning the surface with its cells and extracellular 

matrix. The preconditioning by P. fluorescens resulted in significantly higher (p < 0.05) 

attachment of L. monocytogenes (Figure 6.2). This recruitment of the second bacterium is 

dependent on the surface modifications by the primary attached bacteria. The attachment of P. 

fluorescens was lowered in a surface conditioned with a mature L. monocytogenes biofilm 

(Figure 6.3). L monocytogenes is capable of utilizing the overexpression of flagella to attach 

and burrow itself in the Pseudomonas biofilm, irrespective of the order of attachment (Puga et 

al., 2018). Other factors associated with attachment of bacteria are structural influences from 

pili, flagella, curli fibres, and fimbriae, and certain ligand-receptor interactions (Rendueles & 

Ghigo, 2012). Another factor here is the architecture and the composition of the extracellular 

matrix produced by the primary attaching bacteria. The entrapment of free-floating bacteria 

into the networks of the biofilm is a possibility, as complex networks with interstitial voids 

have been observed previously in biofilm formed under turbulent flow in the CDC system 
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(Figure 4.13).  The attachment of L. monocytogenes to the freeze-dried exopolysaccharide did 

not show similar attachment to the matrix containing live cells with undisturbed biofilm (Figure 

6.8). This observation is significant when the EPS footprints and subsequent contamination of 

cleaned surfaces are considered.  

These findings can be used to understand the evolution of pathogenic and spoilage bacteria mix 

on surfaces that undergo nutrient variation and experience flow through mixing, washing, or 

cleaning.   
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7.2 Limitations  

 

• In Figure 2.1, the areas where the bacteria co-exist in the biofilm together were shown. 

In all those surfaces, some form of food soiling, such as milk solids or meat juices, is 

expected in the food industry, but was not explored in this study.  

• The mixing ratio of the bacteria was fixed at 1:1 and 1:1:1 for both dual and triple-

species biofilm (Chapters 3-6). While this assumption was vital to reduce the number 

of variables in this study, this might not simulate the exact nature of multispecies 

biofilm in natural environments.  

• To enumerate the bacteria in multispecies environments after treatment, selective agars 

were used. This method did not consider injured cells, and only viable surviving cells 

were calculated.  

• Based on the literature, this study considered the exopolysaccharide as the major 

component of the extracellular matrix and used this constituent to understand the 

sanitizer tolerance. This might not always be true when it comes to multispecies biofilm 

formed under different stress conditions. Other components, such as protein and eDNA, 

could play a significant role in the sanitizer tolerance, sequential attachment, and 

biofilm formation, which were not investigated in this study.  

• Despite many materials being used in industrial floor/drain surfaces, the biofilm 

formation surfaces were limited to polystyrene surfaces (microtiter plate) and stainless-

steel coupons.  

• Additionally, as we understand that biofilm formation and composition are very 

sensitive to the nutrient concentration, this study was limited to 10% TSB and full-

strength TSB to create a difference in the nutrient availability and simplify the analysis 

in static conditions. 

• Similarly, in a continuous system, this study limited the inflow media concentration to 

10% TSB, based on the literature, and keeping in mind the high cost of nutrient-rich 

media in a continuous system that runs for 7 days. The implications of nutrient-rich 

media (full-strength TSB) and starvation conditions (1% TSB) could be different in 

biofilm formation and interspecies interactions in the continuous system.  

• In the continuous system, the objective of this study was limited to turbulent flow based 

on the literature (Prabhukhot, Eggleton, Kim, & Patel, 2024). The stress adaptation 
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techniques used by bacteria to deal with the stress from laminar and turbulent flow 

could be entirely different. 

• The amount of exopolysaccharide adhered to the stainless-steel coupons was not 

determined before deposition of L. monocytogenes cells for the attachment assay.  

7.3 Future work 

 

While this study has provided new insights regarding multispecies biofilm, it also highlights 

new areas to consider when it comes to understanding multispecies biofilm, some of which are 

listed below, 

• The concept of biocontrol using a non-pathogenic bacterium to restrict the growth of 

another has been introduced in recent years (Angoshtari et al., 2023). This study showed 

that under the right conditions, P. fluorescens can smother L. monocytogenes in dual-

species biofilm (Figure 6.10), which could be explored further.  

• A three-fold approach can be taken for the removal of biofilm from food surfaces, 

disruption of EPS, quorum-sensing inhibition, and disinfection of the surface (Kim et 

al., 2022). While the present study explored the disruption of EPS, further studies could 

be important to understand the quorum sensing between multispecies bacteria in the 

biofilm and how it can be quenched for effective removal.  

• As far as the sequence of bacteria was considered, the architecture of the biofilm formed 

by the primary biofilm former (P. fluorescens) was significant in the attachment of later 

arriving bacteria (L. monocytogenes). The attachment of the bacteria on the previously 

established networks of biofilm could be explored further using imaging techniques, 

especially because this could also explain the attachment and entrapment of free-

floating bacteria on the remnants of the extracellular matrix on cleaned surfaces.  
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8. Appendices 
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Appendix I. Statement of Contribution- Chapter 2 
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Appendix II. Statement of Contribution- Chapter 3 
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Appendix III. Statement of Contribution- Chapter 4 
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Appendix IV. Statement of Contribution- Chapter 5 
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Appendix V. Statement of Contribution- Chapter 6 
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Appendix VI. Statistical Analysis 

 

The significant differences between the samples were determined with one-way ANOVA (IBM 

SPSS version 29) with 95 % confidence (p < 0.05) together with Tukey analysis for a post-hoc 

test. The normality of the data was verified using the Shapiro-walk (p > 0.05) and Kolmogorov 

test (p > 0.05) where relevant. All experiments had at least two biological replicates and six 

technical replicates and results were presented as mean ± standard deviation. 

 

Appendix VII. Cell count  

 

Appendix VII.A Linear relationship between P. fluorescens cell count (log10 CFU/mL) vs 

optical density (O.D) 
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Appendix VII.B Linear relationship between S. aureus cell count (log10 CFU/mL) vs optical 

density (O.D) 
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Appendix VII.C L. monocytogenes cell count (log10 CFU/mL) vs optical density (O.D) 
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Appendix VIII. Dextrose standard curve 

 

 

 

 

The standard curve of dextran (0.97-250 µg/mL) and optical density at 490nm for 

exopolysaccharide determination in the biofilm 
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Appendix IX. Epifluorescence images  

 

 

  

A. EPS coated coupon stained with 

calcofluor white 
B. Blank coupon stained with calcofluor 
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