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Highlights  

 

• The temperature and substrate surface type strongly influenced biofilm formation of 

the dairy isolates in this study. The crystal violet values and cell counts were 

significantly (p < 0.05) higher at 4°C than 30°C and on biofilms formed on 

polystyrene surfaces than stainless steel for the strong biofilm-forming isolates.  

 

• The surface differences strongly influenced the biofilm formation of the isolates. On a 

stainless-steel surface, the cells to EPS ratio was significantly (p < 0.05) higher 

compared to the polystyrene surface. These differences are reflected in the biofilm 

architecture. Compared to 30ºC, the cold temperatures encouraged significantly (p < 

0.05) higher secretion of EPS components. 

 

• The biofilm formation at the air-liquid interface encourages more cells, EPS 

production, and biofilm thickness compared with the submerged biofilm formation. 

algK and bcsA genes were upregulated 2-fold higher in the air-liquid interface biofilm 

cells.  

 

• Psychrotrophic pseudomonads leave EPS footprints after cleaning with hot water 

(55ºC) and 1% NaOH (70ºC). The remaining footprints encouraged the early 

appearance of biofilm growth at the air-liquid interface of the strong biofilm formers. 

The growth of the biofilms on the footprints was more rapid than the growth on clean 

surfaces. 

 

• Enzyme cleaners did not disperse the biofilms completely. The sequential treatment of 

NaOH and enzyme cleaners removed both cells and EPS. The regrowth was 

significantly (p < 0.05) less than that on acid-treated control coupons.  
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Abstract  

 

Pseudomonads are known for their spoilage potential due to the production of thermostable 

enzymes and pigments. Pseudomonads can affect a wide range of processing environments, 

including dairy, poultry, meat, fish, and vegetable processing. The proteolytic, lipolytic and 

pectolytic enzyme production associated with pseudomonads was witnessed in the past. The 

high persistence of pseudomonads is observed due to their biofilm formation on food contact 

surfaces, especially under cold temperatures (e.g. 4°C) and at the air-liquid interface and 

submerged conditions.  Despite the incidences reported of pseudomonad spoilage, limited 

information exists on their biofilm formation at cold temperatures, matrix compositional 

differences on food contact surfaces, and how the biofilm formation at cold temperatures 

affects the cleaning processes. This thesis addresses these research gaps by studying the 

biofilm formation and matrix composition of pseudomonads at cold temperatures and their 

control strategies.  

Among the eleven isolates studied, two isolates, P. lundensis and P. cedrina were identified as 

strong biofilm formers at cold temperatures with higher biomass and cell counts. This study 

identified that these two isolates are cellulose-only producers and can form strong biofilms in 

the absence of curli fibres. The characterization of the extracellular polymeric substances EPS 

composition revealed that the cold temperatures encouraged increased matrix production with 

polysaccharides, proteins, and extracellular DNA, which resulted in complex biofilm 

architecture. The cell-to-EPS ratio was much higher in the biofilms formed on stainless-steel 

surfaces compared with those on polystyrene surfaces, explaining the influence of 

temperature and surface type on the biofilm formation of these isolates.  

The air-liquid interface promoted higher EPS production, as confirmed by the overexpression 

of EPS-encoding genes in air-liquid interface biofilm cells compared to their submerged 

counterparts. These findings demonstrate the air-liquid interface as a favourable niche in the 

biofilm formation of pseudomonads. The cleaning simulation with traditional CIP revealed 

the EPS footprints left on the stainless-steel surface. The potential of these footprints during 

recolonisation was shown in both strong and weak biofilm formers. The removal of these 

footprints using commercial enzyme cleaners resulted in less aggressive biofilm formation 

during recolonisation.  
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Overall, this thesis addresses the critical research gaps in the biofilm formation of 

psychrotrophic pseudomonads under cold temperatures. Linking the EPS composition, 

biofilm architecture and at the different surfaces and interfaces provides practical insights 

improving cleaning and sanitation and finally reduces the spoilage incidents of these 

pseudomonad isolates.  
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1.1 Background  

 

Pseudomonads are unicellular rod-shaped bacteria with polar flagella. Pseudomonads belong 

to the group of Gammaproteobacteria (Molina et al., 2013; Raposo et al., 2016). The genus 

Pseudomonas is a non-spore-forming and non-pathogenic bacterium; however, some species 

of pseudomonads are opportunistic pathogens (P. aeruginosa) and phytopathogens (P. 

syringae) (Silby et al., 2011) but are not a food safety issue. A complex enzyme system 

enables these organisms to have metabolic versatility. Pseudomonads can be fluorescent or 

non-fluorescent, and most species are psychotropic (Franzetti & Scarpellini, 2007). There 

have been incidents of Pseudomonas spp. contamination affecting the food quality in dairy, 

poultry, and meat processing conditions (Nychas et al., 2008).  

Thermostable proteolytic and lipolytic enzymes produced by pseudomonads can cause 

curdling and gelation of milk even after pasteurization, due to post-pasteurisation 

contamination (Weidmann et al.,2000). These bacteria can produce thermostable pigments, 

which cause discoloration of foods (Chiesa et al., 2014). Pseudomonads can form biofilms 

that can accommodate some pathogenic bacteria, which pose a food safety risk (Puga et al., 

2018).  

Biofilms are dense aggregations of cells and an extracellular polymeric substance (EPS) 

matrix that attach to a surface. Biofilm formation occurs whenever there are situations 

unsuitable for planktonic growth (Flemming & Wingender, 2010). Pseudomonads can form 

biofilms in a wide range of temperatures (Wickramasinghe et al., 2019; Kim et al., 2020).  

Pseudomonad biofilms are hard to eliminate from the food processing surfaces. The 

interaction between bacterial cells and the substrate is significantly stronger than the cohesive 

forces between individual cells and is difficult to remove by the cleaning-in-place (CIP) 

process, remaining a source of continuous contamination in food processing environments 

(Bénézech & Faille, 2018).  

Understanding the mechanisms behind the biofilm formation of pseudomonads and their EPS 

composition will help to develop strategies to combat these biofilms. This research aims to 

overcome the limitations of the current CIP process and explore strategies to ensure better 

biofilm removal in food industries. 
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1.2 Research questions  

 

(a) What phenotypes of pseudomonads form robust biofilms at cold temperatures and at 

the air-liquid interface? 

(b) What are all the compositional differences in the EPS between different surfaces and 

temperatures?  

(c) Can the surface type affect biofilm architecture of pseudomonads? 

(d) What are the key differences between the air-liquid interface and submerged biofilms? 

(e) What is the mechanism behind the persistence of pseudomonad biofilms after CIP? 

(f) What are the available strategies to eliminate these biofilms? 

1.3 Research objectives  

 

(a) Explore the biofilm-forming abilities of psychrotrophic pseudomonads on different 

surface types under optimal and cold temperatures. 

(b) Explore the compositional differences in EPS between the different temperatures 

(c) Compare the air-liquid interface and submerged biofilm formation. 

(d) Explore whether the leftover EPS after cleaning can enhance the biofilm formation 

 

1.4 Research hypotheses 

 

Despite considerable research on pseudomonad biofilms, food spoilage and product loss by 

these bacteria still exist. Studies demonstrated the robust biofilm formation of pseudomonads 

at cold temperatures and the failure of cleaning chemicals due to the reduced diffusivity of 

the EPS. From the literature, the biofilm formation of pseudomonads is mostly studied in the 

submerged systems, and the air-liquid interface biofilm formation of these bacteria is not 

much considered in the food biofilm studies. Our preliminary experiments revealed that these 

isolates form strong biofilms at the air-liquid interface. Based on the findings and gaps 

identified from the literature, the following hypotheses were formulated.  

(a) Dairy isolates of Pseudomonas spp. form the most biofilms under refrigeration, at the 

air-liquid interface and on stainless-steel surfaces.  
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(b) EPS overproduction is enhanced in cold temperatures more than simply increased 

bacterial numbers.  

(c) Residual EPS after cleaning enhances subsequent biofilm formation, and this can be 

improved with enzyme cleaning. 
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Chapter 2. Literature Review: EPS is a Real Target 

in Eliminating Pseudomonad Biofilms. 
 

 

This chapter is an adaptation of material that was published as a peer-reviewed article: 

 

Muthuraman, S., Flint, S., & Palmer, J. (2025). Extracellular polymeric substances – a real 

target in eliminating pseudomonad biofilms. Food Bioscience,  DOI: 

10.1016/j.fbio.2025.107330. 
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2.1 Pseudomonads  

 

Food spoilage by microbial contamination affects the final quality of food products, interferes 

with processing time, and sometimes leads to economic loss (Teh et al., 2011). 

Pseudomonads are one such bacterial genus dominating the cold food processing conditions. 

In Italy, 70,000 packs of Mozzarella cheese were withdrawn from the market due to 

contamination and blue pigment production with Pseudomonas fluorescens during June 2010 

(Del Olmo et al., 2018). A recent study on isolating pseudomonads from the minced and 

frozen meat from supermarkets revealed that pseudomonads are the predominant bacteria in 

minced beef (76%) and imported frozen meat (48%) (Wehedy et al., 2025).  Biofilms formed 

by these bacteria are a source of thermostable enzymes, pigments that affect the quality of 

food and provide nutrients to the cells (Teh et al., 2012). The ability to grow and form 

biofilms at psychrotrophic temperatures, resistance to environmental stress, thrive on simple 

nutrients, and adhere to both biotic and abiotic surfaces are the reasons for their persistence in 

the food processing environments (Sterniša et al., 2023; Saá Ibusquiza et al., 2012). The 

robust EPS (Extracellular Polymeric Substances) matrix can accommodate low EPS 

producers and pathogens, which can be a food safety threat (Puga et al., 2018). 

Pseudomonas spp. are non-spore-forming, Gram-negative rods with flagella. Pseudomonas 

spp. are the most studied bacterial genera among gram-negative bacteria (Silby et al., 2011). 

Pseudomonads fail to grow under pH 4.5 (acidic conditions), are chemoorganotrophs, 

oxidase-positive or negative, and catalase-positive (Lalucat et al., 2022). Some of the 

pseudomonads are opportunistic pathogens and phytopathogens. However, most 

pseudomonads are non-pathogenic (Molina et al., 2013). Pseudomonads are strict aerobic 

bacteria with respiratory metabolism, where oxygen is the terminal electron acceptor. 

However, in some pseudomonads, nitrogen can act as a terminal electron acceptor and allow 

them to grow under anaerobic conditions (Lalucat et al., 2022). Arginine fermentation via the 

arginine deiminase pathway (ADI) provides energy and glucose fermentation to ethanol via 

the Entner-Doudoroff pathway and contributes to long-term survival under anaerobic 

conditions (Kolbeck et al., 2021).  Group 1 pseudomonads are psychrotrophic, fluorescent, or 

non-fluorescent and known for their history of food spoilage. The well-known fluorescent 

species are P. fluorescens, P. putida, P. aeruginosa, and P. chlororaphis (Kumar et al., 

2019). 
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A complex enzymatic system enables good metabolic versatility among these Pseudomonas 

species (Silby et al., 2011).   

The optimum growth temperatures for most Pseudomonas species are between 25°C and 

30°C. However, some pseudomonads can grow up to 45°C and as low as 0°C (Tribelli & 

López, 2022). Pseudomonads produce a range of proteolytic, lipolytic, and pectolytic 

enzymes. Proteolytic and lipolytic enzymes are often associated with the spoilage of meat, 

poultry, and dairy, where they break down the proteins and lipids and produce rancid odours. 

P. fluorescens, P. viridiflava are responsible for the spoilage of fresh fruits and vegetables 

due to pectolytic enzymes (Kumar et al., 2019).  Pseudomonas spp. secretes pigments such as 

pyoverdine (Fluorescein), a yellow pigment, and pyocyanin, a blue pigment (Lau et al., 

2004). The prevalence of P. fluorescens in the milk indicates the possible spoilage of milk 

(Ahmed & Hassan, 2024). Pseudomonads form biofilms on both biotic and abiotic surfaces. 

Biofilms provide a source of bacteria and enzymes contributing to spoilage in food (Machado 

et al.,2017). P. aeruginosa is considered a model organism for biofilm formation studies 

(McDougald et al., 2008). This chapter focuses on different aspects of biofilm formation of 

psychrotrophic pseudomonads and how pseudomonad biofilms persist in food processing 

environments.  

2.2 Spoilage potential of pseudomonads 

 

The presence of the aprX gene is positively correlated with the proteolytic activity of spoilage 

pseudomonads isolated from dairy, meat, and vegetable processing sources (Kumar et al., 

2019; Caldera et al., 2016). The important extracellular protease in Pseudomonas spp is 

alkaline metalloprotease (apr), which is controlled by the aprX genes (Wang et al., 2021). 

The casein degradation in milk is solely achieved by the protease enzymes through the aprX 

genes (Woods et al.,2001). Many of the proteases from pseudomonads belong to the class of 

metallopeptidases (EC 3.4.24) (Caldera et al., 2016). Pseudomonads isolated from raw milk 

with high protease activity have a greater number of functional protease genes (including 

aprX) encoding carbohydrate transport and metabolism, signal transduction, synthesis, 

transport, and metabolism of secondary metabolites, polysaccharide lytic enzymes, sugar 

esterase, and show a higher multidrug resistance index (Du et al., 2023). 

Pseudomonads produce high levels of peptidases at 25°C, followed by 10, 7, 4 and 2°C. 

However, the peptidase activity is reduced from 10 to 2°C; consequently, storing and 
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transporting milk between 1 to 3°C is recommended since the proteolytic activity is lower 

around this temperature range (Meng et al., 2017). The dairy isolates of P. aeruginosa and P. 

fluorescens showed no proteolytic and lipolytic activity at 4 °C and higher activity at 20°C. 

In one published study of Pseudomonas spp, two isolates showed only proteolytic activity, 

three showed lipolytic activity, and five showed both proteolytic and lipolytic activity (Hoda 

Mahrous, 2012).  

Another homologous gene to aprX identified in P. fragi is aprD, which is known to affect 

biofilm formation. In P. fragi, aprD regulates the protease secretion and inversely affects 

auto-aggregation, swimming motility, and biofilm formation (Wang et al., 2021). The 

mutants still produce slime and off-flavour, while with the aprD gene, the proteolytic effect 

was well pronounced (Wang et al., 2021). In sheep milk stored at 4°C, a higher expression of 

the aprX gene is found in P. putida, P. fluorescens, and P. aeruginosa, showing the spoilage 

potential of these psychrotrophs at cold temperatures. Sheep milk stored at 9°C facilitated the 

lipolytic activity of P. putida (Bruzaroski et al., 2023).  

AHLs (N-acyl-homoserine lactones) are known as autoinducers in the quorum-sensing 

system, which can also modulate the spoilage characteristics of pseudomonads. When the 

Exogenous AHLs (C6-HSL N-hexanoyl homoserine lactone) were added to the growth 

medium of P. korensis PS1, it increased the protease and lipase activity, cell density, 

accelerated the decomposition of chilled pork (4ºC), and increased production of total volatile 

base nitrogen content (TVB-N) (Dai et al., 2022b). The ability of pseudomonads to produce 

the AHLs is weaker than Aeromonas, Acetobacter and Serratia (Li et al., 2019). However, 

pseudomonads can utilise the AHLs from the environment, which may accelerate the 

decomposition of chilled products, as confirmed by Dai et al.(2022b). AHLs are involved in 

quorum sensing (Li et al., 2019). However, the molecular mechanisms behind AHL-mediated 

quorum sensing and spoilage enzymes need to be studied.  

2.3 Biofilm formation of pseudomonads 

Biofilm formation by pseudomonads consists of a series of sequential stages. Stressed cells 

attach to the biotic or abiotic surface, which is known as the reversible attachment (Stage 1) 

(Hinsa et al.,2003). High levels of intracellular c-di-GMP facilitate the production of adhesins 

and the initial attachment (Fazli et al., 2014). This stage of biofilm formation is usually 

considered weak and can be easily disrupted (Hinsa et al.,2003). When cells attach to the long 

axis, a monolayer of cells is formed, which is known as irreversible attachment (Stage 2) 
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(O’Toole et al.,2000; Hinsa et al.,2003). Microcolonies (Stage 3) will be formed from the 

monolayer of cells and develop into mature biofilms (Stage 4). Finally, the low levels of 

cyclic c-di-GMP downregulate the production of adhesins and extracellular polymeric 

substances and lead to dispersion (Stage 5) (Fazli et al., 2014). 

The timeline to reach the 5 stages of biofilm formation varies among the species, and this 

variation is even observed across strains. A study based on biofilm formation of isolates from 

the meat industry showed that the initial attachment of P. lundensis occurred after 2 h of post-

inoculation, and most of the population adhered after 4 h of inoculation. After initial 

attachment, the cells started producing extracellular matrix substances, which produced 

notable biofilm structures (Liu et al.,2015). The biofilm formation of P. putida increases after 

4 to 6 h of incubation, and this gradually decreases when the biofilm attains maturity (24 h) 

(Puhm et al.,2022).  

Pseudomonads form biofilms on both biotic such as sprouts, spinach, lettuce, meat, seafood 

and abiotic surfaces, such as floors, walls, pipes, drains and foot contact surfaces (Meliani & 

Bensoltane, 2015). Pseudomonads form biofilms on meat surfaces, as reported by several 

studies (Liu et al., 2015; Wickramasinghe et al., 2020). P. fragi and P. lundensis form 

biofilms on the meat surface and produce a slimy layer (Wickramasinghe et al., 2019). 

Several studies reported the biofilm formation of pseudomonads on stainless steel, which is a 

common surface in the food processing environment (Zarei et al., 2022; Liu et al., 2023; 

Santos Rosado Castro et al., 2021). 

Biofilm EPS acts as a nutrient reservoir, protects the cells from desiccation and resists other 

antimicrobials (Mann & Wozniak, 2012). P. fluorescens C224 planktonic cells showed 

proteolytic activity at 20 and 30°C, and no growth at 37°C, while the biofilm cells grown on a 

stainless-steel surface showed proteolytic activity at 20, 30, and 37°C. Biofilm formation 

facilitated the growth of this pseudomonad at 37ºC (Teh et al., 2012). 

2.4 Biofilm formation of the pseudomonads at the air-liquid interface 

 

Surfaces and different interfaces affect the biofilm formation, including initial attachment, 

biofilm maturation, detachment, and interaction with environmental factors (Ye et al., 2022). 

Pseudomonads can form biofilms on different interfaces, such as air-liquid interface, liquid-

liquid interface, and solid-liquid interfaces (Meliani & Bensoltane, 2015).  The spoiled-meat-
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associated Pseudomonas spp. show 88% of the isolates form biofilms at the air-liquid 

interface, indicating the deep-rooted ability within the genus (Robertson et al., 2013). Flagella 

play an important role in the air-liquid interface biofilm formation of pseudomonads. The 

thick air-liquid interface biofilm formation appeared from 48-144h (Sung et al.,2024). 

Proteins involved in flagellar structure, type I and IV secretion systems, alginate/siderophore 

synthesis, quorum sensing, and c-di-GMP signalling exhibited significant upregulation 

between 48 h to 72 h in the air-liquid interface biofilms of P. aeruginosa, indicating the 

importance of the air-liquid interfaces (Sung et al.,2024). Cellulose is an insoluble polymer 

involved in the air-liquid interface biofilm formation. Secretion of cellulose and other 

polymers in the meniscus is seen in wrinkly spreaders (Wps), the air-water surface (Aws), 

and the micro-water-surface (Mws) biofilm formation in P. fluorescens SBW25 (Ardré et al., 

2019). When the shear stress was introduced (Tw=0.3 Pa), the cell counts of P. aeruginosa 

on the air-liquid interface biofilms were not affected, while the submerged biofilms showed 

lower cell counts compared to stress-free conditions (Zhang et al., 2022). The morphology of 

the biofilms formed at the liquid -liquid interface (with shear stress) was heterogeneous with 

ridges and dome-like structures, while on the air-liquid interface, it was multiple layers of 

cells. This morphological difference affects the biofilm permeability; the submerged biofilms 

were 2-fold more permeable than the air-liquid interface biofilms (Zhang et al., 2022). The 

biofilms formed at the air-liquid interface can be a hundred times more resistant to 

antimicrobials than the submerged biofilms due to the EPS overproduction acting as a 

physical barrier (Tan et al., 2024). The air-liquid interface biofilms provide the bacteria with 

oxygen and nutrients, while the submerged conditions provide nutrients with limited oxygen 

(Fig. 2.1) (Ye et al., 2022). Most of the biofilm formation models, such as microtiter plates, 

CDC (Centre for Disease Control) biofilm reactors, Calgary devices, and rotating biofilm 

reactors, often focus on biofilm formation at the solid-liquid interface or submerged 

conditions. However, the air-liquid interface biofilm formation influences attachment, 

nutrient uptake, and mass exchange (Zhang et al., 2022). Cleaning of the air-liquid interface 

and submerged biofilms of P. aeruginosa PAO1 revealed that the air-liquid interface biofilms 

require twice the MBEC (Minimal biofilm eradication concentration) of cleaning chemicals 

than the liquid-liquid biofilms (Ye et al., 2022). The physical disruption of these air-liquid 

interface biofilms results in fragments, flocs, and slimes. Compared to individual bacteria, 

these aggregates will be more effective in new colonisation after dispersion (Robertson et al., 

2013). The air-liquid interface is often seen in food processing environments such as partly 
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filled tanks, storage silos, and residual liquid after cleaning. Biofilm formation at the air-

liquid interface leads to serious contamination and resistance to cleaning (Jha et al., 2020). 

 

Figure 2.1 Biofilm formation of pseudomonads at the air-liquid and liquid-liquid interfaces 

(Created in https://BioRender.com). 

2.5 Robust biofilm formation at psychrotrophic temperatures 

 

Cold temperatures in food processing are used to limit microbial activity. However, the 

pseudomonads can form robust biofilms in cold processing conditions (Liu et al., 2023). Cold 

temperatures result in reduced motility, caused by the downregulation of flagellar genes and 

encourage the switch from planktonic cells to biofilms (Fig. 2.2). At 4°C, the swimming 

motility was completely repressed, and higher biofilm formation was observed (Guttenplan & 

Kearns, 2013). While the metabolic rate is lowered at refrigerated temperatures, the bacteria 

can still survive, multiply, and form uniform layers of biofilms. When the pseudomonads 

were allowed to form biofilms at 4°C and 10°C, the planktonic cells were completely absent 

after 7 days for 4°C-grown biofilms and 3 days at 10 °C. This indicates the absence of 

planktonic cells in the mature biofilms (Wickramasinghe et al., 2019). Another important 

molecule in biofilm formation is cyclic di-GMP, which can suppress flagella-mediated 

swimming and promote matrix overproduction (McDougald et al., 2012).  Genes regulating 

the biosynthesis of alginate, cellulose, and colonic acid are highly expressed in P. fragi 

biofilms grown in meat processing conditions at 10°C (Wagner et al., 2021). Psychrotrophic 
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pseudomonads overcome cold stress by different mechanisms such as over-expression of 

Cap, Csp proteins, cell membrane adaptations, dense and rigid biofilm formation, down-

regulation of flagellar motility, overexpression of antioxidant enzymes, no mitochondrial 

swelling, accumulation of osmotic solutes and amino acids and, upregulation of 

cryoprotective amines (Chauhan et al., 2013). 

 

Figure 2.2 Biofilm formation of pseudomonads at psychrotrophic temperatures by reducing 

motility and matrix overproduction (Created in https://BioRender.com). 

The robust biofilm formation at low temperatures is achieved by reducing the growth rate and 

matrix overproduction. The psychrotrophic pseudomonad biofilms grown at 25 °C (6.5 days) 

and 4°C (5 days) reached similar cell counts in the matured phase, but at 4°C, the 

overproduction of exopolysaccharides and proteins was observed (Wickramasinghe et al., 

2020). The stress created by low temperatures can stimulate the EPS production of these 

psychrotrophic pseudomonads. The matrix overproduction is achieved by upregulating the 

exopolysaccharides-producing genes such as algK and pslA at 4°C (Liu et al., 2023).    

2.6 EPS produced by pseudomonads  

 

Pseudomonad biofilm EPS is composed of insoluble, soluble, and capsular polysaccharides, 

proteins, and eDNA (Table 2.1), and the matrix overproduction is observed at the 

psychrotrophic temperatures (Wickramasinghe et al., 2020; Liu et al., 2023; Muthuraman et 

al., 2025). Psl, Pel, alginate, and cellulose are the common polysaccharides found in 

pseudomonad biofilms (Chung et al., 2023). Adhesins, curli fibres, polysaccharide binding 

proteins, eDNA binding proteins, and flagellin are the proteins found in the matrix of 
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pseudomonad biofilms. Pseudomonads also produce lectins and extracellular enzymes such 

as arginine deiminase in their biofilms (Flemming & Wingender, 2010). The functional 

amyloid-like fibres in pseudomonads are termed curli fibres. The strain Pseudomonas 

fluorescens UK4 exhibits curli production and imparts robust biofilm formation (Zeng et al., 

2015). In densely packed biofilms of P. fragi and Vibrio cholera, a protein called RbmA was 

isolated, which may have a role in keeping molecules together (Drescher K et al.,2016).  

Extracellular DNA, also known as eDNA, can be actively secreted by the bacteria or formed 

from the dead biofilm cells involved in biofilm functions. However, the secretion 

mechanisms of eDNA still need to be explored. (Wickramasinghe et al., 2020; Flemming & 

Wingender, 2010).  

 

Table 2.1: Components of EPS present in the pseudomonad biofilms  

Components  Role  Isolate  Reference 

Polysaccharides  

Alginate  Structural stability, 

Water and Nutrient 

retention  

Pseudomonas aeruginosa, 

 

Mucoid variants of 

Pseudomonas fluorescens 

 

P. putida and P. syringae 

Mann & Wozniak, 

2012. 

Chung et al., 2023. 

 

 

Levan  Nutrient reservoir  P. syringae  Laue et al.,2006. 

Polysaccharide 

synthesis locus 

(Psl) 

Biofilm architecture, 

Protection against 

neutrophils and immune 

effectors  

P. aeruginosa 

P. syringae  

P. medocina  

P. fluorescens  

Starkey et al.,2009. 

Winsor et al.,2009. 

Chung et al., 2023 

Pel Pellicle formation. 

Compensate for the role of 

Psl during its absence. 

 

P. aeruginosa  

P. fluorescens Pf5 

 

Jennings et al., 2015 

Le Mauff et al., 2022 
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Aggregation in the broth 

culture. 

Cellulose  Air-liquid  interface 

biofilms. 

P. aeruginosa  

P. lundensis 

P. cedrina 

P. fluorescens 

 

Winsor et al.,2009 

Ardré et al., 2019 

Muthuraman et al., 

2025 

Proteins  

CdrA  Interact with the Psl 

polysaccharide 

P. aeruginosa  Reichhardt, 2023. 

Lap A and Lap 

D 

 

 

Cell interconnection  

Surface adhesion  

P. aeruginosa  

P. fluorescens  

P. putida 

P. syringae 

Gjermanson et 

al.,2010. 

Cell 

appendages  

Flagella and type IV pili. 

 

Forms mushroom-like 

structures 

Most of the Pseudomonads  (Patel & Gajjar, 

2022) 

Functional 

amyloid-like 

proteins  

Initial adhesion and 

aggregation 

P. fluorescens  

P. aeruginosa 

Dueholm et al.,2015. 

Lipids  

Rhamnolipids Biofilm remodelling and  

Dispersion  

Most of the pseudomonads Abdel-Magowd et 

al.,2010. 

 

 

eDNA  Intracellular connector  

Nutrient reservoir  

Mediate biofilms in the 

absence of polysaccharides  

 

Most of the pseudomonads Muthuraman et al., 

2025 

Dai et al., 2024b, 

Flemming & 

Wingender, 2010. 
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2.6.1 Distinct polysaccharides and proteins in the EPS matrix of pseudomonads 

 

Pseudomonads are known to produce more polysaccharides in their EPS matrix compared to 

planktonic cells. A study comparing the biofilm EPS composition of B. subtilis and P. 

aeruginosa showed that the biofilm EPS produced by Bacillus spp. contains proteinaceous 

substances when observed with Fourier Transform Infrared Spectroscopy (FTIR), while the 

pseudomonad biofilms showed signals for lipopolysaccharides, alginate, Pel and Psl. The 

presence of polysaccharides in the EPS matrix promoted more adhesion strength of the EPS 

(Harimawan & Ting, 2016). The Pel and Psl polysaccharides are responsible for the biofilm 

architecture of pseudomonads. Deletion of the Psl gene in P. aeruginosa resulted in no 

macrocolony (mushroom-shaped structures with both motile and non-motile cells) formation, 

and deletion of both pel and psl genes resulted in the absence of both micro (localised clusters 

of small cell aggregates) and macrocolony formation (Yang et al., 2011). The absence of 

micro and macro colonies lowered the antimicrobial resistance (Yang et al., 2011). Another 

distinct polysaccharide produced by mucoid pseudomonads is alginate, and the interaction of 

alginate with divalent cations can result in the formation of a gel. The increase in alginate and 

Pel content will increase the yield strain of the biofilms under mechanical stress (Di Martino 

et al., 2018). The Psl, Pel, and alginate were absent in the S. aureus and L. monocytogenes 

biofilms; instead, the EPS matrix of these bacteria consists of lipoteichoic acid (LTA) and 

poly-N-acetyl glucosamine (PNAG) (Colagiorgi et al., 2016). The differences in their matrix 

composition are reflected in the biomass. Monospecies biofilms of P. fluorescens produced 2-

fold higher biomass than monospecies L. monocytogenes biofilms (Puga et al., 2018).  

The protein Cdr A in the biofilms can bind cells to Psl and cause aggregation and biofilm 

stability. In the absence of Psl, it can bind with Pel and promote biofilm formation 

(Reichhardt et al., 2020). The Cdr A and Psl are present in the biofilm matrix of 

pseudomonads, consisting of robust, tightly packed aggregates that keep the matrix protease 

resistant (Reichhardt et al., 2018). While the other bacteria possess different proteins and 

polysaccharides in their matrix, pseudomonads possess Cdr A, type IV pili and lectins (Lec 

A/ Lec B) (Karygianni et al., 2020). 

Compared with the two-day-old biofilms of S. aureus, P. aeruginosa PAO1 forms flat, tightly 

packed biofilms with more coverage and exhibits resistance to phagocytosis (Yang et al., 

2011). All three strains of S. aureus tested formed loosely packed, irregular microcolony 
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structures with less surface coverage than P. aeruginosa PAO1. The binding of eDNA and 

type IV pili in the pseudomonads supported the co-culture of S. aureus and improved the 

density (Yang et al., 2011). When comparing the EPS production between P. fluorescens PF2 

and S. Typhimurium N25, P. fluorescens produced more polysaccharides and proteins on both 

stainless-steel and polystyrene surfaces (Yuan et al., 2025). Compared to other bacteria, 

Pseudomonas spp. possesses distinct polysaccharides in the EPS matrix, which strengthen the 

biofilm. 

2.6.2 Interaction between EPS components  

 

The different EPS components balance each other and maintain the integrity of the biofilms.  

In P. putida, the mutants lacking major adhesin genes Lap A and Lap F resulted in 

overproduction of EPS. Even though the exact overproduced component is unknown, this 

study indicates that biofilm formation does not depend on a single factor. The absence of a 

specific factor mostly results in overproduction of other components in the EPS (Martínez-

Gil et al., 2013). In P. aeruginosa, the absence of Psl polysaccharide induces the 

overexpression of Pel. Whereas the absence of Pel induces the overproduction of alginate, 

and these mechanisms protect the cells from adverse conditions (Ghafoor et al., 2013).  The 

interaction of Psl and Pel is responsible for microcolony formation, and the type IV pili and 

eDNA interaction is essential for less heterogeneous, tightly packed flat biofilms (Yang et al., 

2011). The eDNA and Psl interaction results in a thick rope-like structure, which is essential 

for resisting enzymatic dispersion and provides a framework for the biofilms in P. aeruginosa 

(Wang et al., 2015).  

Differences in the EPS composition were observed even between the different species of 

pseudomonads. The monosaccharides present in the P. aeruginosa are mannose and mannitol, 

while in P. putida, galactose and glucose were present when forming biofilms on xylose-

based growth medium (Celik et al., 2008). In mucoid strains, alginate is overexpressed, and 

in the non-mucoid pseudomonads, Psl takes over the role of alginate (Di Martino et al., 

2018). Levan is a unique polysaccharide produced by soil pseudomonads. Levan acts as a 

nutrient reservoir in the biofilms and was seen to fill the voids of the biofilms and not 

participate in the biofilm architecture as a structural component (Laue et al.,2006; Mann & 

Wozniak, 2012). When the biofilms of P. lundensis and P. fragi were grown at 25°C and 

10ºC, the EPS production was higher at 10ºC for both bacteria. P. lundensis produced 
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significantly higher proteins in the EPS matrix, while P. fragi produced higher 

polysaccharides at 10°C (Wickramasinghe et al., 2020). The polysaccharide proportion in the 

EPS was higher in P. fluorescens (PF07) biofilms compared to P. lundensis (PL28) and P. 

psychrophile (PP26) when grown at 4ºC. This difference is reflected in the biomass residue 

after treatment with sodium hypochlorite. The residues left by PF07 (93.76%) were higher 

than those of PL28 (73.29%) and PP26 (85.65%), but the protein concentrations in the 

untreated EPS were similar (Liu et al., 2023). 

2.6.3 Factors affecting the EPS production  

 

Variables such as temperature, pH and the presence of cations can affect the biofilm 

formation of pseudomonads. A study comparing the biofilm formation of P. fluorescens and 

L. monocytogenes under cold and acidic conditions found that P. fluorescens produced higher 

amounts of proteins and polysaccharides when grown at 4ºC (both pH 5.4 and 7.0), which is 

reflected in the highest biomass (crystal violet values). This study suggests that cold and 

acidic stress together facilitate strong biofilm formation of P. fluorescens (Zhou et al., 2024). 

A mild acidic pH (5.0) environment encouraged thicker biofilm formation and overexpression 

of rhamnolipid and alginate-producing genes, which resulted in increased biomass production 

compared to the neutral (7.0) pH environment in P. aeruginosa biofilms (Mozaheb et al., 

2023). When comparing the EPS production by P. aeruginosa, Micrococcus sp. and 

Ochrobacterium sp. at three different pH levels (7.0, 8.0, 9.0), P. aeruginosa (> 300 mg/mL) 

EPS production was not affected by pH and was higher than the other two bacteria (<300  

mg/mL) at all the pH levels. Cations are present in all food processing environments. For 

example, the presence of Ca2+ in dairy processing, and the presence of Na and Mg2+ in 

seafood processing. Supplementation of 5 and 10 mM Ca2+ ions resulted in higher 

polysaccharide production in the EPS and complex biofilm structures with more cell clusters 

in P. fluorescens PF4 (Yuan et al., 2024). The addition of Mg2+ ions increased the biofilm 

depth, surface colonisation and induced the formation of large aggregates (Song & Leff, 

2006). The robust biofilm formation on meat and in dairy processing environments indicates 

that pseudomonads can thrive in protein-rich environments together with ions 

(Wickramasinghe et al., 2019).  
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2.7 Pseudomonads produce public goods  

 

Public goods are metabolically expensive products secreted by one bacterium and utilized by 

other bacteria in the same community without being involved in production. Siderophores, 

exoproteases, rhamnolipids, and cyclic lipopeptides are the molecules produced by 

Pseudomonas spp. as public goods (Loarca et al., 2019; O’Brien et al., 2017). EPS, eDNA, 

and some biofilm proteins can be exploited as public goods as they enable protection from 

adverse conditions and aid in the adhesion and attachment process (Guadarrama-Orozco et 

al., 2023). Bacterial volatile compounds from P. fluorescens act as a public good and interact 

with L. monocytogenes across the physical barriers, promote motility, and encourage biofilm 

formation (Zhou et al., 2024). Diffusion of public goods in planktonic form is much more 

effective than diffusing in tightly packed, spatially structured biofilms. In P. aeruginosa 

biofilms, maximum concentrations of pyoverdine are observed at the centre of the biofilms, 

and this local trafficking of public goods modulates the growth of the community. However, 

the molecular mechanisms that regulate the public goods need to be addressed (Julou et al., 

2013). When specialisation is enforced in the production of public goods (siderophores) 

results in mutual cheating rather than efficient division of labour in P. aeruginosa under iron-

limiting conditions (Mridha & Kümmerli, 2022).  

 L. monocytogenes is a “cheater” when co-cultured with P. fluorescens as it’s a poor EPS 

producer and shelters under pre-formed pseudomonad biofilm, and this highlights the sharing 

of EPS as a public good (Puga et al.,2018). Scanning electron microscopy of Listeria and P. 

aeruginosa biofilms showed that after 24 h, Listeria spp. was still in its adhesion stage, while 

P. aeruginosa formed denser biofilms, and the structure of the co-culture biofilms is the same 

as the P. aeruginosa biofilms. Since EPS is a major architectural compound, these 

observations reveal the dominance of Pseudomonas spp. in the EPS production (Dong et al., 

2022). The advantages of this EPS for Listeria spp. are providing nutrients, protection from 

external stress, reduced diffusivity of chemicals, and prolonged survival. This cooperative 

behaviour depends on the species and their concentration (Dong et al., 2022). Rhamnolipid is 

a biosurfactant produced by pseudomonads that can be exploited by other bacteria for 

swarming motility, mediate assimilation of hydrocarbons as nutrients, and change the biofilm 

architecture. However, P. aeruginosa controls the rhamnolipid production based on the 

growth rate rather than cell density, which regulates the rhamnolipid biosynthesis genes 

(Guadarrama-Orozco et al., 2023). By producing surfactants, pseudomonads achieve 
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phyllosphere (aerial habitat in plants which supports the microbial colonisation) colonisation 

during fluctuating humidity. The surfactant produced by Pseudomonas sp.FF1 encouraged 

the co-swarming of Pantoeafiji eucalypti 299R. P. eucalypti biomass was significantly 

increased in the dual species biofilms compared to its monoculture, and dual species with 

biosurfactant mutant pseudomonads (Kunzler et al., 2024).  

2.8 Biofilm-related genes in pseudomonads 

 

A ubiquitous second messenger in proteobacteria is known as cyclic dimeric GMP (c-di-

GMP), which upregulates biofilm formation (Fig. 2.3). Putrescine and arginine enhance the 

biofilm formation of P. aeruginosa PAO1 with increased levels of c-di-GMP (Liu et al., 

2022). Flagella (flgA), quorum sensing (luxR), exopolysaccharides (algK, pslA), and stress 

response (rpoS) are found in P. fluorescens PF07, P. lundensis PL28, and P. psychrophile 

PP26 and their relative expression is higher at 4°C compared to 25°C (Liu et al., 2023). The 

gene aprD is known for controlling the protease secretion in pseudomonads. However, the 

deletion of the aprD genes leads to a disorganised biofilm structure and reduced production 

of EPS matrix components such as proteins and polysaccharides. The deletion of aprD 

increased the motility of P. fragi and resulted in sparsely distributed cell aggregates (Wu et 

al., 2022). The functional amyloid (fap) in P. fluorescens PF07 is required for the formation 

of microcolonies, pellicles, and solid surface-associated biofilms. The bacterial enhancer-

binding protein brfA regulates the fap-dependant biofilm formation by sensing c-di-GMP 

(Guo et al., 2024) (Fig. 2.3). The gene rpoN and rpoN-dependent promoters regulate the fap 

ABCDE operon, which is responsible for the Fap amyloids in P. fluorescens PF07 biofilms 

and are regulated by RpoN and BrfA (Guo et al., 2022).   
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Figure 2.3 The ci-di-GMP regulation pathways in biofilm EPS synthesis in pseudomonads 

 

Bacterial cellulose is also a part of biofilm formation in some Gram-negative proteobacteria. 

bcsAB tandem is responsible for cellulose synthesis in Pseudomonas spp. biofilms. Cellulose 

has exceptional water retention capacity, porosity, and mechanical resistance. It also interacts 

with other polysaccharides or proteinaceous compounds and is an architectural element for 

biofilms (Abidi et al., 2022). P. putida, P. syringae, and P. fluorescens subsp. cellulosa are 

the common cellulose producing pseudomonads (Nielsen et al., 2011). 

Cellulose production is an important aspect of air-liquid interface biofilm-forming 

pseudomonads. The algD, psl, and pel are the genes involved in the exopolysaccharide 

production of pseudomonads (Rajabi et al., 2022). FleQ is a bacterial enhancer binding 

protein and responds to c-di-GMP signalling by controlling surface attachment and biofilm 

formation, stimulating the synthesis of enzymes, regulators, adhesins, EPS, and other 

envelope components in a wide range of pseudomonads (Fig. 2.3). FleQ controls the flagellin 

synthesis, which controls the flagella production. FleN is the anti-activator FleQ, and the 

deletion of FleN leads to a hyperflagellated phenotype (Martínez-Rodríguez et al., 2023).  
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2.9 Biofilm removal strategies  

 

2.9.1 Enzymes 

 

The biofilm EPS matrix comprises proteins, polysaccharides, lipids, and eDNA. The 

enzymatic removal of these biofilms must hydrolyse the components of the EPS matrix. The 

enzymes (α-amylase, protease, DNase I, dispersin B) hydrolyse biofilm EPS and convert the 

cells into their planktonic form, which increases their susceptibility toward antimicrobials 

(Wang et al., 2023). The biofilms of P. aeruginosa are hard to remove by DNase I as the 

enzyme gets inactivated by the over-produced EPS matrix and proteolytic exoenzymes in 

mature biofilms (Algburi et al., 2017). However, the combination of DNase I,α-amylase, and 

dispersin B reduced the EPS biomass (Algburi et al., 2017). The α-amylase derived from 

Bacillus subtilis is effective against S. aureus and P. aeruginosa biofilms compared to the 

amylases from human saliva and sweet potato, indicating the importance of bacterial 

enzymes in biofilm removal (Kalpana et al., 2012). The biofilm removal (82%) of P. 

aeruginosa is achieved by α-amylase (Singh et al., 2016). In vitro studies have demonstrated 

the effects of dispersin B against S. aureus, S. epidermis, A. baumanni, K. pneumoniae, E.coli 

and P. fluorescens (Wang et al., 2023). Purified marine alginate enzyme (AlyP1400) can 

degrade the P. aeruginosa biofilms and enhance the cidal activity of tobramycin (Blanco-

Cabra et al., 2020). PslG is a glycoside hydrolase capable of hydrolysing Psl polysaccharide 

in P. aeruginosa in its early stages but not mature biofilms (Baker et al., 2015). PelAh is 

another glycoside hydrolase that targets the Pel polysaccharide in the biofilm matrix of P. 

aeruginosa and encourages significant biofilm dispersal within 24 hrs (Baker et al., 2016). 

However, PslG and PelAh cannot disperse the mature biofilms due to the higher EPS 

concentration and interaction between the EPS components (Baker et al., 2016). Treating P. 

aeruginosa biofilms with proteinase K (2,5 and 10µL) shows that proteinase K is biphasic 

and promotes or inhibits biofilm formation at different concentrations (Eladawy et al., 2020). 

Mechmechani et al. (2023) combined trypsin with pepsin and carvacrol, and this combination 

was able to disperse the biofilms of P. aeruginosa and Enterococcus faecalis. The main 

disadvantage of these enzymes is that when administered, they facilitate the dispersion 

without bactericidal activity, and this may lead to new biofilm formation from the dispersed 

cells (Wang et al., 2023). However, the emphasis on the enzymatic dispersion studies mostly 

focused on P. aeruginosa and many other spoilage pseudomonads in the food industry, which 
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may not show a similar response to enzymatic treatments, needs to be studied. Alkaline and 

enzymatic detergents improve the efficacy of disinfectants tested against strong biofilms of a 

poultry strain P. fluorescens (Merino et al., 2024). Enzymes such as DNase I, cellulase, and 

α-amylase, when immobilised with silver nanoparticles, can disperse the biofilms and reduce 

the cell viability. However, the antibacterial activity is achieved by silver rather than the 

enzymes (Rubio-Canalejas et al., 2022). The single or combination of enzymes cannot 

disperse the biofilms completely. The enzyme cleaners may be included in the sequential 

cleaning process rather than applied alone. 

2.9.2 Ultrasound  

 

Ultrasound affects the biofilms by three different mechanisms: mechanical effects by 

cavitation (formation, growth, and collapse of a microscopic gas bubble in a liquid), chemical 

effects including the generation of free radicals (hydroxyl and superoxide radicals), and heat 

effects by generation of local hotspots with very high temperatures (5000 K, inside cavitation 

bubbles). However, the biofilm deformation is mainly achieved through mechanical effects 

(Lambert et al., 2010). A study on the removal of P. fluorescens in a dairy environment 

showed that 2% lactic acid with ultrasound treatment can remove the biofilm cells below the 

detection limit (Dai et al., 2024a). Another study with ultrasound (power > 80 W) combined 

with mild heat treatment at 50°C can successfully remove the biofilm of P. fluorescens, with 

a large disruption of the biofilm structure occurring after 15 min of treatment (Su et al., 

2022). Ultrasound treatment on P. fluorescens biofilms altered around 27 metabolites 

(metabolomics and UPLC-MS/MS) involved in carbohydrate, lipid, amino acid, and 

nucleotide metabolism. Ultrasound at 15.79 W/cm2 disrupted the energy and genetic 

information of biofilms, while at 26.32 W/cm2 resulted in disruption of the metabolic activity 

and osmotic pressure of biofilms (Wang et al., 2024). 

2.9.3 Quorum-quenching (QQ) molecules 

 

Quorum-quenching (QQ) enzymes or molecules should suppress the AHL quorum-sensing 

molecule and cut down the cell-to-cell communication in the biofilms. QQ enzymes belong to 

two classes: (i) AHL lactone and (ii) AHL acylases. A novel quorum quenching enzyme, 

LrsL, isolated from the red sea sediment bacteria Labrenzia sp. VG12 effectively suppressed 

the biofilm formation of P. aeruginosa. However, the elimination of established biofilms was 
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not studied. The authors conclude that, with QQ enzymes, complete elimination is not 

possible, but the amount of antimicrobials and cleaning chemicals may be lowered (Rehman 

et al., 2022). The QQ strains isolated from a sludge membrane bioreactor, which belonged to 

the genera Bacillus and Pseudomonas, successfully prevented the biofilm formation of P. 

aeruginosa by 60% (Khalid et al., 2022). 

2.9.4 Sanitizers  

 

Sanitizers are substances that reduce but do not necessarily eliminate all the microbial 

contaminants on inanimate surfaces. The commonly used industrial sanitizers are oxidative 

(halogens), hydrogen peroxide-based (peracetic acid, peracids, chlorine dioxide, and ozone), 

surfactant-based (quarternary ammonium compounds), phenolics, and aldehydes (Marriott et 

al., 2018). 

Didecyl Dimethyl Ammonium Bromide (DDAB) and Slightly Acidic Electrolysed Water 

(SAEB) remove the biofilms of P. aeruginosa. DDAB 16 MIC and SAEW completely 

cleared the biofilm formation of P. aeruginosa on a stainless-steel surface (Li et al., 2022). 

Among the four sanitizers tested, benzalkonium chloride (BAC) and glycolic acid (GA) 

increased the levels of persister cells of P. fluorescens during regrowth. In contrast, peracetic 

acid (PAA) and glyoxal (GO) did not alter the susceptibility of the persister cells, and similar 

levels of persister cells were detected after several rounds of treatment. It is important to 

consider the sanitizer that should not induce a change in the antimicrobial susceptibility of 

persister cells. Persister cells are dormant variants of regular cells and are highly tolerant to 

antimicrobials but do not grow in the presence of antimicrobials (Wood, 2016; Lewis, 2010). 

Application of ozonated water (gas inlet concentration of 20mg/L, airflow rate of 1.0 L/min, 

water temperature 6±1°C) under flow conditions for P. parancis biofilms effectively removed 

0.510 log CFU/cm2 compared to static removal at 0.22 log CFU/cm2 (Santos et al., 2025). 

Panebianco et al. (2022) reported that gaseous ozone application (50ppm for 6h) is ineffective 

in removing the established biofilms of Pseudomonas spp. The ineffectiveness is due to the 

presence of biofilm biomass with dead cells acting as a protective shield (Panebianco et al., 

2022).  However, ozone is more effective under high relative humidity conditions, and high 

levels of ozone are dangerous to human health (Panebianco et al., 2021).  

The next generation QAC (Quaternary Ammonium Chloride) known as Decon 7 achieved 

approximately 4-5 log reduction in S. aureus and P. aeruginosa dual-species biofilms (Shah 
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& Muriana, 2021). When the pseudomonad biofilms formed at 25°C, 10°C, and 4°C were 

treated with sodium hypochlorite at 65°C, the log reductions with the biofilms grown at 4°C 

were lower than the biofilms grown at 25 °C and 10°C (Liu et al., 2023). This shows the 

importance of EPS produced by pseudomonads at lower temperatures in resistance to 

antimicrobials.  The Pel and Psl polysaccharides in P. aeruginosa exhibit protective functions 

against oxidative stress induced by sodium hypochlorite and hydrogen peroxide (H2O2). The 

interaction between the antimicrobials and Pel provides time for the biofilm cells to grow and 

produce detoxifying enzymes in pseudomonads (Da Cruz Nizer et al., 2024). 

2.9.5 Biosurfactants  

 

Biosurfactants are surface-active, amphipathic biomolecules with emulsifying properties that 

are microbial secondary metabolites. These molecules can alter the cell surface morphology 

and cell adhesiveness, and can disrupt the bacterial membranes (Bhadra et al., 2023). 

Surfactant derived from Lactiplantibacillus plantarum reduced the biofilm formation of P. 

aeruginosa by 59.8%, and at the sub-MIC concentration, QS inhibitory effects, such as 

reduction in pyocyanin, total protease, LasA, and LasB, were also observed (Patel et al., 

2022b). Similarly, when the Lactobacillus cell-free supernatant (CFS) is supplemented with 

the biofilm formation medium with P. aeruginosa, this results in 99.99±0.003% of the cells 

failing to adhere. Additionally, the application of Lactobacillus CFS on preformed 

pseudomonad biofilms also results in an 83.83±6.28% decrease in metabolic activity. These 

results suggest the promising ability of biosurfactants of lactic acid bacteria for antiadhesive 

and antibiofilm activities against P. aeruginosa (Jeyanathan et al., 2021). Crude biosurfactant 

from L. plantarum showed disruption in bacterial cell walls and reduction in thickness of 

multilayered biofilms under SEM (Patel et al., 2021). Biosurfactants from B. niabensis reduce 

growth and biofilm formation of the marine biofouling bacteria P. stutzeri by upregulating 

metabolites such as glucose, acetic acid, histidine, lactic acid, phenylalanine, uracil, and 

NADP+ and downregulating trehalose and histamine (Sánchez-Lozano et al., 2023). 

2.9.6 Photodynamic Inactivation (PDI) 

 

Photodynamic inactivation involves photosensitizers (non-toxic dyes) that are activated by 

absorption of visible light, resulting in the formation of reactive oxygen species (hydroxyl 

ions and singlet oxygen) that inactivate the microbial cells (Hamblin, 2016). Octyl Gallate 
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and Blue light, when used to treat P. fluorescens biofilms, exhibit synergistic bactericidal and 

antibiofilm activity by reactive oxygen species produced by oxidative stress (Shi et al., 2022). 

Berberine, when combined with a blue LED at 450 nm, can destroy biofilm cells at 

concentrations of 150 and 500 µg/mL through oxidative stress, whereas without the blue 

LED, the effects on biofilm removal are significantly lower (Safai et al., 2022). The 

photodynamic inactivation of P. fluorescens in milk demonstrated that curcumin, combined 

with a blue LED at 450 nm, reduced around approximately 7 log CFU/mL cells, whereas 

riboflavin had no effect. SEM shows that photodynamic inhibition causes changes in cell 

shape, cell damage, and membrane rupture, resulting in cytoplasmic contents around the 

cells. However, this study focused on the planktonic cells in milk media, and the interference 

of biomolecules in the milk and the observed cell reduction cannot be discounted (Saraiva et 

al., 2024). The interference from biofilm EPS is another aspect to consider when designing 

PDI.  

 

2.9.7 Cold atmospheric plasma (CAP) 

 

Cold plasma is a new emerging technology proven to be efficient against bacteria with 

antibiotic resistance (Mai-Prochnow et al., 2015). Cold plasma is a mixture of photons, 

electrons, charged ions, atoms, free radicals, and excited molecules with bactericidal 

activities at temperatures below 40°C (Mai-Prochnow et al., 2021). The single and dual 

species biofilms of P. aeruginosa and B. cereus revealed that Bacillus (38% remained after 

120 s of CAP treatment) is more tolerant to cold plasma than P. aeruginosa (33% remained 

after 120 s of CAP treatment). However, in the dual-species biofilms, the tolerance was 

higher (36% after 120 s of CAP treatment) for both bacteria involved (Lavrikova, 2025). 

Moisture in the biofilms reduces the efficiency of CAP treatment. Desiccation before 

treatment is recommended to have better penetration of reactive species such as O2 and NO2 

generated by cold plasma (Lavrikova, 2025). When the biofilms were allowed to regrow after 

being treated with CAP for 300s, regrowth of the P. aeruginosa biofilms occurred both in wet 

and dry conditions, whereas the B. cereus failed to regrow under dry conditions. The authors 

concluded that to avoid the regrowth, the debris still needs to be washed away after CAP 

(Lavrikova, 2025). 
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Biofilm 

eradication 

strategies  

Target  Cost effectiveness  Efficacy  Challenges  References  

Traditional 

CIP involves 

the use of hot 

water, alkali, 

and acid 

treatments. 

Cells  Low Industry standard  

Remove food debris 

Remove minerals   

High energy and water use  

Salt residues  

EPS remnants  

Corrosion of metal by acid 

treatment 

Crews and crevices can 

accommodate biofilms  

 

Parkar et al., 2004 

Simões et al., 2010 

Pant et al., 2023   

Chlorination  Cells  High  High oxidation capacity 

(Chlorine dioxide) 

Chlorate deposition and health 

risk  

Impact on food matrix  

Corrosion  

Chlorate resistance  

Pant et al., 2023 

Gagnon et al., 2005   

 

Enzyme 

cleaners  

EPS  Low  

(Require a combination 

of enzymes or 

surfactants, or other 

Disperse the biofilms 

Environment friendly  

Biodegradable  

Possible recolonisation  

The interaction between the 

matrix components can keep the 

matrix resistant to enzymes  

Nahar et al.,2018 

 

Table 2.2: Comparison of the biofilm elimination strategies of pseudomonads 
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molecules that increase 

the production cost).  

Residual enzymes can react with 

food matrices.  

Biosurfactants  Cells  Low (High production 

cost) 

Prevent the cell 

attachment and biofilm 

formation  

Biodegradable  

Prevent corrosion  

Cannot eliminate mature 

biofilms. 

 

Only a few, such as 

sophorolipids, possess 

bactericidal activities.   

 

Loss of activity and low stability. 

Bhadra et al., 2023 

Jimoh et al., 2023 

Díaz De Rienzo et al., 

2015 

Ultrasound  Cells   Low (High operational 

cost and treatment time) 

Prevents bacterial 

adhesion  

Mechanical disruption of 

the EPS matrix  

Stimulated alginate production 

in P. aeruginosa due to 

mechanical stress. 

The effects on food quality are 

not well known  

 

Yu et al., 2020 

Erriu et al., 2014 

Lambert et al., 2010 

Quorum-

quenching 

molecules  

Cells  Low (Longer treatment 

time) 

Reduction in bacterial 

adhesion  

Inhibit microcolony 

formation  

Biodegradable  

Possibilities of developing 

resistance towards quorum-

quenching molecules. 

 

Not a universal solution. 

Paluch et al., 2020 

Krzyżek, 2019 
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 High temperatures in dairy 

processing, the complexity of 

food matrices can affect the 

effectiveness of QQ molecules. 

Sanitizers  Cells  Moderate to high 

(However, the 

biodegradable sanitizers 

require high 

concentration).  

Prevents biofilm 

formation. 

Targets (peracetic acid and 

hydrogen peroxide) 

include a broad spectrum 

of bacteria.  

 

Reduced diffusivity due to EPS  

Not all sanitizers are 

environmentally friendly  

Risk of biocide-induced 

antimicrobial resistance. 

Some sanitizers are corrosive, 

unstable, and explosive. 

 

Fernandes et al., 2024 

Jones & Joshi, 2021 

Dawan et al., 2025 

Chowdhury et al., 

2025 

Yuan et al., 2021 

Photodynamic 

inactivation  

Cells  Low (Scaling up needs 

to be considered from 

an industrial point of 

view) 

Rapid microbial killing. 

The reactive oxygen 

species can target cells and 

some molecules 

(polysaccharides are 

susceptible to 

photodamage) in the EPS.  

No effects on Food 

matrices. 

Reactive oxygen species can 

affect the food quality. 

Minimal effects on the EPS 

matrix. 

Require combined treatment to 

eradicate the biofilms. 

Limited penetration depth. 

Indirect application by water 

treated with PDI is possible in 

Wang et al., 2021 

Cieplik et al., 2014 

De Melo et al., 2013 
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industries with confined spaces, 

such as dairy. Direct application 

is not possible.  

Cold 

atmospheric 

plasma (CAP) 

Cells  Low (Requires double 

the cost compared to 

chlorination, as it relies 

completely on 

electricity). 

Preserving bioactive 

components in food 

matrices. 

No added chemicals. 

Minimal adverse effects 

on the organoleptic 

properties of food.  

Reactive species can break down 

the lipid bonds and have an 

impact on food quality. 

CAP.  

The dairy system often involves 

wet surfaces, and the reactive 

species work better on dry 

surfaces.  

Zhu et al., 2020 

Naicker et al., 2023 
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2.10 Pseudomonad biofilm footprints  

 

The term “Footprints” represents the polymeric material left on the surface while the bacterial 

cells have been removed. These footprints can be seen on a surface after cell removal, and the 

polymeric material is clumped together due to hydrophobicity (Neu & Marshall, 1991). 

Biosurfactants, quorum-quenching (QQ) molecules, and photodynamic inactivation (PDI) 

mostly target the prevention of biofilm formation. Other strategies, such as sanitizers, 

ultrasound, and enzymes, focus on preventing and removing biofilms. Among these 

strategies, enzymes that target the biofilm EPS rather than the cells is and effective strategy 

(Fig. 2.4). However, Baker et al.,2015; Baker et al.,2016, concluded that the polysaccharides 

and protein targeting enzymes cannot completely disperse the biofilms.  

 

 

Figure 2.4 Biofilm prevention and eradication strategies of pseudomonads (Created in 

https://BioRender.com). 

The cleaners and sanitizers such as sodium hydroxide (NaOH), ozone, and peracetic acid can 

eliminate the cells, but the remaining EPS footprints can accommodate new occupant cells 

and encourage new microcolonies and biofilm formation (Fig. 2.5).  

 

 

 

https://biorender.com/
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Figure 2.5 Biofilm footprints of pseudomonads after antimicrobial treatment or cleaning and 

the robust biofilm formation on the footprints by new occupant cells (Created in 

https://BioRender.com). 

Didecyl Dimethyl Ammonium Bromide (DDAB) combined with slightly acidic electrolysed 

water (SAEW) showed less prominent FTIR (Fourier Transform Infrared Spectroscopy) 

peaks for polysaccharides, proteins, and lipids than control biofilms. This confirms the 

remaining EPS footprints after cleaning (Li et al., 2022). The footprints remaining after 

cleaning depends on the also depend on the type of biofilm formed. The air-liquid interface 

(ALI) biofilms of P. fluorescens Pf1 after CIP resulted in dead cells and EPS debris found on 

the coupons with no viable cells (Jha et al., 2020). A study with multispecies biofilms cleaned 

with antimicrobials resulted in early and aggressive regrowth of subsequent biofilms, and this 

observation was thought to be due to fresh cells attaching to the footprints, leading to faster 

biofilm formation post cleaning (Han et al., 2019).  P. aeruginosa biofilms treated with 3% 

hydrogen peroxide (H2O2) and peracetic acid (PAA) were able to reduce the biofilm cell 

numbers to undetectable levels. However, with SEM, the EPS residues that remained on the 

surface could be observed. The EPS remnants significantly increased the proliferation of cells 

in the next 24 h. This observation suggests that EPS produced by pseudomonads and not 

removed by cleaning is the main culprit in biofilm regrowth (Deng et al., 2025).  The 

viscoelastic properties of EPS produced by pseudomonads remained unchanged when 

mechanical (high shear stress), chemical (addition of NaCl, FeCl3, and others), and both 

forces were applied, which reflects the resilience of the EPS. The EPS produced by most of 

the pseudomonads can recover from the damage, as the degree of recovery measured after 

high shear stress and chemical treatments is high (Lieleg et al., 2011). The FTIR observations 

showed peaks for proteins, polysaccharides, and phospholipids after cleaning with DDAB 

and SAEW, indicating the EPS's complexity (the proteins, polysaccharides, and 

phospholipids) remained the same (with lower peak intensity in FTIR) after cleaning with 

https://biorender.com/
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DDAB and SAEW (Li et al., 2022). However, there is no information about the eDNA 

present in the footprints derived from FTIR data.  

Self-locomotive antimicrobial microrobot known as SLAM, when combined with peracetic 

acid (PAA) and hydrogen peroxide (H2O2), shows promising results against P. aeruginosa 

biofilms and prevents regrowth over time by reducing the EPS volume and preventing the 

regrowth of biofilms for more than two months (Deng et al., 2025). Pseudomonads are strong 

EPS producers and can accommodate other pathogens in their EPS matrix, as EPS can be 

exploited as a public good (Puga et al., 2018). Thus, the removal of their EPS is important to 

keep the food processing surface contamination-free.  Not only pseudomonads, but many 

other strong EPS producers could leave the biofilm footprints.  

2.11 Future research  

 

Pseudomonads are public good producers and can accommodate other bacteria in their 

matrix. Thus, the biofilm eradication studies in the future should focus on community 

biofilms. The traditional sequential treatment of cleaning chemicals targets both cells and 

EPS, and improved strategies need to be developed to target the biofilm EPS footprints left 

behind after cleaning. In a study on multispecies biofilm (Pseudomonas spp., E. coli, Bacillus 

spp., Staphylococcus spp., and Enterococcus spp) removal, sequential treatment steps 

included alkali, surfactant 1, acid, enzyme, surfactant 2, and sanitizers (Singh & Anand, 

2022). Among the tested bacteria in the multispecies consortia, around 1.13 ±0.03 log 

CFU/cm2 Bacillus spp. remaining cells were difficult to eliminate (Singh & Anand, 2022).   

• Processing equipment modifications with removable parts may enhance the biofilm 

removal.  

• Bacteriophages show promising effects in killing biofilm cells and disrupting the EPS 

matrix. However, most studies are limited to laboratory conditions; scaling up and 

standardisation need to be developed (Yin et al., 2022).  

• Enzyme immobilization can reduce the particle size, increase the zeta potential, and 

enhance the penetrability of the enzymes (Rubio-Canalejas et al., 2022). However, the 

immobilized enzymes still target the EPS matrix and disperse the live cells.  To 

achieve complete elimination of biofilms, many studies suggest combined treatments.  
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• Combined treatment of enzymes with ultrasound, shear stress, chelating agents, 

buffers, surfactants, and detergents can achieve complete removal. However, cost-

effectiveness is the biggest burden here (Nahar et al.,2018).  

• Physical, chemical, and biological disinfection methods in combination with each 

other are also a strategy to combat the pseudomonad biofilms. Formulation of such 

strategies needs more research to find the right combinations that eradicate biofilm 

(Yuan et al., 2021).   

• Nanocomposites can eliminate pseudomonad biofilms by inhibiting bacterial adhesion 

to the surface, disrupting the EPS matrix, and dispersing the bacterial cells. Cost-

effective production and biocompatibility need to be addressed (Omran et al., 2024).  

2.12 Conclusion  

 

Pseudomonads are strong EPS producers, and the incomplete removal of the biofilm results 

in continuous contamination in food processing environments. Despite so many eradication 

methods to control the biofilm removal of psychrotrophic pseudomonads, the removal is 

complicated due to exopolysaccharides and matrix overproduction at low temperatures. 

Herein, the biofilm formation of psychrotrophic pseudomonads and their EPS matrix is 

discussed. This review compared the different eradication strategies focused on cells and the 

EPS matrix and found that the strategies need to be combined for complete biofilm removal. 

This review emphasises the need for more studies to investigate the elimination strategies for 

cost-effective production, minimization of the adverse effects, and safe application on food 

matrices. 
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Chapter 3 Biofilm-Forming Abilities of 

Psychrotrophic Pseudomonads 
 

This chapter is an adaptation of material that was published as a peer-reviewed article: 

 

Muthuraman, S., Palmer, J., & Flint, S. (2026). Enzymatic dispersion of pseudomonad 

biofilms grown at psychrotrophic temperature. Food and Bioproducts Processing, 155, 179–

188. https://doi.org/10.1016/j.fbp.2025.12.015. 

 

 

  

https://doi.org/10.1016/j.fbp.2025.12.015


57 

 

Preface to Chapter 3 

In Chapter 2, the biofilm formation of pseudomonads at the air-liquid interface, at 

psychrotrophic temperatures, and their control strategies have been discussed. In chapter 3, 

the strong biofilm formers were screened based on the crystal violet assay and cell counts at 

both 4°C and 30°C. The biofilms were allowed to form on polystyrene (PS) and stainless 

steel (SS) surfaces. The Congo Red Assay (CRA) and cellulose quantification were used to 

identify the isolates for cellulose and curli production. 
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3.1 Introduction 

 

Pseudomonas spp. is a common psychrotrophic bacterium found in aerobically stored 

protein-rich foods such as red meat, poultry, and dairy. These gram-negative rods produce a 

wide range of thermostable proteolytic and lipolytic enzymes responsible for the curdling and 

gelation of milk (Weidmann et al.,2000; Parlapani et al.,2023). Pseudomonads such as P. 

fluorescens biovar I and II produce pyocyanin and pyoverdine and cause discoloration of 

foods (Dogan & Boor, 2003; Nychas et al., 2008; Chiesa et al., 2014).  

Among the spoilage psychrotrophic bacteria present in milk, many isolates belong to the 

genus Pseudomonas, making it the most important genus in the dairy sector (Von Neubeck et 

al., 2015). Several studies report that pseudomonads form biofilms in dairy processing lines 

(Machado et al.,2017).  Blue discoloration on the external surface of mozzarella cheese was 

caused by a blue branch cluster of pseudomonads (P. fluorescens, P. korensis, P. carnis, and P. 

lactis) (Andreani et al.,2019). P. fluorescens, P. fragi, P. cedrina, P. lurida, P. psychrophila, 

and P. gessardii are the common pseudomonads present in raw milk (Du et al., 2023).  

Pseudomonads are known for their biofilm formation with EPS overproduction (Liu et al., 

2023). Pseudomonads can form biofilms on biotic and abiotic surfaces and can be a source of 

continuous contamination in food processing environments. Due to reduced diffusivity, the 

biofilm can protect the bacterial cells from the cleaning chemicals (Aswath Narayan and 

Vittal, 2014). This group of bacteria can grow and form biofilms under a wide range of 

temperatures, especially at cold chain temperatures (Liu et al.,2015; Wickramasinghe et 

al.,2020). Comparing the biofilm formation under cold and ambient temperatures will be 

helpful in controlling these biofilms in food processing environments. 

Cellulose and curli fibres are identified in the biofilm formation of Escherichia coli, 

Salmonella, Pseudomonas and some other proteobacteria and are involved in the strong 

biofilm formation (Wang et al., 2023; Abidi et al., 2022; Dueholm et al., 2010). Bacterial 

cellulose in biofilms is mainly seen in oxygen-dependent organisms that form an air-liquid 

interface (Cohen & Merzendorfer, 2019; Wahid & Zhong, 2021). Bacterial cellulose is known 

for its high-water retention and mechanical strength (Mbituyimana et al., 2021). Screening 

the biofilm formers based on cellulose and curli production is commonly observed with E. 

coli and Salmonella (Cimdins and Roger 2017). Studying the cellulose and curli production is 

important to identify the mechanism behind the biofilm formation.  
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The biofilm formation studies are usually done on the polystyrene microtiter plates. However, 

stainless steel is the common food contact surface in food processing industries (Oliveira et 

al., 2010). In Chapter 2, the biofilm formation abilities of pseudomonads in cold temperatures 

were discussed.  This chapter focuses on comparing the biofilm formation abilities on both 

polystyrene and stainless-steel surfaces at different temperatures.  

3.2 Materials and methods  

 

3.2.1 Bacterial isolates and culture conditions  

 

Eleven dairy isolates 1SM,2SM, 3SM, 4SM, 5SM, 6SM, 7SM, 16SM, 20SM, 38SM, 44SM 

were used in this study. All these isolates were obtained from raw milk collected from 

different dairy farms across New Zealand (Zhang et al., 2020).  

Fresh, overnight cultures of these dairy isolates were prepared by streaking a stock culture 

(Stored at -80°C) on a Tryptic Soy agar plate (TSA, DifcoTM, Becton, Dickinson and 

Company, USA), incubating at 30°C, and inoculating a single colony in the Tryptic soy broth 

(TSB, DifcoTM, Becton, Dickinson and Company, USA) overnight at 30°C. This overnight 

culture (18 h) was used for further experiments. 

To count the colony-forming units (CFU), the cultures were serially 10-fold diluted in 

physiological sterile saline (0.85% NaCl), and the dilutions were plated either by spread or 

drop plate on TSA. 

3.2.2 Identification using PCR and 16S rDNA sequencing. 

 

PCR amplification of 16S rDNA was used to confirm the identification of the isolates using 

universal primers Bac27F(5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R(5′-

TACGGYTACCTTGTTACGACTT-3′) (Flint et al., 1999). The PCR amplification involved, 

25µL of master mix (dNTPs, magnesium chloride, Taq polymerase) (Platinum Green Hot 

Start PCR Master mix, Invitrogen, Thermofisher Scientific, USA), 20µL of nuclease-free 

water, 1µL of forward primer, 1µL of reverse primer, and 3µL of overnight bacterial culture 

to a final volume of 50 µL. Amplification steps were as follows: denaturing at 94°C for 5 

min, followed by 30 cycles of denaturing at 96°C for 25s, annealing at 50°C for 45s, and 

extension at 72°C for 2 min and final extension at 72°C for 7 min. The PCR assay was 
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carried out in a thermal cycler (Proflex PCR System, Thermofisher Scientific, USA). The 

PCR products were visualized (E-Gel iBASE™, Invitrogen, USA) using pre-made 2% 

agarose electrophoresis gel (E-Gel ® EX with SYBR Gold II, Invitrogen, USA). The PCR 

products were purified using a cleaning and concentration kit for DNA (DNA Clean and 

Concentrator, Zymo Research, USA). The DNA concentration after cleaning was checked 

using Nanodrop (Nanodrop Microvolume Spectrophotometers, Thermofisher Scientific, 

USA). The partial 16S rDNA sequencing was done at Massey genomics using Big Dye 

Terminator v3.1, and the results were analysed by Chromaslite and BLAST gene bank. 

3.2.3 Biofilm formation 

 

3.2.3.1 Polystyrene surface (PS) 

 

The biofilms were allowed to grow on 96-well plates (cell culture plate with non-treated 

surface) (FALCON®, Corning Incorporated, Durham, USA). (Filloux & Ramos, 2014). A 

cell suspension was diluted to obtain an OD600 (Absorbance at 600nm) of 0.05±0.0015 

(approximately 6 log CFU/mL) (Varioskan Lux 3020-1333, Thermo Fisher, USA) with 50% 

TSB (half-strength). Next, 200 µL of the adjusted inoculum was added to the wells of a 96-

well microtiter plate. Two hundred microliters (200 µL) of half-strength TSB were added as a 

control. The plates were incubated at 4°C and 30°C for 24,48, 72,168, and 336 hours. Spent 

media was replaced, and fresh media was added to the wells every 72 h. 

3.2.3.2 Stainless-steel surface (SS) 

 

The biofilm formation on stainless-steel coupons was modified from (Wang et al., 2023). The 

stainless-steel coupons (SS) used in this study were 2.4 cm* 2.4 cm and 1mm in thickness 

(316 with 2B finish) (SS coupons, Advanced Sheet Metals, Palmerston North). The coupons 

were passivated (with 50% nitric acid at 70°C for 30 mins) to clean and generate an oxide 

coat on the surface (as is practiced in the food industry to reduce the possibility of corrosion) 

before being used for the biofilm formation assay. The used SS coupons were sonicated for 

15 min to remove the adhering cells and cleaned with ethanol (Absolute ethanol, Thermo 

Fisher Scientific, USA) and Tri Gene (Tri Gene, Tristel Solutions Ltd, UK) (Composition 

listed in supplementary file 3.7). The cleaned coupons were allowed to dry overnight and 

autoclaved at 121°C for 15 min.  
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The SS coupons were placed diagonally in the vials (Plastic vials, Techno Plas Ltd, Australia) 

and filled with 4 mL of the inoculum to create an air-liquid interface on the surface of the 

coupons. The same culture concentration was maintained as on the PS surface. The vials were 

incubated at 30°C and 4°C for 24,48, 72,168, and 336 h. The biofilms were incubated from 

24 to 336 h to test the biofilm formation from the early to the maturation stages. The coupons 

with 4 mL of half-strength TSB were used as a control. Spent media was replaced with fresh 

media every 72 h. 

3.2.3.3 Crystal violet assay 

 

After the required incubation time, the microtiter plates were taken out and gently inverted to 

remove the liquid from the wells. The wells were washed three times with sterile distilled 

water to remove all the planktonic and loosely attached cells and allowed to air-dry for 30 

min. Two hundred microliters (200 µL) of 0.5% crystal violet (CV) (Crystal violet stain, 

Sigma-Aldrich, USA) were added to each well. After 15 min, the crystal violet-containing 

wells were washed three times with sterile distilled water. It was allowed to dry for 30 min. 

Next, 230 µL of 96% ethanol was added to the wells to dissolve the absorbed crystal violet 

and allowed to stand for 15 min at room temperature. After 15 min, the absorbance of the 

ethanol solution was read at 570 nm.  

After the required incubation time, the SS coupons were taken out and washed three times 

with sterile distilled water and allowed to air-dry for 30 min. The dried coupons were added 

to the 6-well microtiter plates (FALCON®, Corning Incorporated, Durham, USA) filled with 

4 mL of 0.5% crystal violet. After 15 min, the coupons were taken out and washed three 

times with sterile distilled water and allowed to air-dry for 30 min. The stained coupons were 

added to the 6-well plates containing 4 mL of 96% ethanol for 15 min. The contents were 

transferred to the 96-well plates and read at 570 nm.  

Based on the CV values, the isolates were classified as strong, weak, and moderate biofilm 

formers based on the following criteria described by Xu et al. (2016) (Table 3.1). 

Table 3.1: Classification of biofilm formation  

No biofilm formation  OD570 < OD570con  

Weak biofilm formation  OD570con < OD570 ≤ 2 OD570con 

Moderate biofilm formation  2OD570con < OD570 ≤ 4 OD570con 
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Strong biofilm formation  4 OD570con ≤ OD570 

 

 

  

 

3.2.3.4 Quantification of biofilm cells on PS wells and SS coupons 

 

The wells of the PS microtiter plate and SS coupons were washed thrice with sterile distilled 

water after the required incubation period. Using sterile cotton swabs (CITOSWAB®, 

Wellkang Ltd, Northern Ireland), the wells, and coupons were swabbed and swirled in sterile 

saline. Then, 100 µL of the samples were serially diluted and 10 µL of drops were plated on 

TSA plates. The numbers of cells present in the wells and coupons were expressed as log 

CFU/cm2. 

3.2.4 Congo Red Assay (CRA) 

 

The dairy isolates were screened by Congo red assay for biofilm formation (Cimdins and 

Roger 2017). Tryptone Agar (10g/L of tryptone and 15g/L of agar) was chosen due to the low 

interference with the results. Congo Red (Congo Red, Sigma-Aldrich, USA) 2g/L and 

Coomassie Brilliant Blue (Coomassie Brilliant Blue G-250, Sigma-Aldrich, USA)1g/L were 

prepared as aqueous solutions and autoclaved (121°C for 15 min). The above-mentioned 

stains were added later to the autoclaved T agar at 55°C (Köseoğlu et al.,2015; Cimdins and 

Roger, 2017), poured into agar plates, and allowed to set at room temperature. Overnight 

cultures (18 h) were streaked onto the agar plates and incubated at 30°C for 24 h to 120 h. 

Red, brown, pink, and white colonies indicate the production of curli and cellulose, curli, 

cellulose, and none, respectively. 

 

3.2.5 Levan production  

 

Levan is a capsular polysaccharide commonly found in the biofilms of Pseudomonas spp. 

Nutrient agar (NA, DifcoTM, Becton, Dickinson and Company, USA) with 5% sucrose 

(Sucrose, Sigma-Aldrich, USA) was used to screen the Levan producers. The bacteria with 

*OD570con – OD570 values from control wells with no biofilm formation 

*OD570 - OD570 values from the wells with biofilms 
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the enzyme Levan sucrase convert sucrose into Levan, which was confirmed by the 

appearance of mucoid colonies (Lelliott and Stead,1987). 

3.2.6 Cellulose production 

 

Cellulose production was quantified using Anthrone colorimetry (Wang et al.,2023). The 

stock cultures of the isolates were streaked onto TSA plates and incubated at 30°C for 24 h 

and 48 h in triplicate. After incubation, approximately 3 g of wet-weight colonies were 

collected in a 15 mL centrifuge tube using a cell scraper. The extraction solution, consisting 

of an 8:2:1 ratio of acetic acid, nitric acid, and water, was added to the centrifuge tube. The 

mixture was boiled for 30 min and centrifuged at 11880 g for 5 min. The supernatant was 

discarded, and the pellet was washed with 1 mL of water and 1 mL of acetone and left 

overnight for drying. The dried pellet was dissolved in 1 mL of H2SO4. Then, 0.1 mL of the 

mixture was added to 0.5 mL of Anthrone (Anthrone ACS reagent, Sigma-Aldrich, USA) (0.2 

g in 100 mL of H2SO4), and the absorbance was read at 620 nm. Microcrystalline cellulose 

(Cellulose, Sigma Aldrich, USA) solutions of 25mg/mL, 50mg/mL, and 100mg/mL were 

used as standards. From this, the strong cellulose producers were identified (Wang et al., 

2023). 

3.2.7 Data analysis  

 

Viable colony counts were enumerated and transformed as log CFU/mL for planktonic 

cultures and log CFU/cm2 for biofilms. The mean values and standard deviation (SD) for cell 

counts were based on three biological and three technical replicates. One-way analysis of 

variance (ANOVA) with a Tukey’s test with a p-value below 0.05 indicated the significance 

of the results. The analysis was conducted using SPSS software (Version 29.0.2.0; 

IBM®, New York, United States). 
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3.3 Results 

 

3.3.1 Identification by PCR and partial 16S rDNA sequencing  

 

Identification of the presumptive Pseudomonas spp. isolates were confirmed with PCR and 

partial 16S rDNA sequencing, and the results are shown in Table 3.2 below.  

Table 3.2 Identification by PCR and partial 16S rDNA sequencing  

 

No. Bacterial Identity  16S rDNA (% similarity)  

1SM                         P. fluorescens  99 

2SM P. fragi 97.12 

3SM P. lundensis  98 

4SM  P. fragi  98 

5SM P. psychrophilla  98 

6SM  P. antartica  98 

7SM P. psychrophilla  97.15 

16SM P. fluorescens  99 

20SM P. cedrina 98 

38SM P. brenneri 99 

44SM P. fragi  98 

 

3.3.2 Biofilm formation  

 

3.3.2.1 Biofilm formation on PS surface  

 

Among the 11 isolates tested, only 2 isolates formed strong biofilms at both temperatures. 

Isolates 3SM and 20SM produced significantly (p < 0.05) higher cells and EPS compared to 

other isolates. However, the crystal violet values and cell counts were higher at 4°C than at 

30°C. 

At 30°C, the biofilm screening resulted in two strong biofilm formers, four moderate biofilm 

formers, and five weak biofilm formers (Fig. 3.1 A). The highest CV value reached was 1.38 

± 0.23 for isolate 3SM at 336 h and 1.34 ± 0.05  for isolate 20SM at 72 h. The cell counts of 
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the strong biofilm formers reached 6.60 ± 0.13 (3SM)  and 6.58 ± 0.16 log CFU/cm2 (20SM) 

(Fig. 3.1 B).  The moderate biofilm formers were 1SM,4SM,7SM and 16SM and the weak 

biofilm formers were 2SM, 5SM,7SM, 38SM and 44SM.  

At 4°C, the biofilm screening resulted in two strong biofilm formers and nine weak biofilm 

formers. The moderate biofilm formers at 30ºC failed to form biofilms at 4ºC. The crystal 

violet values for the strong biofilm formers reached 3.60 ± 0.27 (3SM)and 3.40 ± 0.36 

(20SM) (Fig.3.2 A). The cell counts of the strong biofilm formers reached 8.60 ± 0.41 and 

8.41 ± 0.10 log CFU/cm2 (Fig. 3.2 B).  
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Figure 3.1  (A) OD570 values from the crystal violet assay as a function of time, at 30°C with half-strength TSB and (B) the cell counts at 30°C 

as a function of time with half-strength TSB. All the results are expressed as mean ± standard deviation. Different letters above the bars indicate 

significant differences (p < 0.05). 
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Figure 3.2 (A) OD570 values from the crystal violet assay as a function of timeat 4°C with half-strength TSB and (B) the cell counts as a function 

of time at 4°C with half-strength TSB. All the results are expressed as mean ± standard deviation. Different letters above the bars indicate 

significant differences (p <0.05).
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3.3.2.2 Biofilm formation on SS coupons  

 

Two strong and two weak biofilm formers were chosen for biofilm formation on the SS 

surface. The strong biofilm formers produced a visible air-liquid interface on the SS coupons 

that the weak ones did not form. There was a significant difference (p < 0.05) in OD570 values 

and cell counts between strong and weak biofilm formers, which agreed with the results from 

the PS surface. The crystal violet values and cell counts were significantly (p < 0.05) higher 

at 4°C compared to 30°C.  

The highest crystal violet values reached by strong biofilm formers at 30°C on stainless steel 

were 0.94 ± 0.08 (3SM) and 0.91 ± 0.14 (20SM) OD570 at 336 h (Fig. 3.3 A). The cell counts 

reached 6.12 ± 0.21 (3SM) and 5.99 ± 0.15 log CFU/cm2 (20SM) (Fig. 3.3 B). The highest 

crystal violet values reached by strong biofilm formers at 4ºC were 2.65 ± 0.18 (3SM) and 

2.41 ± 0.14 (20SM) at 336 h (Fig.3.4 A). The cell counts reached by strong biofilm formers at 

4°C were 7.21 ± 0.13 (3SM) and 7.23 ± 0.11(20SM) log CFU/cm2 (Fig. 3.4 B). 
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Figure 3.3 (A) OD570 values from the crystal violet assay as a function of time at 30°C with 

half-strength TSB on a stainless-steel surface and (B) the cell counts as a function of time at 

30°C with half-strength TSB. All the results are expressed as mean ± standard deviation. 

Different letters above the bars indicate significant differences (p < 0.05).  
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Figure 3.4 (A) OD570 values from the crystal violet assay as a function of time at 4°C with 

half-strength TSB on a stainless-steel surface and (B) the cell counts as a function of time at 

4°C with half-strength TSB. All the results are expressed as mean ± standard deviation. 

Different letters above the bars indicate significant differences (p < 0.05). 
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3.3.3 Congo red assay (CRA) 

 

The CRA plates were observed from 24 h to 120 h. Different colony morphologies were 

observed (Table 3.3) from the CRA. The pink, dry, and rough (Pdar) (Fig. 3.5 A) colonies 

indicate the production of cellulose only, the brown, dry, and rough (Bdar) (Fig. 3.5 B) 

colonies indicate the production of curli, while the red, dry, and rough (Rdar)colonies 

indicate the production of both cellulose and curli. The white, smooth colonies indicate 

neither curli nor cellulose production (Fig. 3.5 C). The rough colonies indicate higher levels 

of cellulose or curli, and the smooth colonies indicate lower levels.  

Table 3.3: Colony morphology observed with Congo Red Assay         

Strains Colony morphology  Indication  

1SM  Brown, dry, and rough colonies 

(Bdar) 

Curli-only producer, impaired cellulose 

production 

2SM  Red and smooth colonies  Low levels of cellulose and curli  

3SM  Pink, dry, and rough colonies 

(Pdar)  

Cellulose only producer and impairment of 

curli. 

4SM  Brown and smooth colonies  Low levels of curli and impairment of 

Cellulose. 

5SM  Red, dry, and rough colonies 

(Rdar) 

Production of both cellulose and curli 

6SM  Blue, dry, and rough colonies  Levan  

7SM  Red and smooth colonies   Low levels of cellulose and curli  

16SM  Brown and smooth colonies  Low levels of curli  

20SM  Pink, dry, and rough colonies 

(Pdar) 

Cellulose only producer and impairment of 

curli. 

38SM  White, smooth colonies Neither cellulose nor curli 

44SM  
White, smooth colonies 

Neither cellulose nor curli 
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Figure 3.5 (A) Pink, dry, and rough colonies (Pdar, Isolate 3SM), (B) Brown, dry, and rough 

colonies (Bdar, Isolate 1SM), White and smooth colonies (44SM), (D) Blue coloured 

colonies (Isolate 6SM). 

 

 

(A) (B) 

(C) (D) 
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3.3.4 Levan production 

 

The blue coloured colonies observed from CRA were never mentioned before. The isolate 

6SM (P. antarctica) is a soil pseudomonad. Levan production is commonly observed with 

soil-based pseudomonads, and the Levan screening was done. Among the eleven isolates, 

strain 6SM produced mucoid colonies (Fig. 3.6 A & B), which were sticky when touched 

with the inoculation loop. The polysaccharide that produced a blue colour (Fig. 3.5 D) with 

Congo red in the previous experiment was identified as Levan. 

                                            

 

                                                  

Figure 3.6 (A) mucoid colonies indicating Levan (Isolate 6SM), (B) non-mucoid colonies 

(Isolate 2SM), (C) sticky when touched with an inoculation loop, (D) non-mucoid colonies.  

3.3.5 Quantification of Cellulose       

 

The cells were scraped off after 24 h of incubation. The colonies were digested with acids, 

and the isolated cellulose was quantified using Anthrone colorimetry. 

(A) 

(B) 

(C) 

(D) 
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The amount of cellulose produced by isolates correlated with the results from the Congo Red 

Assay. The following isolates, 1SM, 6SM, 38SM, and 44SM, did not produce cellulosic 

colonies on CRA and showed zero OD620 with Anthrone colorimetry. The low cellulose 

producers indicated by CRA were 2SM, 4SM, 7SM, and 16SM produced cellulose 3.71 to 4 

mg of cellulose per mL (Fig. 3.7). The cellulose-only producers 3SM and 20SM showed high 

amounts of cellulose among the 11 isolates. The only isolate that could produce both 

cellulose and curli, 5SM, produced 6.71 mg/mL of cellulose.  
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Figure 3.7 (A) Standard curve with microcrystalline cellulose concentration 25 to 100 mg/ 

mL, (B) Cellulose quantification, different letters above the bars indicate significant 

differences. 

3.4 Discussion  

 

The crystal violet assay (CV) was used to determine the biofilm formation of bacterial 

isolates in the present study. The CV assay is usually done with flat-bottom 96-well microtiter 

plates (Kamimura et al., 2022; Xu et al.,2016). However, in food processing conditions, 

stainless steel is the most used food contact surface due to easy cleaning and low reactivity 

with foods (Zaffora et al., 2021). Therefore, it is important to study biofilm formation on 

stainless-steel surfaces. This present study focused on the biofilm formation of 

psychrotrophic Pseudomonas spp. on both polystyrene and stainless-steel surfaces.  

In this present study, the strong biofilm formers showed significantly (p < 0.05) higher cell 

counts/cm2 and higher CV values compared to the stainless-steel surface. In another study on 

biofilm formation of Listeria monocytogenes on polystyrene and stainless-steel surfaces 

showed similar results. The authors tested cell surface properties and found that there is no 

correlation between cell surface properties and biofilm formation (Poimenidou et al., 2016). 

Whereas, in a study comparing the biofilm formation of Escherichia coli and Salmonella on 

polystyrene, polyethylene, and stainless-steel surfaces revealed that there is no significant 

difference between the surfaces (Carvalho et al.,2023). The polystyrene tissue culture plates 

are designed to encourage the adhesion of more cells or bacteria to the surface (Muazu et al., 

2015), which could explain the higher cell numbers on the polystyrene surface. The influence 

of temperature on the cell hydrophobicity, surface roughness, and surface tension parameters 

influences the biofilm formation of P. aeruginosa and Staphylococcus aureus (Di Ciccio et 

al., 2015). Moreover, another study reported that stainless steel is hydrophilic, and 

polystyrene is hydrophobic, and that difference did not influence the biofilm formation of S. 

aureus (Da Silva Meira et al., 2012). However, the mechanism behind the biofilm formation 

of these two surfaces needs to be studied.  

The processing and storage temperatures of perishable foods are from 4-7°C (Mercier et al., 

2017), which help control the quality and safety of foods. However, there are incidents 

reported of food spoilage and poisoning even at cold temperatures, and therefore, it is 

important to study biofilm formation at cold temperatures. The temperatures used in this 
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study were 30°C and 4°C to represent an optimum growth temperature and a chilled 

temperature. 

In this present study, among the 11 isolates, two of them (3SM and 20SM) could form strong 

biofilms at 4ºC (Fig. 3.2). Their biofilm formation at 30ºC was much lower when comparing 

the crystal violet values and cell counts at 4ºC. This significant difference indicates higher 

chances of persistent biofilm formation and continuous shedding of bacteria in the cold 

temperature environment, such as dairy, meat and seafood processing. P. lundensis from a 

meat source was reported to form higher biofilms and higher cell counts at 10 and 4°C 

compared with 25°C (Liu et al., 2015). Pseudomonads grown on meat surfaces form stronger 

biofilms at cold temperatures compared to ambient temperatures due to the response to cold 

stress (Wickramasinghe et al., 2019). When comparing the biofilm formation of P. 

aeruginosa at 23 and 37°C revealed that higher biomass is produced at 23°C, indicating the 

influence of lower temperatures on the biofilm formation (Bisht et al., 2021).  

The biofilm formation of these isolates in this study focused on the early to mature stages. In 

this present study, the biofilm-forming duration did not affect the biofilm formation of strong 

and weak isolates. However, the CV values at the mature stage were significantly (p < 0.05) 

higher than 24 h for the strong biofilm formers at both 30°C and 4°C. The CV values and cell 

count followed an increasing trend from 24 to 336 h on both polystyrene and stainless-steel 

surfaces. The biofilm formation of meat isolates of pseudomonads reached higher CV values 

between 120 to 144 h at 4°C (72 h at 10°C) and decreased after 144 h (Liu et al., 2015). The 

increasing trend in the present study is due to the continuous supply of nutrients. In the study 

by Liu et al. (2015), the media were not refreshed. The time course assay on biofilms formed 

on the meat surface (continuous access to nutrients) showed significantly higher biovolume at 

day 7 compared to days 1 and 3 at both 10°C and 4°C (Wickramasinghe et al., 2019). This 

observation suggests that the biofilm formation of pseudomonads depends on the nutrient 

availability.  

In this present study, the strong biofilm formers were the same on both stainless-steel and 

polystyrene surfaces. However, the crystal violet values and cell counts were higher on the 

polystyrene surface compared to the stainless-steel surface. The biofilm formation of 

Salmonella enterica strains on stainless steel and polystyrene surfaces showed differences 

between the surfaces in biofilm formation. Among thirteen strains, only eight formed strong 
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biofilms on the polystyrene surface, although all the strains form strong biofilms on the 

stainless-steel surface (Paz-Méndez et al., 2017).  

Different morphotypes were identified from the CRA in this study: curli-only producer, 

cellulose-only producer, curli and cellulose producer, and low levels of cellulose or curli. The 

two strong biofilm formers were cellulose-only producers (Table 3.3). The isolate 5SM is a 

curli and cellulose producer, but the biofilm biomass was significantly lower than the strong 

biofilm formers 3SM and 20SM. In contrast, in Salmonella Typhimurium and E. coli, the co-

production of cellulose and curli fibres results in a strong hydrophobic extracellular 

polymeric substance matrix. Either cellulose or curli production results in a fragile matrix 

(Flemming & Wingender, 2010).  

In this present study, the strong biofilm formers are cellulose-only producers (Pdar 

morphotype), and the absence of curli fibres did not affect their biofilm formation. The 

divergent ability of Rdar and Pdar to produce cellulose leads to biofilm development and 

resistance of S. typhimurium biofilms (Kim et al., 2022).  

According to Solano et al. (2002), the rich media require curli fibres or aggregative fimbriae 

to form biofilms. In this present study, half-strength TSB was used as a medium to evaluate 

the biofilm formation. TSB is a complex nutrient-rich general-purpose medium (Chen et al., 

2020), and the curli producer morphotype was expected to form strong biofilms. In contrast 

with Solano et al. (2000), the cellulose-only producers formed strong biofilms in the present 

study.  The cellulose production by the Bdar and Pdar morphotypes of Vibrio 

parahaemolyticus revealed that the pink colony formers produced cellulose, while there was 

no cellulose produced by the brown morphotypes. The brown morphotypes were also weak 

biofilm formers in that study (Wang et al., 2023). 

The bacterial cellulose quantification in this present study showed similar results to CRA. 

Three isolates (3SM, 5SM, and 20SM) produced significantly (p < 0.05) than the other 

isolates. However, among these, only two (3SM and 20SM) formed strong biofilms. The 

absence of cellulose production in 1SM, 6SM, 38SM, and 44SM from CRA was also 

reflected in the cellulose quantification. CRA screening overall reflected the biofilm 

formation abilities of these pseudomonads (other than 5SM). However, the crystal violet 

assay and cell count remained important tools in the biofilm screening.  

In Chapter 3, the cell counts were significantly (p < 0.05) higher on the polystyrene surface. 

However, the EPS production on different surfaces cannot be concluded only with the crystal 
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violet assay. The EPS production on these surfaces needs to be compared. When comparing 

the biofilm formation of these isolates, compared to surface types and nutrients, the biofilm 

formation of strong biofilm formers was temperature dependent. Similar studies confirmed 

that the temperature-driven biofilm formation occurs independently of surface type and 

nutrients (Bisht et al., 2021; Morimatsu et al., 2012). However, this study identified the 

influence of cellulose production on strong biofilm formation.  

In Chapter 2, the robust biofilm formation of pseudomonads at cold temperatures was 

discussed. In this Chapter, the biofilm screening revealed strong biofilm formers with higher 

biomass at 4°C compared to 30°C. Not all the pseudomonads in this study formed strong 

biofilms. The link between cellulose production and strong biofilm formation needs to be 

explored. The strong biofilm formers produced higher biomass at 4°C on both stainless-steel 

and polystyrene surfaces. The air-liquid interface biofilm formation was focused on in this 

study to have a better comparison with polystyrene and stainless-steel surfaces. The 

comparison of submerged biofilms was not possible between microtiter plates and stainless-

steel surfaces. However, the comparison of air-liquid interface and submerged biofilms needs 

to be made.  

3.5 Conclusions 

 

Pseudomonad isolates in this study showed variations in the biofilm formation on both 

polystyrene and stainless-steel surfaces. Previous studies reported the temperature 

dependency of the pseudomonad biofilm formation, and this study added that cellulose 

production is the key factor identified in the strong biofilm formers. The cell counts and 

crystal violet values were higher at 4°C. compared to 30°C, indicates the spoilage potential of 

these pseudomonads at cold storage and processing temperatures.  
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3.7.1 Composition of Tri Gene  
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1.Poly (hexamethylene biguanide) hydrochloride- 2.0%w /w 

2.Benzalkonium chloride 1.25%w /w 

3. Didecyldimethylammonium chloride 2.50%w /w. 
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Chapter 4 Characterisation of Biofilm Extracellular 

Polymeric Substances Matrix (EPS) Composition of 

Psychrotrophic Pseudomonads. 

 

This chapter is an adaptation of material that was published as a peer-reviewed article: 

 

Muthuraman, S., Flint, S., & Palmer, J. (2025). Characterization of the extracellular 

polymeric substances matrix of Pseudomonas biofilms formed at the air-liquid interface. 

Food Bioscience, 64, 105918. https://doi.org/10.1016/j.fbio.2025.105918. 
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Preface to Chapter 4 

 

In Chapter 3, the role of temperature and surface on the biofilm formation of pseudomonad 

dairy isolates was investigated. The isolates 3SM (P. lundensis) and 20SM (P. cedrina) 

formed strong biofilms at both ambient and cold temperatures. The biofilm formation was 

strongly influenced by the temperature and surface. In Chapter 4, using chemical analysis and 

microscopic observations, the composition of the EPS matrix of strong biofilm-forming 

isolates at 30°C and two cold chain temperatures, 4 and 7°C, was compared. In the dairy and 

meat processing industry, 7ºC represents another important temperature and is included in 

this study.  
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4.1 Introduction 

 

Biofilms are aggregates of microbial cells attached to each other or the surface and embedded 

in a self-produced or acquired hydrated extracellular polymeric substance matrix (EPS). The 

matrix comprises polysaccharides, proteins, lipids, and extracellular DNA (eDNA) (Penesyan 

et al., 2021; Flemming & Wingender, 2010). Apart from these biomolecules, water is the 

major component of EPS. The EPS dries slowly, thus water in the EPS keeps the cells 

hydrated and protects them from desiccation (Or et al.,2007). EPS traps all the lysed 

components from the cells, and each component in the EPS has its functionality, such as 

adhesion, aggregation, water retention, nutrient source, and protective barrier (Karatan et al., 

2009).  

Pseudomonas spp., form biofilms in a wide range of environments such as dairy, poultry, 

meat processing, marine, and soil environments (Caldera and Franzetti 2014, Jiang et al., 

2011). Each species from the genus Pseudomonas produces diverse polysaccharides. P. 

aeruginosa is an alginate producer, while the soil pseudomonads, such as P. syringae produce 

Levan in their extracellular matrix. Some other pseudomonads are the cellulose producers (Li 

et al.,2010; Osman et al.,1986; Spiers et al.,2003). Apart from these capsular polymers, there 

are Pel and Psl polysaccharides involved in the biofilm formation. Pel is involved in the 

formation of pellicles observed in Pseudomonas that form air-liquid interface biofilms. Psl is 

also a non-capsular extracellular polysaccharide that is responsible for the attachment of cells 

to abiotic surfaces (Coulon et al., 2010; Friedman and Kolter, 2004; Byrd et al., 2011; Ma et 

al., 2009). 

Pseudomonas spp. produces considerable amounts of extracellular proteins, which include 

extracellular enzymes (Flemming & Wingender, 2010). Apart from enzymes, lectins 

(carbohydrate-binding proteins), DNA-binding proteins, glucan-binding proteins, and Psl-

binding proteins are also found in Pseudomonas, Streptococcus, and Glucanobacter 

(Flemming & Wingender, 2010; Diggle et al.,2006). Proteins such as CdrA, LapA, and LapD, 

which are responsible for the adhesion to surfaces, are also present in the biofilm matrix of P. 

aeruginosa and other Pseudomonas (Borlee et al.,2010; Hinsa et al.,2003).   

Lipids in the matrix are mostly present either as lipopolysaccharides or lipoproteins.  

Rhamnolipids are identified in the biofilm matrix of many pseudomonads (Read et al.,1992). 

Rhamnolipids can alter the surface properties by binding with the macromolecules by 
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hydrophilic or hydrophobic groups (Boles et al., 2005). Extracellular DNA in the matrix of P. 

aeruginosa is reported to be an intracellular connector (Otzen and Nielson 2008). This eDNA 

could be from the lysed cells or from cells that are actively excreting DNA into the biofilm 

matrix, playing a major role in the structural properties of the biofilms (Otzen and Nielson 

2008).  

In chapter 3, two isolates formed strong biofilms with high cell counts and crystal violet 

values. This chapter explores the detailed EPS composition at different temperatures and on 

both stainless-steel and polystyrene surfaces. The EPS composition of P. aeruginosa and 

some of the spoilage pseudomonads is well studied (Wei & Ma, 2013; Wickramasinghe et al., 

2020). However, there is a lack of information on the composition of Pseudomonas spp. 

biofilm matrices in terms of polysaccharides, proteins, and eDNA at different temperatures 

and on different surfaces. This is important as temperature is one factor commonly used to 

reduce microbiological issues in the food industry.  

This present study aimed to analyse the compositional differences between the surfaces and 

temperatures, and identify the protein molecules present in the EPS, along with their 

quantification. The polysaccharides quantified from previous research were soluble 

polysaccharides (Wickramasinghe et al., 2020; Liu et al.,2023).  This present study aimed to 

quantify cellulose (Mann & Wozniak, 2012), which is an insoluble polysaccharide identified 

in the biofilms of Pseudomonas spp. 

4.2 Materials and Methods 

 

4.2.1 Bacterial isolates and culture conditions 

 

Strong biofilm-forming isolates at both 30°C and 4°C, 3SM (P. lundensis), and 20SM (P. 

cedrina) were chosen for this study. Identifications were confirmed using PCR and 16S rRNA 

sequencing (Chapter 3). The stock cultures were prepared by streaking bacteria on the Tryptic 

soy agar (TSA, DifcoTM, Becton, Dickinson and Company, USA) and incubating at 30°C for 

24 h. A single colony was picked and inoculated into a cryopreservation tube (Nalgene, 

Merck, Germany) and stored at -80°C. Fresh, overnight cultures were prepared by streaking a 

stock culture on a TSA agar plate, incubating at 30°C, and inoculating a single colony in the 

Tryptic soy broth (TSB, DifcoTM, Becton, Dickinson and Company, USA) overnight (18 h) at 

30°C. This overnight culture was used for further experiments. The temperatures used for 
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biofilm formation in this study were 30°C, 7°C, and 4°C (cold storage and processing 

temperatures).  

4.2.1.1 Biofilm formation on Polystyrene surface 

 

Details were provided in Section 3.2.3.1, Chapter 3. 

4.2.1.2 Biofilm formation on Stainless-steel coupons 

 

Details were provided in Section 3.2.3.2, Chapter 3. 

4.2.1.3 Planktonic cultures 

 

The planktonic cultures (4 mL) were allowed to grow in the 15 mL tubes (Falcon®, Corning 

Incorporated, Durham, USA) for two weeks in half-strength TSB with the above-mentioned 

temperatures. Every 72 h, the planktonic cultures were centrifuged at 5000 g for 5 min to 

remove the spent media. The pellets were filled with 4 mL of fresh media and refreshed this 

way until the end of two weeks.  

4.2.2 Biofilm and planktonic growth  

 

The biofilm and planktonic growth were monitored every 24 h by serial 10-fold dilution with 

0.85% sterile saline and plating on TSA plates. The wells and coupons were swabbed with 

sterile cotton swabs and swirled in 100 µL of saline. One hundred microliters (100 µL) of 

culture were serially diluted and plated using a drop plate on TSA plates. The cell counts 

were expressed as log CFU/cm2 for biofilm cells and log CFU/mL for planktonic cells. 

4.2.3 Microscopic observation 

 

Polystyrene coupons of the same size as stainless-steel coupons and stainless-steel coupons 

were used for the microscopic observations. The polystyrene coupons were obtained from 

polystyrene microtiter plate lids and cut to the same size as stainless-steel coupons.  The 

coupons containing biofilms were removed and washed in sterile water three times to remove 

the media and loosely attached cells. The coupons were air-dried before staining. The 

coupons were observed under an epifluorescence microscope (Nikon Eclipse Ni-L, Nikon 
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Instruments, USA) with suitable filters. The images were captured by NIS-elements D 

software (Version 6.02.01(Build 1955), Nikon Instruments, Melville, New York, USA). 

 

4.2.3.1 Acridine Orange staining for biofilm cells and pellicles 

 

Acridine orange (Acridine Orange stain, BDH, England) 5 mg/mL was used to stain the 

biofilms. The dried biofilm containing coupons was stained with 100µL of Acridine Orange 

for 3 min. The coupons were washed and allowed to dry. With the epi fluorescence 

microscope, the coupons were viewed with a TRITC filter (Excitation 532-550nm and 

emission 574nm). Acridine orange is membrane permeable; it stains live cells with red-

orange fluorescence (Sharma et al., 2020). 

The pellicles were carefully transferred to a glass slide, air dried, stained with acridine orange 

and observed under microscope.  

4.2.3.2 Filamentous cell formation 

 

The colonies from the TSA plates were stabbed into semisolid agar (TSB + 0.2% agar) vials 

to assess the filamentous cell formation by restricted motility.  

4.2.3.3 Calcofluor white staining for EPS 

 

The dried coupons were stained with 1 drop of calcofluor white stain (Fluka® calcofluor 

white stain, Sigma Aldrich, Canada). The stain was washed with water after a minute and 

allowed to dry. The calcofluor white-stained coupons were observed under an epi-

fluorescence microscope with a DAPI filter (Excitation 340-360nm and emission,410 nm). 

Calcofluor white binds to cellulose and chitin and emits blue and white fluorescence (Wang 

et al., 2023b). 

4.2.3.4 Pico green staining for eDNA  

 

The dried coupons were stained with Pico green (Quant-iTTM PicogreenTM, Thermofisher 

Scientific, USA) and kept in the dark for 5 min. The stained coupons were washed with 

sterile water and allowed to dry in a dark room. After drying, the coupons were observed 
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under an epifluorescence microscope with a FITC filter (Excitation 465-490nm and emission 

512nm). Pico green is membrane impermeable and emits green fluorescence with dead cells 

and eDNA, and the live cells look darker (Ban & Kim, 2024). 

4.2.4 Isolation of EPS  

 

The EPS isolation protocol followed here is a modified protocol from Yang et al., 

(2019). After 2 weeks, the 96-well plates were taken out of the incubator. The remaining 

media was removed by inverting the plates. The plates were washed three times to 

completely remove the media and planktonic cells with sterile distilled water. After washing 

the plates were air dried. Two hundred microlitres (200) µL of sterile distilled water was 

added to each well. The plates were sealed and sonicated (Bandelin Sonorex digitec, 

GmBH&Co, Germany) for 30 min. After sonication, the contents in the wells were 

transferred into 1.5 mL Eppendorf tubes (Quality Scientific Plastics, United States). The EPS 

contents in the Eppendorf tubes were then centrifuged at 12000g for 5 min in a refrigerated 

centrifuge (Hettich, Mikro 220R, USA). The supernatant was collected and filtered using a 

0.2 µm syringe filter (Minisart, Sartorius, Germany). The supernatant was pooled into a 15 

mL centrifuge tube (Falcon®, Corning Incorporated, Durham, USA) up to a volume of 3 mL. 

The centrifuge tubes were placed in the freeze dryer, and the collected fraction was soluble 

EPS. 

The stainless coupons were removed from the vials and washed with sterile water. Four of the 

coupons were filled with 5 mL of sterile water and sonicated for 30 min. After 30 min, the 

coupons were vortexed vigorously to completely dissolve the visible air-liquid interface 

biofilms. The contents were centrifuged at 12000g for 5min in a refrigerated centrifuge and 

filtered using a 0.2µm syringe filter. Three milli litres (3 mL) of the isolated EPS was filled in 

centrifuged tubes and placed in the freeze dryer.  

After 2 weeks, the planktonic cultures were washed with sterile distilled water three times by 

centrifugation at 3000g for 5 min to remove the TSB completely. Sterile distilled water (3 

mL) was added to the cell pellets and mixed by vortex. The mixture was filled in 1 mL 

Eppendorf tubes and centrifuged at 12000g for 5 min. The supernatant collected was filtered 

through a 0.2 µm syringe filter. The collected cell-free supernatants (CFS) were placed in the 

freeze dryer for 24 h. The freeze-dried EPS were then stored in a desiccator. 
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4.2.5 Cellulose quantification  

 

The extraction method defined above could only extract the soluble components of EPS from 

the supernatant. As cellulose is an insoluble polymer, the method was modified. 

After 2 weeks of incubation, the plates were taken out from the incubator and washed to 

remove the media and planktonic cells. Then the wells were filled with 200 µL of water and 

sonicated for 30 min. The contents from the 32 wells were pooled into a centrifuge tube at a 

volume of 5 mL. Five millilitres (5 mL) of extraction buffer containing an 8:2:1 ratio of 

acetic acid, nitric acid, and distilled water was added and boiled for 30 min. The boiled 

contents were mixed by vortex and centrifuged at 10300g for 15 min. The supernatant was 

discarded, and the pellets were washed with 1 mL of water and 1 mL of acetone and left to 

dry overnight. After 24 h, the pellet was diluted with 1 mL of sulphuric acid. Cellulose 

standards of 30mg/mL, 50mg/mL, 75mg/mL, and 100mg/mL were prepared. Anthrone (0.2 

g) was dissolved in 100 mL of sulphuric acid.  Anthrone (500 µL) was added to the wells in 

the 48 well plates. One hundred microliters of the samples and standards were added to the 

wells containing anthrone. The absorbance was measured at 620nm, and the cellulose content 

was calculated as µg/108 cells (Wang et al., 2023a). 

4.2.6 Polysaccharide Quantification  

 

The phenol sulfuric acid assay described by Dubois et al., was followed with modifications 

(DuBois et al., 1956) 

Reagents  

5% Phenol                               30 µL 

98% Sulfuric acid                   150 µL 

Fifty microliters of the sample were added to a well in 96-well plates. One hundred fifty 

microlitres of (150 µL) of sulfuric acid were added, followed by 30 µL of phenol. The plates 

were shaken at room temperature for 5 min. Then, they were placed on hot plates at 90°C for 

5 min and cooled for 5 min. The absorbance was read at 490nm. D-glucose was used as a 

standard (from 50 µg/mL to 1000 µg/mL). 
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4.2.7 Protein quantification  

 

The proteins in the EPS were quantified by the Lowry assay with the following reagents 

(Shen, 2023) 

Reagent A 

2% Na2CO3 in 0.1N NaOH                   48 mL  

1% Sodium potassium tartrate               1 mL 

0.5% CuSO4.H2O                                  1 mL 

Reagent B  

Folin Ciocalteau  

Fifty microliters (50 µL) of sample and 1040 µL of Reagent A were added to an Eppendorf 

tube of 1.5 mL and left for 10 min. Reagent B (125 µL) was added and left for 30 min and the 

absorbance was read at 660 nm. The standard curve was prepared with Bovine Serum 

Albumin (BSA) from 50 to 1000 µg/mL. From the standard curve, proteins in the samples 

were quantified and expressed as µg/108cells. 

4.2.8 Protein identification (LC-MS) 

 

The freeze-dried EPS was subjected to SDS-PAGE, and the gels were stained with 

Coomassie brilliant blue. Protein bands of interest were excised from the gels. Pre-stained 

protein ladder used from 10 to 250 kDa (PAGE regular Plus Prestained Protein Ladder, 

Thermofisher Scientific, USA) was used. In-gel enzymatic digestion and protein 

identification (LC-MS/MS) were performed by the Mass Spectrometry Centre, University of 

Auckland (New Zealand) (Goodman et al., 2018). 

4.2.9 eDNA isolation and quantification  

 

The freshly isolated biofilm EPS and planktonic supernatant were used for eDNA 

quantification. Five microliters of the samples were added to the wells of 2% Agarose gels 

(E-gel® EX with SYBR Gold II) and visualized (E-Gel iBASETM , Invitrogen, USA). The 

samples were then cleaned and concentrated with a DNA clean and concentrate kit (ZYMO 
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research, USA) and quantified using a Nanodrop (Thermofisher Scientific, USA). Partial 16S 

rDNA sequencing was done at Massey genomics using Big Dye Terminator v3.1the results 

were analysed by Chromas Lite (version 2.6.6; Technelysium Pty Ltd, Australia), and BLAST 

gene bank. PCR amplification of 16S rDNA was used to confirm the identification of isolated 

eDNA using universal primers Bac27F (5′-AGAGTTTGATCCTGGCTCAG-3′), and 1492R 

(5′-TACGGYTACCTTGTTACGACTT-3′) (Flint et al., 1999). 

4.2.10 Data analysis  

 

All experiments were performed with three biological replicates and at least three technical 

replicates. One-way variance analysis (ANOVA) was generated to evaluate significant 

differences among the variables using Tukey’s test, with a p-value below 0.05 considered as 

statistically significant. Data analysis was implemented using SPSS statistical software 

(Version 29.0.2.0; IBM®, New York, United States). 

4.3 Results  

 

4.3.1 Biofilm growth  

 

Pseudomonads form air-liquid interface biofilms (Fig. 4.1 and 4.2). The visible biofilm 

formation around the air-liquid interface of the coupons and wells was observed from 24 h. 

Compared to 30°C, the biofilms formed at 7°C and 4°C showed thick visible biofilms in both 

stainless-steel and polystyrene surfaces. Pellicle formation was observed in both biofilm and 

planktonic cultures. The polystyrene surface started to show visible biofilms from 24h, but 

for the stainless-steel surface, biofilms were observed after 72 h; however, at the end of two 

weeks, both surfaces showed thick visible biofilms at 7°C and 4°C (Fig. 4.1 and 4.2). 

 

 

   

(A) 

30°C 7°C 4°C 
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Figure 4.1 Visible biofilms on polystyrene surface at 30°C, 7°C, and 4°C at the end of two 

weeks. Blue arrows indicate the air-liquid interface biofilms. (A) represents the visible 

biofilms formed by isolate 3SM, while (B) shows the visible biofilms formed by isolate 

20SM. 

 

 

                                            

                                         

 

   

Figure 4.2 Visible biofilm formation on stainless-steel surface at 30°C, 7°C, and 4°C at the 

end of two weeks. Black arrows indicate the biofilm formation around the air-liquid interface. 

(A) shows the visible biofilms formed by isolate 3SM, while (B) shows the biofilms of isolate 

20SM. 

4.3.1.1 Biofilm architecture   

 

The biofilm and planktonic cells were observed under the microscope every 24 h to monitor 

growth and contamination. Acridine Orange and Calcofluor White dyes were used to view the 

(B) 

30°C 7°C 4°C 

(A) 

(B) 
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biofilm cells, EPS, and biofilm architecture, while Pico green was used to stain the eDNA. 

After 24 h incubation on a polystyrene surface, large cell aggregates were seen at 4°C and 

7°C, while at 30°C, few cell clusters were observed. On a stainless-steel surface, 30°C 

produced comparatively more cell clusters than the cold temperatures after 24 h. Cell counts 

also followed a similar trend (Supplementary File 4.7.1). The biofilm architecture was also 

different when comparing the polystyrene and stainless-steel surfaces. In the early stages, 

cells formed as a ringlike structure (Fig. 4.3A) on a polystyrene surface while no such 

patterns were observed on the stainless-steel surface. In the later days of incubation, the cell 

clusters (Fig. 4.3B) started growing around the ringlike structures. These observations 

suggest that surface characteristics influence the biofilm architecture. 

                

                               

Figure 4.3 The biofilm growth on polystyrene surface, (A) Biofilm of isolate 3SM at 24h, 

which shows the ringlike structures, while (B) biofilm of isolate 3SM on the 14th day, which 

shows the cells grown around the ringlike structure (Scale bar 10µm). 

4.3.1.2 Filamentous cells  

 

Filamentous cells were observed within the biofilm structures. These cells were observed in 

the biofilms formed on both stainless-steel and polystyrene surfaces at 30°C, 7°C, and 4°C 

(Fig. 4.4 C). These filamentous cells were absent in the planktonic cultures. The EPS in the 

biofilms may restrict motility and cell division. This scenario was checked by growing the 

cells in a semi-solid medium (TSB with 0.2% agar) and observed under epifluorescence 

microscopy (Figs. 4.4 A and 4.4 B). There were long filaments seen in the cells grown in TSB 

semisolid media. These results suggest that restricting motility could be the reason for 

filamentous cell formation.  

(A) (B) 
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Figure 4.4 Filamentous cells in the biofilm. (A) Filamentous cells grown in a semi-solid 

medium,(B) Semi-solid medium (TSB with 0.2% agar) with culture (C) Biofilms grown on 

stainless-steel surface for the isolates 3SM (Scale bar 10µm).          

4.3.1.3 Pellicles                                                                 

 

Pellicle formation of psychrotrophic pseudomonads was observed in this study.  Pellicle 

formation on planktonic cultures was observed after 24 h of incubation at all three 

temperatures in this study. Pellicles showed as tightly packed cells (Fig. 4 .5) like biofilms, 

while planktonic cells were not clustered. This observation also suggests that pellicle is a type 

of biofilm formed by pseudomonads. 
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Figure 4.5 Pellicles stained with Acridine Orange at 30°C, 7°C, and 4°C from the planktonic 

cultures of the isolate 3SM(Scale bar 10µm). 

4.3.2 Biofilm and planktonic cell enumeration  

 

The initial inoculum for biofilms and planktonic cultures was approximately 6 log CFU/mL. 

Biofilm and planktonic growth were monitored every 24 h by serial dilution and plating (Data 

shown in supplementary file 4.7.1). The cell counts of biofilms and planktonic cultures at the 

end of two weeks are listed in Tables 4.1 and 4.2. 

Table 4.1 Biofilm cell counts at the end of two weeks.  

 

Bacterial Isolate Surface                     Cell counts (LogCFU/cm2) 

30°C 7°C 4°C 

3SM (P. 

lundensis) 

Polystyrene surface  7.45 ± 0.10a 8.37 ± 0.23ab 8.95 ± 

0.13b 

Stainless-steel surface 6.05 ± 0.07a 6.50 ± 0.05b 7.63 ± 

0.15c 

20SM  

(P. cedrina) 

Polystyrene surface 7.03 ± 0.05a 8.64 ± 0.06b 8.84 ± 

0.10b 

Stainless-steel surface 6.88 ± 0.27a 7.10 ± 0.10ab 7.61 ± 

0.23b 

 

 

 

 

7°C 4°C 30°C 
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Table 4.2 Planktonic cell counts at the end of two weeks. 

 

 

 

Different letters above indicate significant differences (p < 0.05) 

The planktonic cells at 30°C showed higher log CFU/mL compared to 4°C and 7°C (Table 

4.2), while the biofilm cells showed higher log CFU/cm2 at 4°C and 7°C after two weeks 

(Table 4.1). Notably, in the biofilm cells at 30°C, the cell counts fluctuated in response to 

media refreshment, and this suggests dispersion of the cells was higher at 30°C compared to 

4°C and 7°C. These observations suggest that the biofilm formation of psychrotrophic 

pseudomonads was encouraged at 7°C and 4°C. On both stainless-steel and polystyrene 

surfaces, 4°C encouraged more visible biofilms and cell counts.  

4.3.3 Biofilm EPS matrix composition  

 

4.3.3.1 Quantification of Cellulose 

 

The cellulose from the biofilm EPS was isolated and quantified from the 2-week-old biofilm 

cells. At all three growth temperatures, isolate 3SM produced more cellulose in the EPS than 

20SM when it was allowed to grow on a stainless-steel surface. There was no significant (p 

>0.05) difference between the isolates for cellulose production when grown on a polystyrene 

surface and for the planktonic CFS. Compared to 30°C and 7°C, 4°C yielded significantly (p 

<0.05) higher EPS in both the isolates (Fig. 4.6 B).  The isolate 3SM on stainless steel 

yielded 85.445 µg/108 cells at 30°C, while at 4°C the concentration was 417.04 µg/108, which 

is about a 4.8-fold increase. On polystyrene surfaces, isolate 3SM yielded cellulose of 9.2 

µg/108cells at 30°C, while at 4°C it was 56.22 µg/108cells, a 6.2-fold increase. Isolate 20SM 

also followed the same trend with a 5.05-fold increase at 4°C on stainless steel and a 6.9-fold 

increase on a polystyrene surface at the same temperature. The temperature of 7°C yielded 

more cellulose than 30ºC and comparatively less cellulose than 4°C for both the isolates and 

Bacterial isolate  Cell counts (log CFU/mL) 

30°C 7°C 4°C 

3SM (P. lundensis 7.82 ± 0.13b 7.56 ± 0.09a 7.56 ± 0.10a 

20SM (P. cedrina) 7.80 ± 0.17b 6.92 ± 0.07a 6.86 ± 

0.29aa 



102 

 

on both surfaces. There was no significant (p >0.05) difference between the temperatures for 

planktonic cellulose production. 

 

 

 

Figure 4.6 Graph A shows the standard microcrystalline cellulose curve from 30 mg/mL to 

100mg/mL. Graph B shows the quantity of cellulose isolated from the EPS of biofilms and 

the planktonic cell-free supernatant after two weeks of incubation. Results are expressed in 

mean ± standard deviation. “*” indicates the significant difference between the temperatures, 

while “O” indicates the significant difference (p < 0.05) between the isolates.  
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4.3.3.2 Quantification of Polysaccharides 

 

Polysaccharides were quantified from the EPS isolated from biofilm and planktonic cells 

after two weeks of incubation. When comparing the polysaccharide concentration, there was 

no significant difference between the isolates on either surface or planktonic CFS (p > 0.05). 

However, the biofilms grown at 4°C yielded significantly (p < 0.01) higher concentrations of 

polysaccharide than 30°C and 7°C on both polystyrene and stainless-steel surfaces (Fig. 4.7 

B). The isolate 3SM on a stainless-steel surface showed around 128.9 µg/108cells at 30°C, 

while at 4°C it was 436.24 µg/108cells, which is about a 3.38-fold increase. For isolate 20SM 

at 30°C, the polysaccharide concentration was 91.02 µg/108cells while the same isolate at 

4°C yielded about 449.9 µg/108cells, which is around a 4.9-fold increase. When the biofilms 

were allowed to form on a polystyrene surface, isolate 3SM showed a 6.5-fold increase at 

4°C and 20SM showed a 4.91-fold increase at 4°C. This data suggests that biofilm formation 

is increasing with a decrease in temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 



104 

 

 

 

 

 

Figure 4.7 Graph A shows the standard curve for D-Glucose from 200µg/mL to 1mg/mL. 

Graph B shows the total polysaccharide concentration from the biofilm EPS and Planktonic 

cell-free supernatant. Results are expressed in mean ± standard deviation. “*” indicates the 

significant difference between the temperatures. 

Calcofluor white enables the EPS matrix to be viewed. At 4°C and 7°C, large aggregates 

were seen, while at 30°C, aggregates were smaller and sparsely distributed on both stainless-

steel and polystyrene surfaces (Fig. 4.8 B). At the end of two weeks, the biofilm cells were 
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almost covered with the EPS matrix, which can be seen with Calcofluor white staining at 4°C 

(Fig. 4.8A). From the microscopic observations, psychrotrophic pseudomonads produce more 

EPS at 4°C and 7°C compared to 30°C. 

 

 

   

 

Figure 4.8 (A) Isolate 3SM on a polystyrene surface at the end of two weeks, White arrows 

indicate the spots where EPS entirely covered the cells(Scale bar 10µm). (B) Isolate 3SM on 

a polystyrene surface (Scale bar 100µm). 

4.3.3.3 Quantification of eDNA 

 

The eDNA concentrations were quantified from the biofilm and planktonic EPS after two 

weeks of incubation. There was no significant (p > 0.05) difference in eDNA concentration 

between the isolates grown as biofilms on polystyrene and planktonic cultures. However, the 

polystyrene biofilms at 4°C produced significantly higher eDNA (p < 0.05) than at other 

temperatures. Isolate 3SM yielded significantly higher eDNA (p < 0.01) in its biofilms than 

isolate 20SM (Fig. 4.9). There was a 3.42-fold increase in eDNA to approximately 15.75 
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ng/108cells observed in the biofilms on stainless steel growing at 4°C. The same isolate as a 

biofilm on a polystyrene surface showed a 5.28-fold increase in eDNA at 4°C compared to 

other temperatures. Isolate 20SM showed a 2.14-fold increase in the eDNA to approximately 

2.64 ng/108 cells at 4°C on a stainless-steel surface. On a polystyrene surface, there was a 

4.54-fold increase in eDNA observed at 4°C (Fig. 4.9).  The planktonic cultures showed 

eDNA concentrations of less than 1ng/108 cells for all three temperatures tested, which 

supports that eDNA is a feature of biofilm characteristics. The higher concentrations of 

eDNA isolated from the stainless-steel biofilm EPS of isolate 3SM facilitated eDNA 

sequencing. The resulting sequence confirmed the presence of eDNA in the EPS.  

 

 

 

 

Figure 4.9 The graph here represents the concentration of eDNA present in the biofilms 

grown on stainless-steel and polystyrene surfaces and the planktonic cell-free supernatant. 

The results were expressed in mean ± standard deviation. “*” represents the significant 

difference between the temperatures, while “O” represents the significant difference between 

the isolates. 

Pico green stain was used to view the eDNA in the biofilms. Pico green binds with nucleic 

acid and emits green fluorescence. Pico green is membrane impermeable and stains the dead 
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and damaged cells. The dead cells from the biofilms are green in colour while the live cells 

look dark (Fig. 4.10 A and 4.10 B). On the polystyrene surface, there were thread-like 

structures (Fig. 4.10 A) that connected the cell clusters, while on the stainless-steel surface 

(Fig. 4.10 B), thick grid-like channels were observed. These structures were eDNA strands 

that were stained by Pico green. eDNA in the biofilms was observed even at 24 h. This 

suggesting eDNA is important in the early stages of biofilm formation. 

  

  

Figure 4.10 eDNA structures in biofilms. (A) eDNA forms as thread-like structures on 

polystyrene surfaces, (B) eDNA channels on stainless-steel surface of isolate 3SM (Scalebar 

10µm). 
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4.3.3.4 Quantification of Proteins  

 

The proteins were quantified from the EPS isolated from planktonic and biofilm cells after 

two weeks of incubation. The protein concentrations were compared, and isolate 3SM 

produced significantly more proteins in its EPS at 4°C and 7°C on both stainless-steel (p < 

0.01) and polystyrene (p < 0.05) surfaces. There was no significant (p > 0.05) difference 

between the proteins isolated from planktonic cell-free supernatant and the biofilms grown at 

30°C (Fig. 4.11 B). There was a 6.22-fold increase in proteins observed for the biofilms of 

isolate 3SM grown on a stainless-steel surface at 4°C, at 697.945 µg/108 cells, while at 30°C, 

total proteins were 112.55 µg/108 cells. Isolate 20SM on a stainless-steel surface showed a 

4.93-fold increase in total proteins at 4°C at 449.9 µg/108 cells, while at 30°C, the total 

proteins were 91.02 µg/108 cells. Biofilms grown on polystyrene surfaces also produced more 

proteins at 4°C than at 7°C and 30°C. Total proteins from the EPS at 30°C were 22.63 µg/108 

cells and increased by 5.04-fold at 4°C to 111.7 µg/108 cells for isolate 3SM. The total 

proteins at 30°C, 12.89 µg/108 cells, and there was a 2.41-fold increase observed at 4°C at 

29.33 µg/108 cells. There was also a notable quantity of proteins observed from the 

planktonic CFS. The total protein concentrations at 7°C were higher than at 30°C and lower 

than at 4°C for both surfaces. 
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Figure 4.11 Graph A shows the standard curve for Bovine serum albumin from 50µg/mL to 

1mg/mL. Graph B shows the total protein concentrations from the biofilm EPS formed on 

stainless-steel and polystyrene surfaces and the proteins from planktonic CFS. The results are 

expressed in mean ± standard deviation. “*” represents the significant difference between the 

temperatures, while “O” represents the significant difference between the isolates.  

4.3.3.5 Protein identification  

 

Proteins from the EPS were analysed by SDS-PAGE and Coomassie blue staining (Figure 

12). The LC-MS/MS data for protein identities discussed in Table 4.3 were obtained from the 

proteomic analysis performed in the Mass Spectrometry Centre, University of Auckland. 

Protein samples were digested with trypsin and analysed on a Thermo Q Exactive mass 

spectrometer coupled to a nanoLC system. MS/MS spectra were searched against the UniProt 

database using Mascot software, with a false discovery rate of 1%.  

The difference in band patterns between the isolates was observed. Isolate 3SM showed 

bands at 250 and 130 kDa, while for isolate 20SM, the largest band was from 75 kDa. At 35 

kDa molecular weight, the isolate 20SM showed parallel bands while the isolate 3SM showed 
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a single band. The bands showing a molecular weight of approximately 55kDa were present 

in both the isolates and in both biofilm EPS and the planktonic CFS (Fig. 4.12). However, 

LC-MS/MS revealed that the 55kDa bands in isolate 3SM were flagellin, and in 20SM, it was 

Chaperonin GROEL. The proteins identified in the biofilms of isolate 3SM are listed in Table 

4.3. 

 

 

             

Figure 4.12 (A) represents the proteins isolated from Gel electrophoresis of isolate 3SM 

while (B)shows the bands from isolate 20SM. The lanes in the gels represent:  

A- 30ºC stainless-steel EPS 

B- 7ºC stainless-steel EPS 

C- 4ºC stainless-steel EPS 

D- 30ºC polystyrene EPS 

E- 7ºC polystyrene EPS 

F- 4ºC polystyrene EPS 

G- 30ºC planktonic CFS 

H- 7ºC planktonic CFS 

I- 4ºC planktonic CFS 

(Protein ladder range – 10-250 kDa). 
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Table 4.3 Proteins identified from the biofilms of 3SM and 20SM grown at 4°C on 

stainless-steel coupons.  

 

 

No Molecular 

weight(kDa) 

Protein Isolate  

1 55 Flagellin  3SM 

2 130 ATP-dependent Clp protease 

ATP-binding subunit  

3SM 

3 10 ABC transporter substrate-

binding proteins 

3SM 

4 55 Chaperonin GROEL 20SM 

5 35 Arginine deiminase  3SM 

6 25 Branched-chain-amino-acid 

ABC transporter substrate-

binding proteins  

3SM  

4.4 Discussion  

 

The formation of biofilm on a solid substrate at an air-liquid interface is indicative of optimal 

microbial growth. The isolates in this study, 3SM (P. lundensis) and 20SM (P. cedrina) 

formed air-liquid interface biofilms. Many studies have reported biofilm formation of 

pseudomonads. However, only a few studies discussed biofilm formation at the air-liquid 

interface and its impact on food industries. In the food processing environment, an air-liquid 

interface can be seen in partly filled equipment, storage, piping systems, and residual liquid 

after cleaning (Jha et al., 2020). The air-liquid interface biofilms of B. cereus have a log 

higher cell count (log CFU/cm2) than the submerged stainless-steel coupons. The oxygen 

availability causes aero taxis of the cells towards oxygen (Wijman et al., 2007). However, in 

the present study, isolates formed a thick air-liquid interface at 7°C and 4°C compared to 

30°C. A study on the influence of temperature on biofilm formation in wastewater biofilms 

showed that at lower temperatures, dissolved oxygen was higher in the wastewater, which in 

turn altered the metabolites and encouraged the production of polysaccharides with C=O and 

O=C-O, which enhanced the resistance of the biofilms (Li et al., 2022). 
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In this present study, the planktonic cells reached a higher maximum log CFU/mL at 30°C 

compared with 7°C and 4°C. However, the biofilm cell counts reached a higher maximum log 

CFU/cm2 at 7°C and 4°C compared with 30ºC. The temperature of growth has different 

effects on biofilm cells and planktonic cells of pseudomonads. The delayed log phase at 4°C 

was reflected in the higher cell counts (log CFU/mL) at 30°C compared to 4°C in the 

planktonic growth of Pseudomonas sp.AU10 over the 180 h of growth (García-Laviña et al., 

2019). In a previous study, comparing the biofilm formation of P. aeruginosa at four different 

temperatures (20, 25, 30, and 37°C), the lowest temperature produced the most biofilm and 

low dispersion (Kim et al., 2020). P. lundensis isolated from meat showed higher biofilm 

biomass (CV values) and protease activity at 4°C compared with 10 and 30°C. This indicates 

the role of biofilm formation in food spoilage and contamination (Liu et al.,2015).  

In this present study, compared to cell numbers, significantly (p < 0.05) higher EPS 

components were observed at cold temperatures. In another study on the biofilm formation of 

pseudomonads at 23 and 37°C, comparable cell numbers were observed at both temperatures. 

However, a thick air-liquid interface biofilm formation was observed at 23°C compared with 

37°C (Bisht et al., 2021). The differences in the EPS production between temperatures are 

due to different factors. The higher C-di-GMP levels and overexpression of EPS producing 

genes algD and pelA are responsible for the robust biofilm formation and EPS 

overproduction at cold temperatures (Kim et al., 2020). 

The substrate on which a biofilm forms influences the biofilm structure. In the present study, 

biofilm cells on both polystyrene and stainless-steel surfaces were observed with acridine 

orange staining, revealing a biofilm architecture that differed depending on the surface. On 

the polystyrene surface, the formation of ringlike structures was observed, while on the 

stainless-steel surface, the cells covered the surface with uneven clusters. Similar 

observations from a study comparing the air-liquid interface growth of P. fluorescens Pf1 on 

different surfaces, such as polypropylene, glass, and stainless-steel showed, showed the 

formation of weblike structures on polypropylene, while on stainless steel and glass, a 

heterogeneous distribution was observed (Jha et al., 2020). Polypropylene is a hydrophobic 

material; however, the author concludes, based on existing literature it is difficult to argue 

that hydrophobicity is the major reason for biofilm architecture (Jha et al., 2020).  

In the present study, filamentous cells were seen with acridine orange staining on both 

surfaces and all temperature conditions but were absent in planktonic cells. Bacteria produce 
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filamentous cells as a survival mechanism against stressful environments (Khan et al., 2022). 

In biofilms, the filamentous cell morphology aids in the adhesion to biotic or abiotic surfaces 

(Khan et al., 2022). However, not all the cells form filaments, and stress was not the reason 

for filamentous cell formation in the present study. Some of the cells undergo morphogenesis 

via cell-cell communication and form filamentous cells and interconnect bacterial clusters. 

(Anbumani et al., 2021). Other pseudomonads, such as P. putida, exhibit filamentous cell 

morphology in the addition of phosphates and EDTA to the growth media and are reversed by 

the addition of Mg2+ ions (Jensen & Woolfolk, 1985). The filamentous cell formation is 

strongly influenced by the environment. 

In this present study, both the isolates formed pellicles with tightly packed cells, indicating 

the potential of psychrotrophic pseudomonads to form pellicles. Pellicles form an air-liquid 

interface that acts as a substrate rather than a solid substrate. Longitudinal cross-packed cells 

were observed in the pellicles formed by P. alkylphenolica KL28, and the controlled growth 

of pellicle cells accumulates extracellular polymeric substances (Song et al.,2018). The thin 

layer observed between the cells indicates its role in pellicle flotation. Flagellum-based 

motility and aero taxis are essential for the pellicle formation in P. aeruginosa (Hölscher et 

al., 2015). Both Pel and Psl polysaccharides are important in the pellicle formation of 

pseudomonads, and the mutants failed to form pellicles (Ghafoor et al., 2011). The oxygen 

availability and presence of specific EPS producing genes are responsible for the pellicle 

formation. 

This present study also highlighted similar observations where, at 30°C, the biofilm 

formation was with small and unevenly distributed cell clusters, while at 4°C and 7°C, larger 

aggregates were observed. The psychrotrophic pseudomonads produce significantly (p < 

0.05) higher exopolysaccharides/ 108 cells (436- 449 µg/108 cells) at cold temperatures, 

which is confirmed with quantification of EPS components. 

In this present study, higher calcofluor white fluorescence was observed at cold temperatures. 

Calcofluor white stains the cellulosic biomass in the biofilms, and the biofilms of S. aureus 

stained with calcofluor white showed similar structures (García-Salinas et al., 2018). More 

blue fluorescence was observed for the biofilms grown at 4°C, compared to 15°C and 25°C, 

suggesting more exopolysaccharide secretion at cold temperatures by pseudomonads (Liu et 

al.,2023). The significant EPS overproduction at cold temperatures may be responsible for 

difficulties in cleaning and removing these biofilms. This may lead to improper cleaning and 
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continuous contamination in the food processing environment. Liu et al. (2023) reported that 

the biofilms formed at 4ºC showed higher resistance to sodium hypochlorite cleaning.  

In this present study, the differences in eDNA structures were observed on different surfaces. 

On the polystyrene surface, threadlike structures were observed, while on the stainless-steel 

surface, thick rope or channel-like structures were observed. The eDNA can possess different 

structures from amorphous mass to filamentous fibres and grid-like structures. The biofilms 

of Xanthomonas citri subsp citri formed on a glass surface showed amorphous eDNA 

structures in the early stages of biofilm formation and long fibres after 72 h of incubation 

(Sena-Vélez et al., 2016). After 24 h, the fibre structure is established, and the short 

amorphous structures around the cell clusters are newly formed (Sena-Vélez et al., 2016). 

The biofilms formed on stainless-steel surfaces showed grid-like structures. Similar grid-like 

structures are observed in the biofilms of P. aeruginosa (flow cell biofilms), and thin rope-

like structures are observed in the biofilms of Haemophilus influenzae (Allsen-Holm et 

al.,2006; Jones et al., 2013). However, in the present study, these rope-like structures were 

found only on stainless-steel surfaces. This observation suggests substrate surface properties 

can influence the Psl production, and further studies need to confirm the link between surface 

and EPS production.  

The dairy isolates in this study showed differences in their matrix composition. The isolate 

3SM showed significantly (p < 0.05) higher cellulose and proteins compared to the isolate 

20SM. These key differences may play a major role in their biofilm integrity and strength. 

However, both isolates showed similar quantities of soluble polysaccharides in their EPS 

matrix. The isolate 3SM produced more proteins than total polysaccharides in the EPS matrix 

and a higher amount of cellulose. Even though these isolates exhibited similar biofilm-

forming abilities in terms of biomass and cell numbers (data not shown), the biofilm EPS 

matrix composition differed. In a recent study, even though there is a close taxonomic 

similarity between P. fragi and P. lundensis, the amounts of carbohydrates and proteins in 

the biofilms of these bacteria were different (Wickramasinghe et al., 2020). The information 

on the EPS matrix composition is essential in designing an eradication strategy.  The cleaning 

agent needs to successfully degrade the EPS matrix, especially the exopolysaccharides, 

proteins, and eDNA (Wang et al., 2023c). 

In the present study, flagellin was identified in the EPS matrix of isolate 3SM. This finding is 

similar to the observations by Jung et al. (2019) that the flagellin homologous proteins in 



115 

 

Vibrio vulnicus biofilms do not participate in the construction of flagellar filaments but 

are involved in strengthening the biofilm matrix (Jung et al., 2019).  

In the present study, the same 55 kDa proteins were present in planktonic CFS and biofilm 

EPS. However, the functions of the flagellin protein might be different between biofilm and 

planktonic cells. The 55 kDa band from isolate 20SM was identified as Chaperonin GroEL. 

Heat shock in E. coli induced a three-fold increase in GroEL, indicating the chaperonin 

function under stress (Wagner et al., 2024). Another interesting molecule identified in the 

EPS of isolate 3SM was the ATP-dependent Clp protease ATP-binding subunit. The ClpP is 

present in the biofilms of X. oryzae and is responsible for pathogenicity, biofilm 

production, swimming ability, and EPS production (Ni et al., 2021).  

Arginine deiminase system was identified in the present study in isolate 3SM. This system 

is found in oral biofilms of Streptococcus mutans, where it catabolizes the L-arginine, which 

can inhibit the water-insoluble exopolysaccharide production (Huang et al., 2017). In this 

present study, the arginine deiminase and other proteins were predominantly present in higher 

concentrations in the EPS isolated at 4ºC, indicating overproduction of these proteins and 

their role in the cold temperature-induced biofilm formation. 

The ABC transport molecules identified in the present study in isolate 3SM (Table 4.3), are 

involved in the translocation of diverse substrates across the membranes (Thomas & Tampé, 

2020). However, the present study only focused on the soluble EPS, and it needs more 

research in terms of bound EPS.  

When grown on a stainless-steel surface, the isolate 3SM showed significantly (p < 0.05) 

higher eDNA than the isolate 20SM, notably at 4°C. In published work, P. lundensis shows 

significantly high levels of eDNA at cold temperatures, and cellular disruption and cell death 

at cold temperatures could be the reason for higher eDNA production (Wickramasinghe et al., 

2020). Bacterial cell lysis is the major mechanism behind the eDNA release in some gram-

positive and negative pathogens; however, some bacteria, such as E. faecalis and Neisseria 

gonorrhoea, actively secrete eDNA. In N. gonorrhoea biofilm, type IV pili release large 

quantities of eDNA (Campoccia et al., 2021). The 16s rRNA sequencing of the isolated 

eDNA confirmed that it is not different from genomic DNA. However, with this information, 

either the eDNA formed from dead cells or actively secreted into EPS cannot be concluded. 

Stainless steel and polystyrene surfaces are commonly found in food processing 

environments. Polystyrene is mostly used for packaging, while stainless steel is a food-
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contact surface (Paz-Méndez et al., 2017). In this study, the isolates formed strong biofilms 

on both surfaces at 4°C and 7°C. The stainless-steel surface encouraged more EPS production 

with approximately 7.5 log CFU/cm2. This suggests that with fewer cells, these isolates can 

produce more EPS. 

The reason behind the higher biofilm biomass at 4°C from Chapter 3 is the overproduction of 

cellulose, polysaccharides, proteins, and eDNA. On the polystyrene surface, higher cell 

numbers resulted in high EPS production. In contrast, on the stainless-steel surface, the cell 

counts were lower than on the polystyrene surface, and the EPS produced remained higher. 

The linkage between the surface and EPS production still needs to be explored.  

4.5 Conclusion 

 

Food spoilage by psychrotrophic pseudomonads is common in dairy and meat processing 

environments. Temperature is a key factor affecting the biofilm formation of psychrotrophic 

pseudomonads. Microscopic observations, matrix quantification, and cell count suggested 

that cold temperatures of 4°C and 7°C yielded higher cell counts and EPS than the biofilms 

formed at 30°C. Surface characteristics are also an important factor influencing these 

pseudomonads' biofilm architecture. Knowledge of all the key components in the EPS matrix 

is important for designing elimination strategies. This study attempted to find the protein 

molecules present in the EPS matrix. This study highlighted the compositional differences in 

the EPS formed by two dairy isolates, even though both formed strong biofilms under cold 

temperatures. However, the interaction between the EPS components needs to be studied. 

Overall, this study emphasized the biofilm formation and composition of psychrotrophic 

pseudomonads under cold temperatures, providing new insights that will help the food 

industry in targeting effective control measures of biofilms of these bacteria.  
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4.7 Supplementary file 

 

4.7.1 Cell counts over 14 days. 

 

 

 

 

 

Figure 4.7.1: Cell counts from biofilms grown on polystyrene surfaces at three different 

temperatures 30°C, 7°C, and 4°C. (A) Isolate 3SM and (B) isolate 20SM. All results are 

expressed as mean±standard deviation. 
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Figure 4.7.2: Cell counts from biofilms grown on stainless-steel surfaces at three different 

temperatures 30°C, 7°C, and 4°C. (A) Isolate 3SM and (B) isolate 20SM. All results are 

expressed as mean±standard deviation. 
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Figure 4.7.3: Cell counts from planktonic cultures grown at  30°C, 7°C, and 4°C. (A) Isolate 

3SM and (B) isolate 20SM. All results are expressed as mean ± standard deviation. 
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Figure 4.7.4: eDNA formed as a thread-like structure on a polystyrene surface. (A) Biofilms of 3SM on 24h and (B) on the 14th day (Scale bar 10 

µm). 
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4.7.1 Microscopic observations. 
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Figure 4.7.5: eDNA formed as a thread-like structure on a stainless-steel surface. (A) Biofilms of 3SM on 24h and (B) on the 14th day (Scale bar 

10µm). 
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Figure 4.7.6: eDNA formed as a thread-like structure on a polystyrene surface. (A) Biofilms of 20SM on 24h and (B) on the 14th day(Scale bar 

10 µm) 
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Figure 4.7.7: eDNA formed as a thread-like structure on a stainless-steel surface. (A) Biofilms of 20SM on 24h and (B) on the 14th day(Scale bar 

10µm). 
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Figure 4.7.8: (A) Biofilms of 3SM on 24 h and (B) on the 14th day (Scale bar 100 µm) on the polystyrene surface. 
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Figure 4.7.9: (A) Biofilms of 3SM on 24 h and (B) on the 14th day (Scale bar 100 µm) on the stainless-steel surface. 
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Figure 4.7.10: (A) Biofilms of 20SM on 24 h and (B) on the 14th day (Scale bar 100 µm) on the polystyrene surface. 
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Figure 4.7.11: (A) Biofilms of 20SM on 24 h and (B) on the 14th day (Scale bar 100 µm) on the stainless-steel surface. 

30°C 

(A) 

(B) 

7°C 4°C 



136 

 

Chapter 5 Air-Liquid Interface Biofilm Formation of 

Pseudomonads. 
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Preface to Chapter 5 

In Chapter 4, the biofilm EPS composition of two strong biofilm-forming isolates was 

determined at ambient temperatures of 30ºC and cold storage temperatures of 7ºC and 4ºC. 

The biofilms formed under cold temperatures produced more EPS components such as 

polysaccharides, proteins, and eDNA. The composition of EPS between the two isolates 

varies, even though the biofilm formation characteristics are similar. In Chapter 5, the 

biofilms of psychrotrophic pseudomonads were grown in a CDC reactor that allows for 

studying under turbulent conditions and a continuous supply of nutrients that more closely 

simulates a food manufacturing plant. The air-liquid interface was introduced by lifting the 

coupon holders, which resulted in air-liquid interface biofilm formation on the top coupons in 

the colder and two coupons with submerged biofilm formation. The difference in the cell 

counts, total polysaccharides in the EPS, the biofilm architecture, and EPS-producing genes 

was compared between the air-liquid interface and submerged coupons.  
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5.1 Introduction  

 

Pseudomonads are common contaminants in the dairy industry, which cause spoilage by 

producing thermostable enzymes (Raposo et al., 2016). Pseudomonads are known for their 

ability to form denser biofilms at psychrotrophic temperatures (Liu et al., 2023). 

Pseudomonads are strong EPS (extracellular polymeric substances) producers 

(Wickramasinghe et al., 2020), and the EPS produced is exploitable as a public good by other 

weak EPS producers and pathogens (Puga et al.,2018). Pseudomonads produce large amounts 

of exopolysaccharides, and the biofilms of pseudomonads in the food industry are hard to 

remove. The EPS protects the biofilm cells from harsh sanitising and cleaning agents (Santos 

Rosado Castro et al., 2021).  

Most of the biofilm formation studies with pseudomonads focus on the submerged biofilms 

(Liu et al., 2023; Wickramasinghe et al., 2020). In food industries, the air-liquid interface can 

be seen in tankers, silos, partly filled equipment, and stagnated water. It is important to study 

the biofilms at the air-liquid interface in an industrial context (Jha et al., 2020). The air-liquid 

interface biofilm formation is observed with pseudomonads, Bacillus, E. coli, Vibrio, and 

Acinetobacter (Martí et al., 2011; Hollenbeck et al., 2014). Access to both nutrients and 

oxygen facilitates the air-liquid interface biofilm formation (Ye et al., 2022). The interaction 

between the cellulose fibres, attachment factors, and lipopolysaccharides results in 

maintaining strong biofilms at the air-liquid interface identified in P. fluorescens SBW25 

(Koza et al., 2009). 

There are wide range of methods to study the biofilm formation, among those, the CDC 

biofilm reactor ®, developed by the researchers at the Centres for Disease Control and 

Prevention, is commonly used to study the biofilm formation and resistance to sanitizers 

(Mendez et al., 2020). The continuous exposure to shear stress and renewable nutrients 

directly mimics the natural environment or industrial conditions (Williams et al., 2019).  In 

this study, the CDC biofilm reactor was used to generate both air-liquid interface and 

submerged biofilms in the same system. This system in this study closely mimics the dairy 

processing conditions, in terms of cold temperature, stainless-steel surface and continuous 

flow of nutrients. 

This chapter explores the difference in the cell counts, total polysaccharides in the EPS, and 

biofilm architecture between the air-liquid interface (A-L) and submerged biofilms. This 
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study, for the first time, compared the gene expression difference of EPS producing genes 

between the air-liquid interface and submerged biofilms. 

5.2 Materials and Methods  

 

5.2.1 Bacterial isolates and Culture conditions  

 

The two strong biofilm-forming isolates at cold temperatures, 3SM (P. lundensis) and 20SM 

(P. cedrina), and a weak biofilm-forming isolate, 44SM (P. fluorescens), were chosen for this 

study.  

5.2.2 CDC reactor conditions 

 

The CDC reactor was used to grow a week-old biofilm. The CDC biofilm reactor (CBR 90; 

Biosurface Technologies, USA) was used with stainless-steel coupons (304 grade with 2B 

finish with a total surface area of 2.26 cm2).  The coupons were passivated (cleaned with 50% 

nitric acid at 70°C for 30 min), sonicated for 30 min, cleaned with ethanol and Trigene, and 

autoclaved at 121°C. The reactor parts were assembled and autoclaved before use (reactor 

beaker, coupon holders, inlet and outlet tanks and connecting tubes). The entire CDC reactor 

was kept at 4°C. The growth media used were half-strength TSB (TSB, DifcoTM, Becton, 

Dickinson and Company, USA), which was filled in the inlet tank. The cultures were 

inoculated in TSB for 24 h to reach the OD600 of 0.05±0.15. Two percent (2%) of the 

overnight culture was added directly to the reactor beaker containing 400 mL of TSB 

(approximately 3 log CFU/mL). The flow rate of the reactor was set at 3.3 mL/min to achieve 

a mean residence time lower than the doubling time (Supplementary File 5.7) using a 

peristaltic pump. The coupon holders (Fig. 5.1) were lifted and supported about 2.5 cm to 

create the air-liquid interface on the top coupons (A-L), and the remaining two coupons were 

submerged (L1 and L2). The spent media were collected in the outlet tank (Kumar et al., 

2021). 
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Figure 5.1 The CDC reactor setup in this study at 4ºC. The reactor parts are as follows: A- 

inlet tank, B- peristaltic pump, C- reactor beaker with coupons, and D- connecting pipe to 

outlet tank. 

5.2.3 Enumeration of biofilm cells 

 

The reactor was allowed to run for 168 h (The cell counts reached more than 7.5 log 

CFU/cm2 in the continuous system, while in static, the same cell counts reached around 336 h 

(Chapter 4). The coupons containing holders were removed every 24 h, and a blank holder 

was replaced to maintain the turbulence. The removed coupons were washed with 0.85% 

physiological saline and transferred to the vials containing 900 µL of saline. After 

transferring the coupons, 1 g of sterile glass beads was added, and the vials were sonicated for 

5 min. After sonication, the coupon-containing vials were mixed by vortex to remove the 

cells from the coupons. One hundred microlitres (100 µL) of the contents from the vials were 

serially diluted and plated on the TSA (TSA, DifcoTM, Becton, Dickinson and Company, 

USA) plates. The viable bacterial colonies were counted and expressed as log CFU/cm2. 
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5.2.4 Quantification of Polysaccharides 

 

After a week of incubation, the coupons containing biofilms were removed. Two coupons 

from the A-L, L1, and L2 coupons were added to a vial containing 2 mL of sterile distilled 

water. The vials containing coupons were sonicated for 30 min. After sonication, the contents 

were transferred to Eppendorf tubes. The Eppendorf tubes were centrifuged at 12000g for 5 

min (Hettich, Mikro 220R, Germany). The supernatant was collected and filtered using a 0.2 

µm syringe filter (Minisart, Sartorius, Germany). Two millilitres (2 mL) of the filtered 

supernatant were pooled into 15 mL of centrifuge tubes (Falcon®, Corning Incorporated, 

USA). These tubes were placed in a freeze-dryer. Total polysaccharides in the freeze-dried 

EPS were measured using the Phenol sulfuric acid method (DuBois et al., 1956) and D-

glucose as a standard.  The total polysaccharides were expressed as µg/cm2. 

5.2.5 Microscopic observations 

 

After a week of biofilm formation, the coupons were observed under an epifluorescence 

(Nikon- Eclipse Ni-L, Nikon instruments, USA) microscope (Filter- TRITC) and SEM to 

view the biofilm architecture and the difference between the air-liquid interface coupons and 

submerged coupons. The SEM observations were done with JSM 6500F (Jeol, Australia) with 

1000x and 5000x magnifications. The coupons were dried and carbon-coated before observing 

under SEM. Acridine orange (Acridine orange, BDH, England) was used for staining the 

coupons to view the cells and EPS under an epifluorescence microscope. The images were 

processed using NIS-elements D software (Version 6.02.01(Build 1955), Nikon Instruments, 

USA) (Muthuraman et al., 2025; Li et al., 2022). 

 

5.2.6 Expression of EPS producing genes. 

 

The overexpression of EPS genes such as alg, pel, and psl is responsible for the matrix 

overproduction at cold temperatures (Liu et al., 2023). In this present study, the difference in 

total polysaccharides and EPS quantity was observed between the air-liquid interface and 

submerged biofilms. It is important to analyse the differences in the gene expression of EPS 

genes to know the role of the air-liquid interface in the EPS overproduction. To confirm this 
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algK, pslA, bcsA, and pelD genes were chosen (functions of these genes are listed in 

supplementary file 5.7.2). 

 

5.2.6.1 Isolation of biofilm cells 

 

The coupons were removed after 168 h of incubation. Eight coupons for each A-L and L 

biofilm were added to the vials containing 4 mL of sterile distilled water and 1g of glass 

beads. The contents were transferred into four 1 mL Eppendorf tubes. The tubes were 

centrifuged at 12000 g for 5 min at 4ºC.  The supernatant was discarded, and the cell pellets 

were collected and added to a single Eppendorf tube. Planktonic cultures grown at 4ºC for 18 

h were centrifuged at 12000 g for 5 min at 4ºC to collect the cell pellets. 

5.2.6.2 RNA extraction  

 

The RNA was extracted using the Nucleospin RNA plus kit (with gDNA removal column) 

(Machery-Nagel, Germany) according to the manufacturer’s instructions. The cell pellets 

were lysed with lysis buffer, washed, and isolated in sterile RNase-free water. The 

concentrations and purity were checked using a Genovonano spectrophotometer.  

5.2.6.3 Real-time -quantitative PCR( RT-qPCR) 

 

Real-time quantitative PCR was performed using the Light Cycler 480 (Roche Diagnostics, 

USA) to analyse the difference in EPS producing gene expression  between the air-liquid 

interface and submerged biofilm cells. The primers used in this study are listed in the Table. 

The qPCR was performed using the Luna ® Universal One-step RT-qPCR kit (New England 

Biolabs, USA) according to the manufacturer’s instructions. The cycling conditions were as 

follows: reverse transcription of RNA to cDNA at 55°C for 10 min, followed by initial 

denaturation at 95°C for 1 min; the amplification was performed with 40 cycles of 

denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 60°C for 30 s. 

RT-qPCR results are influenced by the differences in the nucleic acid extraction efficiency. 

Normalisation with internal housekeeping genes was done to reduce this variability. 

However, the absence of an exogenous internal standard remains a potential bias in relative 

gene expression measurements. 
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Table 5.1: Primers used for quantification of EPS producing genes  

 

Gene Sequence  Product Size 

(Bp) 

Reference  

pelD  F 5´-AAGAACGGATGGCTGAAGG-3′ 

R  5´-TTCCTCACCTCGGTCTCG-3’ 

250 (Ghafoor et 

al., 2013) 

pslA  F  5’-ATCAATATCCGCTCCACGC-3’ 

R  5’-CTGCTGCTCTTCCCCCAGT-3’ 

140 (Liu et al., 

2023) 

bcsA  F 5’-GATTTTCGACTGCGACCACGTS- 3’ 

R 5’- ACATGTCGTTRCCRTCCTGCAC- 3’ 

 

 

150 (Gao et al., 

2017) 

algK  F 5’ -ATGCCTATGTATTCAGCCAAC-3’ 

R 5’-ATTCCTCGCCGTCTTCTTC-3’ 

 

 

200 (Liu et al., 

2023) 

16S 

rRNA 

F: 5’- GCCCCTGGACAAAGACTGAC-3’ 

R:  5’CATGGTTTACGGCGTGGACTACC-

3’ 

 

90 (Liu et al., 

2023) 
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5.3 Results 

 

5.3.1 Visible biofilm formation  

 

The visible biofilm formation on the CDC reactor coupons was observed from 24 h. At 24 h, 

no visible biofilms were seen in all three coupons. After 48h, a thin visible line appeared on 

the air-liquid interface. At the end of 72 h, thick visible biofilms were observed on the A-L 

coupons, and visible aggregates started to form on L1 coupons. At the end of 144 h, 

compared to submerged coupons, the A-L coupons showed more dense visible biofilms (Fig. 

5.2). 

 

 

                  

 

                                   

                                    

Figure 5.2 The visible biofilm formation of isolate 3SM observed on A-L, L1, and L2 

coupons at 168 h at 4ºC.  

 

Air-liquid interface coupons(A-L) 

Submerged coupon (L1) 

Submerged coupon 2 (L2)  
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5.3.2 Biofilm cell enumeration 

 

The isolates 3SM and 20SM were allowed to form biofilms on the CDC reactor coupons with 

half-strength TSB. The growth was monitored every 24 h until 168 h (Fig. 5.3). At 24 h, the 

cell counts from the A-L coupons were around 3.20 log CFU/cm2 for both isolates. The L1 

coupon also got similar cell counts at 24 h. From 48 h, the A-L coupons dominated in terms 

of cell counts compared to L1 and L2. This trend continued until the end of 168 h. At 168 h, 

the cell counts from the A-L coupons were around 7.26 and 7.47 log CFU/cm2 for isolates 

3SM and 20SM. At 168 h, the A-L coupons showed significantly higher cell counts (p < 0.05) 

compared to L1 and L2 coupons (Fig. 5.3).  
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Figure 5.3 Graph A shows the cell counts from isolate 3SM over seven days. Graph B shows 

the cell counts from isolate 20SM. Different letters indicate significant differences (p < 0.05). 

5.3.3 Quantification of the polysaccharides   

 

The EPS recovered from the A-L coupons was significantly (p < 0.05) higher than the L1 and 

L2 coupons (Fig. 5.4 A). The total polysaccharides were also significantly higher (p < 0.05) in 

the biofilms formed at the A-L coupons compared to the L1 and L2 coupons (Fig. 5.4 B). This 

indicates the importance of the air-liquid interface in EPS production by psychrotrophic 

pseudomonads.  
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Figure 5.4 Graph A shows the quantity of EPS recovered from the A-L, L1, and L2 coupons. 

Graph B shows the total polysaccharides from the isolated EPS recovered from A-L, L1, and 

L2 coupons. Different letters indicate significant differences (p < 0.05).  

5.3.4 Microscopic observations  

 

With SEM observations, the biofilms produced by pseudomonads appeared as cells tightly 

packed together. The biofilms grown on the A-L coupons showed layers of biofilm cells; on 

the L1 and L2 coupons, the stainless-steel surface was often seen between cell clusters. This 

observation agreed with the cell counts as the biofilms grown on A-L coupons showed more 

cells than the L1 and L2 coupons (Fig. 5.6 A and B). With the epifluorescence microscopy, the 

cells on the A-L coupons were tightly packed and emitted more fluorescence compared to the 

L1 and L2 coupons. Filamentous cells were present in all three coupons (Fig. 5.5 A and B).   

 

 

 

     

     

Figure 5.5: Epifluorescence microscopic images of (A) Isolate 3SM at the end of 168 h, (B) 

Isolate 20SM at the end of 168 h (Scale bar 10µm). 

 

 

(A) 
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Figure 5.6 SEM images of (A) Isolate 3SM at the end of 168 h, (B) Isolate 20SM at the end 

of 168 h (Scale bar 10µm). Blue arrows show the layers of cells present in the air-liquid 

interface, and black arrows show the stainless-steel surface in the L1 and L2 coupons. 

5.3.5 Expression of EPS producing genes.  

 

The RNA extracted from L2 was lower and not sufficient for qPCR. Four EPS producing 

genes were compared between the A-L and L1 biofilm cells (Fig. 5.7). The capsular 

polysaccharide alginate-producing genes (algK) were highly expressed in the A-L biofilm 

cells. The aggregative polysaccharide cellulose-producing genes (bcsA) were also highly 

expressed in the air-liquid interface biofilm cells. There was no significant (p > 0.05) 

difference between the expression of another aggregative polysaccharide-producing gene, 

pelD, between the air-liquid interface biofilm cells and submerged biofilm cells. The pslA-

producing genes were highly expressed in the air-liquid biofilm cells. However, the 

expression of algK and bcsA was significantly (p < 0.05) higher than pslA.  

 

(A) 
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Figure 5.7 Gene expression differences in EPS producing genes between air-liquid interface 

and submerged biofilm cells. “*” indicates significant differences (p < 0.05). 

5.4 Discussion  

 

When P. aeruginosa biofilms are grown in a CDC reactor, the coupon position does not affect 

cell counts (Buckner et al., 2024). However, when the air-liquid interface was included, the 

cell counts were higher at the air-liquid interface coupons than at the submerged coupons. 

The A-L coupon attracted more cells compared with the L1 and L2. The difference between 

cell concentrations across the interfaces might be the differential concentrations of oxygen. 

The mechanism that controls the bacterial movement to the air is known as aero taxis. The 

aero taxis of P. fluorescens SBW25 (wrinkly spreaders) can reach higher oxygen microcosms 

using flagella-mediated swimming under a static system (Jerdan et al., 2019). In this present 

study, even with the continuous nutrient supply and under turbulence, the bacterial cells can 

still reach and colonise at the air-liquid interface and appear as a favourable niche. In 

published work on B. cereus, the air-liquid interface on stainless-steel surface produced cell 

counts (5.3 to 6.3 log CFU/cm2) significantly (p < 0.05) higher than the submerged biofilms 

(4.2 log CFU/cm2) (Wijman et al.,2007). In this present study on Pseudomonas spp., the A-L 

coupons showed significantly (p < 0.05) higher cell counts than submerged coupons (L1 and 

L2). 
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However, in this case the L1 and L2 coupons had the same number of cells in their biofilms. 

The cell concentration difference between L1 and L2 interfaces is not well understood.  

This present study showed that the CDC biofilm reactor can be used to grow air-liquid 

interface biofilms under a continuous flow of nutrients. An air-liquid interface biofilm 

provides air and nutrients and encourages biofilm formation. An air-liquid interface is 

commonly seen in food industries in partly filled silos, vats, balance tanks, stagnant water, etc 

(Jha et al., 2020). It is important to study the CIP and sanitizers based on the air-liquid 

interface. This present study compared the cell counts and EPS quantification between the 

air-liquid interface coupons and submerged coupons. Compared to the submerged coupons, 

the air-liquid interface coupons contained more cells and EPS, representing a favourable 

niche for persistent biofilms during industrial processing and transport.  Not only 

pseudomonads, but other bacteria such as Bacillus spp. can form air-liquid interface biofilms 

(Ren et al., 2024).  In this present study, thick biofilm formation was observed on the coupons 

at the air-liquid interface compared to the submerged coupons.  

In the work of Ren et al. (2024), the semi-submerged coupons showed significantly higher 

cell counts of B. cereus in both UHT milk and BHI media than in fully submerged coupons. 

The EPS produced is higher in the semi-submerged coupons due to the gas-liquid interface 

(Ren et al., 2024). In this present study, the quantity of isolated EPS and the total 

polysaccharides for Pseudomonas spp. were also higher in the A-L coupons compared to L1 

and L2. This indicates the possibility of pseudomonads producing air-liquid interface 

biofilms with higher EPS in storage tanks and silos that are refrigerated and run under 

turbulent flow.  

The aerotaxis mechanism needs no energy, and the energy is utilised to secrete higher EPS 

components (Jerdan et al., 2019). Higher EPS and polysaccharide production at the A-L 

coupons were observed in the present study. This study, for the first time, compared the gene 

expression between the air-liquid interface and submerged biofilm cells. Studies found that 

the EPS producing genes in pseudomonads, such as algK and pslA, are highly expressed at 

4ºC, compared to 25ºC (Liu et al., 2023; Vásquez-Ponce et al., 2017). In this present study, 

although both biofilm cells were grown at 4ºC, there was a difference in the expression of 

EPS producing genes. The algK, pslA, and bcsA were highly expressed in air-liquid interface 

biofilm cells compared to submerged biofilm cells, indicating the possible EPS 

overproduction at the air-liquid interface. Overproduction of EPS often leads to difficulty in 
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cleaning and removal of these biofilms. There was no difference between the expression of 

pelD genes. Pellicle formation of these isolates was observed under static conditions (Data 

not shown). The higher expression of EPS genes at the air-liquid interface in this study 

confirms the findings of Jerden et al. (2019).  In the CDC reactor, the pellicle formation was 

not observed. Comparing the pelD gene expression between the static and continuous 

systems is needed.  

5.5 Conclusion 

 

This chapter explored the difference between the air-liquid interface and submerged coupons. 

Introducing the air-liquid interface in the CDC reactor caused significantly (p < 0.05) higher 

cell numbers and EPS in the air-liquid interface biofilms compared to the submerged 

biofilms. The algK and bcsA genes were highly expressed in the air-liquid interface biofilm 

cells. Studying the biofilms at the air-liquid interface is important from an industrial point of 

view. 
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5.7 Supplementary Information 

5.7.1 Doubling time and flow rate  

Doubling time of pseudomonads grown in half-strength TSB. 

Isolate      Doubling time at 4°C (min) Flow rate (mL/ min) 

3SM 94.25  3.3 

20SM 88.57 3.3 

 

5.7.2 EPS producing genes in this study and their functions  

 

EPS producing genes  Functions  

pelD Pellicle formation and aggregation of cells  

pslA  Polysaccharide synthesis locus – Biofilm 

architecture  

bcsA  Bacterial cellulose synthesis- Cellulose production 

and air-liquid interface biofilm formation. 

algK  Alginate production -Biofilm stability and 

architecture  

16S rRNA Housekeeping gene  
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Chapter 6 Cleaning with NaOH, Footprints and 

Regrowth 
 

This chapter is an adaptation of material that was published as a peer-reviewed article: 

 

Muthuraman, S., Palmer, J., & Flint, S. (2026). Air-liquid interface biofilm formation of 

pseudomonads and the impact of traditional clean-in-place on biofilm removal. Food 

Research International, 226, 118215. https://doi.org/10.1016/j.foodres.2025.118215. 
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Preface to Chapter 6 

In Chapter 5, the difference between the air-liquid interface and submerged biofilms was 

analysed using cell counts, EPS quantification, microscopic observations, and gene 

expression. In Chapter 6, the biofilms of isolates 3SM and 20SM were treated with hot water 

and NaOH to study the biofilm footprints left after cleaning and their regrowth potential. 
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6.1 Introduction  

 

Pseudomonads are psychrotrophic rods found in food processing environments. 

Pseudomonads produce thermostable enzymes and pigments that affect the food quality 

(Raposo et al., 2016). Pseudomonads form strong biofilms with robust EPS production at 

cold temperatures (Liu et al., 2023). Cellulose production in the pseudomonads is the reason 

behind the air-liquid interface biofilm formation (Spiers et al., 2003). The EPS of 

pseudomonads is made up of different polysaccharides, such as alginate, cellulose, Psl, and 

Pel (Mann & Wozniak, 2012). The interaction between the components in the EPS matrix 

keeps the biofilm architecture and integrity (Flemming & Wingender, 2010). EPS produced 

by pseudomonads is hard to remove due to its complex nature (Da Cruz Nizer et al., 2024). 

This EPS protects the cells from adverse conditions and antimicrobials. 

The term “footprint” was used in the past to describe the polymeric material left on the 

surface after the bacterial cells are removed by shear forces or enzymes (Neu & Marshall, 

1991). The bacterial cells are removed carefully from the surface, and the remaining adhesive 

polymers are observed with TEM and SEM, revealing that the footprint material on the 

surface matches the size of the cells nearby, and some are shown as clumps after cell removal 

due to the hydrophobic properties (Neu & Marshall, 1991).  

The clean-in-place (CIP) system is designed to remove the deposits on the interior surface of 

the equipment without dismantling (Tirpanci Sivri et al., 2023). The conventional CIP process 

includes water rinse, alkali cleaning with or without acid cleaning, and sanitation (Joseph et 

al., 2001). This study focused on a water rinse and alkali wash without acid cleaning. This is 

the first study on biofilm EPS footprints left by pseudomonads after cleaning. This involved 

forming air-liquid interface biofilms of psychrotrophic pseudomonads under a continuous 

flow of nutrients at cold temperatures. This study explored the potential of biofilm EPS 

footprints to enhance the biofilm formation of the same isolates and a weak biofilm-forming 

isolate.  
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6.2 Materials and Methods  

 

6.2.1 Bacterial isolates and Culture conditions  

 

The two strong biofilm-forming isolates at cold temperatures, 3SM (P. lundensis) and 20SM 

(P. cedrina), and a weak biofilm-forming isolate, 44SM (P. fragi) were chosen for this study.  

6.2.2 CDC reactor conditions 

 

Details were provided in Section 5.2.2, Chapter 5. 

6.2.3 Enumeration of biofilm cells 

 

Details were provided in Section 5.2.3, Chapter 5. 

6.2.4 Cleaning -in- Place (ClP) system 

 

Hot water at 55°C and 1% NaOH at 70°C represents the chemical treatments used in a typical 

CIP system. The water and NaOH were heated on a hot plate to reach the required 

temperatures. Sterile distilled water was used in this experiment to prepare NaOH. The inlet 

tube was inserted into the beakers containing CIP chemicals (hot water and NaOH), and the 

temperatures of the chemicals were confirmed before connecting to the CDC reactor. The 

entire CDC reactor was cleaned using 1.2 litres of water and circulated for at least 3 to 4 

cycles at 300 rpm to reach a Reynolds number of more than 12000. After the water rinse, 2 

holders were taken out for the cell counts, and two blank holders were inserted to maintain 

the flow. The same steps were followed for NaOH.   

6.2.4.1 Reynolds Number  

 

The flow of the CDC reactor in this study was turbulent (Table 6.1) based on the Reynolds 

number. The Reynolds number was calculated by  

Re = ʋ Dh /η 
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(Where ʋ is the hydrodynamic velocity (m/s), ρ is the density of the fluid, which is 998.23 

Kg/m3, η is the kinematic viscosity 1.0023E-06 m2/s.  Dh is calculated using the outer radius 

(Ro) of 0.03m and the inner radius of 0.0225m (Ri) (Prabhukhot et al., 2024). 

Table 6.1 Reynolds number  

 

6.2.5 Microscopic observations 

 

Details were provided in Section 5.2.5, Chapter 5. 

6.2.6 Attenuated Total Reflection – Fourier-transform infrared spectroscopy (ATR-

FTIR) 

 

Fourier-transform infrared spectroscopy (FTIR) generates direct information about the 

molecular and chemical composition of the biomolecules (Gieroba et al., 2020). FTIR 

observations can show the differences in the intensity and height of spectral peaks, but 

quantitative information is not possible with FTIR (Crisp et al., 2023).  The EPS from 

untreated coupons and cleaned coupons was tested using ATR-FTIR analysis to observe the 

composition of footprints left after cleaning with water and NaOH. The EPS isolation 

protocol was described in Section 5.2.4, Chapter 5. The control coupon that had not been 

exposed to biofilm was used as a control and observed directly under FTIR (NicoletTM, 

Thermofisher ScientificTM, USA). FTIR parameters were as follows: acquisition range 2000-

400 cm-1, scanning times of 32 s, and resolution of 4 cm-1 (Li et al., 2022). 

6.2.7 Regrowth of the strong biofilm formers  

 

After CIP, the reactor was treated with hot water at pasteurization temperature (72°C) for 2 

min until it reached the reactor lid to enable the inactivation of any remaining cells. Four 

holders were removed from the CIP-cleaned reactor, and four holders containing clean 

coupons were inserted, and the holders were transferred to a new reactor beaker (Fig. 6.1). 

RPM Reynolds number Function Flow 

125 4239 Biofilm growth Turbulent 

300 12215 CIP  Turbulent 
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This was allowed to run at a 3.3mL/min flow rate and 125 rpm with half-strength TSB for 24 

h, and after 24 h, 2% inoculum (approximately 3 log CFU/mL cells) were added to check the 

biofilm formation differences between untreated clean coupons and CIP-treated coupons.  

 

Figure 6.1 Schematic representation of the CIP process and regrowth. 

6.2.8 Regrowth of the weak biofilm former  

 

A weak biofilm former, 44SM, and a strong biofilm former, 3SM, were used in this 

experiment. The strong biofilm of the former 3SM was allowed to form biofilms in the CDC 

reactor. After a week, the CIP was done. Four CIP coupon-containing holders and four 

untreated clean coupons were inserted in a new CDC reactor beaker, and the weak biofilm 

former was inoculated at a concentration of 2% (approximately 3 log CFU/mL) of cells. The 

cell counts were compared between the untreated clean and CIP-cleaned coupons, and the 

effects of remaining EPS footprints on the biofilm formation of a weak biofilm former were 

analyzed.  

6.2.9 Data analysis  

 

All the experiments were performed with at least three biological and three technical 

replicates. One-way variance analysis (ANOVA) was generated to evaluate significant 

differences among the variables using Tukey’s test, which had a p-value below 0.05 and was 

considered statistically significant. Data analysis was implemented using SPSS statistical 

software (Version 29.0.2.0; IBM®, USA). FTIR data were processed using Origin Pro 

software (Origin Pro 2025, 10.2 Origin Lab Corporation, USA). 
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6.3 Results  

 

6.3.1 Cell counts after CIP 

 

The coupons were taken out after circulating hot water and again after NaOH.  Hot water at 

55°C achieved around a log cell reduction in the biofilms formed by both isolates. With 

NaOH, the cell counts were below the detectable limit (1.7 log CFU/cm2) for both isolates. 

Compared to hot water at 55°C, NaOH at 70ºC  significantly (p < 0.05) killed the biofilm 

cells of psychrotrophic pseudomonads (Fig. 6.2). 

 

 

 

     

    

Figure 6.2 The cell counts from untreated control coupons, hot water-treated coupons (55ºC 

for 10 min), and NaOH-treated (70ºC for 10 min) coupons. Different letters indicate 

significant differences (p < 0.05). 
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6.3.2 Microscopic observations  

 

6.3.2.1 Cleaning with 55°C water  

 

With SEM observations, the hot water-treated coupon surfaces showed compromised upper 

layers on all the coupons. The cells could be seen, but not as clear as the control coupons. The 

biomass appeared to be smeared (Fig. 6 .3 C and D). Cell counts after hot water treatment 

(55ºC for 10 min) resulted in a one-log reduction. The cells after 55°C treatment stayed intact, 

which was confirmed by epifluorescence microscopic observations, which agreed with the 

cell counts (Fig. 6 .4 C and D).  

6.3.2.2 Cleaning with 70°C NaOH  

 

After introducing the NaOH to the CIP system, the coupons were free of cells, which was 

confirmed by the SEM observation. However, the coupons were not completely clean. NaOH 

crystals, along with organic matter, were present in the coupons. These were the biofilm 

footprints left after cleaning (Fig. 6.3 E and F). Compared to L1 and L2 coupons, the A-L 

coupons showed more organic materials left after cleaning. The cell counts were 

nondetectable (1.7 log CFU/cm2) after cleaning with NaOH. While the acridine orange 

staining showed a dead and deformed mass on all three coupons (Fig. 6 .4 E and F). 
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Figure 6.3 (A)& (B) SEM images of 3SM and 20SM untreated coupons, (C) & (D)SEM 

images of hot water-treated coupons of isolates 3SM and 20SM, and (D) & (F) SEM images 

of NaOH-treated coupons of isolates 3SM and 20SM. Red arrows indicate the compromised 

upper layer of cells after hot water treatment. White arrows indicate the biofilm footprints 

remaining after cleaning with hot water and NaOH.  
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Figure 6.4 (A) & (B) epifluorescence microscopic images of 3SM and 20SM untreated 

coupons, (C) & (D) hot water-treated coupons of isolates 3SM and 20SM, and (E) & (F) 

NaOH-treated coupons of isolates 3SM and 20SM. White arrows indicate the dead and 

deforms cells with EPS footprints. 

(F) 
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6.3.3 ATR-FTIR spectra on EPS isolated from untreated and cleaned coupons  

 

The FTIR spectra for the untreated and CIP-cleaned coupons were compared to the coupon 

with no biofilms, which was used as a control. In the FTIR spectra, 1650 and 1540 cm-1 

peaks represent the amide I and amide II bands of proteins, and 1055 cm-1 from 

polysaccharides (Fig. 6.5 A and B). Compared to the untreated EPS, the intensities of the 

respective peaks were decreased in EPS isolated from NaOH-treated coupons. With the hot 

water, the intensities did not decrease much; however, there were some changes in the peaks 

noticed. The two peaks around 1400 and 1600 cm-1 in the untreated EPS become inverted in 

the hot water-treated EPS. The CIP-cleaned coupon was not as clean as the sterile acid-

cleaned stainless-steel coupon. The FTIR observation agreed with the remaining biofilm EPS 

footprints seen in SEM.  
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Figure 6.5 (A) ATR-FTIR images of the EPS isolated from  untreated, hot water washed, and 

NaOH washed coupons from isolate 3SM and (B) 20SM. 
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6.3.4 Regrowth of the strong biofilm former after CIP cleaning 

 

Compared to the untreated clean coupons, the CIP cleaned coupons started showing a visible 

air-liquid interface from 24 h of incubation, whereas in clean coupons it took 72 h to form a 

visible air-liquid interface (Fig. 6 .6 C). The cell counts from the CIP-cleaned coupons were 

significantly (p < 0.05) higher than the control coupons from 24 h for both isolates. The cell 

counts in the A-L coupons of the CIP cleaned coupons were 6.71±0.16 and 5.88±0.13 log 

CFU/cm2 for 3SM and 20SM, respectively (Fig. 6.6 A and B). Whereas, in the control clean 

coupons, the A-L coupons yielded 3.59 ± 0.17 and 3.40 ± 0.19 log CFU/cm2 for isolates 3SM 

and 20SM, respectively. The L1 and L2 coupons of the CIP cleaned group showed 

significantly (p < 0.05) higher cell counts than the control group of submerged coupons. 

These results suggest that the remaining footprints of biofilm EPS encouraged the cells to 

establish the early air-liquid interface biofilm.   
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Figure 6.6 Graph A shows the regrowth of isolate 3SM after CIP cleaning, while Graph B 

shows the isolate 20SM after CIP cleaning. All the results were expressed as mean ± standard 

deviation. The symbol (*) indicate significant differences (p < 0.05), and (C) shows the early 

appearance of the air-liquid interface biofilm in the CIP-cleaned coupons of isolate 3SM. 
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6.3.5 Regrowth of the weak biofilm former after CIP cleaning 

 

44SM was the weak biofilm-forming isolate chosen for this study, based on the crystal violet 

assay (Chapter 3). The weak biofilm former was allowed to grow for over a week on clean 

coupons under the same conditions as the strong biofilm former. No visible biofilm of this 

weak biofilm appeared in the first week at the air-liquid interface (Fig. 6.7 B).  The cell counts 

were low at 3.92 ± 0.16, 3.25 ± 0.19, and 3.055 ± 0.17 log CFU/cm2 for the A-L, L1, and L2 

coupons, respectively (Fig. 6.7 A).  The microscopic observations showed sparsely dispersed 

cells on all the coupons and a few clusters in the A-L coupons (Fig. 6 .7 C).  

After CIP cleaning, tiny visible clusters of weak biofilm-forming cells were noted in the air-

liquid interface (Fig. 6.8 C). The isolates were confirmed using the Congo red assay, where the 

strong biofilm formers produced pink colonies, which indicates cellulose production, and the 

weak biofilm former 44SM produced white colonies, indicating neither cellulose nor curli 

was produced (Supplementary File 6.7). The highest cell count, 5.76 ± 0.14 log CFU/cm2 of 

the weak biofilm formers, was reached on the air-liquid interface at 72 h in the CIP-cleaned 

coupons (Fig. 6.8 A). The cell counts and microscopic observations on the CIP cleaned 

coupons were compared with control coupons (Fig. 6.8 B). At 24 h, the cell counts from the 

L1 and L2 coupons from both control and CIP cleaned coupons were below detectable limits. 

This indicates the influence of biofilm footprints on encouraging the biofilm formation of 

weak biofilm formers.  
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Figure 6.7 (A) shows the cell counts of the weak biofilm former 44SM on control clean 

coupons A-L, L1, and L2 after a week of incubation. The results are expressed as mean ± 

standard deviation. Different letters indicate significant differences (p < 0.05). (B) shows the 

coupons at 24 h and 48 h, showing no visible biofilm formation. (C) shows the microscopic 

images of the weak biofilm former 44SM after a week of incubation.  
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Figure 6.7 (A) shows the cell counts from the control clean coupons and CIP coupons of the 

weak biofilm former 44SM. All the results are expressed as mean ± standard deviation. The 

symbol (*) indicate significant differences(p < 0.05). (B) Blue arrows show the appearance of 

0

1

2

3

4

5

6

7

24h 48h 72h 24h 48h 72h 24h 48h 72h

A-L L1 L2

lo
g
 C

F
U

/c
m

2

Coupons

Untreated coupons CIP cleaned coupons

N.D N.D

(A) 

(C) 

(B) 

A-L L1 L2 

Control coupons 

CIP coupons 

A-L L1 L2 

* 
* 

* 

* 

* 

* * 



174 

 

air-liquid interface biofilms on the CIP cleaned coupons. (C) Microscopic images show the 

biofilms formed on the control and CIP cleaned coupons. 

6.4 Discussion 

 

A study on the effects of cleaning regimes on biofilms of thermophilic bacilli on stainless 

steel showed that 2% caustic for 30 min at 70°C, followed by a water rinse and 1.8% HNO3 

at 75°C, removed the cells and polysaccharides effectively (Parkar et al., 2004). This study 

also reported that the caustic treatment alone showed 6 log cell reductions; however, the 

fluorescent polysaccharide remnants were observed. The present study focused on biofilm 

removal with water and caustic. 1% Caustic at 70°C effectively removed all the cells, but the 

remaining biofilm footprints were noted on the surface. The focus of this present study was to 

analyse the footprints rather than targeting biofilm cells. A study on treating the biofilms of 

Listeria monocytogenes with caustic and peracetic acids showed that caustic is not effective 

in biofilm removal with maximum concentrations, higher temperatures, and long operation 

time (Hashim et al.,2020). A study with multi-species biofilms noted that there are survivors 

even after the final sanitation step, and the traditional CIP is ineffective in removing biofilms 

on the reverse osmosis membranes in dairy industries (Singh & Anand, 2022). The survivors 

were Bacillus isolates that can form spores and survive post-treatments. This present study 

also confirmed that CIP can effectively remove the pseudomonad cells, but the EPS of the 

pseudomonad biofilms cannot be completely removed.  

In the present study, the SEM results showed remaining EPS and NaOH crystals, revealing 

the ineffectiveness of alkaline CIP. The presence of NaOH crystals even after washing 

explains the possibility of NaOH deposits over time. A study on the removal of pseudomonad 

biofilms with microbubbles showed the remaining footprints of EPS with SEM observations. 

Subsequent treatment with microbubbles and sanitisers removed the biofilm footprints (Deng 

et al., 2025).   

A study with cassia essential oil combined with amylase and proteinase significantly removed 

the viable cells of Salmonella and Listeria spp. However, the regeneration of the biofilms was 

observed within 24 h with high cell density, higher EPS production, and robust biofilm 

formation (Cervantes-Huamán et al., 2025). When the multispecies biofilm grows on titanium 

surfaces and is cleaned with antimicrobials, the regrowth of the biofilm appears early and 

aggressive (Han et al., 2019). This present study also demonstrated the early appearance of an 
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air-liquid interface biofilm with the strong biofilm-forming isolates, and increased the cell 

counts and appearance of the air-liquid interface clusters with the weak biofilm formers. This 

data suggests the potential of EPS footprints in the subsequent aggressive biofilm formation, 

which can add further burden to cleaning and sanitation in industrial processes. 

In this present study with FTIR data, the CIP-cleaned coupons are not as clean as the acid-

cleaned coupons. Peaks for polysaccharides and proteins can be seen after cleaning with 

caustic soda, which supports that the footprints cannot be removed by caustic soda. Peaks for 

both polysaccharides and proteins revealed that the complex nature of the EPS remains the 

same even after CIP.  Similar observations were seen in a study treating P. aeruginosa 

biofilms with DDAB (Didecyl Dimethyl Ammonium Bromide) and SAEW (Slightly Acidic 

Electrolysed Water). Even if cell removal is achieved, removing EPS footprints from the 

surface is harder (Li et al., 2022). 

The results of this study closely resemble the plate heat exchangers and drains in the dairy 

industry by simulating the turbulent flow. However, the air-liquid interface biofilms will not 

generally be observed in the plate heat exchangers. The data from submerged biofilms also 

confirmed the influence of footprints on the regrowth of pseudomonads. The preliminary 

results showed significantly (p < 0.05) higher cell numbers on air-liquid interface and 

submerged coupons under laminar flow compared to turbulent flow. These results suggest 

that the pseudomonad biofilms under laminar flow can form robust biofilms, and potentially, 

the EPS footprints from laminar flow biofilms might have similar effects. The laminar flow 

can be found in tankers, mixing and balance tanks in the dairy industry. However, the biofilm 

formation and cleaning studies of the laminar flow biofilms of pseudomonads still need to be 

explored. 

Microbubblers are small oxygen bubbles generated by microparticles in the liquid systems 

(Chung et al., 2025). Due to the small size and active movement of the microparticles, the 

penetration into EPS and continuous generation of gas bubbles are possible inside the 

biofilms (Seo et al., 2018).  Microbubblers have the potential to invade, deform, and displace 

EPS by 99.9%. Self-locomotive MnO2-doped diatom micro-bubblers activated by hydrogen 

peroxide (H2O2) are known as SLAM. SLAM, when combined with peracetic acid (PAA) and 

hydrogen peroxide (H2O2), shows promising results against P. aeruginosa biofilms and 

prevents the regrowth over time by reducing the EPS volume (Deng et al., 2025). This 
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present study also focused on the EPS rather than the cells. This explains the need for more 

similar studies that target the EPS and cells.  

This present study focused on psychrotrophic pseudomonads that can be killed with heat 

treatment. However, in industries, bacteria exist as multispecies community biofilms, and 

there might be cells that cannot be killed by heat treatment, and some of them can produce 

spores. There is a need for more studies to analyze the footprints in a multispecies setup, 

including thermophilic bacteria. This present study explored the consequences of remaining 

biofilm EPS footprints; however, studies targeting the removal of biofilm footprints need to 

be developed.  

6.5 Conclusion  

 

This study showed the reason behind the ineffectiveness of caustic soda against biofilm 

removal. The pseudomonads used in this study can be killed by hot water and caustic 

treatment. However, the remaining biofilm footprints can encourage the biofilm formation of 

the same isolate. The regenerated biofilm was more aggressive than the previous one. 

Targeting the removal of remaining biofilm footprints after the CIP process or any other 

antimicrobial treatments needs to be developed.  
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6.7 Supplementary information  

 

6.7.1. Elemental analysis of EPS and NaOH crystals.  

 

The NaOH crystals were seen in different shapes. The elemental analysis revealed strong 

signals for carbon, nitrogen, and sodium. The crystals were of sodium, but carbon signals 

were also detected in the spots (23, 21, 13, 18) with sodium crystals. This may be due to the 

crystals attached to the EPS footprints. Water rinse after CIP failed to remove the EPS and 

NaOH crystals. The spots (17, 24, 15, and 16) showed strong C and N signals and lower Na 

SIGNALS. This elemental analysis confirmed the presence of organic matter and Na crystals.  
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6.7.2 Calcofluor white staining 

 

The remaining EPS footprints on the stainless-steel surface of isolate 3SM after NaOH 

cleaning.  

 

 

 

   

6.7.3 The control coupons that underwent CIP were included in the FTIR observations 
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6.7.4 Congo red assay confirmation for weak biofilm formers  
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Chapter 7 Sequential Treatment of Biofilms with 

NaOH and Enzyme Cleaners. 
 

This chapter is an adaptation of material that was published as a peer-reviewed article: 

 

Muthuraman, S., Palmer, J., & Flint, S. (2026). Sequential treatment of psychrotrophic 

pseudomonad biofilms with sodium hydroxide and commercial enzyme cleaners. Food 

Control, 182, 111858. https://doi.org/10.1016/j.foodcont.2025.111858. 
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Preface to Chapter 7 

Chapter 6 explored the ineffectiveness of NaOH in biofilm removal and the effects of 

footprints on biofilm regrowth. In Chapter 7, the sequential application of NaOH and enzyme 

cleaners was tested on a 168-h-old biofilm in preventing the biofilm regrowth.  
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7.1 Introduction 

 

Pseudomonads are psychrotrophic, motile, aerobic, Gram-negative rods. Pseudomonads 

produce various thermostable enzymes and pigments that affect the quality of dairy, poultry, 

and meat products (Raposo et al., 2016). The common psychrotrophic pseudomonads isolated 

from the cold chain are Pseudomonas fragi, P. lundensis, P. fluorescens, and P. putida 

(Nychas et al., 2008). It is well known that pseudomonads are strong biofilm formers at cold 

temperatures, with the extracellular polymeric substances (EPS) made up of polysaccharides, 

proteins, eDNA, and lipids (Flemming & Wingender, 2010). The EPS produced by 

pseudomonads protects the biofilm cells from adverse conditions and antimicrobials 

(Flemming & Wingender, 2010). Pseudomonads form biofilms at the air-liquid interface due 

to an increased access to oxygen, which encourages their biofilm formation. In the food 

processing environments, partly filled utensils, silos, tankers, and stagnated water represent 

the air-liquid interface where the biofilm formation by pseudomonads is higher (Jha et al., 

2020).  

The biofilm elimination strategies for pseudomonads, such as sanitizers (Li et al., 2022; Liu 

et al., 2023), cleaning chemicals (Shah & Muriana, 2021), quorum quenching molecules 

(Khalid et al., 2022), and cold atmospheric plasma (Lavrikova, 2025), target the biofilm cells, 

and the remaining biofilm EPS on the surface can attract bacteria to recolonise the surface. 

This remaining EPS on the surface is known as biofilm footprints (Neu & Marshall, 1991).  

Enzyme cleaners can destabilise the biofilms by cleaving the polysaccharides, proteins, lipids 

and eDNA in the biofilm matrix (Stiefel et al., 2016). Studies have shown that proteinases, 

DNases, amylases, alginate lyases and cellulases are effective in dispersing biofilms (Yang et 

al., 2023; Kiedrowski & Horswill, 2011; Molobela et al., 2010). Enzyme cleaners are one of 

those strategies that target the biofilm EPS. There are many advantages, such as being 

environmentally friendly, targeting the EPS, and being biodegradable (Nahar et al.,2018). 

However, there are no bactericidal effects observed with enzyme cleaners, and dispersed cell 

clusters can recolonise another surface. In Chapter 6, the biofilm EPS footprints left on the 

stainless-steel surface after traditional CIP were observed, but the cells were eliminated. The 

biofilm footprints on the surface need to be eliminated to prevent regrowth. Combining the CIP 

and enzyme cleaners leads to targeting both biofilm cells and EPS.  
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This chapter focuses on eliminating both biofilm cells and EPS using traditional CIP and 

enzyme cleaners. This study sequentially treated the biofilms of psychrotrophic 

pseudomonads with hot water and NaOH, followed by commercial enzyme cleaners. The 

effects of enzyme cleaners on the biofilm footprints were evaluated by FTIR, microscopy, 

and biofilm regrowth. 

7.2 Materials and methods  

 

7.2.1 Bacterial isolates 

 

Strong biofilm-forming isolates at cold temperatures, 3SM (P. lundensis) and 20SM (P. 

cedrina), isolated from the dairy environment, were chosen for this study. 

7.2.2 Biofilm formation 

 

Details were provided in Section 5.2.2, Chapter 5.  

7.2.3 Treating the biofilms with enzyme cleaners.  

 

Enduro Zyme, Dual Zyme, and Tri Zyme were the enzyme cleaners from IXOM, Australia. 

The composition, temperature, and pH for optimal activity are provided in Table 7.1.  

Table 7.1: Enzyme cleaners used in this study 

 

Product Composition  Temperature  Concentration  pH 

Superflux 

Enduro Zyme 

Protease  

 

50°C 

 

 

0.5% v/v 

11 

Superflux Dual 

Zyme  

Protease and 

Lipase  

10 

Superflux Tri 

Zyme 

Protease, 

cellulase, and 

amylase 

10 

 

The 168 h old biofilms of psychrotrophic pseudomonads on the stainless-steel coupons were 

removed and washed with sterile distilled water. The enzymes were prepared according to 
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Table 1 in sterile distilled water. Five millilitres (5 mL) of the prepared enzymes were poured 

into the wells of the 6-well polystyrene plates (FALCON ®, Corning Incorporated, USA). 

The coupons were immersed in the enzyme cleaners for an hour and incubated at 50°C. After 

an hour, the coupons were washed with sterile distilled water and added to the vials 

containing 1 mL of sterile saline (0.85%). The coupons were mixed by vortex with glass 

beads to remove the biofilm cells. The mixture was serially diluted in sterile saline (0.85%) 

and plated on Tryptic Soy Agar (TSA, DifcoTM, Becton and Dickinson company, USA) on 

TSA and incubated at 30ºC for 24 h to count colonies. The cell counts were compared 

between the untreated control coupons and coupons treated with enzyme cleaners. 

7.2.4 Treating the biofilms with NaOH and Enzyme cleaners 

 

After 168 h of incubation, the CDC reactor was cleaned using hot water at 55°C and NaOH at 

70°C (pH 12). The coupons containing holders were taken out and inserted into the beakers 

containing enzyme cleaners and incubated at 50°C for an hour. The remaining cells were 

removed from the stainless-steel coupons, and bacteria were counted as described previously. 

The cell counts were compared between the untreated coupons with NaOH + enzyme cleaner-

treated coupons.  

7.2.5 Microscopical observations  

 

Details were provided in Section 5.2.5, Chapter 5. The control coupons, enzyme-cleaned 

coupons, NaOH-cleaned coupons, and NaOH + enzyme cleaners cleaned coupons were 

compared to evaluate the effects of enzyme cleaners in removing biofilm cells and EPS 

footprints. 

7.2.6 Attenuated Total Reflection- Fourier Transform Infrared Spectroscopy (ATR-

FTIR) 

 

After cleaning with enzyme cleaners, the coupons were washed with sterile distilled water. 

The coupons were added to the vials containing 2 mL of sterile distilled water. The mixture 

was sonicated for 15 min at room temperature. The mixture was centrifuged to get rid of the 

cells and filtered through syringe filters to obtain cell-free EPS. The EPS was isolated in the 

same way from the untreated and the coupons treated with NaOH (Section 5.2.4, Chapter 5). 
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The isolated EPS was freeze-dried and observed using FTIR with the following parameters: 

acquisition range 2000-400 cm-1, scanning times of 32 s, and resolution 4 cm-1 (Li et al.,  

2022). The acid-treated coupons were used as a negative control. The EPS isolated from the 

enzyme-cleaned coupons was compared with untreated and NaOH-treated EPS. 

7.2.7 Regrowth after CIP+ enzymatic cleaners 

 

The biofilms of pseudomonads were grown for 168 h. The CDC reactor was flushed with hot 

water at 55°C, NaOH at 70°C, at a Reynolds number >12000. The Enduro Zyme enzyme was 

chosen for this experiment. The enzyme cleaner was flushed (Reynolds number >12000) into 

the CDC reactor at 50°C for an hour. Finally, the entire coupon containing holder system was 

briefly submerged in the hot water at 72°C to remove any other cells in the system. Four 

holders containing 3 coupons each (NaOH+ Enduro Zyme treated coupons) from the CDC 

reactor were retained, and four holders containing acid-treated coupons (Control coupons) 

were added. All holders with the baffle were transferred into a new CDC reactor beaker and 

allowed to run for 24 h. After 24 h, the isolates of 3SM and 20SM were inoculated. The 

regrowth was monitored up to 72h. The cell counts from the control clean coupons and 

NaOH + Enduro Zyme cleaned coupons were compared to determine the effects of footprints 

left after NaOH + Enduro Zyme treatment. 

7.2.8 Data analysis  

 

All the experiments were performed with three biological and three technical replicates. One-

way variance analysis (ANOVA) was generated to evaluate significant differences among the 

variables using Tukey’s test, which had a p-value below 0.05 and was considered statistically 

significant. Data analysis was implemented using SPSS statistical software (Version 29.0.2.0; 

IBM®, USA). FTIR data was processed using Origin Pro software (Origin Pro 2025, 10.2 

Origin Lab Corporation, USA). 
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7.3 Results  

 

7.3.1 Treating the biofilms with enzyme cleaners 

 

From 48 h to 72 h, the appearance of the air-liquid interface biofilm was observed on the A-L 

coupons. After 168 h of incubation in the CDC reactor, the cell counts in the A-L coupons 

reached the following cell counts in log CFU/cm2: 8.1 ± 0.14 (3SM) and 7.89 ± 0.12 (20SM), 

and the L1 coupons reached 6.23 ± 0.11 (3SM) and 6.43 ± 0.28 (20SM). The cell counts from 

the L2 coupons were (log CFU/ cm2) 4.98 ± 0.21 (3SM) and 4.57 ± 0.16 (20SM) (Fig. 7.1A 

and B). When comparing the results after enzyme cleaning, Enduro Zyme significantly (p < 

0.05) reduced the cell counts compared to the other two enzymes, Tri Zyme and Dual Zyme. 

The log reductions observed after treating with Enduro Zyme were 4.21 ± 0.36 and 3.79 ± 

0.35 log CFU/cm2 for the A-L coupons, 3.29 ± 0.16 and 3.4 ± 0.19 log CFU/cm2 for L1 

coupons, and 2.24 ± 0.11 and 2.4 ± 0.25 log CFU/cm2 for the L2 coupons. The log reductions 

for DualZyme were 1.45 ± 0.33, 1.42 ± 0.10, and 1.55 ± 0.31 log CFU/cm2 for A-L, L1, and 

L2 of isolate 3SM and 1.93 ± 0.12, 1.89 ± 0.25, and 1.13 ± 0.28 log CFU/cm2 for A-L, L1, 

and L2 of isolate 20SM. After treating with Tri Zyme, the log reductions were 1.76 ± 0.24, 

1.35 ± 0.10, and 1.52 ± 0.18 log CFU/cm2 for the isolate 3SM and 1.9 ± 0.18, 1.85 ± 0.25, 

and 1.2 ± 0.24 log CFU/cm2 for the isolate 20SM (Fig.7.1A and B). 
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Figure 7.1 (A) Cell counts of biofilms formed by isolate 3SM after treating with commercial 

enzyme cleaners, (B) Cell counts of isolate 20SM biofilms after treating with commercial 

enzyme cleaners. All the results were expressed as mean ± standard deviation. Different 

letters above each bar indicate significant differences (p < 0.05). 

The log reduction was reflected in the microscopic observations. When the biofilms of 

isolates were treated with the enzyme cleaners, the enduro Zyme-treated coupons showed 

more dispersed cells and fewer aggregates on the A-L coupons than the untreated coupons 

(Fig. 7.2 A and B). The coupons treated with Dual Zyme still had the biofilms with full 

integrity in the A-L coupons. The L1 and L2 coupons showed aggregates rather than 

dispersed cells (Fig. 7.2 C and D). The coupons treated with Tri Zyme had the biofilm 

structure and big aggregates of cells in the A-L, L1, and L2 coupons (Fig. 7.2 E and F). The 

cell reduction from coupons treated with Tri Zyme and Dual Zyme was not significantly (p 

<0.05) different and resembled the same with microscopic observations. Among the three 

enzyme cleaners, Enduro Zyme resulted in approximately a 4-log reduction (4.21 ± 0.36 log 

CFU/cm2) and the breakdown of the biofilm structures.   
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Figure 7.2 (A) & (B) EnduroZyme-treated coupons of isolate 3SM and 20SM, (C) & (D) 

DualZyme-treated coupons of isolates 3SM and 20SM, (E) & (F) TriZyme-treated coupons of 

isolates 3SM and 20SM.  

 

7.3.2 NaOH + Enzyme cleaners  

 

From Section 7.3.1, the biofilms did not disperse after being treated with enzyme cleaners, 

even though the Enduro Zyme reduced the cell counts by approximately 4 log CFU/cm2 for 

the A-L coupons. When the enzyme cleaners were applied after NaOH cleaning, the cell 

counts reduced below the detectable limit (1.7 log CFU/cm2).   

The epifluorescence microscope images showed that some fluorescence remained on the 

coupons treated with NaOH + DualZyme and NaOH + Tri Zyme (Fig. 7.3 C, D, E, and F). 

The coupons treated with NaOH + EnduroZyme were clear for both isolates (Fig. 7.3 A and 

B). Thus, NaOH + enzyme cleaners effectively removed biofilm EPS footprints compared to 

treating with enzyme cleaners alone.  

The SEM observations (Fig. 7.4 (A-G)) showed that the NaOH + Enzyme-treated coupons 

were cleaner, and there were no cells or debris found. The NaOH Enzyme-treated coupons 

(Fig. 7.4 (A-F) resemble the acid-treated control coupons (Fig. 7.4 G) in appearance. The 

NaOH + Enzyme cleaning removed the biofilm EPS footprints from the surface of A-L, L1, 

and L2 coupons. The fluorescent debris seen from epifluorescence microscopy images was 

not seen in SEM images. The SEM images showed that the ridges of the coupons were 

damaged, and the furrows were clear. The topography of the surface may facilitate biofilm 

formation. 
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Figure 7.3 Epifluorescence microscopic images of (A) & (B) NaOH + Enduro Zyme treated 

coupons of isolates 3SM and 20SM, (C) & (D) NaOH+Dual Zyme treated coupons of isolates 

3SM and 20SM, (E) & (D) NaOH+Tri Zyme treated coupons of isolates 3SM and 20SM. 
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Figure 7.4 Scanning electron microscope images of (A) & (B) NaOH+ Enduro Zyme treated 

coupons of isolates 3SM and 20SM, (C) & (D) NaOH  + Dual Zyme treated coupons of 

isolates 3SM and 20SM, (E) & (F) NaOH +Tri Zyme treated coupons of isolates 3SM and 

20SM, (G) acid treated control coupons. 

 

7.3.3 ATR-FTIR observations of EPS after treating with enzyme cleaners.  

 

The EPS isolated after NaOH and NaOH + enzymes were observed under FTIR. A sterile 

stainless-steel coupon was used as a control. EPS isolated from the untreated biofilms was 

used to compare the remaining debris after NaOH and NaOH + enzymes. The amide I and 

amide II bands at 1650 and 1540 cm-1 were present in the untreated EPS. There was a less 

prominent peak of this wavelength present in the EPS isolated after NaOH cleaning (Fig. 

7.5A and B).  The peak at 1055 cm-1 represents the polysaccharides. This peak was still 

present in the EPS isolated after NaOH. The EPS isolated after NaOH+ enzymes showed the 

absence of the polysaccharide peaks, but there was a presence of a single protein peak (Fig. 

7.5A and 5B). However, this peak was different from the one present in untreated samples. 

The EPS isolated after NaOH+ enzymes was not as clear as the control stainless steel. The 

enzymes used in the cleaning solutions might be responsible for the protein peaks. This 

suggests that the NaOH + enzymes leave enzyme debris after cleaning (The FTIR 

comparison of enzyme cleaners and the EPS isolated after treating with enzyme cleaners was 

added in the supplementary File 7.7). 

(G) 
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Figure 7.5 ATR-FTIR images of untreated, NaOH, and NaOH+ Enzyme treated coupons of 

isolates (A) 3SM and (B) 20SM.  

 

7.3.4 Regrowth  

 

There was no appearance of air-liquid interface for both control coupons and NaOH + Enduro 

Zyme-treated coupons. The cell counts on the control coupons were significantly higher than 

the cell counts of coupons treated with NaOH + Enduro Zyme for both the isolates (Fig. 7.6 A 

and 7.6 B).  The highest cell counts reached by isolate 3SM were 5.48 log CFU/cm2 at the 

control A-L coupon (72h), while the highest cell counts for NaOH + Enduro Zyme-treated 

coupons were 4.84 log CFU/cm2 at the A-L interface at 72 h (Fig. 7.6 A). For the isolate 

20SM, the highest cell count reached by the control A-L coupons at 72 h was around 5.72 log 

CFU/cm2, and the A-L NaOH + Enduro Zyme-treated coupon showed the highest cell count 

at 72h, which was 5.30 log CFU/cm2 (Fig. 7.6 B). Compared to the isolated 3SM, 20SM 

established biofilms on NaOH + Enduro Zyme-treated coupons with cell counts closer to the 

control coupons. The NaOH + Enduro Zyme-treated coupons showed lower cell counts might 

be due to the adhering enzyme cleaner on the surface of the coupons, which prevented the 

initial adhesion of the biofilm cells. 
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Figure 7.6 Graph (A) shows the regrowth of isolate 3SM after CIP+EnduroZyme cleaning, 

while graph (B) shows the regrowth of isolate 20SM. All results were expressed as mean ± 

standard deviation. The symbol (*) above each bar indicate significant differences (p < 0.05). 

 

7.4 Discussion 

 

In this present study, the following enzyme cleaners were compared:  1. The combination of 

amylase, protease, cellulase (Tri Zyme), 2. Protease and lipase (Dual Zyme), 3. Protease 

(Enduro Zyme). These effectively removed the biofilms. However, the enzyme cleaners could 

not disperse the biofilms completely. Microscopic observations showed similar results, with 

more dispersion seen using Enduro Zyme than with the other two enzymes. A study 

comparing the combination of enzyme cleaners against biofilms grown on PET and SS 

coupons showed that the highest removal percentage obtained was 82.9% by the formulation 

that consisted of amylase, protease, and lipase for the SS surface. Meanwhile, for the PET 

surface, the highest removal percentage was 82.6% for the same combination (Tsiaprazi-

Stamou et al., 2019). However, this present study focused on the pseudomonad biofilms, and 

the study by Tsiaprazi-Stamou et al. (2019) was from the meat isolates, and different biofilms 

respond differently to the enzyme cleaners. This explains the importance of studying the 

biofilms in the food matrix of concern.  

In this present study, when the biofilms were treated with NaOH and enzyme cleaners, the 

remaining cells were below the detectable limit (1.7 log CFU/cm2). From these observations, 
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the application of enzyme cleaners with sanitisers or other cleaning agents is needed for 

effective cell reduction and possible re-colonisation of dispersed cells. In a study by Iñiguez-

Moreno et al. (2021), when the alkaline protease and α-amylase (180 Modified Wohlgemuth 

unit/g for 30 min at 25ºC) were applied to the multispecies biofilms grown on the stainless-

steel coupons, this resulted in 2- 3 log CFU/cm2 reductions. However, when the enzyme 

treatment is combined with PAA (Peracetic Acid, 200mg/L for 10 min at 25ºC) and SBC 

(Sanicip Bio Control, 30g/L for 30 min at 25ºC), the log reduction was around 6.5 log 

CFU/cm2.  

In this present study, the sequential treatment using NaOH followed by enzyme cleaners 

resulted in a high log reduction and EPS footprint removal. In another study on multispecies 

biofilm removal, sequential treatment steps included alkali, surfactant 1, acid, enzyme, 

surfactant 2, and sanitisers (Singh & Anand, 2022). Among the tested bacteria in the 

multispecies consortia, around 1.13 ±0.03 log CFU/cm2 Bacillus spp. cells remained. This 

sequential CIP treatment eliminated the Enterococcus spp. and Escherichia coli, but 

Staphylococcus spp., Klebsiella spp., and Corynebacterium spp. remained (0.05, 0.010, and 

0.05 log CFU/cm2). This observation also highlighted the use of sequential treatments in 

biofilm removal (Singh & Anand, 2022). 

In this present study, the NaOH-treated EPS showed reduced intensities in protein and 

polysaccharide peaks compared to the untreated EPS. However, the FTIR observations of the 

EPS isolated after NaOH + Enzyme cleaners showed different peaks from the untreated EPS 

and NaOH-treated EPS. This data suggests that the NaOH + Enzyme cleaners removed the 

biofilm footprints. The different peaks most likely resulted from the enzyme cleaners, which 

were confirmed by the FTIR observations of the enzyme cleaners (Supplementary File 7.7).   

In a study by Li et al. (2022b), the FTIR observations of P. aeruginosa biofilms treated with 

DDAB (Di Decylmethyl Ammonium Bromide) and SAEW (Slightly Acidic Electrolysed 

Water) showed reduced intensities compared to the untreated biofilms. The DDAB and 

SAEW combined treatment removes the biofilm structures of P. aeruginosa, and some of the 

small cell clusters remain on the surface (Li et al., 2022b). With a confocal microscope, the 

authors observed the reduction in green and blue fluorescence, which indicates the reduction 

in the EPS (Li et al., 2022b). In this present study, Enduro Zyme (Protease- subtilisin) was 

most effective among the three enzyme cleaners and resulted in around 4 log CFU/cm2 

reduction on the A-L coupons (Fig. 7.2 A &B). The coupons treated with Enduro Zyme alone 
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showed dispersed cells (Fig. 7.2 A &B). When combined with NaOH treatment, there was no 

debris when observed under an epifluorescence microscope. The Dual Zyme (Protease and 

lipase) and Tri Zyme (Protease, amylase, cellulase) showed some debris, which can be seen 

with epifluorescent microscopic images (Fig. 7.3 C-F). The SEM observations showed no 

cells after treating the biofilms with NaOH and enzyme cleaners. The role of NaOH here was 

to remove the cells, and the enzyme cleaners removed the EPS. This sequential application of 

NaOH and enzyme cleaners resulted in cell death and EPS reduction.  

The NaOH + Enduro Zyme-treated coupons showed no debris and were chosen for the 

regrowth experiment. After the NaOH + Enduro Zyme treatment, the new inoculum was 

introduced, and the regrowth of the negative control and NaOH + Enduro Zyme-treated 

coupons was compared. The NaOH + Enduro Zyme-treated coupons resulted in significantly 

(p < 0.05) fewer cells compared to the control acid-treated coupons. The FTIR observations 

showed peaks other than EPS for the NaOH + Enzyme-treated coupons. This indicates the 

presence of enzymes on the surface. These enzymes could have prevented more cells from 

attaching to the NaOH + enzyme-treated coupons, resulting in lower cell numbers. This data 

suggests that the combined treatment can eliminate the mature biofilms and reduce the 

attachment of newer cells compared to the acid-treated coupons.  Including enzyme cleaners 

in the CIP process would be able to control the pseudomonad biofilms under food processing 

conditions.  

In this present study, the log difference between the control and NaOH + Enduro Zyme-

treated coupons were around 0.5 to 1 log CFU/cm2 for the isolate 3SM and 0.5 log CFU/cm2 

for the isolate 20SM. The enzyme cleaners can prevent biofilm formation. However, the 

interference of remaining enzymes on the food matrix needs to be considered. In the work by 

Li et al. (2022a), the coating of proteinase-K (45 U/mL) on the stainless-steel surface 

inhibited the biofilm formation by 58.6%. The difference between the control and enzyme-

treated coupons was less than 2 log CFU/cm2. However, the enzyme coating was not enough 

to prevent adhesion and biofilm formation completely (Li et al., 2022a).  

In this present study, the cells were eliminated by NaOH and pasteurisation steps, and the 

remaining EPS footprints were eliminated by enzyme cleaners, resulting in less aggressive 

biofilm formation. Even after being treated with enzymes, the A-L coupons resulted in higher 

cell counts than L1 and L2, which indicates the importance of the air-liquid interface in the 

biofilm formation of pseudomonads. In a study by Cervantes-Huamán et al. (2025), the 
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Cinnamomum cassia essential oil combined with protease and amylase resulted in cell 

numbers lower than 1.45 log CFU/cm2 for Listeria monocytogenes and Salmonella 

Typhimurium.  However, the regrowth of these strains was more aggressive, suggesting the 

remaining debris encouraged the regrowth (Cervantes-Huamán et al., 2025).  

7.5 Conclusion 

 

The enzyme cleaners, when treated alone, cannot disperse the biofilms completely. However, 

when treated after the NaOH cleaning and the enzyme cleaners reduce the remaining biofilm 

footprints. The regrowth of the biofilms on the NaOH + Enzyme-treated coupons is reduced, 

indicating the effectiveness of enzyme cleaners in removing biofilm footprints. Sequential 

treatment with strategies targeting cells and EPS needs to be developed to prevent the biofilm 

regrowth on food contact surfaces. The enzyme cleaners were effective in removing the 

footprints. However, interaction with the food matrix, cost-effective production, and 

environmentally friendly cleaners need to be studied to ensure better biofilm removal. 
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7.7 Supplementary File  

 

7.7.1 ATR-FTIR observations of enzyme cleaners, and EPS isolated after cleaning with 

enzyme cleaners. 
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8.1 Final discussion 

 

Pseudomonads are common and persistent psychrotropic spoilage bacteria in chilled food 

environments. The ability to form biofilms at low temperatures makes them difficult to 

control. From the literature, these bacteria produce robust biofilm EPS at cold temperatures 

(Liu et al., 2023, Wickramasinghe et al.,2020). However, this thesis demonstrates 

heterogeneity in biofilm formation, EPS matrix characteristics, and responses to cleaning and 

sanitation compared to previous studies. This present study collectively reveals how 

variability between isolates, surface characteristics, environmental conditions, including 

temperature and nutrient flow and finally how incomplete EPS removal supports the 

recurrence of these pseudomonad biofilms. 

Chapter 3 emphasises the species-dependent biofilm formation of Pseudomonas species, 

though the isolates were obtained from the same source. Only two isolates form strong 

biofilms at both 30°C and 4°C, indicating that cold tolerance does not correlate with robust 

biofilm formation. The CRA revealed different EPS phenotypes among the isolates, and CRA 

is usually compared for the clinical isolates. This study expands the diversity of EPS in dairy-

associated pseudomonads. These classical assays need to be combined with the crystal violet 

assay and cell counts to ensure biofilm formation. This study confirms the temperature-driven 

biofilm formation of these psychotropic pseudomonads, independent of surface type and 

nutrient conditions.  

Another highlight from Chapter 3 is the difference in the biofilm formation between the 

surface types. The biofilm biomass observations from the crystal violet assay and cell counts 

provide very limited information on the EPS. Chapter 4 focused on the differences in the 

biofilm EPS composition and architecture between these two commonly observed surfaces in 

the food processing environments. The cells to EPS ratio was higher in the biofilms formed 

on the stainless-steel surfaces compared to the polystyrene surfaces. The adhered cells were 

higher on the polystyrene surfaces. However, the EPS quantity per cell was much higher on 

the stainless-steel surfaces. This chapter also confirms the temperature-driven biofilm 

formation of pseudomonads by comparing the cold temperatures to 30°C. Even the small 

difference in the temperatures of 4 and 7°C resulted in a huge difference in the EPS secretion. 

These insights reinforce the importance of studying these biofilms under realistic conditions 

to tackle these biofilms.  
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The comparison between air-liquid interface and submerged biofilms revealed that the air-

liquid interface is a more favourable niche to colonise and form biofilms. In Chapter 5, the 

air-liquid interface exhibited higher cell count, EPS production, and significant upregulation 

of alg K and bcs A genes compared with submerged biofilms. The microscopical observations 

confirmed that the air-liquid interface is favoured for the adhesion and EPS production, and it 

occurred in the reactor even when it's not designed for this purpose.  This finding highlights 

the critical gap in biofilm research methodologies, as submerged systems often lead to 

misinterpretation of the complexity of these biofilms in industrial settings.   

The limitations of the CIP process are illustrated in Chapters 6 and 7. With water and NaOH, 

these cells can be killed, but these biofilms persist. The microscopical observations and FTIR 

revealed the underlying mechanisms, which are the EPS footprints left by these biofilms after 

CIP. The application of enzyme cleaners in Chapter 7 strengthens the findings that removal of 

protein and polysaccharide moieties from the surface results in reduced re-colonisation or 

regrowth compared to the acid-treated surfaces with no biofilm. These findings highlight the 

need to evaluate the sequential cleaning based on the long-term impact on cleaning and 

recolonisation of these biofilms.  

Together, this study illustrates the complex biofilm-forming behaviour of psychotropic 

pseudomonads. The biofilm formation of these dairy isolates is highly variable and strongly 

influenced by temperature and surface conditions. This study stresses that the air-liquid 

interface is a high-risk site for biofilm formation of these isolates, and targeting both biofilm 

cells and EPS is a key to controlling consistent contamination by these isolates. These 

insights provide a foundation for designing more effective sanitation approaches and for 

future research that aims to disrupt the full biofilm life cycle in cold food-processing 

environments. 

8.2 Limitations 

 

1. Pseudomonads are psychrotrophic bacteria. However, not all the pseudomonads in 

this study formed strong biofilms. The strong biofilm formers are identified as 

cellulose producers. The importance of cellulose production at the air-liquid interface 

is well studied (Spiers et al., 2003; Koza et al., 2009).  More dissolved oxygen at the 

psychrotrophic temperatures encourages the production of polysaccharides (Li et al., 
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2022). The links between oxygen availability, cellulose production, and robust biofilm 

formation need to be studied at the molecular level. 

2. This study analysed biofilm formation (Chapter 3), biofilm EPS composition (Chapter 

4), NaOH, and enzyme cleaners for biofilm removal (Chapters 6& 7) with half-

strength TSB as a medium. However, in food manufacturing, the growth medium for 

the biofilms is food debris. The role of food debris in the EPS matrix composition is 

still not answered. In a study with Listeria monocytogenes and its resistance to 

quaternary ammonium compounds, utilising salmon broth as a growth medium for 

biofilm, there was reduced penetration by QAC and more resistance compared to TSB 

(Tryptic Soy Broth) medium (Pang et al., 2019). In another study with P. aeruginosa 

and L. monocytogenes, chicken juice was used as a growth medium, and it supported 

the biofilm formation of Pseudomonas and resisted the biofilm formation of Listeria 

(Dong et al., 2022).  

3. This study explored the pathway of EPS footprints acting as an attachment site for 

upcoming bacteria. However, the changes in the expression of EPS producing genes 

during footprint-mediated biofilm formation still need to be explored.  

4. This study focused only on pseudomonads. Biofilms exist as multispecies 

communities in natural environments. In this situation, the contribution to building the 

EPS and providing public goods can play a major role in biofilm development. Some 

of the studies identified that pseudomonads contribute to the biofilm thickness and 

stress tolerance (Lee et al., 2017; Periasamy et al., 2015). Most of the polymicrobial 

studies focused on submerged biofilm formation. Studying these biofilms at the air-

liquid interface can benefit industries where the air-liquid interface is commonly 

observed. Few multispecies biofilms focused on biofilm formation at cold 

temperatures; more studies are needed on biofilm formation at cold chain 

temperatures.  

5. Typical NaOH cleaning eliminated the cells in the biofilm footprints chapter (Chapter 

6). However, some bacteria can produce spores that survive high temperatures and 

cleaning chemicals. In this situation, the spores, heat-resistant cells, and biofilm EPS 

footprints together lead to different results. This study did not include a spore-forming 

bacterium, nor did it study its regrowth along with pseudomonad EPS footprints.  

6. The regrowth was assessed only once after NaOH and NaOH enzyme cleaners. In a 

food processing environment, cleaning is ongoing. The cleaning and regrowth need to 

be monitored periodically to know the dynamics of these biofilms. 
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7. This study focused on mature biofilms, grown for over a week. This represents 

regions, such as T junctions, where access to cleaning chemicals is difficult, and it is 

undisturbed (Anand et al., 2014).  However, there is a need to consider a shorter 

growth period with regular cleaning and regrowth over several cycles to understand 

the dynamics of cleaning and regrowth.  

8. This study compared the air-liquid interface and submerged biofilms (Chapter 5). 

However, pellicles are also air-liquid interface biofilms that lack physical support 

(Dragoš et al., 2018). The mechanism behind pellicle formation needs to be studied. 

Pellicle formation in the present study was noticed only with static biofilms, not in the 

continuous biofilms. Few studies compare the pellicles and submerged biofilm 

formation. In B. cereus biofilms, the pellicles are formed from the submerged biofilm 

cells after oxygen depletion (Sanchez-Vizuete et al., 2022). Molecular mechanisms of 

this transition need to be studied.  

9. This study identified that EPS footprints left by strong biofilm formers can support 

the biofilm formation of the weak isolates. Studying the biofilm formation of these 

isolates together would simulate natural conditions in which various cell types 

coexist.  

10. This study explored the EPS matrix composition and identified the differences 

between temperatures. However, the rheological aspects of EPS were not studied.  

8.3 Future work  

 

1. Source of eDNA- autolysis or active secretion  

Rationale: Different eDNA structures were identified in this study. However, with the 

sequencing data, it is hard to confirm whether the eDNA in these biofilms is derived from 

dead cells or actively secreted into them. 

Objectives: To understand the mechanism of eDNA formation. 

Approaches:  

Using fluorescent probes to track the eDNA from 0h to the mature biofilm stage. 

2. Molecular mechanisms behind air-liquid interface biofilms  

Rationale: The air-liquid interface encourages higher EPS production, but the molecular 

pathways need to be studied.  
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Objective: To identify the key genes and molecular pathways involved in the air-liquid 

interface biofilm formation. 

Approaches: Comparing the air-liquid interface and submerged biofilms in terms of 

proteomics and transcriptomics. 

Validate the candidate genes by knockouts. 

3. EPS can enhance the recolonisation  

Rationale: The EPS footprints can enhance the biofilm formation of new colonisers. 

However, in this present study, the footprints are what is left after cleaning with NaOH 

crystals and enzymes. It is important to study the effects of EPS alone without any possible 

residual NaOH or enzymes.  

Objectives: To determine the regrowth of the isolates' EPS free from NaOH or other 

chemicals.  

Approaches:  

Alternate approaches, such as sonication or heat treatment, to eliminate the cells and analyse 

the recolonisation.  

The gene expression changes need to be studied during EPS mediated regrowth.  

8.4 Final conclusions  

 

Pseudomonads are common psychrotrophic spoilage bacteria that can form biofilms at 

psychrotrophic temperatures.  This study identified two strong biofilm formers at both 4 and 

30ºC, and both are cellulose producers. The EPS production was higher at 4ºC and 7ºC, 

compared to 30ºC. This is an important consideration for the food industry that relies on 

refrigeration to control microbial contamination. The substrate surface can modify the biofilm 

architecture, shown by the formation of eDNA as channels on the stainless-steel surface and 

threadlike structures on the polystyrene surface. This may influence biofilm control. This 

study also identified that pseudomonads form strong biofilms at the air-liquid interface, 

another likely implication for biofilm control. Compared to submerged coupons, the air-liquid 

interface encouraged higher cell counts, EPS production, and biofilm thickness. The EPS 

producing genes are more upregulated in the air-liquid interface biofilms than in submerged 

biofilms. Typical NaOH cleaning was simulated in the laboratory using hot water and sodium 
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hydroxide, leaving EPS footprints on both A-L and submerged coupons. The EPS footprints 

encouraged aggressive biofilm formation and the early appearance of biofilm growth at the 

air-liquid interface when a new inoculum was introduced. The EPS footprints encouraged the 

biofilm formation of both strong and weak biofilm formers. Sequential cleaning with NaOH 

and enzyme cleaners removes the biofilm footprints. Sequential applications targeting both 

cells and the EPS need to be developed. This study has demonstrated the importance of EPS 

produced by pseudomonads in biofilm persistence. 
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