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Abstract 

Listeria monocytogenes is a foodborne pathogen that can lead to severe bacterial infections in 

immunocompromised people, the elderly and pregnant women and their unborn. Seafood is 

one of several contamination sources and as the seafood industry is of high economic value to 

New Zealand, this pathogen needs to be controlled. The main route for contamination is 

thought to be from biofilms in the seafood-processing environment and their persistence 

through cleaning and sanitation. 

Persistent and sporadic strains of L. monocytogenes isolated from mussel-processing facilities 

were compared using phenotypic assays. Biofilm formation was greater for persistent strains 

compared to sporadic strains (30°C, 48h) using cell counts and crystal violet staining (CV). The 

persistent isolate 15G01 exhibited greatest biofilm formation and was therefore chosen to be 

studied for biofilm formation using transposon mutagenesis. 

A screen of the transposon library for biofilm-forming ability using the crystal violet assay 

identified 27 genes to be associated with biofilm formation. Three low biofilm formers (33E11, 

39G5, 44D3) and one high biofilm formers (34F11) were analysed with the fluorescent 

LIVE/DEAD stain and the scanning electron microscope revealing coccoid-shaped cells and long 

chains for 33E11 and 44D3, respectively. 

The four mutants and a previously identified fifth (6B4) were investigated for their biofilm-

forming ability, the surface characteristics of the cells and the influence of cations on biofilm 

formation. Three different biofilm formation assays were used to assess the composition of the 

biofilm. The CV assay was used to determine the whole biofilm mass, cell enumeration was 

applied to calculate viable cells in the biofilm and a formazan based assay (XTT) measured 

metabolic activity. All three assays showed a significant correlation, however, no correlation 

with cell surface characteristics was observed. Confocal laser scanning microscopy revealed a 

unique sandwich structure for the biofilm formed by 44D3, which has not been reported before, 

and was reversed at higher magnesium concentrations. 

Magnesium influenced biofilm formation at a concentration of 5 mM resulting in enhanced 

biofilm formation for the wild-type and the mutant 44D3 and in reduced biofilm formation in 

39G5 whereas calcium showed no gene-specific effect on biofilm formation.  

The research presented in this study provides useful data for the prevention and control of 

biofilm formation by L. monocytogenes in seafood-processing plants. 
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Chapter 1 

General Introduction 

L. monocytogenes is a foodborne human pathogen which is commonly found in the 

environment. This Gram-positive microorganism is a threat, especially for the 

immunocompromised, the elderly and pregnant women as well as their unborn babies and 

newborns (Rocourt et al. 2000). L. monocytogenes can cause a disease named listeriosis. This 

infection is relatively uncommon, however, if an invasive infection occurs, the fatality rate can 

be as high as 30% (Rocourt et al. 2000). Most of the L. monocytogenes infections derive from 

consuming food like dairy products, vegetables and fruit, meat and seafood, that have become 

contaminated. The major source of contamination is thought to be due to biofilm formation 

and/or persistence of L. monocytogenes strains in food-processing plants. A biofilm is a 

community of cells that has become sessile by attaching to a surface and producing extracellular 

polymeric substances (EPS) (Lasa 2006). The EPS can consist of polysaccharides, lipids, DNA and 

other components and varies between species and strain. By establishing as a biofilm, cells can 

become more resistant to environmental threats, such as desiccation, high temperatures, and 

sanitisers. Bacterial cells tend to settle down in niches and harbourage sites where they are hard 

to eradicate. This along with the increased resistance to environmental threats through 

formation of biofilms and persistence cause a problem for the food-processing industry.  

New Zealand’s waters are a great breeding ground for an abundance of fish species. The purity 

of the water and the distance from major pollution hubs produce seafood of high quality that 

is highly sought after internationally. New Zealand exports large amounts of seafood 

(approximately 290,000 tonnes of seafood were exported in 2015) to China (including Hong 

Kong), the USA, Australia and Japan (Seafood New Zealand n.d.). The New Zealand aquaculture 

industry generated around $500m in revenue in 2015 (Aquaculture New Zealand n.d.) of which 

$338.1m were generated through exports. Seafood is important to New Zealand’s economy – 

in 2015 exports were valued at NZ$1.71B and growth in aquaculture is expected to reach NZ$1B 

by 2025. The amount of food traded internationally increases every year and in order to be able 

to compete and maintain a position on the international market, the high food safety standards 

of New Zealand’s industries need to be maintained. 

Infections with L. monocytogenes derived from contaminated food will not only cause financial 

damage to the producing company but will also result in damage to New Zealand’s excellent 

reputation for food safety, as demonstrated by Fonterra’s botulism scare in 2013. The true 

financial loss to Fonterra is unclear but an estimate of NZ$60 million was announced shortly 
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after the incident (Hussain and Dawson 2013, Government inquiry into the whey protein 

concentrate contamination 2014). The recovery after such an incident takes time and money. If 

contamination can be avoided in the first place by tackling biofilms, ongoing sampling can be 

reduced and money can be saved. 

An example that demonstrates the major implications contamination of food with L. 

monocytogenes can have, is a recall of mussel meat through a New Zealand mussel-processing 

company (Dominion Post 2009, NZ Herald 2007). This company voluntarily recalled 280 tonnes 

of green-lipped mussel meat which was possibly contaminated with L. monocytogenes in low 

levels in 2007. The majority of the produce was exported, but some of the meat was sold in 

Nelson. After an investigation, a contaminated roller and conveyor belt were removed from the 

processing plant. Luckily the financial loss was not “too bad” and the food safety reputation was 

not majorly affected, but this case shows that a little contamination can have severe effects. By 

preventing contamination through prevention of biofilm formation, incidents like those can be 

avoided. 

Effort has been made to clarify the mechanism of biofilm formation, yet the exact mechanism 

remains elusive. Several genes have been identified to be associated with biofilm formation in 

L. monocytogenes, however, the ability of L. monocytogenes to adapt quickly to changes in 

environmental conditions makes it hard to control and study. Biofilm formation is no doubt a 

highly complex process which needs to be further investigated in order to develop strategies to 

prevent contamination in food-processing plants. This is particularly important in seafood-

processing plants, as seafood is often consumed raw or as a chilled ready-to-eat (RTE) processed 

product. Those products represent a serious food safety hazard if contaminated with L. 

monocytogenes and consumed by sensitive consumers.  

Therefore, the aim of the present study was to 1) identify differences between sporadic and 

persistent L. monocytogenes strains isolated from mussel-processing plants, 2) identify 

optimum conditions for biofilm formation of one persistent strain, 3) identify genes that are 

associated with biofilm formation by screening a mutant library of the persistent strain L. 

monocytogenes 15G01 and 4) identify the involvement of the selected genes in biofilm 

formation.  
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The research hypotheses of this study are  

 Biofilm formation of L. monocytogenes is linked to persistence. 

 Biofilm formation of L. monocytogenes is influenced by a number of unidentified genes 

belonging to different functional groups.  

 Biofilm formation of L. monocytogenes is strongly dependent on temperature and 

nutrient availability. 

 Biofilm formation of L. monocytogenes is influenced by presence of cations. 
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Chapter 2 

Literature Review 

Summary 

Listeria monocytogenes is a foodborne pathogen that can cause a disease named listeriosis 

which is an infection that occurs predominantly in immunocompromised people, producing 

serious symptoms and possibly leading to death. This bacterium, like many others, has the 

ability to form biofilms not only on biotic but also on abiotic surfaces. Once biofilms are 

established on surfaces they are very hard to eradicate. After the initial attachment, bacteria 

change their properties and become irreversibly attached and form a mature biofilm with 

characteristics somewhat different to their planktonic counterpart. 

To induce the changes in characteristics bacteria need to communicate with each other – they 

use quorum sensing, a communication system correlated to population density. The LuxS-

system and the agr-system are both part thereof and are proven to be involved in biofilm 

formation. Flagella, which are appendages responsible for the cell’s motility, are involved in 

biofilm formation. Flagella may function as adhesins, but it has also been proposed that flagella 

mediated motility is critical for biofilm formation rather than the flagella themselves. However, 

it has been found that the absence of flagella results in the formation of hyperbiofilms in flow 

conditions, which suggests that flagella are not necessary for biofilm formation. Flagella are 

synthesised by a complex mechanism which includes at least five regulators, but the exact 

mechanism and the role in biofilm formation remain unclear. During biofilm formation, bacteria 

excrete and form substances that stabilise the biofilm structure. Recent studies, with a focus on 

the extracellular matrix, showed the importance of extracellular DNA in initial attachment, 

however the mechanism is unknown, and the origin of eDNA and its release remain unclear. 

While comparing exoproteomes of biofilms and planktonic bacteria, Lmo2504, a putative cell 

wall binding protein, it was found to positively influence biofilm formation. Another protein 

associated with biofilm formation is BapL, a cell wall anchored protein. However, the 

importance of extracellular proteins in biofilm formation is not fully understood. 

Other molecular determinants which play an important role in biofilm formation are DegU 

(degradation enzyme regulator), (p)ppGpp, whose synthesis is influenced by relA and hpt, and 

prfA, a gene encoding for a virulence factor that also regulates genes involved in biofilm 

formation. Internalin A and B, both part of L. monocytogenes’ pathogenicity, influence biofilm 

growth to a greater extent when present together compared to only one being present. A 

putative DNA translocase (Lmo1386), a putative Crp/Fnr family transcription factor (Lmo0753) 
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and the GntR-family response regulator LbrA were also linked to biofilm formation. Other genes 

involved in biofilm formation and stress response are yneA, recA, sod, sigB, gltB and gltC, hrcA 

and dnaK. 

The activation of the oxidative stress and SOS responses during biofilm formation is an 

interesting finding. The SOS response is usually activated when damage occurs to the DNA. Cells 

experience stress, not only when they are exposed to heat or oxidative agents, but also during 

biofilm formation which results in upregulation of antioxidative genes and a change in cell 

structure. Cells grown in flow systems experience elongation and form biofilms consisting of 

microcolonies with knitted chains. 

In food-processing plants L. monocytogenes is exposed to different environmental conditions 

such as pH and temperature which change, usually due to cleaning and sanitising treatments. 

These conditions plus nutrient availability and the presence of other microorganisms also 

influence biofilm growth. The presence of Flavobacterium spp and Pseudomonas spp was found 

to enhance biofilm formation of L. monocytogenes whereas the presence of lactic acid bacteria 

and Listeria innocua decreased the ability to form biofilm. Although there are some 

contradictory findings, it is clearly stated that co-cultures influence biofilm formation although 

the extent and fundamental understanding of these interactions is unclear. 

Most of the L. monocytogenes infections derive from consuming food like dairy products, 

vegetables and fruit, meat and also seafood, that have become contaminated. New Zealand 

exports large amounts of seafood to, in particular, European and Asian markets. Contamination 

of these products is believed to be due to persistence and biofilm formation either on the food 

or in the processing plant. To ensure New Zealand’s food safety and to sustain its international 

reputation, it is important to minimise the contamination risk. To enable appropriate strategies 

to minimise contamination, an understanding of the genes and the molecular mechanism of 

biofilm formation of L. monocytogenes originating from seafood is required. 

2.1 Introduction 

Listeria monocytogenes is a pathogen which can cause severe infections in humans, especially 

immunocompromised people, and is usually derived from food contamination. Foods like 

ready-to-eat meat and seafood as well as vegetables and fruit have been identified as vectors. 

L. monocytogenes is not the only bacterium responsible for foodborne outbreaks, but it has one 

of the highest fatality rates of all foodborne pathogens. L. monocytogenes’ ability to persist in 

food-processing plants and to produce biofilms has been thoroughly investigated. Biofilms are 
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a sessile living form of bacteria that provides many ecological benefits to the bacterium, 

including protection from environmental damage. Through the formation of an extracellular 

matrix, bacteria are able to withstand environmental threats such as UV light, nutrient 

deficiency, acids, osmotic pressure, antibiotics and sanitisers, and can therefore secure their 

survival. As L. monocytogenes is commonly found on food surfaces it can also be found regularly 

in food-processing plants. L. monocytogenes tends to settle down as biofilms in niches where 

they are protected from cleaning and sanitising treatments and in addition, once a biofilm has 

formed, this enhances the bacterium’s resistance to chemical treatments. Many genes are 

known to be involved in biofilm formation. However, the exact mechanism of biofilm formation 

is still unclear. This review summarises the known mechanisms and genes involved in L. 

monocytogenes’ biofilm formation and outlines the importance of controlling biofilms of L. 

monocytogenes for New Zealand’s seafood industry. 

2.2 Listeria monocytogenes 

L. monocytogenes is a foodborne human pathogen (or saprophyte depending on the 

environment) which is commonly found in the environment. This Gram-positive microorganism 

is a threat especially for the immunocompromised, the elderly and pregnant women as well as 

their unborn babies and new-borns (Rocourt et al. 2000). L. monocytogenes can cause a disease 

named listeriosis. This infection is relatively uncommon, however, if an infection occurs, the 

fatality rate can be as high as 30 % (Rocourt et al. 2000). L. monocytogenes enters the human 

body mainly through contaminated food. It survives the acidity of the stomach and enters the 

small intestine where it passes through the mucosal layer and adheres to the epithelial cells of 

the intestinal wall with the cell wall proteins Internalin A and Internalin B and enters it via 

phagocytosis (Vazquez-Boland et al. 2001). Listeriolysin O and phospholipases C are expressed 

and release the bacterium through lysis of the vacuolar membrane. Then it spreads from cell to 

cell via an actin-based motility process (de las Heras et al. 2011). Most of the genes encoding 

for virulence factors are regulated by the transcription factor PrfA. L. monocytogenes can cross 

the epithelial barrier and spread to the liver, spleen and the central nervous system and in 

pregnant women to the foetus. Listeriosis can manifest itself in two different phenotypes in 

adults, the invasive and the non-invasive disease. The symptoms of the non-invasive form equal 

a bacterial gastroenteritis whereas the invasive form shows severe symptoms of meningitis, 

meningoencephalitis and sepsis. The invasive form occurs usually in immunocompromised 

people such as the elderly and people with an underlying disease. Humans can be asymptomatic 

carriers of L. monocytogenes, making it even more difficult to control. Infections in pregnant 
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women can result in fetal loss, stillbirth, premature delivery or neonatal infection (meningitis). 

The neonatal infection is separated into early onset (infection in utero and symptomatology 

during first weeks of life) and late onset (symptomatology from first weeks to several weeks 

after birth) (John and Laurence 2007).  

L. monocytogenes is a non-spore-forming rod which belongs to the genus Listeria along with L. 

ivanovii, L. innocua, L. welshimeri, L. selligeri, L. grayi, L. rocourtiae and L. marthii (Graves et al. 

2010, Leclercq et al. 2010, Rocourt and Buchrieser 2007). They belong to the class Bacilli and 

the order Bacillales with a minimum of four evolutionary lineages with 13 serovars. The most 

common serotypes derive from lineage I and II (Orsi et al. 2011). The majority of human 

listeriosis cases are caused by three different serovars: 1/2a (lineage II), 1/2b and 4b (lineage I) 

(Schuchat et al. 1991); in fact more than 95% of the listeriosis cases are caused by the three 

serovars (Kathariou 2002). L. monocytogenes is acid tolerant, able to grow in temperatures from 

0°C to 45°C, in a broad pH range and can survive at freezing temperatures which makes it a 

bacterium that is hard to eradicate and control (Yousef 1999). The optimal growth temperature 

ranges from 30°C to 37°C. L. monocytogenes is a facultative anaerobic microorganism with 4 to 

6 peritrichous flagella which are responsible for its motility at room temperature and below. 

Comparative genomic studies between L. monocytogenes EGDe and L. innocua showed great 

similarity with Bacillus subtilis, suggesting that regulation or molecular mechanisms might be 

very similar (Glaser et al. 2001). 

2.3 L. monocytogenes in seafood in New Zealand 

New Zealand’s coast line is 15,134 km long and marine fisheries waters cover 4.4 million km2 

with 130 different species being commercially fished in these waters. A total of 659,552 tonnes 

of seafood is harvested each year and in 2015 289,911 tonnes valued at NZ$1.71B were 

exported (Seafood New Zealand n.d.). This makes the seafood industry an important part of the 

New Zealand economy. Aquaculture, the cultivation of seafood is also important. Products from 

aquaculture are not only sold in New Zealand but also exported into 79 countries worldwide 

thereby generating $500 million in revenue in 2015 (Aquaculture New Zealand n.d.). 

While L. monocytogenes is able to attach to and contaminate raw products, contamination 

usually occurs through processing rather than on raw products (Autio et al. 1999, Fonnesbech-

Vogel et al. 2001).  

As seafood can be contaminated with L. monocytogenes, it is important to ensure quality 

standards are met. Standard 1.6.1 Microbiological limits for foods of the Australia New Zealand 
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Food Standards Code (FSC) regulates the limit for all types of food that is produced in New 

Zealand and Australia (Food Standards Australia New Zealand 2016a). The updated version 

became effective on 1st March 2016 to meet the latest standards in the international market in 

order to support an efficient and internationally competitive food industry. The revised 

microbial limits for L. monocytogenes can be found in the Food Standards Code 1.6.1. – 

Microbial Limits for Food (Ministry for Primary Industries n.d.). The updated version 

distinguishes between ready-to-eat foods where growth can occur and where growth cannot 

occur. According to Standard 1.6.1. “no growth can occur (1) if the food has a pH less than 4.4 

regardless of water activity; or (2) the food has a water activity less than 0.92 regardless of pH; 

or (3) the food has a pH less than 5.0 in combination with a water activity of less than 0.94; or 

(4) the food has a refrigerated shelf life no greater than 5 days; or (5) the food is frozen 

(including foods consumed frozen and those intended to be thawed immediately before 

consumption); or (6) it can be validated that the level of L. monocytogenes will not increase by 

greater than 0.5 log CFU/g over the food’s stated shelf life.” Moreover “a ready-to-eat food that 

does not receive a listericidal process during manufacture is taken to be a food in which growth 

of L. monocytogenes will not occur if the level of L. monocytogenes will not exceed 100 CFU/g 

within the food’s expected shelf life (Food Standards Australia New Zealand 2016b, Food 

Standards Australia New Zealand 2016c).” In ready-to-eat food where growth can occur, L. 

monocytogenes needs to be absent in 25g (˂0.04 CFU/g) and the limit for L. monocytogenes in 

ready-to-eat-food where no growth can occur is 100 CFU/g. This update is based on Codex 2007 

and has been adopted by many countries so far, including Canada and the European 

Commission (Food Standards Australia New Zealand n.d.), however, the USA has got a zero-

tolerance policy and requires absence of L. monocytogenes in all ready-to-eat foods (US Food 

and Drug Administration 2015). 

In 2014 and 2015, 25 and 26 cases of listeriosis were reported in New Zealand, respectively (The 

Institute of Environmental Science and Research Ltd. 2016). From 1997 to 2015, the cases of 

listeriosis have fluctuated between 17 and 35 reported notifications per year. Those numbers 

include all cases reported in New Zealand regardless of the contamination source. The highest 

incidence of listeriosis occurred in the elderly. In 2009, 2010 and 2011, 21 out of 28 cases, 18 

out of 23 cases and 21 out of 26 cases respectively were food related (The Institute of 

Environmental Science and Research Ltd. 2013, The Institute of Environmental Science and 

Research Ltd. 2014). Of the 25 and 26 cases reported in 2014 and 2015, 22 and 21 are estimated 

to be food related (Horn et al. 2015, Lopez et al. 2016). From 2002 to 2013 two Listeria 

outbreaks were reported in (in 2012 and 2009). The outbreak in 2012 could be linked to RTE 
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meat products (beef) sold in the Hawke’s Bay and Tauranga regions whereas the outbreak in 

2009 was food associated, but the vehicle is unknown. An outbreak is defined as two or more 

listeriosis cases by the same serotype from a common food source. The only documented 

outbreak of listeriosis associated with seafood in New Zealand happened in 1992, where 

contaminated smoked mussels were consumed by two people in Auckland. Analysis of 15 other 

clinical isolates revealed two other cases that were linked to the same identified serotype 1/2a 

(Brett et al. 1998). Two deaths occurred out of those four cases stated above. Other than that, 

there have been outbreaks in earlier years, but they could not be linked to specific food 

(Faoagali and Schousboe 1985, Flight 1971). Contamination of seafood, or food in general, with 

L. monocytogenes in New Zealand, as well as in other countries, is more likely to occur during 

processing rather than in the raw product (Fletcher et al. 1994, Gudbjörnsdóttir et al. 2004). 

This underlines the importance of the identification of L. monocytogenes genes involved in 

biofilm formation in seafood-processing plants.  

2.4 Biofilm formation in Listeria monocytogenes 

2.4.1 Biofilm 

Forming biofilms enables bacteria to gain resistance against environmental factors, such as pH, 

temperature changes, and cleaning agents. Bacteria tend to attach to surfaces and form biofilm 

not only in the natural environment but also, and probably more importantly to us humans, in 

food-processing plants where they are then hard to eradicate and capable of spreading and 

hence a risk for food (re)contamination.  

Lasa defines the five stages of biofilm development as follows: (1) initial attachment of 

planktonic bacteria to a surface, (2) production of extracellular matrix consisting of 

exopolysaccharides, DNA and lipids (3) building of multilayer construction, (4) maturation of 

biofilm structure and (5) detachment of single cells from the biofilm to spread and colonize 

other surfaces (Lasa 2006).  

According to the Oxford Dictionary, adhesion is defined as the action or process of adhering to 

a surface or object. In the case of biofilm formation adhesion is defined as the attachment of a 

cell to a substrate and cell to cell attachment is defined as cohesion (Garrett et al. 2008). 

Opinions differ in regard to the meanings of each term amongst scientists. In order to guard 

against misunderstandings, the terms attachment and adhesion will be used as synonyms in this 

review.  
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The biofilm structure of L. monocytogenes depends on the environment. Biofilms grown in static 

conditions show a homogenous layer of cells, whereas biofilms which develop in a continuous 

flow system build ball-shaped microcolonies, which are surrounded by a network of knitted 

chains and increase in thickness over time (Rieu et al. 2008a). It has been found that the 

elongation of cells which is responsible for forming the latter is dependent on activation of 

YneA, a SOS response factor (van der Veen and Abee 2010a, van der Veen et al. 2010). Generally, 

biofilms developed under static conditions are thinner than those generated in flow conditions 

(Rieu et al. 2008a). L. monocytogenes can not only form ball-shaped microcolonies surrounded 

by a network of knitted chains but also honeycomb-like structures (Pilchova et al. 2014).  

Hence, the industrial environment has a big influence on the biofilm structure and needs to be 

considered when analysing biofilms. 

2.4.2 Cell-to-cell communication (Quorum sensing) 

Quorum sensing is a communication system which is induced when bacteria reach a high cell 

density. Two systems are known for L. monocytogenes, the LuxS- and the agr-system. 

2.4.2.1 LuxS-System 

L. monocytogenes produces an autoinducer-2 (AI-2) like molecule whose formation is catalysed 

by LuxS (S-ribosylhomocysteinase). LuxS is involved in a two-step conversion of S-adenosyl 

homocysteine (SAH) to homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD) with S-

ribosyl-L-homocysteine (SRH) as a key precursor. DPD is very unstable and degrades to furanosyl 

borate diester and an autoinducer-2 like molecule. It was observed that a L. monocytogenes 

strain with a mutation in luxS gene formed a biofilm with higher density than the control, and 

also demonstrated greater attachment to glass and polystyrene surfaces (Sela et al. 2006). 

Adding synthesised AI-2 to the mutant did not restore the wild-type function, which indicated 

that another substance associated with luxS must have an influence on biofilm formation. SRH 

as well as SAH were present in higher amounts in the cell supernatant of the luxS mutant, but 

further tests showed that only SRH was capable of increasing biofilm formation. The hypothesis 

was that SRH enhances the ability to form biofilms and AI-2 might only be present in L. 

monocytogenes to detoxify the cell from the toxic compound SAH (Challan Belval et al. 2006, 

Sela et al. 2006). The mechanisms on how SRH and SAH can accumulate outside the cell and 

how SRH increases biofilm formation remain unclear. Although LuxS is involved in biofilm 

formation, it is not essential as it was observed that the luxS mutant is still capable of becoming 

sessile (Bonsaglia et al. 2014). 
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2.4.2.2 agr-System 

The agr-system (accessory gene regulator) is another cell-to-cell communication system used 

by L. monocytogenes. Four genes (agrB, agrD, agrC and agrA) are organised as an operon. Those 

genes encode histidine kinase AgrC, response regulator AgrA, precursor peptide AgrD and AgrB, 

which is involved in processing AgrD into a mature autoinducer peptide. Mutants of agrA and 

agrD were created to examine the effect on biofilm formation (Rieu et al. 2007, Garmyn et al). 

Both mutants showed the same phenotype: initial attachment was reduced, less biofilm was 

produced in the first 24 h, but no difference to the wild-type strain was observed in the later 

stages of biofilm formation, which indicates that the Agr-system plays an important role in the 

early stages of biofilm development.  

Gene expression studies compared the expression level of agr in planktonic versus sessile cells 

(Rieu et al. 2007). Expression levels were growth dependent for sessile but not planktonic cells, 

which indicates the involvement in biofilm formation. Expression of agr was decreased in sessile 

cells, which was surprising but might indicate a complex mechanism with a possible regulation 

of other proteins involved in biofilm maturation by the agr operon.  

Gene expression studies of planktonic growth showed lower expression for agrB, agrC and agrD 

in the mutants compared to the wild-type (Rieu et al. 2007), but no difference for agrA levels, 

which indicates that there is constitutive expression of agrA and a possible autoregulation of 

agrB, agrC and agrD. The basic level of AgrA might be present in order to reply or react to certain 

environmental conditions faster. Chemical half-life and 5’-RACE experiments showed 

posttranscriptional cleavage of the full length transcript with degradation of agrC and agrA. This 

finding and results from mRNA quantification support the theory of a complex autoregulation 

of the agr-system.  

In another study, low expression of agr was only observed under static conditions, but when 

grown in a flow system, a progressive increase in expression could be detected (Rieu et al. 

2008a). Cells expressing agr were mostly found outside the microcolonies, in the network of 

knitted chains. It is assumed that there is a possible connection between agr expression and the 

structure of biofilm as there were differences in biofilm organisation under static or dynamic 

conditions.  

Another study showed that a mutation of the agrD gene led to a larger decrease in biofilm 

formation than previously observed (Riedel et al. 2009). The use of a different medium (10-fold 

diluted Brain-Heart-Infusion versus Tryptic Soy Broth) showed greater influence on biofilm 
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formation than previously expected, suggesting that nutrient availability can play a very 

important role in biofilm formation. 

Garmyn et al. (2011) suggested that the primary function of the Agr system is not only to sense 

population density, but possibly participating in generating heterogeneity. However, this needs 

further investigation. 

Quorum sensing is a communication system that is not only used by L. monocytogenes but also 

by other species and might be therefore a target for eradicating bacteria from food processing 

premises. The exact involvement of the LuxS-system and the regulatory process of agr in biofilm 

formation remain unclear. 

2.4.3 Flagella 

L. monocytogenes can not only move around passively but also actively using flagella. A 

flagellum is composed of thousands of flagellin monomers encoded by the flaA gene. L. 

monocytogenes possesses four to six peritrichous flagella whose expression is temperature 

dependent. It is generally agreed that flagella are produced at 20°C to 25°C (Peel et al. 1988) 

and are not produced at 37°C, but it has been found that some laboratory-adapted strains and 

about 20% of clinical isolates have the ability to express flagella at 37°C (Way et al. 2004).  

Although most of the L. monocytogenes strains do not express flagella at temperatures above 

30°C L. monocytogenes is still able to attach to surfaces in temperatures greater than 30°C 

through passive attachment (Tresse et al. 2009), indicating that flagella are not necessary for 

biofilm formation. Although they are not necessary, they can still play a vital role in food-

processing environments as adhesion at room temperature compared to 37°C is enhanced due 

to the presence of flagella (Vatanyoopaisarn et al. 2000). 

Flagella synthesis is complex and regulated by at least five regulators including PrfA (positive 

regulatory factor A), which down regulates its motility at temperatures above 30°C (Lemon et 

al. 2007), FlaR (Flagellin regulator), MogR (motility gene repressor), which regulates 

temperature dependent expression of flagella (Gründling et al. 2004) and represses gene 

transcription of flaA at 37°C (Shen and Higgins 2006), DegU (degradation enzyme regulator) and 

GmaR (glycosyltransferase and motility antirepressor). DegU is a positive indirect activator of 

flagellum biosynthesis. It has been shown that the deletion of the degU gene led to decreased 

biofilm formation (Gueriri et al. 2008) and that the absence of flagella and motility (Knudsen et 

al. 2004). DegU activates gmaR expression and GmaR then activates flaA transcription and 

flagella synthesis through binding to MogR.  
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Vatanyoopaisarn et al. (2000) showed that initial attachment was greater for the wild-type 

strain lacking motility (using PBS as a low nutrient medium) but expressing flagella compared to 

a flagella mutant at 22°C, indicating that flagella function as adhesins. However, another study 

by Lemon et al. (2007) found that there was no difference in initial attachment for paralysed 

flagellated and non-flagellated strains in biofilm formation which suggests that flagella do not 

act as an adhesin in biofilm formation (Lemon et al. 2007). These results could be strengthened 

by a motile mutant lacking flagella glycosylation that formed the same amount of biofilm as the 

wild-type strain. Glycosylation is thought to change surface characteristics and therefore 

possibly attachment to surfaces. Consequently, it is claimed that motility is critical for initial 

surface attachment and biofilm formation, rather than the flagella itself (Lemon et al. 2007). 

Mutants with the loss of motility or flagella showed the same biofilm phenotype as the wild-

type strain when motility was generated through centrifugation. These results support the 

theory that flagella act rather as a motility factor than an adhesin (Lemon et al. 2007). 

Differences in the outcome of the studies might be due to the use of different media and strains 

and also different surfaces. Vatanyoopaisarn et al. (2000) used PBS and BHI as media and 

observed attachment on stainless steel coupons whereas Lemon et al. (2007) performed biofilm 

formation studies in Hsiang-Ning Tsai medium (HTM) and on microtitre polystyrene plates. 

Another interesting finding is the formation of hyperbiofilms in flow conditions (Todhanakasem 

and Young 2008). Todhanakasem and Young (2008) defined hyperbiofilms as “an accumulation 

of surface attached cells that impede the flow of medium to the flow cell apparatus”. The 

attachment ability of mutants that lack motility and the wild-type strain in static as well as in 

flow systems were examined at ambient temperature. The initial attachment of the strains with 

a mutation in motility related genes was lower compared to the wild-type but the mutants 

colonised the surface faster than the wild-type strain and formed a microscopically visible 

hyperbiofilm, whereas in static conditions a decrease in biofilm formation was observed. These 

results suggest that flagellum based motility is not necessary for biofilm formation in flow 

systems, so might therefore not be an ideal target for the prevention of biofilm formation 

(Todhanakasem and Young 2008). 

The DNA glycosylase AdlP (alkylbase DNA glycosylase-like protein) was recently found to be 

involved in biofilm formation. A deletion mutant showed reduced biofilm formation after three 

days compared with the wild-type. AdlP is furthermore involved in regulation of expression of 

flagellar motility genes and in stress resistance shown through treatment with H2O2 and methyl 

methanesulfonate (Zhang et al. 2016). 
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All in all, flagella have been shown to be beneficial for attachment in static conditions, but not 

in flow systems, so therefore consideration needs to be given to the validity of static biofilm 

assays in an industrial environment where the manufacturing or processing system requires 

flow.  

2.4.4 Extracellular matrix 

The biofilm matrix consists of exopolysaccharides, lipids, glycolipid, DNA and proteins, 

surfactants, membrane vesicles and ions (Karatan and Watnick 2009) and has a multifunctional 

role. It acts as a stabiliser, a nutrient deliverer and as a barrier against environmental damage. 

Harmsen et al. (2010) discovered that extracellular DNA (eDNA) found in the extrapolymeric 

substance plays an important role in initial surface attachment and subsequent biofilm growth, 

which can be shown by the addition of DNase I: biofilm formation and growth in the early stage 

(0–24h) was inhibited to a far greater extent than in the later stages of biofilm formation (24–

48h) (Harmsen et al. 2010). Purification and analysis of eDNA showed its chromosomal origin. 

eDNA is not alone responsible for initial attachment, only combined addition of culture 

supernatant and genomic DNA to an eDNA free culture could restore the attachment ability. 

Further investigation showed that adding high molecular weight DNA and supernatant to eDNA 

free cells resulted in adhesion and formation of biofilms, whereas the addition of low molecular 

weight DNA or high molecular weight DNA on its own could not restore adhesion ability. These 

findings indicate that another substance must be involved in biofilm formation. When N-

acetylglucosamine (NAG) was added to eDNA free cells with genomic DNA, adhesion was 

observed to the same extent as the wild-type strain (Harmsen et al. 2010).  

Another protein found to be involved in biofilm formation is Lmo1386, which encodes a putative 

DNA-translocase (Chang et al. 2013). A lmo1386 mutant showed reduced biofilm formation in 

static and flow systems. Not only was there less biofilm compared to the wild-type but the 

biofilm was also described as a flatter biofilm structure. A possible relationship between the 

extracellular DNA and the putative DNA-translocase could be rejected through studies showing 

no difference in eDNA production and biofilm reduction when DNAse I was applied to both the 

wild-type strain and the mutant. eDNA could be found in both strains. In addition, the mutant 

showed less adhesion ability than the wild-type, suggesting that Lmo1386 is involved in initial 

attachment (Chang et al. 2013). 

Other components of the extracellular polymeric substance have been shown to be involved in 

biofilm formation. Lmo2504, a putative cell wall binding protein, was found in high numbers in 
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biofilm exoproteomes when the composition of exoproteomes in planktonic and biofilm cells 

were compared (Lourenco et al. 2013). The lmo2504 mutant showed reduced biofilm-forming 

ability.  

BapL is a putative cell wall anchored protein with the LPXTG cell wall anchor domain. It has been 

found to be involved in surface attachment but it is not necessary for biofilm formation (Jordan 

et al. 2008). Strains were found that can form biofilms without having the gene encoding for 

BapL. A bapL mutant showed reduced attachment to surfaces compared to the wild-type. 

Consequently, there are two different methods of attachment to surfaces: one BapL dependent 

and one BapL independent (Jordan et al. 2008). 

Extracellular polymeric substances seem to be involved in initial attachment rather than in 

maturation of biofilms and the production of extracellular polymeric carbohydrates may 

increase the ability to form a biofilm (Chae et al. 2006). The exact mechanism of eDNA release 

remains unclear and needs to be further investigated. It is suggested that eDNA is derived from 

autolysis or active secretion as both mechanisms have been shown for other bacteria species 

(Qin et al. 2007, Whitchurch et al. 2002).  

2.4.5 Virulence factors 

prfA is a transcriptional virulence factor which not only regulates genes responsible for L. 

monocytogenes’ virulence but it also seems to be positively involved in biofilm formation. A 

mutation in the prfA gene led to decreased biofilm formation (Salazar et al. 2013). Recent 

studies focused on the regulatory influence of PrfA in biofilm formation (Lemon et al. 2010, Luo 

et al. 2013). Lemon et al. (2010) showed that the prfA mutant could attach to the surface as 

well as the wild-type, but exhibited decreased biofilm formation, indicating that prfA is involved 

in biofilm formation and not in initial attachment (Lemon et al. 2010). Furthermore, double 

mutants of genes regulated by PrfA lacking inlA and inlB (Internalin A and Internalin B) or plcA 

and plcB (phosphatidylinositol-specific phospholipase C and phosphatidylcholine-specific 

phospholipase C) did not reveal the same defect in biofilm formation as the prfA mutant, 

suggesting that none of them alone is the prfA dependent effector of biofilm formation (Lemon 

et al. 2010). 

Luo et al. (2013) compared the prfA mutant with the parent strain through whole genome 

microarray sequencing and they observed a total of 185 genes that are associated with PrfA and 

biofilm formation (Luo et al. 2013). The prfA gene was not differentially expressed in the biofilm 
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cells compared to planktonic cells, but the gene knockout resulted in decreased biofilm 

formation, which suggests that PrfA regulates biofilm formation indirectly (Luo et al. 2013).  

Further studies revealed that PrfA plays a vital role in biofilm formation by L. monocytogenes 

but not by L. innocua (Zhou et al. 2011). An insertion of the prfA gene into L. innocua showed 

no difference in biofilm formation (Zhou et al. 2011). This supports the theory that prfA is not 

directly involved in biofilm formation. 

Other virulence factors that were investigated regarding biofilm formation are InlA and B (Chen 

et al. 2008). Mutants were created to prove that Internalin A and B are involved in initial 

attachment for biofilm formation. The double mutant (mutation in the inlA and inlB genes) 

showed the lowest amount of biofilm compared to the wild-type strain on a glass surface and 

inhibited initial attachment to a greater extent than the single mutants, which suggests that 

both InlA and B are participating in initial attachment (Chen et al. 2008).  

Those findings suggest that PrfA and InlA and B, like DegU, are not only acting as virulence 

factors but are also important for biofilm formation, indicating that there is a possible 

connection between biofilm-forming ability and virulence, which might therefore be a target of 

further investigations on the prevention of biofilm formation. 

2.4.6 Stress response 

When cells are exposed to oxidative stress, a cascade of mechanisms is activated to prevent the 

cell from damage. In L. monocytogenes, there are two systems involved in heat-shock response 

(van der Veen et al. 2007). The class I heat-shock system is regulated by the autoregulatory 

repressor HrcA, which regulates genes encoding chaperones. The class III heat-shock response 

is responsible for encoding chaperones and ATP-dependent Clp proteases. 

Van der Veen et al. (2007) investigated the heat-shock response of L. monocytogenes through 

whole-genome expression profiles of cells and showed that the heat-shock response and the 

SOS-response are activated after exposure to high temperature. The hrcA gene encodes a 

transcriptional regulator of the class I heat-shock response, an autoregulatory repressor, which 

regulates 56 genes, among those its regulon member dnaK. The dnaK gene encodes a class I 

heat-shock response chaperone protein, which is important for correct protein folding. 

Promoter reporter studies showed that dnaK and hrcA were activated in continuous flow 

biofilms (van der Veen and Abee 2010b). In-frame deletion mutant studies showed no 

difference in growth for the mutants in a planktonic state, but increased biofilm formation for 
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the hrcA mutant (through increased expression of dnaK) and a decreased ability to form biofilms 

for the dnaK mutant in static conditions. Moreover, it was found that biofilm formation was 

reduced in a continuous flow environment for both mutants. Those results showed that dnaK 

as well as hrcA are important for biofilm formation. Surprisingly, biofilm formation was reduced 

for the hrcA mutant in continuous flow conditions. Van der Veen and Abee (2010b) suggest a 

possible connection to the SOS-response. The hrcA mutant might prevent the activation of the 

SOS-response through an unknown mechanism (van der Veen and Abee 2010b). 

Single-stranded DNA which usually occurs as a result of DNA damage through stress exposure, 

like heat, and increased presence of ROS (reactive oxygen species), activates RecA which in turn 

activates the SOS-response (van der Veen et al. 2010). The SOS-response is a system which 

induces DNA repair and mutagenesis and is regulated by RecA (recombinase A), a DNA-repair 

protein, and LexA, a repressor. RecA activates YneA, a cell division factor, which triggers cell 

elongation in continuous flow biofilms to form a network of knitted chains (van der Veen and 

Abee 2010a, van der Veen et al. 2010). Comparison of the wild-type strain and the yneA mutant 

revealed that the yneA mutant could not change cell morphology (elongation of cells) after 

exposure to stress, confirming the involvement of YneA for cell elongation in biofilms formed in 

continuous flow systems. Biofilms grown in continuous flow systems exhibited enhanced radical 

formation and an increase in RecA, but when grown in the presence of radical inhibitors, RecA 

was not activated which in turn did not activate YneA and hence the formation of knitted-chains 

composed of elongated cells was not observed (van der Veen and Abee 2011a). Deletion mutant 

studies could prove the necessity of the presence of radicals and activation of RecA for the 

induced generation of genetic variants in continuous flow systems (van der Veen and Abee 

2011a). Moreover, generation of variants is associated with the formation of persistent strains. 

Strains that are repeatedly found in a specific environment over a specified period of time are 

often referred to as persistent strains (Schmitz-Esser et al. 2015). 

Suo et al. (2012) found a correlation between a putative ABC transporter permease (lm.G_1771) 

and SOD (superoxide dismutase) expression. SOD is an oxidative stress response gene which 

scavenges reactive oxygen species to prevent damage to the cell. lm.G_1771 negatively 

regulates biofilm formation through the expression of SOD (Zhu et al. 2008, Zhu et al. 2011). 

The lm.G_1771 mutant exhibits an upregulation of sod expression. Proteomic and genomic 

studies revealed differential expression of genes encoding for cell surface proteins for the 

mutant which might indicate that lm.G_1771 is involved in a novel signal transduction pathway 

regulating expression of cell wall surface proteins. It is hypothesised that biofilm formation or 
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increased oxygen supply causes oxidative stress to cells and therefore induces expression of sod 

(Suo et al. 2012). SOD may be involved in biofilm formation but the exact mechanism is 

unknown.  

The class II general stress response is regulated by SigB (RNA polymerase sigma factor SigB) and 

the genes of this response encode general stress proteins. The SigB is a major transcriptional 

regulator of stress response genes in both, static and continuous flow biofilms. SigB is activated 

in static biofilms as well as in continuous flow biofilms, but more than double in the latter (van 

der Veen and Abee 2010c). The mutation of sigB results in poor biofilm formation. The theory 

is that L. monocytogenes experiences stress during biofilm formation and therefore activates its 

stress response and sigB expression. SigB is highly present in biofilms, but to a greater extent in 

continuous flow systems, which supports the hypothesis that L. monocytogenes, being 

facultatively anaerobic, is exposed to higher stress in a continuous flow biofilm than in a static 

biofilm, through exposure to higher shear stress and increased oxygen availability. SigB is clearly 

involved in biofilm formation but is not essential for initial attachment of L. monocytogenes 

(Schwab et al. 2005). 

Another study examined the involvement of gltB and gltC (Huang et al. 2013). The mutants with 

insertions in the gltB and gltC genes show a reduced ability to form biofilms and reduced 

oxidative stress tolerance. gltC, known as a LysR family member, encodes a positive 

transcriptional regulator of gltB (involved in encoding a glutamate synthase). The mutation in 

either gene led to different transcription after stress induction of the other gene, indicating that 

a positive mutual regulation might be present (Huang et al. 2013). Initial tests showed a 

decreased attachment ability of the mutants in high flow systems and to a lesser extent in low 

flow systems, indicating that the deletion of those genes led to altered surface characteristics 

of the mutants. No difference in cell motility or growth between the mutants and the wild-type 

could be observed, suggesting that altered surface characteristics are unrelated to motility. The 

mechanism by which gltC and gltB are involved in the attachment of L. monocytogenes to 

surfaces is unknown. 

Through screening a library of generated mutants, two strains were found with an altered ability 

to form biofilm (Taylor et al. 2002). Insertions were identified in the relA and hpt genes. relA 

encodes guanosine pentaphosphate synthetase which catalyses the formation of (p)ppGpp, and 

hpt encodes a hypoxanthin-guanine phosphoribosyl-transferase (Hgprt) which converts the 

purine base (guanine) into its corresponding nucleotide (GMP) and is involved in the purine 

salvage pathway (Taylor et al. 2002). Both generated mutants could attach to surfaces but could 
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not grow and mature as a biofilm in comparison to the wild-type, however, planktonic cultures 

showed no differences in growth compared to the wild-type. In contrast to the wild-type strain, 

the mutants could not accumulate (p)ppGpp after nutritional starvation nor activate the 

stringent response. The stringent response is a stress response activated through different 

stress factors such as heat and amino acid starvation. Therefore, (p)ppGpp might be important 

for biofilm formation. Interestingly the hpt mutant could not accumulate (p)ppGpp and not 

grow after adhesion, which indicates that a functional Hgprt is important for the synthesis of 

(p)ppGpp. A possible explanation is that the RelA protein has a high Km and Hgprt is present to 

maintain that Km to ensure a functional RelA activity. This theory is supported by the fact that 

Hgprt is negatively regulated by (p)ppGpp. The role of (p)ppGpp in biofilm formation has yet to 

be determined. 

In another study, a mutation in lmG1497, resulted in decreased biofilm formation (Huang et al. 

2012). This gene has been identified as a MerR family transcriptional regulator. MerR family 

regulator genes are expressed after activation through exposure to oxidative stress, heavy 

metals or antibiotics. The biggest difference in biofilm formation could be observed on day 3. 

The differences of biofilm growth on days 1 and 2 between the wild-type and the mutants were 

minimal, suggesting that the MerR family regulator is involved in maturation rather than initial 

attachment. The hypothesis is that in the later stages of biofilm formation, oxidative stress 

increases and therefore the decrease in biofilm formation might be a result of the mutants’ 

inability to activate stress response genes due to the absence of the MerR family regulator 

(Huang et al. 2012). 

Lmo0753, a putative Crp (Cyclic AMP receptor protein)/Fnr (fumarate nitrate reductase 

regulator) family transcription factor was found to be involved in biofilm formation (Salazar et 

al. 2013). Those transcription factors are associated with environmental stress (oxygen, 

nutrient-availability and extreme temperatures). A mutation in that gene led to decreased 

biofilm formation.  

The activation of the oxidative stress response and SOS-response during biofilm formation is an 

interesting finding. The SOS-response is usually activated when damage occurs to the DNA. Cells 

experience stress not only when they are exposed to heat or oxidative agents, but also during 

biofilm formation which results in the upregulation of antioxidative genes and change in cell 

structure. At this stage, it cannot be clarified whether biofilm formation is a result of enhanced 

stress or if biofilm formation is causing stress or whether it is a combination of both. However, 
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it is clear that genes involved in L. monocytogenes’ stress response are involved in biofilm 

formation.  

2.4.7 Other molecular determinants 

LbrA (Listeria biofilm regulator A) mutations disrupt biofilm formation (Wassinger et al. 2013). 

Less biofilm with collapsed secondary structure was observed for the mutant, whereas the 

complemented strain could restore a honeycomb structure. LbrA is thought to act as a regulator 

rather than being a direct factor for biofilm formation as the microarray comparison between 

mutant and parent strain revealed 304 differentially expressed genes.  

Other determinants found to be involved in biofilm formation are the dltABCD operon, which is 

responsible for D-alanylation of lipoteichoic acids) and the phoPR regulon (phosphate-sensing 

PhoPR two-component system). Both mutants exhibited a thinner biofilm phenotype than the 

wild-type (Alonso et al. 2014).  

All in all, there are several genes involved in biofilm formation and there may be more genes 

involved in biofilm formation than those already described. There is still lack on clarity of the 

mechanism of biofilm formation. 

2.4.8 Co-cultures 

Biofilms occur in the environment in mono-cultural, bi-cultural and most commonly multi-

cultural forms. Several studies have investigated the influence of other microorganisms on the 

L. monocytogenes’ capability to form biofilms.  

Rieu et al. (2008b) showed that the population of L. monocytogenes was not influenced by 

Staphylococcus aureus strains, except for one. When grown together on stainless steel with that 

specific strain, this enhanced the settlement of L. monocytogenes. In seafood-processing plants 

in Iceland the predominant Gram-negative genus that attached to steel coupons placed near 

food contact surfaces was Pseudomonas spp for shrimp-processing plants and various genera 

of Enterobacteriaceae for fish-processing plants (Gudbjörnsdóttir et al. 2005). While examining 

the microflora found in those seafood-processing plants, it has been found that a mixture of 

Pseudomonas spp increased colonisation of the surface by L. monocytogenes on stainless steel 

compared to other bacteria species. This finding is supported by results of other studies which 

showed that Pseudomonas fragi and Flavobacterium spp increased colonisation of surfaces by 

L. monocytogenes on glass and stainless steel, respectively (Bremer et al. 2001, Sashara and 

Zottola 1993,). But on the contrary, it has been found that L. monocytogenes forms less biofilm 
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on stainless steel when Pseudomonas fragi and Staphylococcus spp are present (Norwood and 

Gilmour 2001). The contrary results might be due to the difference in serotype of the L. 

monocytogenes strain (3a versus 1/2a and 4b). Other studies revealed the influence of 

Staphylococcus sciuri and L. innocua on biofilm formation. Staphylococcus sciuri decreased 

biofilm formation of L. monocytogenes in three tested media on stainless steel (Leriche and 

Carpentier 2000) and L. innocua decreased initial attachment of L. monocytogenes on stainless 

steel as well as aluminium surfaces (Koo et al. 2014). Lactic acid bacteria were also found to 

influence biofilm formation (Metselaar et al. 2015). A Lactococcus lactis strain was found to 

decrease the adhesion of L. monocytogenes (Habimana et al. 2009). In another study, three 

lactic acid bacteria (LAB) strains were investigated for their ability to interfere with L. 

monocyotgenes adhesion on stainless steel surfaces (Ndahetuye et al. 2012). The influence of a 

multi-strain mixture was examined in three different scenarios: (1) Mixture of the LAB strains 

was added to the coupons 24h before the addition of L. monocytogenes; (2) both, the LAB-

mixture and L. monocytogenes were added at the same time and (3) L. monocytogenes was 

added 24h before the LAB cocktail. The results showed that LAB reduces the biofilm formation 

of L. monocytogenes in all three scenarios. This indicates that the presence alone of LAB 

regardless of addition time is able to influence biofilm formation. The authors suggest that the 

reduction in biofilm formation might be due to bacteriocins which are known to be produced 

by LAB, surface coating through LAB, direct competition between L. monocytogenes and LAB or 

even a combination of all of them. 

The influence of 29 different strains of bacteria from food processing plants on L. 

monocytogenes’ ability to form biofilm has been examined and 16 strains decreased biofilm 

formation of L. monocytogenes, while four strains led to an increase (Carpentier and Chassaing 

2004). No correlation between the quantity of exopolysaccharides produced by the examined 

strains and biofilm formation of L. monocytogenes could be found. The presence of other strains 

also influenced the biofilm structure of L. monocytogenes. The background flora can have a 

strong influence on the biofilm-forming ability of L. monocytogenes. However, only mono-

culture and binary culture biofilms were examined and it is more likely to find more than two 

species in many food-processing environments (Carpentier and Chassaing 2004). 

So far most of the studies regarding biofilm formation have focused on particular species, but 

only a few publications are available on the microflora of food-processing plants and the 

influence on biofilm growth and the interaction between different species. It is highly unlikely 

that L. monocytogenes occurs as a single species culture in food-processing plants. It is therefore 
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important to look closer at other microorganisms found in those plants and gain a better 

understanding of interactions between different species. A study performed in 2003 looked 

closer at the microflora in processing equipment in different fish industries (Bagge-Ravn et al. 

2003). This study might be useful for further studies regarding the interaction between L. 

monocytogenes and other microorganisms. Interestingly the number of detected Listeria 

spp/Kurthia spp (no differentiation between those two) increased after cleaning and 

disinfection, which could be an indication of L. monocytogenes’ poor ability to compete with 

other microorganisms for nutrients. This is line with the findings of Carlin et al. (1996) and 

Cosentino and Palmas (1997) who found that the population of L. monocytogenes increased 

when disinfectant reduced the background microflora and that no Listeria and Salmonella could 

be isolated in small dairies with poor hygienic conditions. 

Although there are some contradictory findings, it is clearly stated that co-cultures influence 

biofilm formation. Possible reasons for the influence of other microorganisms on L. 

monocytogenes biofilm formation might be competition for nutrients, bacteriocin production 

or a difference in electronegativity and therefore stronger surface-bacteria interaction.  

2.4.9 Influence of surface properties and nutrient availability 

Bacterial attachment to a surface depends not only on the bacteria’s motility but also on the 

interaction between the surface and bacteria, thus it is obvious that the surface properties 

influence attachment. The impact of hydrophobicity (of surface and bacteria), roughness of 

surface, nutrient availability, shear stress and also origin and serovars to biofilm formation have 

been investigated in recent years, showing clear but sometimes also contradictory findings. 

Many different surfaces can be found in food-processing plants, which can act as possible 

attachment sites for L. monocytogenes. These include stainless steel and less frequently glass 

(hydrophilic) and also polystyrene (hydrophobic), PVC, PTFE, PP, aluminium, Teflon, and rubber 

(Møretrø and Langsrud 2004). The influence of those surfaces on biofilm formation was 

investigated and it was found that L. monocytogenes generally tends to adhere best to glass and 

stainless steel (Bonsaglia et al. 2014, Di Bonaventura et al. 2008, Takahashi et al. 2010), but is 

also capable of adhering to other surfaces. Some studies report a link between hydrophobicity 

and adhesion but other studies show no correlation between surface hydrophobicity and initial 

adhesion (Silva et al. 2008, Szlavik et al. 2012). 

Nutrient-availability was investigated in order to show its influence on biofilm formation. Kadam 

et al. (2013) performed studies to examine biofilm growth in nutrient-rich and nutrient-
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deficient media at different temperatures. Better growth was observed in a nutrient-poor 

medium and at increasing temperature (temperatures tested ranged from 12°C–37°C) (Kadam 

et al. 2013), which is in line with findings of other studies: Todhanakasem and Young (2008), 

Pilchova et al. (2014) and Djordjevic et al. (2002) found that L. monocytogenes grown in 

modified Welshimer’s broth (MWB) formed good biofilms (Djordjevic et al. 2002, Pilchova et al. 

2014, Todhanakasem and Young 2008) and Luo et al. (2013) observed that greater biofilm mass 

was produced in minimal essential medium (MEM) compared to BHI (Luo et al. 2013). But 

Kadam et al. (2013) found that the influence of temperature was more significant than the 

medium. Biofilm formation decreased with decreasing temperature: the least amount of biofilm 

was formed at 12°C and the highest at 37°C.  

Although biofilms are preferably formed in nutrient-deficient medium (Combrouse et al. 2013, 

Djordjevic et al. 2002, Ochiai et al. 2014, Pilchova et al. 2014, Todhanakasem and Young 2008), 

some strains perform better in nutrient-rich conditions (Folsom et al. 2006). By dividing L. 

monocytogenes into serotypes, the former study observed that serotype 4b (lineage I) forms 

better biofilms than serotype 1/2a in high-nutrient medium (TSB), but in low nutrient medium 

(1:10 dilution of TSB) serovar 1/2a strains are better biofilm formers (Folsom et al. 2006). In 

another study it was shown that serovars 1/2a and 1/2b formed more biofilm than 4b in 

nutrient-rich medium, but in nutrient-deficient medium 1/2b formed more than 1/2a and 4b 

(Kadam et al. 2013). Regardless of the contradictory finding, other studies showed that strains 

of serovar 1/2a form better biofilms with higher density than 4b strains (Pan et al. 2010) and 

strong biofilm formation was observed for serovar 1/2a and serovar 1/2b isolates but not for 

4b (Doijad et al. 2015). It is suggested that this might be the reason why strains of serovar 1/2a 

are isolated from food-processing plants more often than other strains (Orsi et al. 2011, Pan 

2009, Pan et al. 2009, Pan et al. 2010), whereas serovar 4b (lineage I) was found to be more 

associated with clinical cases (Pan 2009, Pan et al. 2009, Pan et al. 2010). 

2.4.10 Influence of strain characteristics and persistence 

Some studies have focused on the correlation between lineage and biofilm formation. 

Djordjevic et al. (2002) found that strains belonging to lineage I form better biofilms than lineage 

II, whereas other studies showed enhanced biofilm formation for lineage II strains (Borucki et 

al. 2003, Combrouse et al. 2013, Djordjevic et al. 2002, Nilsson et al. 2011). 

Persistence has also been considered in reference to biofilm formation. Persistent strains are 

strains that are repeatedly found in a food-processing plant over a defined timeframe, whereas 
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sporadic strains are only occasionally found. Borucki et al. (2003), who not only found enhanced 

ability to form biofilms for lineage II strains, showed that persistent strains form better biofilms 

than sporadic strains (Borucki et al. 2003). It was shown that persistent strains attach in higher 

numbers to food contact surfaces than non-persistent strains in the first few hours of biofilm 

formation, but no difference could be observed after 72 h (Lunden et al. 2000). On the other 

hand, it has also been shown that known persisting strains did not adhere better than non-

persistent ones (Szlavik et al. 2012). It has been suggested that persistent strains in one plant 

might be sporadic in another because no specific lineage for persistent strains could be found 

through PFGE (pulsed-field gel electrophoresis) and AFLP (amplified fragment length 

polymorphism) and are therefore independent of genotype but rather dependent on 

environmental factors and adaptation (Autio et al. 2003). This is line with findings of Ochiai et 

al. (2014) who showed that there was no difference in biofilm growth for persistent and non-

persistent strains at 30°C (Ochiai et al. 2014), however, the persistent strain formed significantly 

more biofilm at 37°C which is possibly due to its greater ability to adapt to environmental 

conditions. Another study showed higher resistance for persistent strains to benzalkonium 

chloride in a fish-processing plant compared to sporadic strains which supports the hypothesis 

of higher adaptability of persistent strains (Nakamura et al. 2013). It has even been stated that 

L. monocytogenes does not have any special ability to persist in the food industry environment, 

and its occurrence and “persistence” in the food industry is simply because of the inability to 

clean and sanitise the niche and harbourage sites properly and the bacteria’s ability to grow at 

low temperatures (Carpentier and Cerf 2011). 

Epidemic strains (frequently involved in outbreaks) attach in higher numbers to surfaces than 

sporadic strains (occasionally associated with listeriosis) and cell numbers in biofilms after 24 h 

are different for epidemic strains and sporadic strains, suggesting that there are differences 

between sporadic and epidemic strains (Chae et al. 2006).  

Some researchers suggest a correlation between strain origin and variability in biofilm 

formation (Nilsson et al. 2011), whereas others found no correlation between the origin of the 

strain and biofilm formation (Di Bonaventura et al. 2008, Kadam et al. 2013). Strains used for 

studies originate from several sources, including environmental, clinical, human and bovine 

sources. 

However, all these different findings about correlation between origin of strain, lineage, 

serovars or persistent or non-persistent strains of L. monocytogenes and biofilm formation, 

might be due to the fact that different methods and systems were used in these studies and L. 
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monocytogenes was cultivated in different media at different temperatures. What is clear is 

that L. monocytogenes’ initial adhesion and biofilm formation strongly depend on 

environmental factors. Although there are some contradictory findings they all concluded that 

biofilm formation is a complex process and L. monocytogenes a highly adaptable bacterium. 

These adaptions enable L. monocytogenes to form biofilms that protect it from damage which 

in turn makes it harder to eradicate. L. monocytogenes can persist in food-processing plants and 

(re)contaminate food through detachment from the biofilm colonising the surface. To examine 

the behaviour of L. monocytogenes in the food industry, study conditions need to be carefully 

selected to simulate conditions from food-processing plants. 

2.4.11 Biofilm control 

Biofilms are a community of irreversibly attached cells producing extracellular matrix which 

protects the cells from damage and removal. In food-processing plants biofilms pose a risk for 

(re)contamination of food and therefore their formation needs to be prevented or/and removal 

needs to be ensured by regular cleaning and disinfecting. Cleaning is a procedure to remove 

food residues and/or other substances from surfaces in food-processing plants to avoid possible 

interference with disinfectant treatment. High temperature and physical force are used to 

enhance cleaning. Ideally, the cleaning process should break up EPS so that disinfectants can 

reach the bacteria. Cleaning may also remove bacterial cells from the surface, which can result 

in recontamination of other surfaces, therefore disinfectants need to be applied in order to kill 

bacterial cells. Moreover, the removal of biofilms could leave cell surface fragments and 

extracellular substances behind, which might attract bacteria of the same species or another 

species to settle down and mature as a biofilm.  

Disinfection treatments can either be carried out to prevent attachment or to alter the biofilm 

that has already established (Meyer 2003). Prevention of attachment can be achieved through 

regular disinfecting or through surface alterations. Sub-lethal doses of disinfectants and/or 

sanitisers might encourage biofilm formation by creating resistance/tolerance (Møretrø et al. 

2017). Sources for L. monocytogenes contamination into food-processing plants can be raw 

product, water as well as the general environment, due to its ubiquitous nature (Farber and 

Peterkin 1991). 

Disinfectants used in industrial environments are sodium hypochlorite, peracetic acid, hydrogen 

peroxide, lactic acid, quaternary ammonium compounds, ozone and also so called biological 

controls such as enzymes and phages (da Silva and De Martinis 2013, Srey et al. 2013). 
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A variety of enzymes are used to degrade the EPS of biofilms. These enzymes can be divided 

into three classes: proteases, deoxyribonucleases and glycoside hydrolases (Fleming and 

Rumbaugh 2017). Proteases such as pronase and proteinase K have been shown to influence 

biofilm formation of L. monocytogenes (Rodriguez-Lopez et al. 2017, Nguyen and Burrows 

2014). DnaseI, a deoxyribonuclease, influenced biofilm formation in L. monocytogenes 

(Rodriguez-Lopez et al. 2017, Nguyen and Burrows 2014). Cellulase, a glycoside hydrolase, 

degraded biofilms formed by L. monocytogenes (Rodriguez-Lopez et al. 2017). Although 

different species and serovars produce different amounts of EPS, the use of enzymes has 

potential to remove biofilm from all of these (Rodriguez-Lopez et al. 2017).  

Phages seem to be an effective tool to control biofilm of L. monocytogenes (Guenther et al. 

2009). They have been shown to be effective in the decontamination of fish coated coupons 

contaminated with L. monocytogenes, as would likely occur in seafood-processing plants 

(Ganegama Arachchi et al. 2013). 

Another option to control biofilm formation of L. monocytogenes might be the use of plant-

derived essential oils as an antilisterial effect has been shown for thyme essential oil 

(Abdollahzadeh et al. 2014) and other plant extracts (Nostro et al. 2016). 

Another possibility which has been investigated is controlling biofilm formation by using 

competitive exclusion (Gomez et al. 2016, Guerrieri et al. 2009, Koo et al. 2014, Ndahetuye et 

al. 2012). Non-pathogenic bacteria could either be used as surface coating agent or applied with 

the water to actively compete with L. monocytogenes, but these need to be carefully selected 

as some strains could enhance resistance to a subsequent disinfection procedure (van der Veen 

and Abee 2011b). Bacteriocin-producing bacteria can be used to prevent biofilm formation or 

to remove existing biofilms (Bolocan et al. 2017, Perez-Ibarreche et al. 2016) as they have been 

shown to remove biofilms of L. monocytogenes. Subtilosin, an antimicrobial peptide, could 

successfully remove biofilm formed by L. monocytogenes, Escherichia coli and other 

microorganisms (Algburi et al. 2016). 

As stated previously, quorum sensing is a communication system between bacteria based on 

chemical signal molecules (Waters and Bassler 2005) involved in biofilm formation. By inhibiting 

communication between bacterial cells, biofilm formation can be hindered (Algburi et al. 2016). 

As biofilms in food-processing plants may consist of more than one species, quorum sensing 

should be considered as a possible target for multi-species biofilm eradication. 
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Using the right sanitiser in the right concentration and varying between different sanitisers 

prevents the development of populations of bacteria resistant to a particular sanitiser. The 

efficacy of a sanitising system not only depends on the sanitising agent itself but on the 

influence of environmental conditions, such as the surface, presence of other microorganisms, 

organic material and the properties of the biofilm, like thickness and age. As biofilm formation 

is time dependent, disinfection of processing plant should be carried out as soon as possible 

after production on a regular basis. 

2.4.12 Biofilm measurement 

A variety of methods are used to measure biofilm formation of bacterial cells. Microplate assays 

are the most popular to assess the biofilm forming ability of large numbers of strains (O’Toole 

2011). Commonly used stains to visualize the biofilm formed in the plates are crystal violet, 

congo red and 2,3,5-Triphenyltetrazolium chloride (TTC) (Brown et al. 2014) , which bind to the 

whole biofilm mass present. The biofilm produced is then quantified by destaining and 

subsequent optical density measurements. Microplate assays are a fast and economic way of 

measuring biofilm mass and therefore the first choice in most research labs. 

Another method of measuring biofilm formation is the enumeration of viable cells by detaching 

biofilms from their surface and plating onto agar. This method only measures living cells and 

cannot measure dead cells or extracellular polymeric substances, which are both known to be 

major/important components of biofilms. However, used in combination with other methods it 

serves as a valuable tool providing additional information.  

Advances in microscopy now allow the visualisation of biofilms and their individual components 

in three dimensions using confocal laser scanning microscopy (CLSM) after staining with 

fluorescent dyes (Franklin et al. 2015). A commonly used dye is the LIVE/DEAD stain which 

distinguishes between living (stained green by SYTO9) and dead cells (coloured in red by 

propidium iodide). Fluorescent probes can also visualize extracellular DNA (propidium iodide, 

DDAO) or polysaccharide components (Calcofluor). Mathematical programmes, such as 

COMSTAT (Heydorn et al. 2000, Vorregaard 2008), which uses the ImageJ platform, can then be 

used to calculate biofilm mass from the confocal images. The main advantage of confocal 

analysis is the ability to measure the thickness of the biofilm and to produce three dimensional 

images of the biofilm structure. 

Other biofilm imaging techniques include scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) which enable high resolution imaging (da Silva and De Martinis 2013). 
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There is a variety of methods available to measure biofilm formation with both, advantages and 

disadvantages. It is therefore important to choose the best method depending on the purpose. 

In this thesis, a variety of biofilm formation assays were used: the crystal violet assay to test 

large sets of strains for their phenotypic diversity and to screen a large transposon library, cell 

enumeration to identify correlations between viable cells and whole biofilm mass and SEM and 

CLSM to evaluate the three dimensional structure. 

2.5 Conclusion 

As outlined in this review, biofilm formation depends on environmental factors and differs 

between strains. Some strains express genes that are involved in biofilm formation, but are not 

essential, since strains without those genes are still able to grow in a sessile form.  

In order to identify traits that enable L. monocytogenes to persist in food-processing plants, 

genomic and phenotyping analyses (including biofilm assays, growth studies, motility and 

autolysis assays, DNA sequencing and bioinformatic analyses) are needed. 

It is important to identify genes that are associated with biofilm formation and persistence of L. 

monocytogenes and then understand the environmental factors that influence gene expression 

in order to develop new ways to prevent biofilm formation in food-processing plants. The 

continued success of the seafood industry to New Zealand’s economy depends upon ensuring 

food safety through effective control of biofilms of pathogenic bacteria such as L. 

monocytogenes.  
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Abstract 

Contamination of mussels with the human pathogen Listeria monocytogenes can occur during 

processing in the factory environment. In this study, a selection of persistent (n=8) and sporadic 

(n=8) Listeria monocytogenes isolates associated with mussel-processing premises in New 

Zealand were investigated for their phenotypic and genomic characteristics. To identify traits 

that favour or contribute to bacterial persistence, biofilm formation, heat resistance, motility 

and recovery from dry surfaces were compared between persistent and sporadic isolates. All 

isolates exhibited low biofilm formation at 20°C, however, at 30°C persistent isolates showed 

significantly greater biofilm formation after 48 h when analysed using cell enumeration. All 16 

isolates were motile at 20°C and 30°C, but no significant difference was observed. We found 

that biofilm cells of the persistent isolates survived better than the planktonic cells. Two of the 

three most heat-resistant isolates were persistent, while four of five isolates lacking heat 

resistance were sporadic isolates. Comparison of genome sequences of persistent and sporadic 

isolates showed that there was no overall clustering of persistent or sporadic isolates, and that 

differences in prophages and plasmids were not associated with persistence. Our phenotypic 

results suggest a link between persistence and biofilm formation, which is most likely 

multifactorial, however, there were no genotypic differences that could be correlated to 

persistence in these isolates.  
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3.1 Introduction 

Listeria monocytogenes is a Gram-positive motile rod-shaped bacterium that is commonly 

encountered in the environment. It is capable of surviving and even growing in harsh 

environmental conditions, over a wide temperature range, in acidic environments and it also 

tolerates high osmolarity (Yousef 1999).  

L. monocytogenes is capable of infecting animals as well as humans, causing the bacterial 

infection listeriosis, which leads to death in up to 30% of the cases (Rocourt et al. 2000). High-

risk groups include pregnant women, immunocompromised people and the elderly. L. 

monocytogenes can cross the placental barrier, thereby leading to the abortion of the foetus. It 

can also cross the blood-brain barrier and/or the intestinal barrier, leading to life-threatening 

bacterial infections. Common sources of infection are processed food, including raw milk 

products and ready-to-eat (RTE) chilled products (Allerberger and Wagner 2010). However, 

unprocessed foods such as fruit and vegetables have also been identified as vectors (Garner and 

Kathariou 2016, Martinez et al. 2016). 

Studies have shown that contamination of seafood with L. monocytogenes usually occurs during 

processing rather than from raw products in the seafood-processing environment (Autio et al. 

1999, Fletcher et al. 1994). The source of contamination therefore consists of either persistent 

strains harboured within a processing facility or from transient sporadic strains passing through 

the facility. Bacterial persistence is generally defined as the long-term occurrence of genetically 

indistinguishable strains isolated from the same environment (Schmitz-Esser et al. 2015). 

The ability of strains to persist in a food-processing environment has been the topic of two 

reviews (Carpentier and Cerf 2011, Ferreira et al. 2014), however the reason for persistence 

remains poorly understood. Persistence of strains in food-processing plants can either be due 

to genotypic and phenotypic features that facilitate the expression of specific genes and lead to 

enhanced tolerance towards environmental threats, or to the attachment of bacteria to niches 

and harbourage sites by chance and subsequent survival due to insufficient cleaning and 

sanitation procedures (Abee et al. 2016).  

Bacteria persisting in a food-processing plant not only pose a health concern/threat but also 

present a risk factor for the economy (Ferreira et al. 2014, Ryser and Marth 2007). The ongoing 

sampling and testing for L. monocytogenes in food-processing plants is a huge financial burden. 

To reduce the risk for consumers and the financial stress for the producer, it is important to 

identify genetic traits and/or phenotypic behaviour that favour persistence of L. monocytogenes 



Chapter 3 – Persistent Listeria monocytogenes isolates… 
 

45 

within or around a processing facility. Interventions that reduce attachment to surfaces and 

persistence of bacteria can assist in preventing contamination. 

During a two-year weekly sampling programme in the New Zealand mussel industry, sporadic 

and persistent L. monocytogenes isolates were collected and characterised (Cruz and Fletcher 

2011). Strains were considered persistent if they had been isolated over a time period of 6 

months or more from the same processing facility and were genetically indistinguishable by 

pulsed field gel electrophoresis (PFGE) (Cruz and Fletcher 2011). The current study was designed 

to compare the phenotypes of such persistent isolates with those of presumed non-persistent 

isolates isolated from the mussel-processing environment. 

During processing in a typical New Zealand mussel-processing plant, bacterial strains encounter 

different environmental conditions (Figure 3.1). After arrival of the mussels in the processing 

factory from aquaculture sites, they are kept in large bags under chilled storage in the bale store 

(7-8°C). The mussels are transferred to the cook room where they undergo heat treatment 

(which differs between different plants) to facilitate opening and to inactivate microorganisms. 

A debyssing process removes the mussel beards before the mussels are shucked manually or by 

an automated system. The product is then cooled, individually quick frozen and packed for 

export. There are several steps in the processing chain that may induce persistence of bacteria. 

 

Figure 3.1. Schematic process line for mussel-processing. Mussels are stored in bales for up to 6 days, but ideally are 
processed after 3-4 days. The processing from leaving the bale store (7-8°C) to final packaging takes about two hours. 
The heat treatment varies in different plants: One stage heat treatments with temperatures of 76-78°C are applied 
for around 150 s or a 2-stage heat-shock process with higher temperatures at first (93-96°C for 22 s) and a subsequent 
second step with lower temperatures. The packaged product is stored at -18°C after being individually quick frozen 
ready for export. 
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The relationship between biofilm formation and persistence has been investigated previously 

(Abdallah et al. 2014, Bonsaglia et al. 2014, Møretrø and Langsrud 2004). The sessile living form 

has been shown to be the preferred form of existence for many bacteria and it is known that 

microbial biofilms exhibit higher resistance to cleaning and sanitising (Pan et al. 2006), which 

may result in bacterial persistence in food-processing plants. Biofilm formation is a response to 

nutrient deprivation and is seen as a stress response (Blaschek et al. 2015). Motility has been 

linked to biofilm formation: some researchers found that flagella function as an adhesin 

(Vatanyoopaisarn et al. 2000), whereas others suggest flagella are used as a motility factor 

(Lemon et al. 2007). Regardless of the different findings, flagella seem to play an important role 

in attachment to surfaces, which is the first step of biofilm formation. Lemon et al. (2007) found 

that non-motile mutants including flagella-deficient mutants and mutants with non-functional 

(paralyzed) flagella, exhibited impaired biofilm formation at 30°C. Most of the L. monocytogenes 

strains do not express flagella above 30°C (Peel et al. 1988), but are still able to form biofilms, 

suggesting that there are different mechanisms of attachment for biofilm formation. As most 

of the food-processing plants and much of a mussel-processing facility operates at 

temperatures below 30°C, bacterial flagella and motility may influence attachment.  

Previous research focused on the influence of pH, salinity and resistance to sanitisers to identify 

features that may lead to bacterial persistence in food-processing plants (Nilsson et al. 2011). 

The focus of the current study was to identify links between persistent isolates and biofilm 

formation, motility, survival under dry conditions and heat sensitivity and to identify genetic 

factors contributing to persistence.  

3.2. Materials and Methods 

3.2.1. Strains and growth conditions 

To assess the phenotype of the persistent and sporadic isolates, two representative isolates for 

four persistent pulsotypes (three identified in a previous study (Cruz and Fletcher 2011) and a 

fourth pulsotype identified from a fourth factory) were selected. Seven sporadic isolates with 

different pulsotypes (isolated only once over the sampling period of 2 years) and a strain 

isolated from a food-poisoning outbreak in New Zealand due to contaminated smoked mussels 

(Brett et al. 1998) were used for this study (Table 3.1). These strains were chosen from different 

locations at five different factories at different times in an attempt to capture diversity from 

those sourced. The selected strains had all been isolated by environmental swabbing either 

within processing plants or on their factory grounds except for the outbreak strain that had 

been isolated from the final product. The outbreak strain could be linked to isolates from the 
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environment of the mussel-processing facility by several typing methods (Brett et al. 1998), but 

is considered sporadic for the present study as the environmental swabs were collected with a 

big time gap (November 1990 and July 1993) suggesting reintroduction into the processing 

facility. It is likely that environmental swabbing was continued during this time without 

detection of the outbreak isolate, however, Brett et al. (1998) did not state this. All 16 isolates 

belonging to the 12 pulsotypes were recovered from -80°C stock and grown on Tryptic Soy Agar 

enriched with 0.6% Yeast Extract (TSAYE) (Difco, BD, USA) plates. A colony was freshly picked 

for each experiment. Overnight cultures were usually prepared in Tryptic Soy Broth enriched 

with 0.6% Yeast Extract (TSBYE) (Difco, BD, USA) and then used for subsequent experiments. 

Table 3.1. Strains of Listeria monocytogenes used in the experiments 
 

Strain Pulsotype Persistence Plant1 Isolation site Isolation date 

15A04 3814 + A heating 29/08/07 

27A05 3814 + B heating 07/09/10 

15G01 5132 + C external area2 07/02/08 

16J10 5132 + B opening 01/05/08 

32C06 5588 + D opening 03/06/11 

33H04 5588 + D heating 01/12/11 

15A07 6502 + A bale store 06/09/07 

31H06 6502 + A heating 07/02/11 

16A01 3860  outbreak smoked mussels ??/12/92 

15B09 8779  B opening 07/12/07 

15D07 5176  C heating 19/12/07 

15G10 3832  A packaging 08/02/08 

16H02 0101  E opening 23/04/08 

16J08 8981  C bale store 30/04/08 

17A02 7002  A external area2 28/04/08 

19B07 3880  C heating 07/04/09 

1 Plants A, B and C are coded as published in Cruz and Fletcher (2011).  

2 Strains obtained from areas surrounding the factory (shell, truck park, waste belt roof, entrance doors and floors). 
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3.2.2. Biofilm formation  

Biofilm formation was measured according to a method described previously with modifications 

(Djordjevic et al. 2002). An overnight culture (2 μL) grown in TSBYE (Difco, BD, USA) at 37°C was 

used to inoculate 96-well plates (polystyrene, Greiner, F-Bottom, 655161) filled with 198 μL 

fresh Brain-Heart-Infusion broth (BHI) (Difco, BD, USA) and incubated statically at 20°C and 30°C 

for 24 and 48 h, respectively. Even though these temperatures are probably not the most 

common ones in the food processing environment, they still may be encountered. This study 

aimed to identify differences in the biofilm formation of persistent and sporadic isolates after 

24 and 48 h incubation. Temperatures lower than 20°C do not support biofilm formation 

therefore 30°C was chosen for this study. After incubation, media was removed by inverting 

plates and wells were washed three times with double-distilled water (ddH2O). To determine 

biofilm production the biofilm mass was stained with 200 μL of an aqueous 0.1% crystal violet 

(BDH) solution and incubated for 45 min at 30°C. After incubation the wells were washed three 

times with ddH2O to remove excess dye and then air dried. Bound crystal violet was then 

destained using 200 μL 96% ethanol (EtOH) per well. The optical density was measured at 

595nm with a microplate reader (VersaMax, Molecular Devices). Obtained values were blank 

corrected and averaged for each isolate. The experiment was performed twice with two 

replicates. 

For cell enumeration performed in parallel, the bacteria were grown as above and the wells 

washed three times with ddH20 to remove planktonic cells. The sessile cells were detached and 

resuspended by rigorous pipetting using 500 μL phosphate buffered saline (PBS – NaCl 8.0 g/L, 

KCl 0.2 g/L, Na2HPO4 1.42 g/L, KH2PO4 0.24 g/L, pH 7.4). Tenfold dilutions were prepared in PBS 

and plated on Brain Heart Infusion (BHI) agar plates using the drop plate method (Chen et al. 

2003). Colony forming units (CFU) were enumerated after 24 h of incubation at 37°C. The 

experiment was performed twice with five replicates. 

3.2.3. Motility Assay 

Motility was tested on semi-solid agar plates composed of BHI broth and 0.3% agar. The plates 

were inoculated from single colonies using a sterile pick and incubated at 20, 30 and 37°C for 

24 h according to a method described previously (Knudsen et al. 2004). Motility was measured 

using the visible halo around the inoculum. The experiment was performed once with three 

technical replicates. Results were analysed using analysis of variance (ANOVA) and the variation 

between the three replicates was used as the residual error. 
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3.2.4. Survival of planktonic and biofilm cells on dry surfaces 

Survival on dry surfaces was tested as described previously with minor modifications (Castelijn 

et al. 2013). To grow the biofilms, colonies were picked from TSAYE agar plates and used to 

inoculate 10 mL TSBYE and then incubated at 37°C overnight. An overnight culture (2 L) was 

used to inoculate 96-well plates containing 198 μL BHI per well. The 96-well plates were 

incubated at 30°C for 48 h and then washed three times with ddH2O to remove planktonic and 

loosely attached cells. The plates were air dried under a laminar air flow until fully dried. For 

the planktonic cultures, 10 mL of TSBYE was inoculated with colonies picked from TSAYE plates 

and incubated overnight at 37°C. This overnight culture (100 L) was then used to inoculate 10 

mL of BHI and incubated for 24 h at 25°C. Each culture (10 L, ~107CFU) was then pipetted onto 

96-well plates and left to air dry under the laminar airflow. Dilutions of planktonic cultures were 

prepared and plated to determine the cell concentration (Day 0). The 96-well plates were stored 

at 25°C and viable cells were determined on days 0, 1, 2, 5, 7 and 14. PBS (500 μL, pH 7.4) was 

used to detach and resuspend the biofilms and planktonic cells from the 96-well plates by 

rigorous pipetting. Tenfold dilutions were prepared and cell concentration was determined 

using the drop plate method (Chen et al. 2003). Cultures were plated on BHI agar plates and 

incubated at 37°C for 24 h. The experiment was performed twice with five replicates. 

The student’s t-test was used to compare persistent with sporadic isolates and a significant 

difference was concluded for p≤0.05. Analysis of variance (ANOVA) was used to identify 

differences between the means for days, persistent versus sporadic isolates and biofilm vs 

planktonic cultures, allowing for the difference between isolates within those groups. An 

antedependence model (which allows the variability of the data to be different at different time 

points, and estimates the correlation between each time point and the preceding one) was used 

because observations on a culture/well may have been correlated over time. 

3.2.5. Heat resistance 

Overnight cultures grown in TSBYE at 37°C (100 μL) were used to inoculate 9.9 mL BHI and 

grown for 24 h at 30°C. The cell concentration before heat treatment ranged from 8.5 to 9.5 

log10 CFU/mL. A temperature of 58°C was chosen for heat treatment after preliminary trials 

showed a 10% reduction in cell number for the representative strain 15G01  after 5 min at this 

temperature. The 10% reduction was used as the target reduction to evaluate differences 

between the strains. Heat resistance of all strains was therefore determined after treatment at 

58°C for 5 min. Overnight culture (4 x 1.5 mL) was pipetted in 4 x 2 mL Eppendorf tubes and 

heat treated. After 5 min cultures were allowed to cool down at room temperature for 5 min or 
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2 h, respectively. Decimal dilutions of untreated (t0) and treated cultures (t5min and t2h) in PBS 

were plated on BHI agar plates. Agar plates were incubated at 37°C and colonies were 

enumerated after 24 h of incubation. CFU counts at each time were compared using ANOVA, 

with experiment as a block term (random effect) and strain as the treatment factor; the change 

from time 0 to 5 min, time 0 to 2 h and 5 min to 2 h was also analysed using ANOVA. 

Furthermore, the results before and 5 min after heat treatment were analysed using a one-

tailed t-test. 

Furthermore, 1.5 mL culture of untreated or heat treated cells (cooled down for 5 min or 2 h) 

was centrifuged and resuspended in the same volume of PBS containing the red fluorescent 

stain propidium iodide (PI – 20 μM). Non-fluorescent PI is excluded from cells with intact 

membranes and can only enter and bind to DNA in cells with damaged (permeabilised) 

membranes. The fractions of unstained cells with intact membranes and that of PI-stained cells 

with (transiently) permeabilised membranes were determined using a BD FACS Aria III flow 

cytometer (50000 events per measurement). 

Combining flow cytometry (FCM) analysis and plate count methods allows analysis of short-

term membrane-damaging effects (after 5 min and 2 h recovery) and the impact on culturability 

of cells assayed after 24 h incubation on BHI agar medium.  

CFU/mL at each time were compared using ANOVA, with experiment as a block term (random 

effect) and strain as the treatment factor; the change from time 0 to 5 min, time 0 to 2 h and 5 

min to 2 h was also analysed using ANOVA. CFU values were log10 transformed before analysis. 

The results were also analysed using a one-tailed t-test before and 5 min after heat treatment.  

3.2.6. Genome sequencing and analysis 

Genomic DNA was isolated from L. monocytogenes isolates using the DNeasy Blood & Tissue Kit 

(Qiagen), and used for genome sequencing at the Earlham Centre, Norwich, UK. Libraries had 

an average insert size of ~600 bp and were generated using the Illumina NexteraXT kit, 

according to the manufacturer’s instructions (Illumina UK, Cambridge). The libraries were used 

for high-throughput DNA sequencing using the Illumina MiSeq with 250 nt paired end reads. 

Reads were QC-ed, trimmed and adaptors removed using standard protocols. Genome 

sequences were assembled using SPAdes 3.6.2 (Bankevich et al. 2012) with assembly statistics 

generated by Quast v. 2.0 (Gurevich et al. 2013). Genomes were annotated using Prokka v. 

1.11b (Seemann 2014). Core genome single nucleotide polymorphisms (SNPs) were identified 

using the parSNP program v. 1.2 from the Harvest suite (Treangen et al. 2014) with the "-a 13 -
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c -x" switches, and used for the generation of phylogenetic trees using the default settings of 

parSNP. Multilocus sequence typing (MLST) was performed in silico using the scheme provided 

by the Institut Pasteur (http://bigsdb.pasteur.fr/listeria/listeria.html), with Figtree 

(http://tree.bio.ed.ac.uk/software/figtree/) used for annotation of phylogenetic trees. After 

clustering, genome sequences were compared using Roary (Page et al. 2015) for pangenome 

analysis with Scoary (Brynildsrud et al. 2016) for statistical evaluation, and Mauve (Darling et al. 

2004) for direct comparison. PHASTER (Arndt et al. 2016) was used for assessment on whether 

prophages in the L. monocytogenes genomes were intact, questionable or incomplete, using 

the default settings. The FASTQ reads, isolate information and genome assemblies have been 

uploaded to the European Nucleotide Archive (ENA) at the EMBL-EBI 

(http://www.ebi.ac.uk/ena), as project PRJEB19211. Accession numbers for ENA (reads and 

assemblies) are provided in Supplementary Table S3.4. 

3.3 Results 

3.3.1 Persistent isolates form more biofilm at 30°C  

We evaluated the ability of the L. monocytogenes isolates to produce biofilm by the crystal 

violet assay and determined the number of viable biofilm cells by plating. Generally, biofilms 

are composed of living cells, dead cells and extracellular polymeric substance including 

carbohydrates, DNA and lipids. Crystal violet attaches to negatively charged surface molecules 

and measures the whole biofilm mass including all of the above mentioned. Viable biofilm cells 

are of special risk as they are the ones capable of reproducing and contaminating other surfaces 

and foods. Combining both methods gives a good indication of L. monocytogenes persistent and 

sporadic isolates biofilm formation capability and associated contamination risk. 

Biofilm formation was studied at two different temperatures (20°C and 30°C) after 24h and 48h 

incubation. At 20°C biofilm mass was greater after 48 h compared to 24h incubation for all 

isolates (Figure 3.2 a). However, biofilm mass was relatively low with all OD595nm values ≤ 0.066 

after 24 h. Viable cell counts ranged between 3.83 and 4.94 log10 CFU/well after 24 h incubation 

and between 3.31 and 5.82 log CFU/well for 48 h incubation (Figure 3.2. a). Prolonged 

incubation times resulted in a marginal increase in the number of viable cells but greater 

increases in biomass (Figure 3.2). The average for all measurements after 48 h was 0.28 log 

CFU/well higher than after 24 h incubation. Log10 counts were higher after 24 h incubation 

compared to 48 h incubation for some isolates, which could be due to increased cell death by 

48 h.  
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At 30°C, biofilm mass and cell counts were greater than at 20°C for all isolates tested. The 

average mean for the cell counts was 0.94 log10 CFU/well higher after 48 h incubation compared 

with 24 h (Figure 3.2 b). All 16 isolates had more viable cells present in their biofilm after 48 h 

incubation. Strain 15G01 exhibited an interesting phenotype with log10-counts not changing 

significantly between 24 and 48 h incubation but crystal violet staining showing a major increase 

after 48 h incubation compared with 24 h (94.08% increase). This might be due to increased 

death of part of the population as cells move into late stationary/death phase (death rate 

equalling growth rate) or increased production of extracellular polymeric substance with 

increasing incubation time or a combination of both. 

Comparing the dataset for the persistent isolates with the sporadic isolates (Supplementary 

Table S3.1), ANOVA revealed a significant difference between persistent and non-persistent 

isolates; the number of cells in the biofilm was higher after 48 h incubation at 30°C for the 

persistent isolates (average of 6.68 log10 CFU/well for the persistent isolates compared with 

6.33 log10 CFU/well for the sporadic isolates; p = 0.031). Overall, biofilm formation increased for 

both the sporadic and persistent isolates with increasing incubation time and temperature. 
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Figure 3.2. Biofilm formation of sporadic and persistent L. monocytogenes isolates measured through crystal violet 
staining (bars) and plate count cell enumeration (dots) at 20°C (a) and at 30°C (b) after 24 h (light grey bars and dots) 
and 48 h (dark grey bars and dots) incubation in Brain Heart Infusion Broth. Underlined strains are persistent. Isolates 
of the same pulsotype are found next to each other. Error bars represent standard deviation of 2 independent 
experiments with n=2 for the crystal violet staining and n=5 for the plate count cell enumeration. No visible error 
bars are due to low standard deviation. 

 

3.3.2 Persistence is not correlated to motility 

The involvement of flagella and motility in L. monocytogenes’ attachment to surfaces has been 

shown in previous research (Lemon et al. 2007, Todhanakasem and Young 2008, 

Vatanyoopaisarn et al. 2000). Therefore motility of the 16 strains was measured. All tested 

isolates were motile and showed higher motility at 30°C compared with 20°C, which could be 

due to higher growth rate at 30°C. Six out of 16 isolates were motile at 37°C, with two of the six 
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isolates being persistent. The difference in motility between 20°C and 30°C and the interaction 

(temperature/strain) was significant (p˂0.05), however, the propor on of variability was 

comparatively small, indicating the differences were not very large (the 20°C and 30°C results 

had a correlation of 0.68). The mean motility was higher for sporadic isolates compared to 

persistent isolates at 20°C and 30°C (Supplementary Table S3.2). Testing whether there was a 

difference between persistent and sporadic isolates, against the variation between isolates, 

indicated no significant main effect (F = 1.2 on 1 and 14 df, p = 0.294) and no significant 

persistent x temperature interaction (F = 1.6 on 1 and 14 df, p = 0.224) (Supplementary Figure 

S3.1). 

3.3.3 Heat resistance might contribute to persistence 

Heat resistance was examined by exposing all 16 isolates to 58°C heat for 5 min. The short-term 

effect of heat exposure on the (non)persistent isolates was investigated by determining the 

fraction of membrane-damaged cells with propidium iodide (PI) using flow cytometry and the 

long-term effect was measured through cell plating. 

Notably, for seven out of eight persistent isolates (all except 27A05), the fraction of non-stained 

cells indicating intact (non-damaged) membranes assayed 5 min after heat treatment, was 

higher than 90%, whereas only three out of eight sporadic isolates showed the same effect 

(Figure 3.3 a). After 2 h only four out of eight persistent isolates and the same three out of eight 

sporadic isolates showed the same effect.  

Plate counts were determined before heat treatment and 5 min and 2 h after heat treatment, 

to determine whether recovery occurs. Heat treatment for 5 min at 58°C led to a decrease in 

cell numbers for all isolates. Three isolates (15G01, 15A07, 17A02) showed highest heat 

resistance with the surviving fraction after 5 min being approximately 43.7 %, 56.5 %, and 

50.3 %, respectively (Figure 3.3 b). The first two of the three belong to the persistent group. The 

sporadic isolate 16H02 and the persistent isolate 16J10 showed a heat resistance of 26.78% and 

28.02%, respectively. All the remaining isolates exhibited survival below 10% of the original 

population after heat treatment (Figure 3.3 b). 

The difference between 5 min after heat treatment and 2 hours after heat treatment was 

examined to determine whether any strains are capable of recovering in that timeframe after 

initial heat damage. The results showed that there was no significant difference (Figure 3.3 b) 

(p=0.232, ANOVA), between 5 min after heat treatment and 2 h post treatment. However, the 

difference between 0 and 5 min was significant for 12 of the 16 isolates examined (p=0.005, 
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one-tailed t-test). Four isolates showed no significant decrease in cell numbers 5 min after heat 

treatment, hence are more heat-resistant. Three (15G01, 16J10, 15A07) of the four isolates 

were persistent. 

The three most heat-resistant isolates (15A07, 15G01 and 17A02) were isolated from the 

environment of the bale storage area or from the external areas of the factory, so had not been 

exposed to any heat prior. However, they could represent contamination of these areas from 

strains present within the plant. The other two isolates that exhibited higher heat resistance 

(16H02 and 16J10) were isolated in the opening area just after the heating step so may have 

gone through heat treatment if introduced before the opening step, but they also might have 

been introduced from outside sources.  

Flow cytometry assesses recovery based on staining damaged cells, whereas cell plating 

measures viable culturable cells. The high percentage of intact cells after heat treatment 

measured through flow cytometry and the lower levels of recovered cells measured through 

plating suggest that significant irreversible damage occurs. 
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Figure 3.3. Listeria monocytogenes enumerated 5 min and 2 h after heat treatment at 58°C for 5 min expressed as 
fraction of non-damaged cells assessed by flow cytometry (a) (grey bars showing results for 5 min and black bars for 
2 h after heat treatment) and expressed as percentage of those present before the heat treatment for cell plating (b) 
(CFU/mL, grey bars 5 min after heat treatment and black bars 2 h after heat treatment). Persistent strains are grouped 
together under the black bars shown on the left side of the axes. 
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3.3.4 Persistent biofilm cells survive better than persistent planktonic under dry 

conditions 

Two experiments were run, testing 16 isolates comparing numbers of biofilm cells versus 

planktonic cells on dry surfaces over a period of 14 days. Colony forming units (CFU) were 

counted at days 0, 1, 2, 5, 7 and 14. 

Biofilm and planktonic cell numbers decreased sharply on day 1 compared with the initial 

concentration (Table 3.2) for all isolates. The mean reduction for biofilm and planktonic cells 

were 1.83 log10 CFU/well and 1.93 log10 CFU/well respectively after 1 day. Cell numbers 

decreased continuously over subsequent time periods. 

The cell numbers were higher for planktonic cells (Table 3.2) due to methodology so the changes 

from day 0 were analysed for all groups. Biofilm cells of the persistent isolates survived better 

than the planktonic cells after 7 d and 14 d (p≤0.05). However, there was no difference for the 

biofilm and planktonic cells of the sporadic isolates. When comparing the sporadic with the 

persistent isolates only one significant difference was observed; biofilm cells of the persistent 

cells survived better at day 2 compared to biofilm cells of the sporadic isolates. No significant 

difference was found at any other sampling date. Planktonic cells of all isolates tested showed 

reductions between 3.01-5.29 log10 CFU/well after 14 d incubation on dry surfaces, whereas 

biofilm cells exhibited reductions ranging between 2.57-5.05 log10 CFU/well after 14 d. 

Comparing persistent versus sporadic isolates, the planktonic cultures of the sporadic isolates 

showed the highest reductions (3.76-5.29 log10 CFU/well after 14 d) and biofilm cells of the 

persistent isolates showed the lowest reductions (2.57-4.12 log10 CFU/well) (Table 3.2 and 

Supplementary Table S3.3 ). 

Table 3.2. Enumeration of planktonic and biofilm cells obtained from persistent and sporadic L. monocytogenes 
isolates (see materials and methods) after incubation of cells on dry surfaces (96-well plates) for 1, 2, 5, 7 and 14 d 
at 25°C. After incubation the cells were resuspended in PBS and counted at the times indicated. Mean counts for 
each isolate (n=5 per isolate for two independent experiments) are shown as Log10 values with the standard deviation 
shown in brackets. 

 persistent sporadic 
Days on dry surface planktonic biofilm planktonic biofilm 
0 7.364 (0.142) 5.996 (0.838) 7.263 (0.148) 6.140 (0.640) 
1 5.587 (0.703) 4.457 (0.808) 5.185 (0.489) 4.014 (0.767) 
2 5.350 (0.540) 4.078 (0.573) 4.949 (0.429) 3.299 (0.824) 
5 5.005 (0.499) 3.512 (0.597) 4.633 (0.454) 3.103 (0.770) 
7 3.950 (0.466) 3.161 (0.618) 3.636 (0.439) 2.746 (0.519) 
14 3.459 (0.676) 2.805 (0.678) 2.836 (0.697) 2.274 (0.977) 
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3.3.5 The two persistent isolates of each pulsotype behaved similarly  

Two representatives for each persistent pulsotype (Table 3.1) were subjected to phenotype 

analyses. The representatives of each pulsotype behaved similar (Figures 3.2 and 3.3). This 

supports the use of PFGE typing as a method of selecting persistent strains. The exception was 

15A07 which had higher heat resistance by the plate count method than 31H06. This was 

surprising in that 31H06 was isolated from the heating area whereas 15A07 was from the bale 

store. 

The selected representatives of pulsotype 3814 were isolated from two different processing 

plants, and this pulsotype was also isolated from a third factory (Cruz and Fletcher 2011), 

suggesting that the strain has been introduced from a common source, e.g., raw material. Both 

selected strains had been isolated from the heating areas (outlined in Figure 3.1) as had most 

(13) isolates of this pulsotype (Cruz and Fletcher 2011). However, both tested isolates were 

rather less heat-resistant compared to the other persistent strains (Figure 3.3). This pulsotype 

was widely distributed in factories with three isolated from an external area, two from bale 

stores, one from an opening area and two from a packing area (Cruz and Fletcher 2011). 

The selected representatives of pulsotype 5132 were isolated in the opening area and the 

external area of the same plant. Strains of this pulsotype had been regularly isolated in these 

areas (four isolates from the external area and 15 from the opening area) but was also found in 

the packing area of the plant (five isolates) and the opening area (two isolates) and in product 

(one isolate) from another nearby plant (Cruz and Fletcher 2011). This strain might have been 

introduced from the outside environment possibly through the raw product or bags for mussel 

storage. It is likely that this strain made it through the processing line into the opening and 

packing areas (Figure 3.1) surviving the heat treatment, suggesting high heat resistance. Both 

isolates belonging to pulsotype 5132 exhibited high viable cell numbers after heat treatment 

(two of the three highest heat-resistant strains determined by plating). 

The two selected isolates belonging to pulsotype 6502 were isolated from the bale storage and 

the opening area of the same plant and eight other isolates with the same pulsotype had been 

obtained in these locations but none from the other plants (Cruz and Fletcher 2011). This 

suggests introduction from an outside source from the environment.  

The two representatives of the pulsotype 5588 were isolated from the same factory in the 

opening area and heating area and the pulsotype has been found in numerous other locations 
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in that factory including product, suggesting survival of the isolates through heat treatment and 

contaminating the opening area. 

3.3.6 Comparative genomics of persistent and sporadic L. monocytogenes isolates 

The draft genome sequences of the eight persistent and eight sporadic isolates were 

determined using Illumina sequencing technology with 250 nt paired end reads. The genome 

sizes varied between 2.9-3.3 Mbp, consistent with previously released L. monocytogenes 

genomes. The phylogenetic relationship between the 16 genomes was analysed using 

phylogenomic clustering based on core genome single nucleotide polymorphisms (SNPs) (Figure 

3.4). The 16 isolates were all lineage II genomes, and except of isolate 16J08 which clustered on 

its own, aligned into four distinct clusters of five, two, three and five genomes (labelled cluster 

1-4 in Figure 3.4). Clusters 1, 3 and 4 contained both persistent and sporadic isolates, with 

cluster 2 only containing persistent isolates. The genomes within the clusters showed virtually 

no differences in the core genome SNPs, shown by the lack of further sub-branching within the 

clusters. The clusters each consisted of genomes with a separate MLST sequence type, with 

cluster 1 consisting of ST-321, cluster 2 of ST-204, cluster 3 of ST-120 and cluster 4 of ST-399, 

with 16J08 being ST-31. 

All genomes were provisionally annotated using Prokka (Seemann 2014), and pangenome 

analysis using Roary (Page et al. 2015) was used to search for genes or markers associated with 

persistence or non-persistence within the 16 genomes, or markers associated with specific 

factories from which the isolates were obtained. We were unable to detect such markers for 

either group, consistent with previous reports where persistence and virulence of L. 

monocytogenes could not be linked to specific genetic markers (Fagerlund et al. 2016, Fang et 

al. 2016, Stasiewicz et al. 2015). As there were differences in pulsotypes within the four clusters, 

we used a combination of comparative genomics utilities to identify the genomic changes that 

may account for the differences in pulsotypes between the genomes within each cluster, using 

the multiple genome aligner Mauve (Darling et al. 2004). Within the ST-321 genomes in cluster 

1 were two persistent isolates and three sporadic isolates isolated from factories B, C and E.  

The primary differences were in mobile genetic elements, with isolates 16H02 and 15G01 

lacking a φtRNA-Ser prophage, 16H02 lacking a φtRNA-Leu prophage, and 16H02 having a 

transposon with a restriction-modification system lacking in the other four genomes (Fagerlund 

et al. 2016) (not shown in Figure 3.4). The two ST-204 isolates from Cluster 2 were virtually 

identical, both persistent and from the same factory (D), but isolate 33H04 carries a φtufA 

prophage, while isolate 32C06 contains plasmid contigs also found in cluster 1. The ST-120 
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isolates from cluster 3 all came from factory A, with two out of three isolates persistent (15A07 

and 31H08). These differed from sporadic isolate 17A02 by lacking φtRNA-Ser and φtRNA-Arg 

prophages, as well as differences in the specificity subunits of a hsd Type I restriction 

modification system (not shown), and having an inactivated gene encoding a putative surface-

located protein (not shown). Finally, the ST-399 genomes in cluster 4 included isolate 16A01 

from an outbreak in 1992, and this genome lacked a φRNA-methyltransferase prophage, and 

the φtRNA-Asn prophage in 16H02 was scored as questionable (i.e. possibly incomplete) while 

it scored as intact in the four other isolates. When compared to the pulsotypes of the isolates, 

the differences in these 30-50 kb prophages could in part explain differences in pulsotypes, for 

instance in cluster 3, but not in clusters 1, 2 and 4. 
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Figure 3.4. Whole-genome comparison of persistent and non-persistent L. monocytogenes isolates demonstrates 
persistence is not associated with a specific genetic lineage, and does not allow identification of genetic markers 
contributing to persistence in the isolates investigated. The phylogenetic tree on the left is based on core genome 
single nucleotide polymorphisms identified with the ParSNP program, with bootstrap values indicated at the 
branching points. The code of the isolates, pulsotypes and the plant and location of isolation are indicated, with 
underlined isolate codes showing persistent isolates. The clusters and the MLST sequence type are indicated in the 
tree, demonstrating that persistence is not associated with a specific genetic lineage. The plus and minus symbols 
indicate level of biofilm formation based on viable counts and crystal violet staining, whereas HeatR represents heat 
resistance, and FCM flow cytometry. Isolates that produced higher biofilm counts and biofilm staining than the 
median at 30°C are labelled with + (plus) and isolates that produced lower biofilm counts and staining are labelled 
with – (minus).  Six of the eight persistent isolates showed high results in at least three of the four shown tests 
whereas the sporadic isolates exhibited lower biofilm formation and heat resistance. The sporadic isolate 16H02 was 
an outlier and might be in the process of becoming persistent. The boxes on the right indicate differentially present 
mobile genetic elements (prophages and putative plasmids) in these isolates. The  code indicates the genomic locus 
where the prophage is inserted. The shading of the prophage boxes indicates whether it is an intact (black), 
questionable (dark grey) or incomplete prophage (light grey), based on the analysis performed using PHASTER. The 
crossed boxes for isolate 16J08 highlight that although it does have a prophage at the tRNA-Leu locus, it differs from 
the prophages of cluster 1 in the same location. Similarly, the putative plasmid-contigs are show significant sequence 
difference with those of clusters 1 and isolate 32C06 of cluster 2. There were no prophages or plasmids specifically 
associated with persistence. Minor genetic changes were observed (not shown), but again did not correlate with 
persistence, but only with genetic background/clusters. 
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3.4 Discussion 

Persistence of pathogenic bacteria in a food-processing environment causes a health risk for 

the consumer of the food products and a high financial risk for the producer, thus constituting 

both a public health and economic concern. Identification of phenotypic and/or genotypic 

features of pathogenic bacteria that favour persistence has been the focus of several research 

groups across the world. In this study, we analysed phenotypic and genotypic features of L. 

monocytogenes to identify differences between sporadic and persistent strains isolated from a 

mussel-processing environment to determine key factors that might contribute to persistence 

in food-processing plants. 

In this study eight persistent strains isolated from four different factories and 8 sporadic strains 

from four different sites (three factories identical with the persistent isolation) including one 

outbreak isolate were subject to phenotypic assays and genomic analysis. 

We observed that biofilm formation was significantly greater at 30°C compared with 20°C for 

persistent isolates. In a previous study by Cruz and Fletcher (2011), where some of the same 

isolates used in this study were investigated, persistence could not be linked to biofilm 

formation using TSBYE medium (Cruz and Fletcher 2011). However,in the current study BHI 

medium was used, as it is a commonly used medium for L. monocytogenes studies and a 

nutrient-rich medium that was previously shown to promote L. monocytogenes biofilm 

formation (Nowak et al. 2015). Differences in biofilm formation might be due to nutrient 

availability and composition as discussed in our previous work (Nowak et al. 2015) and others 

(Kadam et al. 2013). 

A recent study focused on growth behaviour of 31 persistent (repetitive isolation over 4-5 years 

for small-scale industrial cheese producer and 8 – 15 months artisanal raw ewes’ milk cheese 

producer) and 10 sporadic L. monocytogenes strains at different temperatures (4°C, 22°C, 37°C) 

(Magalhaes et al. 2016). Average growth rates for persistent strains were found to be higher at 

22°C compared to sporadic strains, which highlights the fact that certain temperatures (22°C) 

may favour bacterial persistence. 

In the present study persistent isolates were found to form significantly greater amounts of 

biofilm at 30°C after 48 h incubation determined by plate counts. Nakamura et al. (2013) 

analysed biofilm formation of persistent and transient strains at 32°C with the crystal violet 

assay and viable cell counts using Modified Welshimer’s Broth (MWB) as the medium 

(Nakamura et al. 2013). They found that persistent strains formed significantly more biofilm 
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than transient strains after 48 h incubation and that there was no significant difference after 

24h incubation. Viable cell counts were not significantly different for persistent and transient 

strains in Nakamura’s study, however, we noted significant higher viable cell counts after 48h 

incubation for persistent strains. Furthermore, Borucki et al. (2003) found that persistent strains 

(n=11) form more biofilm than sporadic strains (n=15) (p=0.027) after 40 h incubation at 30°C 

determined by the crystal violet assay in MWB (Borucki et al. 2003). Ochiai et al. (2014) 

investigated biofilm-forming ability of persistent strains at 30°C and 37°C using the crystal violet 

assay and showed that persistent strains did not form more biofilm at 30°C, but at 37°C (Ochiai 

et al. 2014). 

However, some other research groups found no difference between biofilm-forming ability of 

persistent and sporadic strains which might be due to differences in media and growth 

conditions as discussed, next to strain variability (Djordjevic et al. 2002, Nilsson et al. 2011)  

In the present study we evaluated the recovery/survival of persistent and sporadic isolates from 

dry surfaces. Not surprisingly, we observed a reduction in cell numbers with increasing 

incubation for persistent and sporadic isolates. Planktonic cells showed a reduction of  3.01 – 

5.29 log10 CFU/ well  after 14 d. Survival of planktonic cells of L. monocytogenes on dry surfaces 

(coated and uncoated stainless steel coupons) has been tested previously (Møretrø et al. 2013, 

Takahashi et al. 2011). Møretrø et al. (2013) found that there was a 1.5-2 log10 reduction per 

coupon for bacteria after 7 and 14 days, when incubated at 12°C. Takahashi et al. (2011) coated 

coupons with a sterile food filtrate (minced tuna, cabbage or ground pork) and tested survival 

of L. monocytogenes Scott A at 25°C compared to survival on uncoated stainless steel coupons. 

After 15 d, cell numbers reduced from an initial concentration of 107 CFU/coupon to ~3 log10 

CFU/coupon on uncoated coupons, which is consistent with our findings. On coated coupons 

cell numbers reduced to ~3.5-5.5 log10 CFU/coupon after 15 d and after 30 d to 2.32-3.7 log10 

CFU/coupon. Castelijn et al. (2013) examined survival of Salmonella spp. on dry surfaces and 

observed that survival of biofilm cells is higher than survival of the planktonic counterpart. We 

observed a difference between planktonic and biofilm cells of persistent isolates, but no 

difference between sporadic and persistent isolates. Survival on dry surfaces has also been 

tested for Acinetobacter baumannii where biofilm-forming and non-biofilm-forming strains 

were compared (Espinal et al. 2012). Biofilm-forming strains survived longer than the non-

biofilm formers in dry conditions (36 days versus 15 days). We observed a reduction in cell 

numbers over time for all isolates tested, but no significant differences in survival between 

sporadic and persistent isolates, except for day 2. Biofilm cells showed a steady decline in cell 
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numbers up until day 14 whereas planktonic cells had a sharp decline from day five to seven. It 

could be considered useful to test survival after longer incubation time (up to 30 d), however, 

previous studies could not observe a further reduction from 15 d to 30 d (Takahashi et al. 2011).  

In the present study we also investigated heat resistance but there was no consistent difference 

between persistent and sporadic isolates observed after heat treatment at 58°C for 5 min 

although two of the three most heat-resistant isolates were classified as persistent. Lunden et 

al. (2008) analysed 17 persistent and 23 non-persistent strains for heat resistance and found no 

significant difference in survival of persistent and sporadic strains (55°C, 40 min), which is 

consistent with our findings. In the present study heat resistance was investigated at 58°C in a 

model setting to evaluate overall robustness of the sporadic versus the persistent isolates. The 

majority of the isolates had been sampled after the heating stage of the processing line. Heat 

treatment at a sub-lethal level might encourage cross-protection, which could result in higher 

resistance towards other environmental stresses, including sanitisers and cleaning reagents. 

Cross-protection has been reported for several bacterial species, where bacterial cells become 

more resistant to different environmental stresses after being exposed to another stress, e.g. 

higher heat resistance after alkali stress exposure for Salmonella enteritidis (Inagaki et al. 2009) 

and Enterococcus faecalis. L. monocytogenes also showed increased H2O2 resistance after 

exposure to salt stress (Bergholz et al. 2012) and exhibited higher heat resistance after exposure 

to other environmental stresses (Lou and Yousef 1996). 

We also used genome sequencing to assess whether there were any genetic markers that could 

distinguish persistent and sporadic isolates used in this study. The 16 isolates used here were 

from five different MLST sequence types, with four of the five sequence types containing both 

persistent and sporadic isolates. While the isolates within each sequence type contained only a 

few core genome SNPs which did not lead to major differences in genes predicted, there were 

differences in the accessory genome, especially mobile genetic elements such as prophages and 

plasmids (Figure 3.4). As the prophages and plasmids are relatively large fragments (30-50 kb of 

sequence each), they could be large enough to affect the PFGE banding pattern and hence result 

in a different pulsotype. However, there was no clear association between the 

prophages/plasmids with persistence or pulsotype observed (Figure 3.4). This is consistent with 

several recent studies on genomics of L. monocytogenes, where significant variations in 

prophages have been observed, but were not linked to specific phenotypes (Fagerlund et al. 

2016, Fang et al. 2016, Stasiewicz et al. 2015). This strongly suggests that the phenotypic 

differences are not caused by single mutations, phages or other genetic differences, but could 
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be unique to distinct L. monocytogenes lineages, or multifactorial combining phenotypic stimuli 

and genetic background. 

In food production plants such as mussel-processing facilities, products undergo several 

treatment steps including washing and cooling as well as heating, before being packed for 

export. Persistent isolates produced more biofilm and showed higher heat resistance in some 

cases. Additionally, biofilm cultures of persistent isolates survived better than the planktonic 

cultures after prolonged incubation time emphasising the need to critically evaluate and 

implement adequate cleaning procedures to eliminate the risk for product contamination by 

persistent L. monocytogenes. 
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3.6 Supplementary Information 

 

 
Supplementary Figure S3.1. Motility of the eight persistent and eight sporadic Listeria monocytogenes isolates after 
24 h incubation at 20°C (light grey bars) and at 30°C (dark grey bars) measured in semi-solid agar plates. Error bars 
represent the mean of three technical replicates. Underlined strains are persistent. 
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Supplementary Table S3.1. Means and standard deviations (in brackets) of biofilm formation of the persistent and 
sporadic L. monocytogenes strains measured by the crystal-violet assay and cell enumeration at 20°C and 30°C after 
24 and 48 h.  

 Biofilm formation  Crystal violet assay  Cell enumeration 
  Temperature (°C) incubation (h) OD595nm Log10 CFU/well 

persistent 
n=8  

20 24 0.005 (0.003) 4.597 (0.311) 
48 0.031 (0.017) 4.798 (0.749) 

30 24 0.069 (0.055) 5.809 (0.839) 
48 0.190 (0.086) 6.676 (0.284) 

sporadic  
n=8 

20 24 0.004 (0.002) 4.273 (0.407) 
48 0.022 (0.019) 4.628 (0.727) 

30 24 0.041 (0.024) 5.323 (0.676) 
48 0.120 (0.036) 6.332 (0.288) 

 

 

Supplementary Table S3.2. Motility of persistent (n=8) and sporadic (n=8) L. monocytogenes isolates after 24h 
incubation at 20°C and 30°C. 

Motility 20°C 30°C 
  halo [mm] SD halo [mm] SD 
Persistent  4.05 0.63 7.70 3.07 
Sporadic  4.27 0.71 9.10 2.09 
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Supplementary Table S3.3. Survival on dry surfaces of persistent and sporadic L. monocytogenes isolates before and 
after 1, 2, 5, 7 and 14 d incubation at 25°C. The experiment was performed in duplicate with n=5. Persistent strains 
are labelled by an asterisk. 

Survival on dry surfaces [log10 CFU/well] 
         Day  
Strain   

 Planktonic cells  Biofilm cells 
0 1 2 5 7 14 0 1 2 5 7 14 

15A04* 7.25 4.40 4.59 4.48 3.54 2.49 5.24 3.69 3.22 2.71 2.52 2.19 
 SD 0.04 0.41 0.37 0.29 0.60 1.12 0.51 0.22 0.74 0.04 0.58 0.34 

27A05* 7.14 4.78 4.41 3.98 3.01 3.16 4.50 2.87 3.28 2.60 2.39 1.72 
 SD 0.09 0.74 0.89 0.76 0.52 0.29 0.35 0.38 0.06 0.26 0.22 0.34 

15G01* 7.37 5.89 5.70 5.35 4.31 3.25 6.66 5.42 4.87 4.10 4.34 3.25 
 SD 0.20 0.18 0.43 0.64 0.64 1.26 0.29 0.20 0.06 0.37 0.06 0.15 

16J10* 7.46 5.57 5.55 5.26 4.09 2.97 6.98 5.06 4.29 4.03 3.34 3.87 
 SD 0.07 0.59 0.72 0.55 0.94 1.38 0.04 0.17 0.34 0.47 0.06 0.16 

32C06* 7.28 5.92 5.63 5.16 3.98 4.27 5.85 4.69 4.51 3.76 3.54 3.08 
 SD 0.19 0.59 0.88 0.87 0.42 0.36 0.64 0.04 0.15 0.34 0.21 0.11 

33H04* 7.35 5.70 5.77 5.18 3.98 4.33 5.75 4.58 4.27 4.05 3.24 3.18 
 SD 0.19 0.59 0.69 0.80 0.57 0.18 0.32 0.23 0.35 0.33 0.02 0.04 

15A07* 7.49 5.79 5.41 5.34 4.43 3.13 6.75 4.75 4.23 3.57 2.98 2.62 
 SD 0.08 0.07 0.54 0.91 0.34 0.93 0.20 0.19 0.37 0.07 0.32 0.17 

31H06* 7.57 6.66 5.74 5.29 4.25 4.07 6.23 4.60 3.96 3.28 2.93 2.53 
 SD 0.18 1.39 1.16 1.13 0.50 0.64 0.81 0.64 0.57 0.14 0.38 0.21 

15B09 7.07 4.56 4.29 4.11 3.13 1.78 5.81 3.12 2.04 1.63 2.07 0.75 
 SD 0.25 0.01 0.56 0.58 0.70 1.81 1.27 0.12 1.04 0.21 0.16 0.35 

15D07 7.22 4.95 5.01 4.92 3.60 2.85 6.09 4.63 3.27 2.99 2.90 1.50 
 SD 0.06 0.08 0.64 0.72 1.15 1.08 0.30 0.09 0.90 0.77 0.54 0.71 

15G10 7.33 5.36 4.93 4.37 3.58 2.42 6.11 3.65 2.68 3.18 2.36 1.78 
 SD 0.13 0.08 0.68 0.94 0.53 1.58 0.65 0.15 0.45 0.10 0.03 1.11 

16A01 7.05 4.65 4.70 4.10 3.07 2.09 6.52 3.33 3.12 3.20 2.27 2.33 
 SD 0.10 0.18 0.67 0.14 1.12 1.12 0.03 0.18 0.39 0.57 0.05 0.10 

16H02 7.33 5.96 5.70 5.23 4.36 3.35 7.23 4.96 4.51 4.00 3.48 3.42 
 SD 0.04 0.38 0.88 0.80 0.61 1.14 0.11 0.45 0.21 0.36 0.03 0.47 

16J08 7.26 5.05 4.74 4.41 3.65 2.94 6.50 4.00 3.06 3.16 3.20 3.43 
 SD 0.03 0.33 0.88 0.46 1.14 1.22 0.14 0.43 0.65 0.36 0.85 0.16 

17A02 7.49 5.71 5.37 5.20 4.13 3.73 5.80 5.03 4.41 4.05 3.20 3.11 
 SD 0.19 0.33 0.94 0.89 0.86 0.21 0.17 0.24 0.10 0.79 0.33 0.41 

19B07 7.36 5.25 4.85 4.73 3.57 3.53 5.06 3.38 3.30 2.61 2.50 1.87 
 SD 0.27 0.75 0.84 0.55 1.01 0.39 0.50 0.05 0.03 0.21 0.34 0.12 



 

 Su
pp

le
m

en
ta

ry
 T

ab
le

 S
3.

4.
 A

cc
es

sio
n 

nu
m

be
rs

 fo
r g

en
om

e 
as

se
m

bl
ie

s a
nd

 Il
lu

m
in

a 
pa

ire
d 

en
d 

se
qu

en
ci

ng
 re

ad
s. 

Th
e 

se
qu

en
ci

ng
 re

ad
s a

nd
 g

en
om

e 
as

se
m

bl
ie

s h
av

e 
be

en
  

de
po

sit
ed

 in
 th

e 
Eu

ro
pe

an
 N

uc
le

ot
id

e 
Ar

ch
iv

e 
(E

NA
) a

s p
ar

t o
f B

io
Pr

oj
ec

t P
RJ

EB
19

21
1.

  

Bi
oP

ro
je

ct
 

Is
ol

at
e 

Sa
m

pl
e 

co
de

 
Se

qu
en

ci
ng

 re
ad

s 
As

se
m

bl
y 

Co
nt

ig
s 

Pe
rs

ist
en

ce
 

PR
JE

B1
92

11
 

15
A0

4 
LD

I1
06

80
 

ER
R1

81
69

90
 

GC
A_

90
01

62
27

5 
FU

IK
01

00
00

01
-F

UI
K0

10
00

01
8 

Pe
rs

ist
en

t 

PR
JE

B1
92

11
 

27
A0

5 
LD

I1
06

75
 

ER
R1

81
69

85
 

GC
A_

90
01

62
13

5 
FU

JP
01

00
00

01
-F

UJ
P0

10
00

01
8 

Pe
rs

ist
en

t 

PR
JE

B1
92

11
 

15
G0

1 
LD

I1
06

83
 

ER
R1

81
69

93
 

GC
A_

90
01

62
55

5 
FU

IO
01

00
00

01
-F

UI
O

01
00

00
23

 
Pe

rs
ist

en
t 

PR
JE

B1
92

11
 

16
J1

0 
LD

I1
47

80
 

ER
R1

81
70

86
 

GC
A_

90
01

62
28

5 
FU

JD
01

00
00

01
-F

UJ
D0

10
00

02
7 

Pe
rs

ist
en

t 

PR
JE

B1
92

11
 

32
C0

6 
LD

I1
06

77
 

ER
R1

81
69

87
 

GC
A_

90
01

62
49

5 
FU

KF
01

00
00

01
-F

UK
F0

10
00

01
8 

Pe
rs

ist
en

t 

PR
JE

B1
92

11
 

33
H0

4 
LD

I1
06

79
 

ER
R1

81
69

89
 

GC
A_

90
01

62
34

5 
FU

KA
01

00
00

01
-F

UK
A0

10
00

02
3 

Pe
rs

ist
en

t 

PR
JE

B1
92

11
 

15
A0

7 
LD

I1
47

88
 

ER
R1

81
70

93
 

GC
A_

90
01

62
24

5 
FU

IL
01

00
00

01
-F

UI
L0

10
00

02
8 

Pe
rs

ist
en

t 

PR
JE

B1
92

11
 

31
H0

6 
LD

I1
47

77
 

ER
R1

81
70

95
 

GC
A_

90
01

62
41

5 
FU

KE
01

00
00

01
-F

UK
E0

10
00

02
8 

Pe
rs

ist
en

t 

PR
JE

B1
92

11
 

16
A0

1 
LD

I1
06

86
 

ER
R1

81
69

96
 

GC
A_

90
01

62
56

5 
FU

IW
01

00
00

01
-F

UI
W

01
00

00
17

 
No

n-
pe

rs
ist

en
t 

PR
JE

B1
92

11
 

15
B0

9 
LD

I1
06

81
 

ER
R1

81
69

91
 

GC
A_

90
01

62
29

5 
FU

IJ0
10

00
00

1-
FU

IJ0
10

00
02

7 
No

n-
pe

rs
ist

en
t 

PR
JE

B1
92

11
 

15
D0

7 
LD

I1
06

82
 

ER
R1

81
69

92
 

GC
A_

90
01

62
15

5 
FU

IN
01

00
00

01
-F

UI
N0

10
00

02
6 

No
n-

pe
rs

ist
en

t 

PR
JE

B1
92

11
 

15
G1

0 
LD

I1
06

84
 

ER
R1

81
69

94
 

GC
A_

90
01

62
11

5 
FU

IU
01

00
00

01
-F

UI
U0

10
00

01
8 

No
n-

pe
rs

ist
en

t 

PR
JE

B1
92

11
 

16
H0

2 
LD

I1
06

87
 

ER
R1

81
69

97
 

GC
A_

90
01

62
16

5 
FU

IV
01

00
00

01
-F

UI
V0

10
00

02
4 

No
n-

pe
rs

ist
en

t 

Chapter 3 – Persistent Listeria monocytogenes isolates… 

 

68 



 

 

PR
JE

B1
92

11
 

16
J0

8 
LD

I1
47

82
 

ER
R1

81
70

88
 

GC
A_

90
01

62
44

5 
FU

IR
01

00
00

01
-F

UI
R0

10
00

04
8 

No
n-

pe
rs

ist
en

t 

PR
JE

B1
92

11
 

17
A0

2 
LD

I1
06

89
 

ER
R1

81
69

99
 

GC
A_

90
01

62
21

5 
FU

JA
01

00
00

01
-F

UJ
A0

10
00

04
0 

No
n-

pe
rs

ist
en

t 

PR
JE

B1
92

11
 

19
B0

7 
LD

I1
47

66
 

ER
R1

81
70

05
 

GC
A_

90
01

62
37

5 
FU

JI0
10

00
00

1-
FU

JI0
10

00
01

6 
No

n-
pe

rs
ist

en
t 

Chapter 3 – Persistent Listeria monocytogenes isolates… 

 

69 



Chapter 3 – Persistent Listeria monocytogenes isolates… 
 

70 

3.7 References  

Abdallah, M., C. Benoliel, D. Drider, P. Dhulster and N. E. Chihib (2014). Biofilm formation and  

persistence on abiotic surfaces in the context of food and medical environments. Arch 

Microbiol 196(7): 453-472. 

Abee, T., J. Koomen, K. I. Metselaar, M. H. Zwietering and H. M. den Besten (2016). Impact of  

pathogen population heterogeneity and stress-resistant variants on food safety. Annu 

Rev Food Sci Technol 7: 439-456. 

Allerberger, F. and M. Wagner (2010). Listeriosis: a resurgent foodborne infection. Clin 

 Microbiol Infect 16(1): 16-23. 

Arndt, D., J. R. Grant, A. Marcu, T. Sajed, A. Pon, Y. Liang and D. S. Wishart (2016). PHASTER: 

a better, faster version of the PHAST phage search tool. Nucleic Acids Res 44(W1): W16-

21. 

Autio, T., S. Hielm, M. Miettinen, A. M. Sjoberg, K. Aarnisalo, J. Bjorkroth, T. Mattila-

Sandholm  and H. Korkeala (1999). Sources of Listeria monocytogenes 

contamination in a cold-smoked rainbow trout processing plant detected by pulsed-

field gel electrophoresis typing. Appl Environ Microbiol 65(1): 150-155. 

Bankevich, A., S. Nurk, D. Antipov, A. A. Gurevich, M. Dvorkin, A. S. Kulikov, V. M. Lesin, S. I. 

 Nikolenko, S. Pham, A. D. Prjibelski, A. V. Pyshkin, A. V. Sirotkin, N. Vyahhi, G. Tesler, 

 M. A. Alekseyev and P. A. Pevzner (2012). SPAdes: a new genome assembly algorithm 

 and its applications to single-cell sequencing. J Comput Biol 19(5): 455-477. 

Bergholz, T. M., B. Bowen, M. Wiedmann and K. J. Boor (2012). Listeria monocytogenes shows 

temperature-dependent and -independent responses to salt stress, including responses 

that induce cross-protection against other stresses. Appl Environ Microbiol 78(8): 2602-

2612. 

Blaschek, H. P., H. H. Wang, A. L. Pometto III, A. Demirci and M. E. Agle (2015). Biofilms in the 

food environment, John Wiley & Sons. 

Bonsaglia, E. C. R., N. C. C. Silva, A. Fernades, J. P. Araujo, M. H. Tsunemi and V. L. M. Rall 

 (2014). Production of biofilm by Listeria monocytogenes in different materials and 

 temperatures. Food Control 35(1): 386-391. 

Borucki, M. K., J. D. Peppin, D. White, F. Loge and D. R. Call (2003). Variation in biofilm 

 formation among strains of Listeria monocytogenes. Appl Environ Microbiol 69(12): 

 7336-7342. 

Brett, M. S., P. Short and J. McLauchlin (1998). A small outbreak of listeriosis associated with 

 smoked mussels. Int J Food Microbiol 43(3): 223-229. 



Chapter 3 – Persistent Listeria monocytogenes isolates… 
 

71 

Brynildsrud, O., J. Bohlin, L. Scheffer and V. Eldholm (2016). Rapid scoring of genes in microbial 

pan-genome-wide association studies with Scoary. Genome Biol 17(1): 238. 

Carpentier, B. and O. Cerf (2011). Review--Persistence of Listeria monocytogenes in food 

 industry equipment and premises. Int J Food Microbiol 145(1): 1-8. 

Castelijn, G. A., J. A. Parabirsing, M. H. Zwietering, R. Moezelaar and T. Abee (2013). Surface 

 behaviour of S. typhimurium, S. derby, S. brandenburg and S. infantis. Vet Microbiol 

 161(3-4): 305-314. 

Chen, C. Y., G. W. Nace and P. L. Irwin (2003). A 6 x 6 drop plate method for simultaneous 

 colony counting and MPN enumeration of Campylobacter jejuni, Listeria 

 monocytogenes, and Escherichia coli. J Microbiol Methods 55(2): 475-479. 

Cruz, C. D. and G. C. Fletcher (2011). Prevalence and biofilm-forming ability of Listeria 

 monocytogenes in New Zealand mussel (Perna canaliculus) processing plants. Food 

 Microbiol 28(7): 1387-1393. 

Darling, A. C., B. Mau, F. R. Blattner and N. T. Perna (2004). Mauve: multiple alignment of 

 conserved genomic sequence with rearrangements. Genome Res 14(7): 1394-1403. 

Djordjevic, D., M. Wiedmann and L. A. McLandsborough (2002). Microtiter plate assay for 

assessment of Listeria monocytogenes biofilm formation. Appl Environ Microbiol 68(6): 

2950-2958. 

Espinal, P., S. Marti and J. Vila (2012). Effect of biofilm formation on the survival of 

 Acinetobacter baumannii on dry surfaces. J Hosp Infect 80(1): 56-60. 

Fagerlund, A., S. Langsrud, B. C. Schirmer, T. Moretro and E. Heir (2016). Genome analysis of 

 Listeria monocytogenes sequence type 8 strains persisting in salmon and Ppultry 

 processing environments and comparison with related strains. PLoS One 11(3): 

 e0151117. 

Fang, C., T. Cao, Y. Shan, Y. Xia, Y. Xin, C. Cheng, H. Song, J. Bowman, X. Li, X. Zhou and W. 

 Fang (2016). Comparative genomic analysis reveals that the 20K and 38K prophages in 

 Listeria monocytogenes serovar 4a strains Lm850658 and M7 contribute to genetic 

 diversity but not to virulence. J Microbiol Biotechnol 26(1): 197-206. 

Ferreira, V., M. Wiedmann, P. Teixeira and M. J. Stasiewicz (2014). Listeria monocytogenes 

 persistence in food-associated environments: epidemiology, strain characteristics, and 

 implications for public health. J Food Prot 77(1): 150-170. 

Fletcher, G., M. Rogers and R. Wong (1994). Survey of Listeria monocytogenes in New Zealand 

 seafood. J Aquat Food Prod T 3(2): 13-24. 



Chapter 3 – Persistent Listeria monocytogenes isolates… 
 

72 

Garner, D. and S. Kathariou (2016). Fresh produce-associated listeriosis outbreaks, sources of 

 concern, teachable moments, and insights. J Food Prot 79(2): 337-344. 

Gurevich, A., V. Saveliev, N. Vyahhi and G. Tesler (2013). QUAST: quality assessment tool for 

 genome assemblies. Bioinformatics 29(8): 1072-1075. 

Inagaki, S., M. Matsumoto-Nakano, K. Fujita, K. Nagayama, J. Funao and T. Ooshima (2009). 

Effects of recombinase A deficiency on biofilm formation by Streptococcus mutans. Oral 

Microbiol Immunol 24(2): 104-108. 

Kadam, S. R., H. M. den Besten, S. van der Veen, M. H. Zwietering, R. Moezelaar and T. Abee 

 (2013). Diversity assessment of Listeria monocytogenes biofilm formation: impact of 

 growth condition, serotype and strain origin. Int J Food Microbiol 165(3): 259-264. 

Knudsen, G. M., J. E. Olsen and L. Dons (2004). Characterization of DegU, a response regulator 

in Listeria monocytogenes, involved in regulation of motility and contributes to 

virulence. FEMS Microbiol Lett 240(2): 171-179. 

Lemon, K. P., D. E. Higgins and R. Kolter (2007). Flagellar motility is critical for Listeria 

 monocytogenes biofilm formation. J Bacteriol 189(12): 4418-4424. 

Lou, Y. and A. E. Yousef (1996). Resistance of Listeria monocytogenes to heat after adaptation 

 to environmental stresses. J Food Prot 59(5): 465-471. 

Lunden, J., R. Tolvanen and H. Korkeala (2008). Acid and heat tolerance of persistent and 

 nonpersistent Listeria monocytogenes food plant strains. Lett Appl Microbiol 46(2): 

 276-280. 

Magalhaes, R., V. Ferreira, T. R. Brandao, R. C. Palencia, G. Almeida and P. Teixeira (2016). 

 Persistent and non-persistent strains of Listeria monocytogenes: A focus on growth 

 kinetics under different temperature, salt, and pH conditions and their sensitivity to 

 sanitizers. Food Microbiol 57: 103-108. 

Martinez, M. R., J. Osborne, V. O. Jayeola, V. Katic and S. Kathariou (2016). Capacity of Listeria 

monocytogenes strains from the 2011 cantaloupe outbreak to adhere, survive, and 

grow on cantaloupe. J Food Prot 79(5): 757-763. 

Møretrø, T. and S. Langsrud (2004). Listeria monocytogenes: biofilm formation and persistence 

in food-processing environments. Biofilms 1(2): 107-121. 

Møretrø, T., S. Langsrud and E. Heir (2013). Bacteria on meat abattoir process surfaces after 

 sanitation: characterisation of survival properties of Listeria monocytogenes and the 

 commensal bacterial flora. Adv Microbiol 3(03): 255. 

 

 



Chapter 3 – Persistent Listeria monocytogenes isolates… 
 

73 

Nakamura, H., K. Takakura, Y. Sone, Y. Itano and Y. Nishikawa (2013). Biofilm formation and  

 resistance to benzalkonium chloride in Listeria monocytogenes isolated from a fish 

 processing plant. J Food Prot 76(7): 1179-1186. 

Nilsson, R. E., T. Ross and J. P. Bowman (2011). Variability in biofilm production by Listeria 

 monocytogenes correlated to strain origin and growth conditions. Int J Food Microbiol 

 150(1): 14-24. 

Nowak, J., C. D. Cruz, J. Palmer, G. C. Fletcher and S. Flint (2015). Biofilm formation of the L. 

 monocytogenes strain 15G01 is influenced by changes in environmental conditions.  

 J Microbiol Methods 119: 189-195. 

Ochiai, Y., F. Yamada, M. Mochizuki, T. Takano, R. Hondo and F. Ueda (2014). Biofilm 

 formation under different temperature conditions by a single genotype of persistent 

 Listeria monocytogenes strains. J Food Prot 77(1): 133-140. 

Page, A. J., C. A. Cummins, M. Hunt, V. K. Wong, S. Reuter, M. T. Holden, M. Fookes, D. Falush, 

J. A. Keane and J. Parkhill (2015). Roary: rapid large-scale prokaryote pan genome 

analysis. Bioinformatics 31(22): 3691-3693. 

Pan, Y., F. Breidt, Jr. and S. Kathariou (2006). Resistance of Listeria monocytogenes biofilms to 

 sanitizing agents in a simulated food processing environment. Appl Environ Microbiol 

 72(12): 7711-7717. 

Peel, M., W. Donachie and A. Shaw (1988). Temperature-dependent expression of flagella of 

 Listeria manocytogenes studied by electron microscopy, SDS-PAGE and western 

 blotting. J Gen Microbiol 134(8): 2171-2178. 

Rocourt, J., C. Jacquet and A. Reilly (2000). Epidemiology of human listeriosis and seafoods. Int 

J Food Microbiol 62(3): 197-209. 

Ryser, E. T. and E. H. Marth (2007). Listeria, listeriosis, and food safety, CRC Press. 

Schmitz-Esser, S., A. Muller, B. Stessl and M. Wagner (2015). Genomes of sequence 

type 121 Listeria monocytogenes strains harbor highly conserved plasmids and 

prophages. Front Microbiol 6: 380. 

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30(14): 

 2068-2069. 

Stasiewicz, M. J., H. F. Oliver, M. Wiedmann and H. C. den Bakker (2015). Whole-genome 

 sequencing allows for improved identification of persistent Listeria monocytogenes in 

 food-associated environments. Appl Environ Microbiol 81(17): 6024-6037. 



Chapter 3 – Persistent Listeria monocytogenes isolates… 
 

74 

Takahashi, H., S. Kuramoto, S. Miya and B. Kimura (2011). Desiccation survival of Listeria 

 monocytogenes and other potential foodborne pathogens on stainless steel surfaces is 

 affected by different food soils. Food Control 22(3-4): 633-637. 

Todhanakasem, T. and G. M. Young (2008). Loss of flagellum-based motility by Listeria 

 monocytogenes results in formation of hyperbiofilms. J Bacteriol 190(17): 6030-6034. 

Treangen, T. J., B. D. Ondov, S. Koren and A. M. Phillippy (2014). The Harvest suite for rapid 

 core-genome alignment and visualization of thousands of intraspecific microbial 

 genomes. Genome Biol 15(11): 524. 

Vatanyoopaisarn, S., A. Nazli, C. E. Dodd, C. E. Rees and W. M. Waites (2000). Effect of flagella 

on initial attachment of Listeria monocytogenes to stainless steel. Appl Environ 

Microbiol 66(2): 860-863. 

Yousef, A. E. (1999). Characteristics of Listeria monocytogenes important to food processors. 

 Listeria: Listeriosis, and Food Safety: 131. 

 

 



Chapter 3 – Persistent Listeria monocytogenes isolates… 
 

75 

 

 



Chapter 4 – Biofilm formation of the L. monocytogenes strain 15G01… 
 

76 

Chapter 4 

Biofilm formation of the L. monocytogenes strain 15G01 is influenced by changes in 
environmental conditions 

 

published in the Journal of Microbiological Methods (2015) 119:189-195 

Original publication available at http://dx.doi.org/10.1016/j.mimet.2015.10.022 

 

Jessika Nowak1,2, Cristina D Cruz1, Jon Palmer2, Graham C Fletcher1, Steve Flint2 

1 The New Zealand Institute for Plant & Food Research Limited, Mt Albert, Auckland, New 
Zealand 

2 Institute of Food, Nutrition and Human Health, Massey University, Palmerston North, New 
Zealand 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Chapter 4 – Biofilm formation of the L. monocytogenes strain 15G01… 
 

77 

Abstract 

Listeria monocytogenes 15G01, a strain belonging to the persistent pulsotype 5132, was 

isolated from a seafood-processing plant in New Zealand. Simple monoculture assays using 

crystal violet staining showed good biofilm formation for this strain and it was therefore chosen 

to be further investigated in regard to its biofilm-forming ability. To evaluate its behaviour in 

different conditions, biofilm assays and growth studies were performed using common 

laboratory media under a range of temperatures (20°C, 30°C and 37°C). Furthermore, the 

effects of incubation time and different environmental conditions including static, dynamic and 

anaerobic incubation on biofilm formation were investigated. Changes in the environmental 

conditions resulted in different biofilm phenotype of L. monocytogenes 15G01. We 

demonstrated that increasing temperature and incubation time led to a greater biofilm mass 

and that dynamic incubation has little effect on biofilm formation at 37°C but encourages 

biofilm formation at 30°C. Biofilm production at 20°C was minimal regardless of the medium 

used. We furthermore observed that anaerobic environment led to reduced biofilm mass at 

30°C for all tested media but not at 37°C. Biofilm formation could not be narrowed down to one 

factor but was rather dependent on multiple factors with temperature and medium having the 

biggest effects. 
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4.1 Introduction 

Listeria monocytogenes is a foodborne human pathogen which is ubiquitious in our 

environment. This versatile facultative anaerobic microorganism has the ability to adapt quickly 

to environmental changes, which in turn makes it difficult to control. Not only is L. 

monocytogenes able to grow at temperatures ranging from 0 to 45°C, it can survive in freezing 

temperatures (-18°C and below) (Yousef 1999) and tolerate acidic conditions and low water 

activity (Nolan et al. 1992, O'Driscoll et al. 1996). L. monocytogenes expresses four to six 

peritrichous flagella which are responsible for its motility at room temperature and below. 

Motility is one of many key factors known to influence biofilm formation of bacteria including 

L. monocytogenes (Lemon et al. 2007, Tresse et al. 2009, Vatanyoopaisarn et al. 2000). A biofilm 

is a community of cells, consisting of single or multiple species that are attached to each other 

and to a surface through a self-produced matrix, known as the extracellular polymeric substance 

(EPS) (Lasa 2006). The EPS is composed of proteins, DNA, polysaccharides and other 

extracellular polymeric substances and helps protect the cells from stress encountered in the 

environment. The conversion from a planktonic to a sessile lifestyle enables bacteria to gain 

resistance against environmental factors such as pH and temperature change, and therefore 

improves chances of survival. Biofilm development occurs in many environments, one of the 

most important being food-processing plants, where they provide a source of cross-

contamination to food products (Chmielewski and Frank 2003). These biofilms are difficult to 

eradicate as they are often resistant to the cleaners and sanitisers used in food-processing 

facilities (Pan et al. 2006). L. monocytogenes has been found to contaminate a variety of raw 

food such as vegetables and meat but it is mostly found in processed food products including 

seafood, cheese and meat products (Srey et al. 2013). 

To control and/or prevent biofilm formation an understanding of the factors involved in biofilm 

formation is needed. One approach to gain this understanding is the identification of genes and 

the molecular mechanisms involved in biofilm development. Biofilm formation of L. 

monocytogenes has been thoroughly investigated; however, the molecular mechanisms remain 

unclear. Studies performed on biofilm formation so far used different strains from different 

origins. Serotypes 1/2a and 4b are the most common ones isolated from clinical cases and/or 

the food environment (Pan et al. 2009). Biofilm formation of those has been investigated in 

different commonly used laboratory media, such as Tryptic Soy Broth (TSB), Tryptic Soy Broth 

enriched with 0.6% Yeast Extract (TSBYE), Brain-Heart-Infusion (BHI), Luria-Bertani-Broth (LB), 

Modified Welshimer’s Broth (MWB) and Hsiang-Tsai-Medium (HTM) under a range of 

incubation times (Bonsaglia et al. 2014, Borucki et al. 2003, Challan Belval et al. 2006, Djordjevic 
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et al. 2002, Harmsen et al. 2010, Kadam et al. 2013, Nilsson et al. 2011, Ochiai et al. 2014, 

Ouyang et al. 2012). Moreover, biofilm formation has been investigated in different 

environmental conditions, including static (Bonsaglia et al. 2014, Djordjevic et al. 2002, Lemon 

et al. 2007, Nilsson et al. 2011, Ochiai et al. 2014, Pilchova et al. 2014), dynamic (Habimana et 

al. 2009, van der Veen and Abee 2010, van der Veen and Abee 2011), aerobic and anaerobic 

environments. Those studies resulted in some controversial findings, which is not surprising 

considering that L. monocytogenes is extremely versatile and adaptable. 

This study was conducted to reveal the influence of different environmental conditions on 

biofilm formation of L. monocytogenes 15G01, thus providing useful information for 

downstream experiments to help to identify factors and genes contributing to biofilm formation 

in food-processing premises.  

4.2 Materials and Methods  

4.2.1 Bacterial strain and growth 

Listeria monocytogenes 15G01 was isolated during a seafood industry sampling programme. 

During this programme four persistent pulsotypes (persisted in factories for at least 6 months) 

were found and the pulsotype 5132 was the only one where individual isolates showed greater 

biofilm formation ability (Cruz and Fletcher 2011). L. monocytogenes 15G01 was one of the 

strains belonging to pulsotype 5132 that showed greater biofilm formation in a monoculture 

assay. Planktonic growth was determined in a 96-well plate in BHI (Difco, BD, USA), TSB (Difco, 

BD, USA), TSBYE (Difco, BD, USA) and MWB (Himedia, India) at 20°C, 30°C and 37°C under static 

conditions. Measurements were taken at a wavelength of 595 nm using a microplate reader 

(Multiskan EX, ThermoFisher). 

4.2.2 Biofilm formation assay 

The biofilm formation assay was performed according to a method described previously by 

Djordjevic et al. (2002) with some modifications. Briefly, a single L. monocytogenes colony was 

picked from Columbia sheep agar plate (Fort Richard, NZ) with a sterile pick and used to 

inoculate a 96-well plate by dipping that pick in the wells, each of which was filled with 200 μL 

TSBYE. This 96-well plate was then incubated at 37°C overnight used to inoculate a new 96-well 

plate (sterile, polystyrene, Interlab, NZ) with each well containing 200 μL media (BHI, TSB, TSBYE 

or MWB) using a 96-well replicator, which was first dipped into the overnight culture and then 

into the new plate. The cultures were incubated for 48 h at 20°C, 30°C or 37°C and then washed 
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three times with 200 μL sterile water using a microplate strip washer (ELx50, Biotek). The plates 

were air dried at 30°C for 30 min and then 150 μL of 1% aqueous crystal violet solution (Acros 

Organics, USA) was added. After 45 min of incubation at 30°C the crystal violet solution was 

removed and the cultures were washed six times with 150 μL sterile water. After drying for 30 

min at 30°C, 96% ethanol was added and the crystal violet was destained for 1 h. The OD was 

measured at 595 nm with a microplate reader (Multiskan EX, ThermoFisher). The OD of a 

negative control (microtitre wells containing uninoculated media) was subtracted from the OD 

from the wells inoculated with culture. Biofilm formation assays were performed under several 

conditions: static, on an orbital shaker set on 100 rpm and in an anaerobic environment (BD 

GasPak). 

4.2.3 Motility Assay 

Semi-solid agar plates (TSB+0.25% Agar) were inoculated with L. monocytogenes 15G01 using a 

sterile pick and incubated at 20°C, 30°C and 37°C for 24 h according to a method described 

previously (Knudsen et al. 2004). Motility was expressed as a visible halo. This experiment was 

conducted in triplicate and the results of one experiment are shown in Figure 4.3. 

4.2.4 Mussel juice for the biofilm formation assay 

Greenshell™ mussels obtained from the local supermarket were stored for 24 h at 10°C and the 

next day they were evenly spread in a wok, closed with a lid and boiled without addition of 

water. After 1 min, when all mussels opened and released the intervalvular juice, the liquid was 

collected and stored in a sterile plastic tube to be used immediately (cooked mussel juice=CMJ). 

Before biofilm assays were performed, CMJ was filtered with a membrane filter with 0.45 μm 

pore size. Biofilm assays were then performed according to the method described above. 

Incubation time was 48 h and temperatures tested were 20°C, 30°C and 37°C. Biofilm formation 

in MWB was tested on the same plate to compare the results. 

4.2.5 Statistical analysis 

Statistical analysis was performed using Microsoft Excel software. Significant differences were 

concluded when P was ≤0.05 for two tailed t-test and ANOVA, respectively. 
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4.3 Results and Discussion 

4.3.1 Planktonic growth of L. monocytogenes 15G01 

Commonly used laboratory media chosen for this study of L. monocytogenes were BHI, TSB, 

TSBYE and MWB. The first three are undefined rich media, whereas the latter is a defined 

synthetic medium with minimal nutrients for Listeria growth (Premaratne et al. 1991). To assess 

the influence of nutrients on growth, growth curves were obtained in undiluted rich (BHI, TSB, 

TSBYE) and defined media (MWB) and 1:10 dilutions of rich media with sterile H2O (dBHI, dTSB 

and dTSBYE).  

The results in Figure 4.1 show that planktonic growth was slower at 20°C than 30°C and 37°C. 

Growth in diluted undefined media was minimal and independent of temperature, whereas 

growth in MWB showed a different pattern in all three temperatures tested: the exponential 

phase was prolonged and the stationary phase was reached later. MWB is known to influence 

a sessile living form of L. monocytogenes positively (Djordjevic et al. 2002). Therefore it can be 

presumed that planktonic cells in the wells of the 96-well plates change to a sessile lifestyle and 

it is known that sessile cells sacrifice their maximum growth rate to benefit the biofilm 

community (Kreft 2004), which explains slower growth. Undefined media are rich in nutrients 

which stimulate growth of the bacteria. Diluted media offer only limited nutrient availability to 

L. monocytogenes and therefore only minimal growth with minimal cell numbers was observed 

independent of temperature. 

 



Chapter 4 – Biofilm formation of the L. monocytogenes strain 15G01… 
 

82 

 

Figure 4.1. Optical density of L. monocytogenes 15G01 grown at a) 20°C, b) 30°C and c) 37°C in seven different media 
analysed in one experiment with n=12. 

 

 



Chapter 4 – Biofilm formation of the L. monocytogenes strain 15G01… 
 

83 

4.3.2 Biofilm formation of L. monocytogenes 15G01 

4.3.2.1 Effect of nutrient availability 

Biofilm formation was tested in the media stated previously to identify the effect of nutrient 

availability on biofilm formation.  

Biofilm formation in undiluted nutrient rich media increased with increasing temperature, and 

in diluted media was independent of temperature and minimal at all temperatures tested, 

which might be due to attachment only rather than biofilm formation. Biofilm formation in 

MWB showed a different pattern: greatest biofilm formation was observed at 30°C and lowest 

at 20°C (Figure 4.2).  

Nutrient availability influences biofilm formation. Kadam et al. (2013) observed that biofilm 

formation was enhanced in nutrient-poor media compared with nutrient-rich media, which is 

in line with findings of our studies and other studies where L. monocytogenes formed good 

biofilms when grown in MWB (Djordjevic et al. 2002, Pilchova et al. 2014, Todhanakasem and 

Young 2008) and greater biofilm mass was produced in minimum essential media (MEM) than 

BHI (Luo et al. 2013). Deprived accessibility to nutrients in minimum defined media is likely to 

cause stress in Listeria cells resulting in enhanced biofilm formation. Biofilm formation is 

believed to be induced by stress in the form of increased heat, limited nutrient availability or 

enhanced oxygen presence. 

Other studies showed that defined nutrient-poor media enhance initial attachment and 

subsequently promote biofilm formation. Pilchova et al. (2014) found that three out of four 

strains showed greater biofilm formation at 20°C in MWB than TSBYE and one strain showed 

similar biofilm formation in MWB and TSBYE. Moltz and Martin (2005) observed greater biofilm 

formation in MWB for six out of eight strains and greater biofilm formation in TSB for the 

remaining two strains. Although in general biofilms formed preferentially in nutrient-deficient 

medium (Combrouse et al. 2013, Djordjevic et al. 2002, Ochiai et al. 2014, Pilchova et al. 2014, 

Todhanakasem and Young 2008), some strains performed better in nutrient-rich conditions 

(Folsom et al. 2006). This shows that biofilm formation of L. monocytogenes cannot be 

generalised and highlights the importance of performing preliminary tests for L. monocytogenes 

strains before continuing with further studies. 

Moreover, the use of different media might also trigger different phenotypes. Chang et al. 

(2013) observed that cells grown in TSBYE showed elongation whereas when grown in MWB 
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that phenomenon could not be observed. This should be taken into account when choosing a 

medium for further experiments. 

 

Figure 4.2. Biofilm formation of L. monocytogenes 15G01 at a) 20°C, b) 30°C and c) 37°C after 48 h (error bars 
represent standard deviation for means of at least 2 experiments with n = 40). The results of the statistical analysis 
are shown in the Supplementary Table 4.1. 
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4.3.2.2 Effect of static, dynamic and anaerobic incubation 

Biofilm formation of L. monocytogenes was tested in static and dynamic conditions, since it is a 

facultative anaerobic microorganism but prefers an anaerobic environment (Buchrieser et al. 

2003). We postulated that increased presence of oxygen, through shaking of the 96-well plates, 

resulted in enhanced stress for the bacteria and subsequently more biofilm formation. To verify 

that this putative effect was strictly related to the presence of oxygen, biofilm formation was 

also tested under anaerobic conditions. 

The differences in the measurements of the OD595nm at 20°C between static, dynamic and 

anaerobic conditions were minimal and the OD595nm values were generally very low (Figure 4.2). 

As stated before, this might be due to attachment of the cells to the surface rather than biofilm 

formation itself. Enhanced biofilm formation was observed at 30°C when grown under dynamic 

conditions and lowest biofilm formation when grown in anaerobic conditions. Oxygen present 

in the media is able to cross cell membranes and inside the cells superoxide and hydroxyl 

radicals can be formed through a series of chemical reactions (van der Veen and Abee 2011). 

The biofilm mass measured when grown under anaerobic conditions at 20°C and 30°C was lower 

than under aerobic conditions, which supports the hypothesis that less oxygen presence 

resulted in decreased stress. Statistical analysis (ANOVA) revealed that differences in biofilm 

formation between static, dynamic and anaerobic incubation were highly significant (p≤0.001) 

at 30°C for BHI, TSB, TSBYE and MWB but not for diluted media and that medium and 

temperature had the biggest effect on biofilm formation. 

Our hypothesis was accepted for MWB at 37°C, but not for BHI, TSB and TSBYE. Biofilm 

formation was greatest when grown under static conditions in BHI (OD595nm = 1.57); and 

dynamic incubation did not enhance biofilm formation, but differences were highly significant 

(p=0.001). All media used provide glucose as the main carbon source. BHI consists of animal-

derived brain and heart infusions whereas TSB and TSBYE use a soybean and casein digest as a 

protein source, which might also influence biofilm formation of L. monocytogenes 15G01. 

Biofilm formation in static and dynamic conditions was similar for TSB and TSBYE (Figure 4.2). 

We observed that L. monocytogenes 15G01 formed better biofilms at 37°C in TSB and TSBYE 

when grown anaerobically (OD595nm= 1.29 and 0.82, respectively) rather than aerobically 

(OD595nm = 0.94 and 0.69 or 0.94 and 0.70, respectively). ANOVA showed no significant 

difference between static, dynamic and anaerobic incubation for TSBYE (p=0.154), but for static 

and dynamic vs. anaerobic incubation for TSB (p=0.021). It seemed that oxygen presence had a 

relatively minor effect on biofilm formation in TSB and TSBYE at 37°C and that temperature was 
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the main influencing factor of biofilm formation in these media. Listeria monocytogenes 15G01 

might be able to use certain compounds and/or degradation products in TSB and TSBYE to 

promote anaerobic growth. 

Premaratne et al. (1991) found that glucose and glutamine are required as primary carbon and 

nitrogen source for L. monocytogenes Scott A. Several other sugars were able to replace 

glucose, but the best growth was observed in glucose. The same research group found that 

essential amino acids for Listeria growth are leucine, isoleucine, valine, methionine, arginine, 

cysteine, glutamine, histidine and tryptophane. Moreover iron, riboflavin, thiamine, biotin and 

thioctic acid are required for Listeria growth. However, Tsai and Hodgson (2003) found that L. 

monocytogenes 10403S requires only two essential amino acids (methionine and cysteine) and 

only glucose, fructose, glycerol and mannose were able to act as carbon sources. That shows 

again that behaviour and growth differ between different serovars and strains (L. 

monocytogenes Scott A and L. monocytogenes 10403S are serovars 4b and 1/2a respectively) 

and must not be generalised.  

4.3.3 Effect of temperature 

Biofilm formation was tested at 20°C, 30°C and 37°C to cover common temperatures used in 

previous studies. 

The motility assay was performed to analyse the ability of L. monocytogenes 15G01 to express 

flagella at different temperatures. Flagella, which are expressed in a temperature dependent 

process, are responsible for L. monocytogenes’ motility and motility is believed to be important 

in biofilm formation (Lemon et al. 2007). It is generally agreed that flagella are produced at 20°C 

to 25°C (Peel et al. 1988) and are not produced at 37°C, but it has been found that some 

laboratory-adapted strains and about 20% of clinical isolates have the ability to express flagella 

at 37°C (Way et al. 2004).  

In this study a halo was visible on the motility plates at 20°C and 30°C which showed that L. 

monocytogenes is motile at those temperatures, whereas at 37°C only growth was visible but 

no halo revealing that flagella were not expressed by L. monocytogenes 15G01 at 37°C (Figure 

4.3). 

As mentioned before, biofilm formation increased with increasing temperature, except in MWB 

(Figure 4.2). Biofilm formation was greatest at 30°C and not at 37°C, which could be due to the 

lack of flagella. However, the lack of flagella did not decrease L. monocytogenes’ ability to form 

biofilms in rich undefined media at 37°C compared with 30°C showing that flagella are not 
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always required for biofilm formation and suggest that bacteria can induce biofilm formation 

by several mechanisms. Another study showed that the lack of flagella resulted in decreased 

adhesion but subsequently led to a “hyperbiofilm” phenotype showing that flagella are not 

crucial for biofilm formation (Todhanakasem and Young 2008). Moreover, Tresse et al. (2009) 

found that strains lacking flagella could attach to surfaces through passive attachment, 

suggesting that attachment can occur in a temperature independent manner and through 

different mechanisms ensuring L. monocytogenes’ survival.  

Kadam et al. (2013) found that the influence of temperature was more significant than the 

medium on biofilm formation with biofilm formation decreasing with decreasing temperature. 

The least amount of biofilm was formed at 12°C and the greatest at 37°C, which is in line with 

our findings for undefined rich media: lowest biofilm formation was observed at 20°C and 

greatest biofilm formation at 37°C. 

Greater biofilm formation with increasing temperature does not necessarily mean that more 

cells are present (due to enhanced growth) in the biofilm but it could also be due to increased 

production of extracellular matrix and/or presence of non-viable cells. Mai et al. (2007) showed 

that cell numbers attached to a surface were lower at 42°C than at 37°C and 30°C when grown 

in rich medium and lower at 42°C than all other temperatures tested in nutrient-deficient 

medium (Mai and Conner 2007). Kadam et al. (2013) found that extracellular polymeric 

substance and /or numbers of non-viable cells of a biofilm were higher when grown in nutrient 

deficient medium (NB) than BHI through LIVE/DEAD BacLight staining. This should be taken into 

consideration when studying biofilm mass. 

 

Figure 4.3. Motility assay of Listeria monocytogenes 15G01 after 24 h incubation at a) 20°C, b) 30°C and c) 37°C 
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4.3.4 Effect of incubation time 

Biofilm formation in BHI, MWB, TSBYE and TSB at 30°C and 37°C was measured after incubation 

ranging from 12 to 48 h (Figure 4.4). Biofilm formation at 20°C was only measured after 48 h of 

incubation. As biofilm mass was low after 48 h incubation (Figure 4.2) it was concluded that 

decreasing incubation time will not have a positive effect on biofilm formation. Previous tests 

at 20°C with a prolonged incubation time up to 120 h did not result in an increase of biofilm 

formation at 20°C (data not shown) and therefore it was concluded that this temperature does 

not favour biofilm formation. 

Figure 4.4 shows the effect of incubation time on biofilm formation at 30°C and 37°C. 

At 30°C, longer incubation times resulted in greater biofilm formation in BHI, TSB and TSBYE. 

Biofilm formation in MWB at 30°C reached a maximum OD595nm 1.24 after 24 h. At 37°C, 

enhanced biofilm formation could be observed with increasing temperature in BHI, whereas 

biofilm mass decreased in TSB and TSBYE after reaching a maximum OD595nm of 1.19 and 1.23 

after 36 and 30 h, respectively. Biofilm formation decreased at 37°C after reaching a maximum 

OD595nm of 0.99 in MWB after 30 h to an OD595nm of 0.56 after 48 h of incubation.  

Maximum biofilm formation in MWB at 30°C and 37°C could be observed after 24 h and 30 h, 

respectively, whereas in nutrient-rich media biofilm formation increased with increasing 

temperature.  

Incubation time is another critical determinant for biofilm formation. Biofilm formation can be 

divided into five steps: reversible attachment, irreversible attachment, growth, maturation and 

dispersal (Lasa 2006). The start of one stage or transition to another is dependent on certain 

environmental factors. Depending on what stage of biofilm formation is to be studied, 

incubation time needs to be chosen carefully as expressions of genes can vary between stages 

(Fiorini et al. 2008, O'Driscoll et al. 1996). Depending on the environmental conditions, bacteria 

might reach stages faster than originally expected, so once optimum medium and temperature 

are identified it is advisable to study the kinetics of biofilm formation. Growth studies showed 

that stationary phase was reached after 10 h in nutrient-rich media and after about 30 h in 

MWB. After 24 h of incubation cells/biofilm grown in MWB were still in exponential phase 

whereas cells/biofilm grown in nutrient-rich media were already in stationary phase (Figure 

4.4). This might also account for differences in the amount of biofilm formed as gene expression 

is dependent on the stage of growth based on the growth curve of the cells.  
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Figure 4.4. Biofilm formation at a) 30°C and b) 37°C in BHI, MWB, TSB and TSBYE after 12, 18, 24, 30, 36 and 48 h 
incubation (error bars represent standard deviation for 3 experiments; n=16) 

 

4.3.5 Biofilm formation in mussel juice 

To mimic conditions in a mussel-processing facility biofilm formation was also tested in cooked 

mussel juice (CMJ), which was obtained through heat-shucking (Saa et al. 2009). Biofilm assays 

were performed at 20°C, 30°C and 37°C in static aerobic conditions in CMJ and MWB and 

turbidity was measured before staining with crystal violet to determine growth. Growth 
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decreased with increasing temperature for MWB, whereas growth in CMJ was minimal at all 

temperatures tested. Biofilm formation was low in CMJ ranging from OD595nm 0.0259 to 0.0850 

indicating that Listeria cells attach rather than form biofilms (Figure 4.5). 

To identify whether initial concentration of Listeria cells was the issue for reduced growth and 

biofilm formation, growth was measured in a 2 mL microtube inoculated with a single colony 

picked from Columbian sheep blood agar. OD595nm was determined after 24 h. The OD595nm value 

was 0.642 revealing that CMJ induces bacterial growth, but is obviously depending on 

inoculation size. For biofilm formation assays and growth studies 96-well plates were inoculated 

by using a 96-well replicator which only transferred little amount of cells. 

pH and salinity of CMJ were 7.6 and 53 g/L, respectively. Xu et al. (2010) observed that NaCl 

stabilizes biofilm formation of L. monocytogenes by hindering detachment phase (incubation 

up to 10 days) with increasing salt concentrations (6–10%). After 48 h of incubation greatest 

biofilm formation could be observed in medium containing 0% NaCl and second greatest in 

medium containing 2% NaCl. Previous growth studies revealed that exponential phase extends 

with increasing NaCl concentration (1–9%) (Zarei et al. 2012). Therefore, in our case salt 

concentration was adjusted to 2% and biofilm formation was measured in CMJ-2% NaCl, but no 

difference to undiluted CMJ could be detected (data not shown). 

A change from a planktonic to a sessile lifestyle is induced by certain environmental triggers 

including pH change, temperature change or nutrient availability. Mimicking a complex 

environment as present in food-processing plants is not an easy task considering that L. 

monocytogenes is a bacterium that can easily adapt to environmental changes (Gray et al. 

2006). Cleaning and sanitising change the environment on a regular basis can therefore alter 

bacteria’s characteristics. Listeria monocytogenes 15G01 was isolated in a mussel-processing 

facility and classified as a persistent high biofilm former in exact defined conditions. It showed 

greatest biofilm formation capacity in MWB but not in CMJ in a laboratory environment, which 

may simply be due to the inability of mimicking a complex always evolving environment. 

Previous research showed that L. monocytogenes preferably attaches to porous hydrophilic 

surfaces (Bonsaglia et al. 2014, Habimana et al. 2009) — despite thorough and regular cleaning 

organic material of processed foods might remain on equipment in food-processing plants and 

function as an attachment site for L. monocytogenes. In our studies sterile polystyrene plates 

were used to test attachment and biofilm formation with no additional surface conditioning 

which might be another reason for low biofilm formation of L. monocytogenes 15G01 in CMJ.  
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Figure 4.5. Comparison of a) growth and b) biofilm formation of Listeria monocytogenes 15G01 after 48 h in MWB 
and CMJ at 20°C (black bar), 30°C (grey bar) and 37°C (dark grey bar) (error bars represent standard deviation for 3 
experiments with n=16) 

 

4.4 Conclusion 

In our studies we examined the influence of different factors on biofilm formation of the 

persistent L. monocytogenes strain 15G01.  

Although growth studies revealed that cell numbers were higher in nutrient-rich media (shown 

through higher OD-measurements), biofilm formation was lower in nutrient-rich media than 

the minimal medium (MWB), indicating that biofilm formation was not due to high cell numbers 

but rather triggered by the medium itself. Greatest biofilm formation was observed under 
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dynamic conditions, which supports the hypothesis of stress in the form of oxygen being a 

biofilm-inducing factor. 

To conclude, biofilm formation of L. monocytogenes 15G01 strongly depends on multiple 

environmental factors, but medium and temperature have the biggest effects on biofilm 

formation. Our results emphasize L. monocytogenes’ ability to adapt to changing environmental 

conditions, which contribute to its persistence in the food-processing environment and can help 

to understand the underlying mechanisms. 
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4.6 Supplementary information 

Supplementary Table S4.1. Statistical analysis of biofilms formed in seven different media at three different 
temperatures after static, dynamic and anaerobic incubation for 48 hours. 

20°C   medium 

shaking anaerobic n BHI dBHI TSB dTSB TSBYE dTSBYE MWB 

no no 3 0.02 0.16 0.02 0.24 0.00 0.24 0.22 

no yes 1 0.01 0.01 0.01 0.04 0.01 0.05 0.14 

yes no 2 0.09 0.23 0.02 0.27 0.03 0.24 0.11 

ANOVA F (2,3 df) 
 

9.4 33.1 0.2 9.0 1.4 2.0 0.9 

 p 
 

0.051 0.009 0.847 0.054 0.372 0.279 0.516 

 LSD 
 

0.07 0.08 0.06 0.17 0.07 0.32 0.45 

30°C 
  

medium 

shaking anaerobic n BHI dBHI TSB dTSB TSBYE dTSBYE MWB 

no no 3 0.57 0.11 0.29 0.24 0.21 0.14 0.89 

no yes 2 0.15 0.07 0.13 0.25 0.07 0.22 0.42 

yes no 2 0.80 0.10 0.69 0.35 0.50 0.20 1.28 

ANOVA F (2,4 df)  85.9 0.7 122.2 7.0 168.1 4.3 98.3 
 

p  <.001 0.552 <.001 0.049 <.001 0.101 <.001 
 

LSD  0.13 0.09 0.09 0.08 0.06 0.08 0.16 

37°C 
  

medium 

shaking anaerobic n BHI dBHI TSB dTSB TSBYE dTSBYE MWB 
(2,1,1) 

no no 3 1.57 0.14 0.94 0.21 0.70 0.18 0.67 

no yes 2 0.42 0.06 1.38 0.14 0.88 0.12 0.48 

yes no 2 1.34 0.11 0.94 0.16 0.70 0.15 0.79 

ANOVA F (2,4 df)  53.3 12.2 11.8 11.9 3.1 1.5 46.0 
 

p  0.001 0.02 0.021 0.021 0.154 0.33 0.104 
 

LSD 
 

0.32 0.05 0.27 0.04 0.22 0.10 0.37 
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Abstract 

Listeria monocytogenes is a ubiquitous foodborne pathogen that results in a high rate of 

mortality in sensitive and immunocompromised people. Contamination of food with L. 

monocytogenes is thought to occur during food-processing, when the pathogen produces a 

biofilm that persists in the environment and acts as the source for subsequent dispersal of cells 

onto food. A survey of seafood-processing plants in New Zealand identified the persistent strain, 

15G01, which has a high capacity to form biofilms. In this study, a transposon library of L. 

monocytogenes 15G01 was screened for mutants with altered biofilm formation using a crystal 

violet assay to identify genes that are associated with biofilm formation in this strain. This 

screen identified 36 transposants that showed a significant increase or decrease of biofilm 

formation compared to the wild-type. Nested semi-arbitrary PCR and subsequent sequencing 

of the amplified products identified the transposon insertion sites. The insertion sites were in 

27 genes, of which 20 led to decreased biofilm formation and seven to an increase. Two 

insertions were in intergenic regions. Annotation of the genes suggested that they were 

involved in diverse cellular processes, including stress response, autolysis, transporter systems 

and cell wall/membrane synthesis. Subsequent analysis of the biofilms produced by the 

transposants using scanning electron microscopy and fluorescence microscopy showed notable 

differences in the structure of the biofilms produced by several mutants when compared with 

the wild-type. In particular, inactivation of uvrB and mltD produced coccoid-shaped cells and 

elongated cells in long chains, respectively. The disruption of clsA resulted in greater 

aggregation/clumping of the cells on stainless steel coated with mussel juice and a cloudy 

structure observed for the mgtB mutant using fluorescence suggested an increased level of 

extracellular DNA in the biofilm. The identification of these changes in biofilm structure 

corroborated the altered biofilm formation detected using the in vitro assay and confirmed the 

involvement of four genes with different cellular activity in biofilm formation in L. 

monocytogenes 15G01.  
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5.1 Introduction 

The foodborne pathogen Listeria monocytogenes is a serious health threat to 

immunocompromised people, the elderly and pregnant women (Rocourt et al. 2000). Its 

capacity to cross the main protective barriers in the body, including the blood-brain barrier, the 

intestinal barrier and the placental barrier leads to a high mortality rate (up to 30%) in 

susceptible groups, which can include unborn and newborn babies (Lecuit 2005). L. 

monocytogenes is ubiquitous in the environment, with contamination of food usually occurring 

during processing rather than in raw food (Fletcher et al. 1994). The breadth of foods 

contaminated with L. monocytogenes is extensive, and includes ready-to-eat meat and seafood 

as well as vegetables and fruit (Srey et al. 2013).  

L. monocytogenes is ubiquitous in the environment because it has the capacity to adapt quickly 

to environmental changes to secure its survival. It has the capacity to grow in harsh conditions 

such as acidic environments as well as over a broad temperature range (Yousef 1999). It is also 

capable of surviving in high salt concentrations (up to 11.5 %) and at freezing temperatures 

(Yousef 1999). L. monocytogenes is motile across a broad range of temperatures too, possessing 

four to six peritrichous flagella that are responsible for its movement at room temperature and 

below. All these attributes contribute to the adaptability of this pathogen and impede its control 

when encountered in food-processing environments.  

Surface attachment and biofilm formation are important to the environmental persistence of L. 

monocytogenes (Carpentier and Cerf 2011). A biofilm is a community of cells that exists in a 

sessile lifestyle rather than a planktonic one in order to use resources more efficiently and to 

resist environmental threats. Cells in a biofilm are attached to each other and to a surface. They 

are held together by an extracellular polymeric matrix that consists of DNA, proteins, 

lipopolysaccharides and other substances that contribute to its stability and act as a protective 

barrier. For L. monocytogenes, the capacity to form biofilms in so-called ‘harbourage’ sites, 

enables the pathogen to establish itself and to act as a source for subsequent dispersal of single 

cells. Management of L. monocytogenes is made more difficult because biofilm cells are more 

resistant to cleaning agents and sanitisers as well as antibiotics (Van Houdt and Michiels 2010). 

As a result, L. monocytogenes is able to contaminate surfaces and food products more 

persistently.  

Transposon mutagenesis has proven to be a successful tool for identification of genes involved 

in biofilm formation in L. monocytogenes (Huang et al. 2012, Huang et al. 2013). Cao et al. 
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(2007), however, developed a Himar1 mariner-based transposition system that increased the 

efficiency of mutagenesis in this pathogen compared to the Tn917 transposition system. As a 

result, to date, four research groups have successfully identified genes involved in biofilm 

formation of L. monocytogenes using the Himar1-based transposition system (Alonso et al. 

2014, Chang et al. 2012, Ouyang et al. 2012, Piercey et al. 2016). The majority of the identified 

genes were associated with biosynthesis or motility. This transposition system has also been 

used to identify the genetic factors underlying other phenotypic changes, such as desiccation 

survival or nisin-sensitivity (Collins et al. 2010b, Hingston et al. 2015).  

A survey of seafood-processing plants in New Zealand identified four persistent strains 

(persisted in factories for at least 6 months), classified by their unique pulsotypes (Cruz and 

Fletcher 2011). One of these pulsotypes (5132), represented by L. monocytogenes 15G01, was 

shown to have a high capacity to form biofilms in in vitro assays (Cruz and Fletcher 2011). As 

the capacity to form biofilms is believed to be a major contributing factor in persistence of L. 

monocytogenes and subsequent contamination of food in food-processing premises, a library 

of mutants of L. monocytogenes 15G01, previously generated using the Himar1 mariner-based 

transposition system (unpublished), was screened for mutants with altered biofilm formation 

using the crystal violet assay. By undertaking this screen, this study aimed to identify additional 

genes in L. monocytogenes 15G01 that are associated with biofilm formation and to further 

characterise the role of these genes in this process. Selected mutants were then further 

characterised using scanning electron and fluorescence microscopy to visualise the structure of 

the respective biofilms. 

5.2 Materials and Methods 

5.2.1 Bacterial strains and growth conditions 

The wild-type strain used in this study was L. monocytogenes 15G01, a representative of the 

persistent pulsotype 5132 obtained in a New Zealand seafood-processing facility during a 2.5 

year sampling programme (Cruz and Fletcher 2011). L. monocytogenes 15G01 was kept as 

glycerol stocks in a -80°C freezer and recovered in a three-step process by growing in Tryptic 

Soy Broth (TSB) enriched with 0.6% yeast extract (TSBYE) (Difco, BD, USA) overnight at 37°C, 

then plating on Tryptic Soy Agar enriched with 0.6% yeast extract (TSAYE) (Difco, BD, USA) and 

lastly, subculturing and storing on Columbian sheep blood agar (Fort Richard, New Zealand) at 

4°C. A library of 6500 mutants of L. monocytogenes 15G01, created by the New Zealand Plant 

& Food Research Ltd using the Himar1 mariner-based transposition system in 2012 
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(unpublished) according to a method described previously (Cao et al. 2007), were kept on 96-

well master plates in glycerol at -80°C, subcultured twice before use and stored on TSAYE plates 

supplemented with 5 ppm erythromycin ((Duchefa, Biochemie, The Netherlands) final 

concentration)). Media and agar plates were supplemented with erythromycin at a final 

concentration of 5 ppm for the studies with the mutants and with additional kanamycin (MP 

Biomedicals, Illkirch, France) at a concentration of 50 ppm for the complemented strains. The 

optical density measurements for the growth studies were taken at a wavelength of 595 nm 

using a microplate reader (Multiskan EX, ThermoFisher) or the automated microplate reader 

(SPECTROstar Omega, BMG Labtech). 
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Table 5.1. Bacterial strains and plasmids used in this study 

Bacterial strains and plasmids Mutation Source  

Bacterial strains    

Listeria 
monocytogenes 
15G01  

Wild-type serotype 1/2a; 
EmS, KanS 

 Cruz and 
Fletcher 
(2011) 

34F11 15G01 with transposon 
inserted in the clsA gene 
(LMON_2515); EmR, KanS 

15G01 clsA::himar1 This study 

33E11 15G01 with transposon 
inserted in the uvrB gene 
(LMON_2501); EmR, KanS  

15G01 uvrB::himar1 This study 

33E11-C 33E11 containing the pIMK-
uvrB plasmid; EmR, KanR 

15G01 
uvrB::himar1/pIMKuvrB 

This study 

33E11-EV 33E11 containing the pIMK 
plasmid; EmR, KanR 

15G01 
uvrB::himar1/pIMK 

This study 

39G5 15G01 with transposon 
inserted in the mltD gene 
(LMON_2714); EmR, KanS 

15G01 mltD::himar1 This study 

39G5-C 39G5 containing the pIMK-
mltD plasmid; EmR, KanR 

15G01 
mltD::himar1/pIMKmltD 

This study 

39G5-EV 39G5 containing the pIMK 
plasmid; EmR, KanR 

15G01 
mltD::himar1/pIMK 

This study 

44D3 15G01 with transposon 
inserted in the mgtB gene 
(LMON_2712); EmR, KanS 

15G01 mgtB::himar1 This study 

41H7 15G01 with transposon 
inserted in the flaA gene 
(LMON_0695); EmR, KanS 

15G01 flaA::himar1 This study 

Plasmids    

pIMK Site-specific listerial integrative vector, 5.1 kb, KanR Monk et al. 
(2008) 

pIMK-uvrB Site-specific plasmid carrying the LMON_2501 gene; KanR  This study 

pIMK-mltD Site-specific plasmid carrying the LMON_2714 gene, KanR This study 
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5.2.2 Biofilm formation assay 

A biofilm formation assay was performed according to the method described by Djordjevic et 

al (Djordjevic et al. 2002) with some modifications. Briefly, overnight cultures were grown at 

37°C in TSBYE in a sterile 96-well plate (polystyrene, U-bottom, Interlab, New Zealand) and 

transferred to new 96-well plates with a 96-well replicator, each well containing 200 μl modified 

Welshimer’s broth (MWB) (Himedia, India). The cultures were incubated for 48 h at 30°C and 

then washed three times with 200 μl double-distilled H2O (ddH2O) using a microplate strip 

washer (ELx50, Biotek). After air-drying at ambient temperature for 30 min, 150 μl of a 1% 

aqueous crystal violet solution was added to the plates. After 45 min of incubation at 30°C, the 

crystal violet solution was removed and the cultures were washed six times with 150 μl ddH2O. 

After drying for 30 min at 30°C, 150 μl of 96% ethanol was added to each well to de-stain the 

crystal violet stained cells. The optical density was measured after 1 h at 595nm with a 

microplate reader (Multiskan EX, Thermo Fisher). The OD595nm values obtained were corrected 

by subtracting the OD595nm value of uninoculated media. To screen the library of transposon 

mutants, mutants were stored in 96-well master-plates and subcultured twice before tests for 

biofilm formation. Biofilm formation for each mutant was measured three times and compared 

to the wild-type strain. Statistical analysis (two sample t-test; p≤0.05) was performed to select 

mutants of interest. The OD595nm values of selected mutants were at least 2 standard deviations 

(SD) above or below that of the wild-type strain. To eliminate variability caused by growth 

deficiency biofilm formation and turbidity measurements were repeated for 120 selected 

mutants in two independent experiments with eight replicates each. Turbidity was measured 

at 595 nm with a microplate reader before the washing and staining process. The growth of the 

mutants was compared to the growth of the wild-type in MWB to confirm that the altered 

biofilm formation observed in the initial screen was not due to differences in the ability of the 

mutants to grow in this media (Supplementary Table S5.1 and Supplementary Figure S5.1). 

5.2.3 Identification of transposon insertion sites in selected mutants 

To locate the transposon insertion sites in the genomes of the mutants of interest, a nested 

arbitrary PCR was performed using one transposon specific primer and one arbitrary primer 

(Table 5.2) to amplify the regions flanking the transposon from the right and the left end. The 

PCR was performed in two steps with the Mastercycler gradient (Eppendorf, Germany). BioMix 

Red (Bioline) was used as the mastermix in the first round and the second round was run using 

AccuPrime Hifi Taq polymerase (Invitrogen). The first PCR round was performed with primer 

pairs Marq207/255 and Marq207/269 (Cao et al. 2007) to amplify the left end and right end of 
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the transposon, respectively. The following cycle conditions were used: 1 cycle at 94°C for 2 

min; then 30 cycles at 94°C for 30s, 50°C for 30s and 72°C for 1 min; last cycle at 72°C for 7 min. 

One microlitre of the PCR product from the first round was used as template in the second step 

and amplified using primer pairs Marq208/256 and Marq208/270 to flank the transposon 

insertion region from the left and the right end, respectively with the following conditions: PCR 

conditions: 1 cycle at 94°C for 1 min; 35 cycles at 94°C for 30s, 55°C for 30s and 72°C for 1 min; 

last cycle at 72°C for 7 min. The annealing temperature was adjusted for each mutant if 

necessary to minimise non-specific annealing or to increase annealing. A final concentration of 

3mM Mg2+ was used for all PCR reactions. Five microlitres of each amplified product was 

visualised on a 1.5% Agarose Gel (settings 100V for 30 min) using Redsafe (Intron Biotechnology) 

under UV light. The PCR products obtained were subsequently purified and sequenced by 

Macrogen Ltd. (South Korea) and analysed using the NCBI BLAST program version 2.2.30 

(available from https://www.ncbi.nlm.nih.gov) and the Geneious® 7 program (available from 

http://www.geneious.com) (Kearse et al. 2012). The reference strain L. monocytogenes EGD 

(accession HG421741) (Becavin et al. 2014) was used to identify the coordinates at the point of 

the transposon insertion site and the orientation of the transposon in the chromosome. This 

reference strain was chosen as it is the same serovar as the L. monocytogenes 15G01 strain 

(serovar 1/2a). 

5.2.4 Complementation of selected mutants 

The site-specific integrative vector pIMK (Monk et al. 2008) was used for the genetic 

complementation of selected mutants. Vector pIMK is a derivative of pPL2 (1Kb smaller), 

originally constructed by Lauer et al. (2002) and facilitates the insertion at the tRNAArg locus. 

Genetic complementation constructs using this plasmid were constructed by amplifying the 

target genes from wild-type 15G01 using gene-specific primers in PCR (Table 5.2). PCR reactions 

were conducted in the following cycle conditions: 1 cycle at 94°C for 2 min; then 30 cycles at 

94°C for 30s, 55°C for 30s and 72°C for 1 min; last cycle at 72°C for 7 min. The gene-specific PCR 

products and the pIMK vector were then digested with PstI and BamHI and ligated to one 

another using the LigaFast™ Rapid DNA Ligation System (Promega), following the 

manufacturer’s instructions, in a molar ratio 3:1 (vector to insert). One microlitre of the 

recombinant plasmid was then introduced into chemically competent Escherichia coli S17 cells 

by heat shock. Transformants were selected on Luria Bertani (LB) agar plates supplemented 

with kanamycin. A colony was picked from the agar plate with a sterile toothpick and dipped in 

the PCR-mix. Colony PCR was performed with one gene-specific primer and T7 (T7 binding site 
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present in the pIMK plasmid) to confirm successful transformation. Recombinant plasmids were 

extracted from colony PCR-positive cultures and the gene inserts were sequenced to confirm 

the authenticity of the constructs. Authentic transformants were then used for the genetic 

complementation of L. monocytogenes 15G01 mutants. Conjugation was performed according 

to Azizoglu et al. (2014) with some modifications. Single colonies of the donor (E. coli 

transformants containing the construct pIMK:gene or a control containing only the pIMK vector) 

were resuspended overnight in LB broth containing kanamycin and incubated at 30°C, at 100 

rpm to an OD595nm of approximately 0.55. At the same time, a colony of the recipient (L. 

monocytogenes 15G01 transposon mutant) was resuspended in Brain-Heart-Infusion (BHI) 

(Difco, BD, USA) medium and incubated overnight at 37°C with shaking. The donor culture (3 

mL) and a pre-warmed (45°C; 10 min) recipient culture (1.5 mL) were mixed together and 

centrifuged at 2050 g for 8 min; the bacterial pellet was then washed with 10 mL of BHI broth 

and centrifuged again using the same conditions. After washing, the pellet was resuspended in 

500 μL of fresh BHI broth, deposited in the centre of a BHI agar plate and left overnight at 37°C. 

The drop was then resuspended in 2 mL BHI broth and spread-plated on BHI agar plates 

containing kanamycin and nalidixic acid (Fort Richard, New Zealand) (20 μg/mL). L. 

monocytogenes strains are naturally resistant against nalidixic acid and therefore it was used 

for counterselection. The authenticity of transconjugants was confirmed by colony PCR using 

the corresponding gene-specific primers. Their identity as L. monocytogenes was also confirmed 

using 16S-rRNA specific primers for L. monocytogenes (Table 5.2). To confirm that the empty 

vector had no effect on the phenotype, the parent plasmid was transformed in each mutant as 

well as the wild-type strain 15G01. 
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Table 5.2. Primers used in this study 

 Italics represent restriction enzyme sites; used restriction enzymes are shown in brackets; N= A or C or G or T 

Primer name Nucleotide sequence of 
primer (5’-3’) 

Product 
size 

Reference Usage  

clsA_Fwd CAACTGCAGAGAAATTTTTCA
ATTCTAACCAAGGTG (PstI) 

1842 

This study 
Complementation 
of 34F11 clsA_Rev AACGGATCCCAATCGACAGG

ACAACATCTACA (BamHI) 
This study 

uvrB_Fwd CAACTGCAGCCTTCAATTAAA
TCCACATCTGGT (PstI) 

2528 

This study 
Complementation 
of 33E11 uvrB_Rev AACGGATCCTGTGCTTGCAAC

GTATATGCT (BamHI) 
This study 

mltD_Fwd CAACTGCAGTTGACGTAGAAA
CACCTTAGCAC (PstI) 

2683 

This study 
Complementation 
of 39G5 mltD_ Rev AACGGATCCAAAGGCAATTTC

GGTGCGAC (BamHI) 
This study 

mgtB_Fwd CAACTGCAGTGCGATTACTAG
TATCAAAAGCAAT (PstI) 

3222 

This study 
Complementation 
of 44D3 mgtB_Rev AACGGATCCTAGTATGCGTAT

AAACTCAGAAGTCCT (BamHI) 
This study 

16S_Fwd CAGCAGCCGCGGTAATAC 

938 

Park et al. 
(2012) Identification of L. 

monocytogenes 16S_Rev CTCCATAAAGGTGACCCT Park et al. 
(2012) 

Marq254 CGTGGAATACGGGTTTGCTAA
AAG 

 Cao et al. 
(2007) 

Arbitrary PCR 

Marq255 CAGTACAATCTGCTCTGATGC
CGCATAGTT 

 Cao et al. 
(2007) 

Marq206 TGTCAGACATATGGGCACACG
AAAAACAAGT 

 Cao et al. 
(2007) 

Marq207 GGCCACGCGTCGACTAGTAC
NNNNNNNNNNGTAAT 

 Cao et al. 
(2007) 

Marq208 GGCCACGCGTCGACTAGTAC  Cao et al. 
(2007) 

Marq257 CTTACAGACAAGCTGTGACCG
TCT 

 Cao et al. 
(2007) 

Marq270 TGTGAAATACCGCACAGATGC
GAAGGGCGA 

 Cao et al. 
(2007) 

Marq271 GGGAATCATTTGAAGGTTGGT
ACT 

 Cao et al. 
(2007) 

T7promoter TAATACGACTCACTATAGGG   Macrogen, 
Inc (South 
Korea) 

Presence of vector 
pIMK 
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5.2.5 Microscopy 

Fluorescence microscopy and scanning electron microscopy (SEM) were used to visualise 

biofilm formation of bacterial strains on polystyrene and stainless steel, respectively. For 

visualisation under fluorescence, the fluorescent LIVE/DEAD BacLight bacterial viability kit (Life 

Technologies, Thermo Fisher, NZ) was used to label living cells green (SYTO9, membrane-

permeable stain) and dead cells red (propidium iodide, a non-membrane permeable stain). Six-

well plates (tissue treated, Greiner, Germany) were filled with 2.97 mL MWB and inoculated 

with 30 μL of an overnight bacterial culture grown in TSBYE at 37°C and were incubated at 30°C 

for 48 h. The biofilms were then washed twice with 0.8% NaCl to remove loosely attached cells 

and stained with 1 mL fluorescent stain prepared according to the manufacturer’s manual. A 

fluorescence microscope (Olympus, BX51 fitted with the XC30 digital camera) was used at 10 x 

100 magnification to take images. 

SEM was performed on stainless steel coupons (5x5mm, food grade) as described previously 

(Borucki et al. 2003). The coupons were coated with cooked mussel juice (CMJ) produced as 

described previously (Nowak et al. 2015), but with some modifications. Briefly, Greenshell™ 

mussels obtained from the local supermarket were stored for 24 h at 10°C in a fridge and then 

boiled in a wok closed with a lid without addition of water. When all mussels opened and 

released the intervalvular juice, the liquid was collected and autoclaved at 121°C for 15 min. 

The coupons were pre-treated with alkali detergent for 2 h at 45°C and then rinsed with ddH20 

and autoclaved at 121°C for 15 min in deionised water. The coupons were coated by immersion 

in CMJ in a 6-well plate (tissue treated, Greiner, Germany) for 4 h at 60°C (or until dried). The 

coupons were then placed into a fresh 6-well plate containing MWB (2.97 mL) and were 

inoculated with 30 μL of an overnight culture of the bacterium (107.5–108 CFU). After incubation 

for 7 d at 30°C, phosphate buffered saline (PBS) (pH 7.2) was used to remove loosely attached 

cells on the coupons. After rinsing with 100 mM cacodylate buffer (pH 7.2) (Acros Organics, NJ, 

USA) the coupons were fixed overnight at 4°C in 2% glutaraldehyde (Acros Organics, NJ, USA) 

and 0.1% ruthenium red solution (Acros Organics, NJ, USA) in 100 mM cacodylate buffer. The 

next morning coupons were rinsed to remove unbound dye and then dehydrated in serial 

dilutions of ethanol for 10 min each (30, 50, 60, 70, 90% v/v) with three final 10 min rinses in 

absolute ethanol. The coupons were then critical point dried (BalTec CPD030 (BalTec AG, 

Balzers, Liechtenstein)) and sputter coated with gold (Leica EM ACE200, (Leica Microscopy 

Systems Ltd, Heerbrugg, Switzerland)) for visualisation using a scanning electron microscope 

(FEI Quanta 250 SEM (Fei Company, Hillsboro, OR)). 
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5.2.6 Motility assay 

A motility assay was performed according to the method of Knudsen et al. (2004). Briefly, semi-

solid agar plates (TSB+0.25% Agar (Difco, BD, USA)) were inoculated with L. monocytogenes 

15G01 or the mutants using a sterile pick and incubated at 30°C or 37°C for 48 h. The diameter 

of the halo formed around the colony was then measured and compared to halo surrounding 

the wild-type strain (15G01). Three independent experiments were performed with each 

treatment repeated in triplicate. 

5.2.7 Autolysis assay  

The assay was performed according to Huang et al. (2012) with minor modifications. Briefly, 

single colonies of the wild-type and five selected mutants were picked from the TSAYE agar 

plate and grown in BHI at 37°C overnight. OD595nm was measured in a microplate reader 

(SPECTROstar Omega, BMG Labtech) and adjusted to 0.6 ± 0.05 for each culture. Each culture 

(1.5 mL) was transferred to 2 mL microtubes and centrifuged at 4°C at 4500g for 10 min. The 

supernatant was discarded, and the cell pellet washed twice with ice cold ddH2O, then 

resuspended in the same volume of Tris-HCl (pH 7.2) containing 0.05% Triton-X-100. Solutions 

with cells were incubated at 30°C in a 96-well plate and the OD595nm was measured in 5 min 

intervals using an automated microplate reader (SPECTROstar Omega, BMG Labtech). 

5.3 Results 

5.3.1 An in vitro biofilm assay identified a multitude of mutants that have either 

greater or lower biofilm formation than the wild-type  

A part (4,500) of  an existing library of approximately 6,500 mutants of L. monocytogenes 15G01, 

created with the mariner transposition system, was screened at 30°C in MWB for mutants with 

altered biofilm formation using the crystal violet assay. MWB and a temperature of 30°C were 

used as they were previously shown to induce biofilm formation in L. monocytogenes 15G01 

(Nowak et al. 2015). In total, 36 mutants were found with greater (10 mutants) or lower (26 

mutants) biofilm formation ability under these conditions compared to the wild-type (Table 

5.3), with the average OD595nm of the mutants being at least 2 SD below or above the average 

OD595nm value (1.197) of the wild-type L. monocytogenes 15G01. The growth of the mutants was 

compared to the growth of the wild-type strain in MWB during the screen to confirm that the 

altered biofilm formation observed was not due to differences in the ability of the mutants to 

grow in this media and only mutants showing equal or higher OD595nm than the wild-type after 

48 h were included.  
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5.3.2 Characterisation of the transposon insertion sites in mutants with altered 

biofilm formation identified 27 loci potentially involved in this process 

Nested semi-arbitrary PCR enabled the amplification of the genome sequences flanking the 

transposons in the 36 mutants. DNA sequencing of the flanking regions and subsequent BlastN 

and megablast comparisons of the sequences with the genome of reference strain L. 

monocytogenes EGD permitted the locations and directions of the insertions in 15G01 to be 

estimated for all mutants with identification of the exact insertion sites for 28 mutants. Overall, 

the transposon insertion sites in the mutants were distributed across the genome of the 

reference strain L. monocytogenes EGD. However, transposon insertions seemed to 

predominantly occur in the second half of the genome questioning random transposon 

insertions (Figure 5.1). In the 36 mutants examined, 27 genes were disrupted by a transposon 

insertion, with six loci disrupted in two independent mutants and one disrupted in three 

independent mutants (Table 5.3). A further two mutants had an insertion of the transposon in 

an intergenic region (Table 5.3). Two transposons were inserted in genes that were not present 

in the reference genome of L. monocytogenes EGD, but were present in the parental strain L. 

monocytogenes 15G01. 
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Figure 5.1. A representation of the genome of Listeria monocytogenes EGD showing the locations of transposon 
insertion sites associated with biofilm formation in L. monocytogenes 15G01. The outer ring represents the scale in 
bp, protein coding sequences are shown in turquoise, the middle ring highlights genes with a transposon insertion 
leading to greater biofilm formation (orange) and low biofilm formation (blue) in 15G01 and the inner ring 
(purple/green) shows the G+C% content plot with the GC skew. The image was generated using DNAPlotter available 
from www.sanger.ac.uk. 

 

5.3.3 Functional analysis of the disrupted genes identified multiple functional 

groups are involved in biofilm formation in L. monocytogenes 15G01 

Comparison of the disrupted genes in each of the mutants affected in biofilm formation with 

homologous genes in L. monocytogenes EGD and other L. monocytogenes strains in the 

GenBank database divided them into seven diverse functional groups (Table 5.3). Of particular 

note, five genes annotated as being involved in cell wall/membrane synthesis or integrity were 

identified, including genes encoding a putative peptidoglycan bound protein disrupted in three 

mutants that had low biofilm formation, cardiolipin synthetase (designated as clsA), disrupted 
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in two mutants with greater biofilm formation and the glycosyltransferase LafA in two mutants 

with low biofilm formation. 

Genes involved in transport systems, stress response, autolysis and motility also influenced 

biofilm formation, including a gene predicted to encode a P-type Mg(2+) transport ATPase 

(designated as mgtB) and a gene annotated as encoding the ABC transporter permease protein 

EscB, which were both disrupted in two mutants. Disruption of the P-type Mg(2+) transport 

ATPase resulted in decreased biofilm formation, whilst the insertion of the transposon into escB 

resulted in increased biofilm formation. 
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5.3.4 Complementation of selected genes confirms a role for mltD in biofilm 

formation of L. monocytogenes 15G01 

Four mutants (33E11, 34F11, 39G5 and 44D3) were examined further to confirm the role of the 

disrupted genes in biofilm formation of L. monocytogenes 15G01. The first, the clsA mutant 

(34F11) was selected because this gene had been disrupted in multiple mutants with increased 

biofilm formation and the clsA gene was known to be involved in biofilm formation of other 

bacterial species (Lin et al. 2015, Munoz-Elias et al. 2008, Puttamreddy et al. 2010). The uvrB 

mutant (33E11) was selected as multiple mutants in this excinuclease ABC subunit B were 

identified in the screen and uvrB is part of an operon consisting of uvrA, which, when disrupted 

in L. monocytogenes in a previous study, showed increased biofilm formation at 15°C (Piercey 

et al. 2016). The mltD mutant (39G5) was studied because it was predicted to affect autolysis, 

which has been implicated in changes in biofilm formation in L. monocytogenes (Machata et al. 

2005, Machata 2008) and other bacteria (Bao et al. 2015), whilst the mgtB mutant (44D3) was 

included because it has also been disrupted in multiple mutants and has not been associated 

with biofilm formation in L. monocytogenes before. 

Growth curves of the selected 36 mutants in MWB at 30°C were then produced by manual 

measurements to further examine growth behaviour (Supplementary Table S5.1 and 

Supplementary Figure S5.1) in the presence of selective antibiotics. Additionally, growth studies 

with an automated plate reader were carried out for the four selected mutants without 

selective antibiotics to further rule out the possibility that the changes in biofilm formation were 

due to impaired growth (Supplementary Figure S5.2). The two mutants 39G5 and 44D3 formed 

cell aggregates during growth which is reflected by the high OD600nm values, however, growth 

pattern was not affected. 39G5 had an extended exponential phase compared to the other 

strains, however all five examined strains were in stationary phase at 48 h, the time point at 

which biofilm formation was measured. 

Complementation studies were subsequently carried out on the four mutants. In these studies, 

introduction of the pIMK vector containing the wild-type mltD gene into the mltD mutant 

resulted in the restoration of biofilm formation to levels produced by the wild-type (Figure 5.2). 

Conjugation of the empty vector into this mutant had no obvious effect on biofilm formation 

(Figure 5.2). These data confirmed that the change in biofilm formation in the mltD mutant was 

a result of inactivation of the gene. Thus, mltD is required for biofilm formation in L. 

monocytogenes 15G01. 
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Figure 5.2. A comparison of biofilm formation in Listeria monocytogenes 15G01 (wt), the uvrB and mltD mutants 
(33E11 and 39G5), and mutants containing a wild type copy of the corresponding gene (complemented strains (-C)) 
or the empty vector pIMK (-EV). Error bars represent the standard deviation for three independent experiments 
(n=6). Biofilm formation was determined by measuring the OD595nm as part of the crystal violet assay.  

 

In contrast to the successful complementation of the mltD mutant, introduction of the pIMK 

vector containing the wild-type uvrB gene into the uvrB mutant only partially restored (41.7%) 

the wild-type phenotype (Figure 5.2), whilst attempts to complement the mgtB and clsA 

mutants using a similar process failed to restore the wild-type phenotype altogether (data not 

shown). Partial complementation of uvrB may have occurred because this gene is part of an 

operon with uvrA, which may have been affected by the transposon insertion and requires its 

entire presence for full expression. The inability to restore the wild-type phenotypes in the mgtB 

and clsA mutants may have resulted from differential expression of the genes upon site-specific 

integration of the pIMK vector or even due to polar effects upon insertion of the transposon. 

Nevertheless, transposon insertions in both mgtB and clsA were identified twice in the screen 

of the transposon library (Table 5.3), with transposon insertions in different positions (identified 

insertions 404 base pairs apart for clsA and 849 base pairs apart for mgtB (Table 5.3)) and in the 

opposite direction for clsA mutants. Together with literature linking these genes to biofilm 

formation in other studies, their repeated identification provided strong evidence that they are 

involved in biofilm formation by L. monocytogenes 15G01 despite our being unable to 

complement the associated phenotype.  
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5.3.5 Microscopy confirmed that the mltD mutant (39G5) has a dramatic loss in 

both viable and non-viable cells 

Despite the failure to complement all the selected mutants, the weight of evidence associating 

each of the disrupted genes with biofilm formation led to their inclusion in microscopic analysis. 

Fluorescence microscopy showed that after 48 h incubation of the mutants on polystyrene 

surfaces in MWB at 30°C, all appeared to show some differences in the structure of their 

biofilms when compared to the wild-type (Figure 5.3). The biofilm of the mltD mutant consisted 

of few mainly individual cells, which seemed to be elongated and in chains. The lack of visible 

cells (whether alive or dead) was consistent with the low biofilm formation observed in the 

initial screen. The biofilm produced by the mgtB mutant also contained few live cells, although 

it did appear to have a cloudy structure under fluorescence, possibly because extracellular DNA 

(eDNA) was present in the biofilm. Consistent with this, there appeared to be greater numbers 

of dead cells associated with the biofilm produced by the mgtB mutant. Harmsen et al. (2010) 

identified extracellular DNA (of chromosomal origin) to be a major component of biofilms 

formed by L. monocytogenes (Harmsen et al. 2010). The uvrB mutant was a low biofilm former 

and exhibited only sparse biofilm formation after 48 h, which was consistent with the 

approximately 80% reduction in biofilm formation observed in in vitro assays. The clsA mutant 

showed a biofilm with a high number of living cells, but also showed a higher amount of dead, 

red-stained cells. 

Scanning electron microscopy was used to analyse further the structure of the biofilms 

produced by the mutants after growth of the bacteria on stainless steel (SS) coupons coated 

with mussel juice for 7 d at 30°C. A SS coupon coated with mussel juice was used as a control 

and organic debris was clearly visible (Figure 5.4). Bacterial cells attached and formed biofilms 

on the coupons preferably where organic debris of the mussel juice was present (Figure 5.4).  

SEM images of 39G5 confirmed the long chain phenotype with some elongated cells (Figure 

5.4). The 33E11 was a low biofilm former and exhibited only sparse biofilm formation on SS 

coupons after 7 d although extracellular matrix was present. 33E11 appeared to have a different 

cell morphology compared to the wild-type with cocci-shaped rather than rod-shaped cells 

(Figure 5.4). 34F11 identified as a high biofilm former in both the microtitre plate screening test 

and under the fluorescence microscope, also exhibited greater biofilm formation on the SS 

coupons compared to the wild-type (Figure 5.4). In addition, 34F11 exhibited an extensive 

thread structured biofilm attached to organic mussel debris (Figure 5.5). 
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Figure 5.3. Images of the biofilms produced by Listeria monocytogenes 15G01 (wild-type) and selected transposon 
mutants with altered biofilm formation (34F11, 33E11, 39G5 and 44D3) grown on polystyrene surfaces in MWB for 
48 h at 30°C. The biofilms were stained with the LIVE/DEAD BacLight bacterial viability kit according to the 
manufacturer’s instruction (Life Technologies, Thermo Fisher, New Zealand). Living cells were labelled with SYTO9 
(green) and dead cells with propidium iodide (red). Scale bars represent 20 μm. 
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Figure 5.4. Images of the biofilms produced by Listeria monocytogenes 15G01 (wild-type) and selected transposon 
mutants with altered biofilm formation (34F11, 33E11, 39G5 and 44D3) grown on stainless steel coupons coated with 
mussel juice for 7 d at 30°C. The images were obtained with a scanning electron microscope with 5000x 
magnification. The cracks are features of the stainless steel surface. 
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Figure 5.5. High magnification images of the biofilms produced by 34F11, 33E11 and 39G5 grown on stainless steel 
coupons coated with mussel juice for 7 d at 30°C. The images were obtained with a scanning electron microscope 
with 10000x magnification. The white arrows point at coccoid-shaped bacteria. 
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5.3.6 The mltD mutant (39G5) was defective in autolysis, motility as well as biofilm 

formation 

Inactivation of mltD (murA-homologue) has previously been shown to result in loss of motility 

in L. monocytogenes (Machata 2008). Consistent with these findings, the mltD mutant created 

in this study not only produced a low biofilm mass, but also exhibited no motility (Figure 5.6 b), 

which was restored upon gene complementation (Figure 5.6 b) The Triton X-100 induced 

autolysis rate was reduced for the mltD mutant compared to the wild-type (Figure 5.6 a), but 

not for the remaining mutants (data not shown), suggesting that the observed changes in 

biofilm formation in the remaining mutants are not due to autolytic processes. 

 

Figure 5.6. Triton X-100 induced autolysis of Listeria monocytogenes 15G01 (wt) and the mltD mutant (39G5) 
determined by optical density measurement at 595nm (a) and motility of L. monocytogenes, 39G5 (ΔmltD) and the 
mltD mutant containing a wild-type copy of the corresponding gene (complemented strains (-C)) or the empty vector 
pIMK (-EV) after 24 h at 30°C (b). 
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5.4 Discussion 

L. monocytogenes can persist in seafood-processing plants in New Zealand, increasing the risk 

of contamination with this food borne pathogen (Cruz and Fletcher 2011). Biofilm formation is 

believed to be a major factor in survival and persistence of L. monocytogenes (Van Houdt and 

Michiels 2010). In this study, the screening of a transposon library created from L. 

monocytogenes 15G01, a persistent isolate from a seafood-processing plant in New Zealand, 

identified 27 genes as involved in biofilm formation. Four other research groups have also used 

transposon mutagenesis to identify genes involved in biofilm formation in L. monocytogenes 

(Alonso et al. 2014, Chang et al. 2012, Ouyang et al. 2012, Piercey et al. 2016). In each case, a 

large number of loci were reportedly associated with biofilm formation; Alonso et al. (2014) 

identifying 38 genes, Ouyang et al. (2012) 15 genes, Chang et al. (2012) 24 genes and Piercey et 

al. (2016) 19 genes. The large number of loci identified in each of the studies to date, and the 

variety of cellular processes the loci were predicted to be involved in (e.g. primary metabolism, 

translation and transcription and DNA repair) suggest that biofilm formation is very important 

for this pathogen, regardless of the environmental niche inhabited by the isolate. Many of the 

loci were only identified in a single study, however, probably because different isolates and 

different assay conditions were used. For example, Piercey et al. (2016) performed the assays 

at 15°C while other groups used higher temperatures (32°, 35° or 37°C). Ouyang et al. (2012) 

and Alonso et al. (2014) both generated a mutant library using L. monocytogenes 10403S 

whereas Chang et al. (2012) created a library of L. monocytogenes Scott A mutants and Piercey 

et al. (2016) used a serotype 1/2a strain isolated from a processing plant. This suggests that 

various environmental cues may regulate biofilm formation and that the regulatory cascade 

controlling biofilm formation may be specific to certain environmental triggers. 

A number of genes identified as involved in the process of biofilm formation in these previous 

studies were also identified in the current study, despite the differences in assay conditions. For 

example, all studies, including this one, showed that a transposon insertion in lafA (gene ID 

lmo2555 in L. monocytogenes EGDe) caused a reduction in biofilm formation. Alonso et al. 

(2014) and Ouyang et al. (2012) also showed that an insertion in the gene (lmo2554) 

downstream of lafA led to decreased biofilm formation. Lmo2555 and lmo2554 are part of the 

same operon and encode glycosyltransferases that are required for the formation of the 

glycolipid that links the lipoteichoic acid to the bacterial membrane (Webb et al. 2009). Four 

transposants with insertions in the genes encoding for the glycosyltransferase LafA, sortase A, 

a peptidoglycan linked protein (LPXTG) and the flagella protein FlaA had previously been 
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identified by Chang et al. (2012). The detection of common genes associated with changes in 

biofilm formation under such variable conditions suggests that they are critical to biofilm 

formation regardless of the environmental conditions the bacterium experiences.  

Transporter systems are essential in living organisms. The transition from a planktonic to a 

sessile lifestyle requires changes in metabolism and energy generation as resources in biofilms 

become scarce (Parsek and Fuqua 2004). Thus, during the screening of the L. monocytogenes 

15G01 mutants, it was not surprising to identify seven genes involved in these broad processes 

that influence biofilm formation. These seven genes encode for ABC tranporters, ATPases and 

a phosphotransferase system, with inactivation of three leading to enhanced biofilm formation 

(a manganese ABC transporter SitB, the Bacitracin export ATP-binding protein BceA, and the 

ABC transporter EscB) and four causing a decrease in biofilm formation (a phosphate ABC 

transporter, a periplasmic phosphate-binding protein PstS, a PTS system, IIA component, and a 

Mg(2+) transport ATPase known as MgtB).  

ABC transporters are one of the largest protein families known. These transporter systems 

facilitate the transport of compounds through a membrane under ATP-hydrolysis to maintain 

homeostasis. ABC-transporters have also been found to be involved in biofilm formation of 

other species (Hinsa et al. 2003, Vanderlinde et al. 2010, Varahan et al. 2014). The involvement 

of the Manganese ABC transporter protein SitB in biofilm formation is supported by the findings 

of Ceruso et al. (2014), who showed increased biofilm formation for an in-frame deletion 

mutant of LMOf2365_1877 (LMON_1917 homologue) while studying the ABC transport system. 

Zhu et al. (2011) investigated the involvement of a putative ABC transporter permease gene 

(lm.G_1771) in biofilm formation by generating a deletion mutant. This gene is part of an operon 

which consists of two genes (Zhu et al. 2011) and is the homologue for LMON_1812 in L. 

monocytogenes EGD, which encodes for a bacitracin export permease. The L. monocytogenes 

EGD strain harbours two of those operons encoding for bacitracin export permease protein 

BceB and BceA, situated on two distinct locations in the genome (LMON_1812 and LMON_1814; 

LMON_2188 and LMON_2189). Both, the greater biofilm formation observed for the bceA 

mutant (LMON_2188) in the present screen and the increase in biofilm formation for the 

lm.G_1771 mutant observed by Zhu et al. (2011), support its involvement in the biofilm 

formation process. By deletion of the lmo2115 gene (LMON_2189) it was shown that this multi-

drug resistance transporter system not only affects biofilm formation but also nisin sensitivity 

(Collins et al. 2010a).  
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Another transporter system of particular interest is the P-type ATPase which takes up Mg2+ upon 

ATP-hydrolysis (MgtB). The Mg2+ P-type ATPase MgtB has not been associated with biofilm 

formation before. Given that Mg2+ is one of the most abundant cations present in cells and is 

involved in several vital processes in bacteria ranging from acting as a cofactor in ATP-

dependent phosphorylations and other enzymatic reactions to stabilising ribosomes and 

influencing nucleic acid protein interactions and RNA folding (Groisman et al. 2013), the mgtB 

mutant was chosen for further investigation. Previous studies showed that magnesium 

deprivation triggers biofilm formation (Mulcahy and Lewenza 2011) and a temperature-

dependent expression (Kehres and Maguire 2003) of mgtB regulated by the PhoP/PhoQ two 

component system in Gram-negative bacteria (Chamnongpol and Groisman 2002, Groisman et 

al. 2006). However, knowledge about the function in Gram-positive bacteria, in particular L. 

monocytogenes, is scarce. No data about the involvement of mgtB in biofilm formation are 

currently available. According to Nielsen et al. (2012) mgtB (lmo2689) is regulated by the two 

component system CesRK as CesR binding boxes were found upstream of that gene which, 

according to Nielsen et al. (2012), suggests direct control of mgtB. mgtB is part of an operon 

including genes encoding for cell division proteins which are also regulated by CesR (Nielsen et 

al. 2012). CesRK is associated with virulence, ethanol sensitivity and cephalosporine resistance 

(Kallipolitis et al. 2003). The transposon insertion in the mgtB gene (44D3) resulted in the 

production of a low biofilm phenotype in this study, suggesting an involvement of mgtB in 

biofilm formation of L. monocytogenes. ABC transporter systems do not only seem to be 

involved in biofilm formation and drug resistance, but also in stress tolerance of L. 

monocytogenes (Suo et al. 2012) and other species (Seaton et al. 2011). The high number of 

identified mutants associated with ABC transporter systems in this screen and the widespread 

functions of these systems highlight their importance in the survival of L. monocytogenes. 

Identification of the molecular mechanisms involved will help to understand and reduce survival 

of L. monocytogenes strains in food-processing plants. 

Magnesium is not only important for bacterial homeostasis but has also been found to alter 

autolysis by inhibiting induced autolysis in E.coli upon its addition (Leduc et al. 1982). Autolysis 

is a very strictly regulated process ensuring that no self-destruction of the cell takes place. One 

mutant with a disruption of mltD produced low biofilm in this screen. The membrane-bound 

lytic murein transglycosylase D precursor (mltD) encodes for a murein degrading enzyme 

(autolysin) and belongs to the class of lytic transglycosylases which are important for cell 

division, insertion of proteins in the cell envelope and also for maintenance of bacterial 

morphology (Scheurwater et al. 2008). Observations of planktonic cells as well as biofilm cells 
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in the present study using fluorescence microscopy (Figure 5.3) and SEM (Figure 5.4) showed a 

high number of elongated cells in long chains for the mltD mutant, which is in Iine with a 

previous finding (Carroll et al. 2003). Carroll et al. (2003) observed long chains in exponential 

phase but not in stationary phase and no change in growth behaviour of the mutant. However, 

in the present study long chains in both exponential and stationary phases and slight differences 

in growth pattern were observed (Supplementary Figure S5.1 and S5.2 and Supplementary 

Table S5.1). In agreement with a previous study (Renier et al. 2014), the mltD mutant was found 

to produce increased cell aggregation, which interfered with optical density measurements for 

growth behaviour. However, cell counts after 24 h growth were similar to the wild-type levels 

(>9.0 log10 CFU/mL) (Supplementary Table S5.1). The mltD mutant (39G5) was one of the few in 

the screen that exhibited no motility, which is in agreement with other studies (Machata et al. 

2005, Machata 2008). Two other low biofilm formers with insertions in the flaA gene and a gene 

encoding for an unknown protein (44F5) were also motility deficient (data not shown), which 

might account for their low biofilm production. The complemented mltD mutant restored 

biofilm formation and motility to the level of the wild-type (Figure 5.2 and 5.5b), confirming the 

gene’s direct involvement in biofilm formation and motility. The reduction in motility and 

production of long chains with elongated cells might impair the ability of the mutant to move 

freely and to attach to surfaces, thus resulting in biofilm reduction. The observed lower autolysis 

rate after exposure of 39G5 to Triton X-100 as also seen in another study (Carroll et al. 2003) 

further confirmed the autolytic function of the gene. Autolysin was found to be involved in 

biofilm formation of other species through autolysin mediated release of extracellular DNA (Qin 

et al. 2007). It is known that eDNA plays a role in biofilm formation in L. monocytogenes by 

enabling attachment to surfaces as shown by Harmsen et al. (2010). It is possible that disruption 

of the mltD gene might lead to decreased release of eDNA and therefore less biofilm 

production. However, further tests need to examine the role of eDNA in biofilm formation of 

the mltD mutant.  

The cell wall and membrane also play an important role in damage control of bacteria as they 

function as barriers against environmental damage and regulate homeostasis. Thus, when 

bacteria adapt to changing environmental conditions, the composition of the cell membrane 

changes. Therefore, it was not a surprise that this screen identified a number of mutants with 

defects in cell wall and membrane function that showed changes in biofilm formation. Of 

particular note, a transposon insertion in the clsA gene, encoding for the cardiolipin synthetase, 

led to enhanced biofilm formation in the present study. The cardiolipin synthetase catalyses the 

formation of cardiolipin from phosphatidylglycerol and is predominantly active in stationary 
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phase (Koprivnjak et al. 2011). Previous research showed that gene disruption of clsA resulted 

in decreased biofilm formation in other Gram-negative and Gram-positive species (Lin et al. 

2015, Munoz-Elias et al. 2008, Puttamreddy et al. 2010), which indicates that clsA might be 

differentially regulated in different species, possibly due to differences in membrane 

composition. The hypothesis of differential regulation in multiple species is supported by 

studies which showed that changes in the environmental conditions, such as osmotic stress or 

desiccation, led to activation of clsA in E. coli and Staphylococcus aureus (Maudsdotter et al. 

2015, Romantsov et al. 2009), but butanol stress induced downregulation of clsA in Bacillus 

subtilis (Vinayavekhin et al. 2015). By screening a mutant library of L. monocytogenes for 

desiccation survival, Hingston et al. (2015) found that a transposon insertion in the gene 

encoding for clsA resulted in decreased desiccation survival compared to the wild-type in L. 

monocytogenes.  

Changes in environmental conditions not only trigger activation of genes involved in membrane 

composition to protect cells from damage but also trigger other stress response mechanisms. 

Many studies showed that stress response is somehow linked to biofilm formation (Huang et al. 

2013, Suo et al. 2012, Taylor et al. 2002, van der Veen and Abee 2010a, van der Veen and Abee 

2010b, van der Veen and Abee 2010c, van der Veen and Abee 2011b). One well-described 

system is the SOS response which is induced upon replication fork stalling caused by DNA 

damage through reactive oxygen species (ROS) (van der Veen and Abee 2011a). The uvrB is part 

of an enzyme complex that mediates excision and incision steps of DNA repair and is induced 

as part of the SOS response (van der Veen et al. 2010). In this study, a gene disruption of uvrB 

resulted in a low biofilm phenotype. The SOS-response has been linked to biofilm formation in 

several bacterial species including L. monocytogenes, Pseudomonas aeruginosa and 

Streptococcus mutans (Inagaki et al. 2009, van der Veen and Abee 2011a, van der Veen et al. 

2010). Gene expression of uvrB and stress response associated genes were found to be 

upregulated in planktonic cells after heat exposure (van der Veen et al. 2007 Microscopic 

analysis of 33E11 showed changes in phenotype and produced coccoid-shaped bacteria (Figure 

5.4 and 5.5). The formation of coccoid-shaped bacteria has been reported previously for Listeria 

cells after exposure to stresses such as starvation due to change from log-growth to long-term 

survival (Doijad et al. 2015, Wen et al. 2009). Tremoulet et al. (2002) found that the bacterial 

cells of seven-day-old biofilms of L. monocytogenes were more coccoid-shaped than rod-

shaped, which is in agreement with our findings. The changes in phenotype might be due to 

maturation of the biofilm as suggested by Tremoulet et al. (2002) as they did not observe this 

phenotype for biofilm grown for 24 h. 
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In 44D3 and 34F11, some biofilms cells were found anchored in the biofilm matrix by thread-

like structures and some embedded in an extrapolymeric substance with water channels (Figure 

5.4 and 5.5), which showed that L. monocytogenes strains are capable of forming two different 

types of biofilm and not only thread-like structures as suggested by Marsh et al. (2003). The 

thread-like structures observed in the SEM images of the wild-type and the mutants could be 

flagella as suggested by Guilbaud et al. (2015), who found that the non-motile mutant (ΔflaA) 

did not exhibit such a structure when analysed with SEM in their study. However, SEM images 

of the flagella-deficient mutant (41H7) generated in the present study (Supplementary Figure 

S5.3), also showed filaments, suggesting that these are not flagella but rather an extracellular 

polymeric substance as also observed by Alonso et al. (2014). Despite these findings, discussion 

about whether L. monocytogenes forms a real biofilm or rather simply attaches is ongoing 

(Ferreira et al. 2014), however, the presented results strongly suggest that L. monocytogenes is 

able to produce a complex biofilm. 

In the present study bacteria cells attached preferably on mussel juice debris rather than on 

plain stainless steel, which not only confirms the ability of the bacteria to attach to biotic 

surfaces, but also emphasises the necessity of proper cleaning and sanitation in food-processing 

plants as organic residues might encourage attachment and survival of bacteria. Despite the 

disadvantage in being an indirect method of measurement, the crystal violet assay is a fast and 

easy to use tool to screen large numbers of strains for their ability to form biofilms. The 

microscope analysis confirmed the findings of the crystal violet assay which corroborates its use 

as a screening method. 

Other transposants identified in this study were the Lmo1666 homologue and srtA. It is known 

that Lmo 1666 contains a LPXTG motif and is covalently linked to the cell surface by Sortase A 

(Cascioferro et al. 2014) linking two of these identified genes with each other. Biofilm formation 

for the srtA mutant was lower (OD595nm = 0.09) than the lmo1666 homologue mutant (OD595nm 

=0.355) implying that additional genes apart from the lmo1666 homologue that are linked to 

the cell surface by Sortase A affect biofilm formation.  

A disruption in the gene encoding for a dihydroxyacetone kinase resulted in enhanced biofilm 

formation in this study and the intergenic transposon insertion downstream of this gene and 

upstream of a gene encoding for a putative alkaline shock protein showed a similar increase in 

biofilm production, which leads to the speculation that the intergenic insertion interfered with 

the promoter binding site rather than causing a polar effect. Both mutants (intergenic and 
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dihydroxyacetone kinase) exhibited nearly identical biofilm formation (OD595nm = 2.071 vs 2.069) 

strengthening the evidence for involvement of this gene in biofilm formation. 

To this date numerous genes have been found to be involved in biofilm formation of L. 

monocytogenes. However, this screen did not reveal all of them which might be due to the 

selection process. Only mutants that showed significant increase or decrease were chosen to 

be further analysed. Moreover, it is known that environmental conditions influence a 

phenotype, so different screening methods and media might influence biofilm formation and 

consequently, limit the number of transposants found to alter biofilm formation. This screen 

identified transposon insertions in several genes associated with multiple cellular processes, 

including autolysis, stress response, transporter systems, motility, biosynthesis, translation and 

transcription and cell wall/membrane. 

Although complementation remained unsuccessful for two of the mutants in this study (clsA 

and mgtB), evidence for their involvement in biofilm formation was strengthened due to their 

repeated identification in the screen harbouring transposon insertions in different spots (mgtB 

and clsA) and orientations within the gene (clsA). In addition both mgtB mutants (30H2 and 

44D3, Table 5.3) identified in this screen behaved similarly in the biofilm formation assay, in 

growth studies (Supplementary Figure S5.1 and Supplementary Table S5.1) and in motility tests 

(data not shown). The two clsA mutants (30A9 and 34F11) produced the same amount of biofilm 

and were also similar in growth behaviour, but they had differences in their motility. The clsA 

gene consists of 1449 bp and the mutant 30A9 which exhibited higher motility than the mutant 

34F11 had the transposon inserted after the 1133rd bp, whereas 34F11 had the insertion after 

the 729th bp. Therefore, the clsA gene might be partially functional in 30A9 resulting in higher 

motility than 34F11. The membrane protein cardiolipin is predominantly found at the cell poles 

of rod-shaped bacteria (Dworkin 2009) and lack of cardiolipin might affect incorporation or 

attachment of specific proteins, such as flagella, into the cell poles resulting in decreased 

motility. A previous study found that the swimming motility of Rhodobacter sphaeroides was 

not affected by cardiolipin deficiency (Lin et al. 2015). However, in contrary to L. 

monocytogenes, which has 4-6 peritrichous flagella, R. sphaeroides has one single flagellum 

usually not situated at the cell pole but medially on the cell body (Armitage and Macnab 1987). 

This strengthens the evidence for the involvement of clsA in motility. 

It is worth noting that a variety of authors published phenotypic data on genes associated with 

biofim formation in lieu of complementation (Ouyang et al. 2012, Piercey et al. 2016). 
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5.5 Conclusion 

In this study insertions in 27 genes were found to alter biofilm formation in L. monocytogenes 

15G01. Genes previously known to be involved in biofilm formation by L. monocytogenes and/or 

other bacterial species were found, corroborating the method of transposon mutagenesis for 

functional analysis of biofilm formation. Two genes, clsA and mgtB, were identified to be 

involved in biofilm formation. Both have, to the best of our knowledge, not previously been 

associated with biofilm formation in L. monocytogenes before. uvrB, a stress response gene is 

clearly involved in biofilm formation, strengthening the link between biofilm formation and 

stress response. Further studies to analyse gene regulation are required to assess the exact 

involvement of the biofilm-associated genes. 
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5.7 Supplementary information 

 

Supplementary Figure S5.1. Growth of 36 transposon mutants of the Listeria monocytogenes 15G01 strain in MWB 
at 30°C determined by optical density measurements at 595 nm. A 96-well plate with each well containing 200 μl of 
MWB was inoculated with an overnight culture of L. monocytogenes 15G01 and mutants grown in TSBYE at 37°C 
using a 96-well replicator. The turbidity of the wells was measured with a microplate reader at a wavelength of 
595nm at given time points. The readings were averaged and plotted against measured time points to produce a 
growth curve. OD595nm values of the samples were corrected by subtracting the OD595nm values for uninoculated 
media. The wild-type growth curve is shown in red. 
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Supplementary Figure S5.2. Growth of the L. monocytogenes strain 15G01 (wt) and its four mutants in MWB at 30°C 
measured with an automated microplate reader at defined time points at 600nm. The mutants have been grown 
without selective antibiotics to eliminate its effects on growth. The growth curves pictured are the means of two 
measurements. 
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Supplementary Figure S5.3. Scanning electron microscopy image of a biofilms formed by the flaA mutant (41H7) 
after 7 d incubation at 30°C on stainless steel coupons coated with mussel juice at a 5000x magnification. 
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Supplementary Table S5.1. Growth of 36 transposon mutants of the L. monocytogenes 15G01 strain in MWB at 30°C 
determined by optical density measurements at 595 nm.  

To compare the mutant strains to the wild-type, logistic growth curves were fitted to each repetition of each strain 
(using the FITCURVE procedure in Genstat version 17, 2014). Because of the declines noted for some strains at 60 h, 
the 60 h data were excluded. The parameters of the curves were saved, and then compared to those for the wild-
type replicates using t-tests (since the parameters are correlated with each other, multivariate ANOVA was also used 
to compare each strain with the wild-type; the results were similar) 

The logistic curve is an S shaped curve often used as a basic growth model. It has four parameters: a, the starting 
value or left hand asymptote; c, the difference between the right and left hand asymptotes; and m, the horizontal 
value (here, the time) which is the mid-point of the rise. All the strains were significantly different from the wild-type 
on at least one parameter. The most consistent difference was that all but two strains (24A10 and 33E11) had 
significantly higher m: they took longer to start growing. The other notable feature was that most strains grew more 
slowly (had lower b) than the wild-type, which is quite likely due to antibiotic presence. 

The mean parameters (from the eight repetitions) are tabulated below, along with standard errors (SEs  – based on 
the difference between the repetitions) and p values for the difference from the wild-type. P values are colour coded 
yellow (significant at p = 0.05 and value is higher than the wild-type) and turquoise (significant at p = 0.05 and value 
is lower than the wild-type). 

 a (starting level) Slope at time = m c (how much line rises) 
m (midpoint of 
increasing phase) 

Strain Mean s.e. p Mean s.e. p Mean s.e. p Mean s.e. p 
Wild-
type 0.15 0.004  

0.053 0.001 
 0.44 0.012  14.6 0.55  

24A10 0.17 0.001 <.001 0.021 0.001 <.001 0.20 0.001 <.001 14.5 0.34 0.949 
24H3 0.16 0.003 0.066 0.043 0.001 <.001 0.50 0.009 0.001 21.4 0.21 <.001 
25D2 0.11 0.002 <.001 0.037 0.001 <.001 0.45 0.011 0.459 19.3 0.20 <.001 
26C10 0.15 0.005 0.989 0.043 0.002 0.004 0.27 0.002 <.001 17.0 0.39 0.003 
26H1 0.15 0.001 0.589 0.040 0.001 <.001 0.43 0.008 0.404 18.6 0.15 <.001 
28A2 0.19 0.001 <.001 0.049 0.001 0.108 0.50 0.011 0.002 20.5 0.31 <.001 
28D12 0.18 0.002 <.001 0.048 0.001 0.013 0.41 0.006 0.056 19.1 0.33 <.001 
28G11 0.17 0.004 0.001 0.054 0.001 0.374 0.47 0.011 0.086 17.8 0.12 0.001 
30A9 0.13 0.003 0.002 0.048 0.001 0.015 0.44 0.006 0.889 17.8 0.24 <.001 
30H2 0.11 0.004 <.001 0.036 0.001 <.001 0.54 0.004 <.001 22.9 0.50 <.001 
31 E7 0.17 0.003 <.001 0.022 0.002 <.001 0.32 0.011 <.001 23.1 0.60 <.001 
31C7 0.19 0.002 <.001 0.050 0.001 0.123 0.48 0.006 0.009 20.5 0.32 <.001 
31G1 0.12 0.002 <.001 0.046 0.001 0.001 0.45 0.004 0.211 19.5 0.53 <.001 
32 E2 0.16 0.004 0.032 0.047 0.001 0.006 0.49 0.011 0.006 20.0 0.21 <.001 
32 E5 0.16 0.003 0.019 0.034 0.001 <.001 0.30 0.005 <.001 18.5 0.28 <.001 
32A9 0.18 0.001 <.001 0.049 0.001 0.071 0.48 0.007 0.005 19.3 0.18 <.001 
33 E11 0.16 0.002 0.020 0.055 0.001 0.220 0.27 0.011 <.001 15.5 0.08 0.151 
33F8 0.12 0.003 <.001 0.045 0.002 0.003 0.43 0.014 0.589 18.1 0.14 <.001 
34F11 0.13 0.003 0.004 0.038 0.001 <.001 0.40 0.010 0.034 19.7 0.25 <.001 
35C1 0.16 0.004 0.050 0.035 0.002 <.001 0.49 0.006 0.002 22.0 0.41 <.001 
35F3 0.22 0.002 <.001 0.040 0.000 <.001 0.24 0.003 <.001 16.2 0.14 0.025 
35H9 0.20 0.003 <.001 0.052 0.001 0.818 0.49 0.009 0.007 19.2 0.41 <.001 
36A2 0.20 0.002 <.001 0.044 0.001 <.001 0.34 0.004 <.001 18.2 0.32 <.001 
36B9 0.19 0.002 <.001 0.034 0.001 <.001 0.41 0.010 0.135 21.0 0.13 <.001 
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39G5 0.20 0.002 <.001 0.031 0.001 <.001 0.31 0.010 <.001 19.4 0.18 <.001 
40C12 0.18 0.003 <.001 0.039 0.001 <.001 0.30 0.009 <.001 17.5 0.40 0.001 
41A8 0.20 0.003 <.001 0.038 0.001 <.001 0.36 0.003 <.001 19.5 0.20 <.001 
41H7 0.17 0.001 0.001 0.050 0.001 0.084 0.43 0.007 0.756 19.3 0.29 <.001 
42G3 0.16 0.007 0.296 0.045 0.003 0.044 0.35 0.013 <.001 17.4 0.23 0.001 
43C9 0.16 0.003 0.115 0.030 0.002 <.001 0.43 0.009 0.496 21.8 0.50 <.001 
44D3 0.17 0.002 <.001 0.044 0.001 <.001 0.53 0.006 <.001 22.0 0.42 <.001 
44F5 0.18 0.004 <.001 0.040 0.001 <.001 0.47 0.017 0.112 20.7 0.18 <.001 
47H10 0.18 0.002 <.001 0.050 0.001 0.194 0.49 0.008 0.002 20.4 0.26 <.001 
47H11 0.18 0.003 <.001 0.050 0.000 0.104 0.63 0.009 <.001 28.1 0.33 <.001 
64B3 0.19 0.003 <.001 0.051 0.001 0.449 0.49 0.006 0.003 21.1 0.23 <.001 
67C5 0.15 0.004 0.858 0.038 0.002 <.001 0.27 0.003 <.001 17.3 0.32 0.001 
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Abstract 

Listeria monocytogenes is a food borne pathogen which can lead to severe bacterial infections 

in immunocompromised people, the elderly and in pregnant women. Biofilm formation is 

thought to be a major factor for contamination of food in the food-processing environment. 

Five genes identified in a previous screen to be associated with biofilm formation in a persistent 

strain L. monocytogenes 15G01 were investigated for their effect on surface characteristics and 

biofilm composition. Three different assays (crystal violet assay, cell enumeration and a 

tetrazolium salt based assay) were used to determine the amount of biofilm produced, and all 

of them significantly correlated with each other. However, surface properties determined by 

the MATH test, hydrophobic interaction chromatography and cytochrome C assay did not 

correlate with biofilm formation or attachment. The influence of cations on biofilm formation 

and the involvement of stress response were also investigated. Increased magnesium presence 

led to variable effects on biofilm formation at mammalian and environmental temperatures 

resulting in a decrease in biofilm formation for a mltD mutant and in an increase for a mgtB 

mutant. Confocal microscopy revealed a unique biofilm structure for the mgtB mutant 

exhibiting a sandwich structure which was reversed to the wild-type phenotype with increased 

magnesium presence. This study identifies, for the first time, the involvement of magnesium in 

biofilm formation of L. monocytogenes and contributes to understanding the related 

mechanism. 
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6.1 Introduction 

Listeria monocytogenes is a rod-shaped bacterium which is ubiquitous in the environment. It is 

the causative agent for the bacterial infection listeriosis. L. monocytogenes can lead to severe 

and life-threatening infections in immunocompromised people, the elderly, pregnant women 

and their unborn as well as newborn babies (Rocourt et al. 2000). Infection with L. 

monocytogenes usually occurs through consumption of contaminated food, including ready-to-

eat products, dairy products, seafood and vegetables and fruit. Contamination primarily occurs 

in the food-processing plant and it is believed that biofilms are a major factor in (re)-

contamination of surfaces in food processing plants and products (Srey et al. 2013). 

Biofilms are defined as a community of microorganisms which are attached to a surface and 

embedded in a self-produced matrix that helps protect them from the environment. This matrix 

can consist of extracellular DNA (eDNA), lipids, polysaccharides and other components. The 

extracellular matrix can make up about 90% of the whole biofilm mass and differs enormously 

between species and between strains. In nature, biofilms are usually composed of fungal or 

bacterial cells, or a mixture of thereof. It is well known that the majority of microorganisms in 

the environment exist in form of established biofilms rather than in the planktonic form 

(Flemming and Wingender 2010).  

Biofilm formation requires bacterial cells to attach to surfaces. Attachment is dependent on 

several environmental factors, which include but are not limited to the surface charge and 

hydrophobicity of the cell and the attachment site and to the cation concentration (Chmielewski 

and Frank 2003). The first step of the initial attachment of planktonic cells to surfaces is driven 

by van der Waals forces and electrostatic forces (Garrett et al. 2008). To become a biofilm the 

cells attach irreversibly through dipole-dipole interaction, ionic and covalent bonding (Garrett 

et al. 2008). The charge of the individual cell and the attachment site will determine whether a 

cell can adhere to the surface and establish as a biofilm or whether repulsion is taking place. 

After attaching irreversibly to the surface, cells start to produce extracellular polymeric 

substances which are responsible for the structure of the biofilm.  

Crystal violet (CV) based assays are commonly used as a fast and efficient method to determine 

the ability of bacterial cells to form biofilm (Alonso et al. 2014, Chang et al. 2012, Djordjevic et 

al. 2002, Ochiai et al. 2014). Crystal violet can stain any organic matter by binding to negatively 

charged surface molecules, including live and dead cells as well as the extracellular matrix of a 

biofilm. Although it is widely used as a means of determining biofilm, it does not give any 
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indication about the numbers of viable or metabolically active cells in the biofilm and does not 

differentiate between living and dead cells. Viable cells are of most risk to food safety and 

biofilm can be a source of food contamination through the release of cells from the biofilm. 

Plate counting can estimate the presence of culturable cells, but will not detect viable but non-

culturable (VBNC) strains. Therefore, tetrazolium salt based assays can be used to measure the 

metabolic activity of cells present in the biofilm including VBNC strains (Celis 2014, Koban et al. 

2012). XTT (sodium 3’-[1-[(phenylamino)-carbony]-3,4-tetrazolium]-bis(4-methoxy-6-

nitro)benzene-sulfonic acid hydrate), a tetrazolium salt, is reduced by enzymes of the 

respiratory chain in the cytoplasmatic membrane. Using CV-staining as well as plate counting 

and the XTT assay can give a good indication of the composition of the biofilm. Extracellular 

DNA (eDNA) has been found to be a vital part of biofilms of L. monocytogenes (Harmsen et al. 

2010), however, the mechanism of eDNA release remains elusive. It is postulated that it is either 

active secretion (Liao et al. 2014) or autolysin mediated release (Qin et al. 2007). Determination 

of the amount of eDNA present in a biofilm can help to elucidate the biofilm’s structure. eDNA 

is negatively charged, able to interact with positively charged molecules and can increase the 

hydrophobicity of bacterial cells and therefore influence attachment (Das et al. 2011). 

Attachment and biofilm formation can also be influenced by cations, which can alter the biofilm 

structure by binding to negatively charged surface molecules. It is known that cations such as 

Ca2+, Na+ and Mg2+ play a vital role in bacterial homeostasis. Therefore, those cations have been 

studied with regard to biofilm formation of several bacterial species (Mulcahy and Lewenza 

2011, Oknin et al. 2015, Somerton et al. 2015, Song and Leff 2006), however, little is known 

about their role in biofilm formation of Listeria.  

L. monocytogenes 15G01 is a high biofilm forming isolate of a persistent strain that was 

originally collected from a mussel processing facility. Five transposon mutants of 15G01 were 

selected for subsequent studies to identify the genes’ involvement in biofilm formation by 

testing for changes in biofilm composition and surface properties. As it has been reported that 

biofilm formation is closely connected to stress response (Gotoh et al. 2010, Landini 2009), 

planktonic cultures were subjected to heat treatment, and exposure to acid and an oxidative 

reagent (H2O2).  
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6.2 Materials and Methods 

6.2.1 Strains and growth conditions 

The strains used in this study are listed in Table 6.1. 

Table 6.1. Listeria monocytogenes strains used in this study 

Strain Details Source 

Wild-type 

 

L. monocytogenes 15G01, serotype 1/2a, persistent isolate  Cruz and 
Fletcher 
(2011) 

6B4 15G01 with transposon inserted in the LMON_1762 gene; 
EmR 

(unpublished) 

34F11 15G01 with transposon inserted in the clsA gene 
(LMON_2515); EmR 

Chapter 5 

33E11 15G01 with transposon inserted in the uvrB gene 
(LMON_2501); EmR 

Chapter 5 

39G5 15G01 with transposon inserted in the mltD gene 
(LMON_2714); EmR 

Chapter 5 

44D3 15G01 with transposon inserted in the mgtB gene 
(LMON_2712); EmR 

Chapter 5 

41H7 15G01 with transposon inserted in the flaA gene; EmR Chapter 5 

 

To determine growth, L. monocytogenes strains were grown overnight in tryptic soy broth 

enriched with 0.6% yeast extract (TSBYE) at 37°C. A 96 pin replicator was used to inoculate a 

96-well plate filled with 200 μL of modified Welshimer’s broth (MWB) (Himedia, India) in each 

well. The OD595nm was measured by an automated plate reader (SPECTROstar Omega, BMG 

Labtech) every 5 min for 48 h. 

6.2.2 Growth, biofilm formation and attachment 

Biofilm formation was measured as described previously using the crystal violet assay 

(Djordjevic et al. 2002). Briefly, overnight cultures were grown at 37°C in TSBYE in a sterile 96-

well plate (polystyrene, U-bottom, Interlab, New Zealand) and used to inoculate new 96-well 

plates with each well containing 200 μL medium using a 96-pin replicator. The cultures were 

incubated for 48 h at 30°C in MWB and then washed thrice with 200 μL sterile water using a 

microplate strip washer (Elx50, Biotek). After air drying at ambient temperature for 30 min,    
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150 μL of a 1% aqueous crystal violet solution was added to the plates. After 45 min of 

incubation at 30°C the crystal violet solution was removed and the cultures were washed six 

times with 150 μL sterile water. After drying for 30 min at 30°C, 96% ethanol was added to 

destain the cells. The optical density was measured after 1 h at 595nm with a microplate reader 

(SPECTROstar Omega, BMG Labtech). The obtained OD595nm values were corrected by 

subtracting the OD595nm value of uninoculated media. As one of the biofilm impaired mutants 

showed a transposon insertion in a gene encoding for a Mg2+ P-type ATPase, biofilm formation 

assays were performed for the wild-type and selected mutants with added magnesium (Mg2+) 

to determine its influence. MWB contains 1.67mM Mg2+ and to test for Mg2+ involvement in 

biofilm formation the concentration of Mg2+ was adjusted with MgSO4*7H20 (Merck KgaA, 

Darmstadt, Germany) to final concentrations of 2.5 mM, 5 mM and 10 mM Mg2+ and incubated 

for 48 h at 30°C. 

For the viable cell enumeration of the biofilm, the 6 x 6 drop plate method was used (Chen et 

al. 2003). Biofilm cells were grown in 96-well plates for 48 h and gently washed three times with 

double-distilled H20 (ddH20) and then resuspended in 200 μL Dulbecco’s phosphate buffered 

saline (DPBS (-Mg2+ and Ca2+)) (Thermo Fisher, New Zealand) by rigorous pipetting. The 

suspension was transferred to a new 96-well plate. Tenfold serial dilutions were prepared with 

a multichannel pipette by mixing 20 μL cell solution with 180 μL DPBS. Ten μL drops of each 

dilution were plated on a brain heart infusion (BHI) agar plate and incubated at 37°C for 24 h. 

Colonies were enumerated, counts averaged and plotted against the OD595nm values from CV 

staining. The experiment was performed in duplicate with five replicates for each strain. 

For the attachment studies the wild-type strain 15G01 and the mutants were grown overnight 

in TSBYE at 37°C without shaking. The next day cultures were centrifuged (4000g, 20°C, 10 min) 

and resuspended in MWB to an OD595nm of 1.0. Then cultures were transferred to 96-well plates 

(Costar, U-bottom) and incubated for 30 min at 30°C. The medium was removed after 

incubation and the wells were washed three times with ddH20 to remove loosely attached cells. 

An aliquot of 150 μL of an aqueous 1% solution of CV was added and the plates were incubated 

for 45 min at 30°C. Before destaining the CV with 96% EtOH, the wells were washed six times 

with ddH20 to remove unbound dye. Absorption was determined at OD595nm, averaged and blank 

corrected. Attachment is here defined as the levels of cells and extracellular material adhering 

to the wells after 30 min incubation. 
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6.2.3 Determination of metabolic activity of biofilm cells 

Biofilms were grown as described previously for 48 h in MWB at 30°C. The metabolic activity of 

the cells in the biofilm was examined by addition of the tetrazolium salt XTT (sodium 3’-[1-

[(phenylamino)-carbony]-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene-sulfonic acid 

hydrate) (Sigma-Aldrich, USA) and phenazine methosulfate (PMS) (Sigma-Aldrich, USA) as 

described previously with minor modifications (Celis 2014, Koban et al. 2012). XTT solution was 

prepared at a concentration of 1mg/mL in phosphate buffered saline (PBS, pH 7.2) and a stock 

solution of PMS at a concentration of 5 mM. The PMS solution (25 μL) was added to 5 mL XTT 

solution and 200 μL were added into each well and incubated in the dark at 37°C for 3h. The 

optical density was measured at 450 nm and the obtained values were blank corrected. 

6.2.4 Determination of eDNA and polysaccharides (carbohydrate assay) of the 

extracellular polymeric substance 

Biofilms were grown in 96-well plates as described previously (Djordjevic et al. 2002). Briefly, 

an overnight culture grown in TSBYE at 37°C was used to inoculate a 96-well plate filled with 

200 μL MWB using a 96-well replicator. After incubation at 30°C for 48 h the 96-well plates were 

washed three times with ddH2O. To disrupt the biofilm and measure the eDNA content a 

method described by Wu and Xi (2009) was used with slight modifications. N-Glycosidase 

solution (200 μL of a 1U/mL 0.9% NaCl- solution) was added to each well and then incubated 

for 30 min at 37°C. Proteinase K was then added in a final concentration of 5 μg/mL and 

incubated for another 30 min at 37°C. Disruption of the biofilm was supported by rigorous 

pipetting. Eighteen wells per strain were pooled together and filtered through a 0.2 μm 

membrane (cellulose acetate). Five hundred μL of the obtained solution was used to determine 

extracellular carbohydrates present in a biofilm using the phenol-sulphuric assay (DuBois et al. 

1956). An aqueous 5% phenol solution (500 μL) was added to a 500 μL sample. Concentrated 

H2SO4 (2.5 mL) was quickly added and the solution incubated at room temperature for 30 min. 

Glucose content was determined with a spectrometer at 490 nm. A standard curve was 

produced with glucose in concentrations ranging from 40 μg to 200 μg/mL. To determine the 

eDNA amount of the biofilm the extracellular DNA was precipitated using the CTAB 

(cetyltrimethylammonium bromide) – method as described by Corinaldesi et al. (2005) and used 

by Wu and Xi (2009). 

The supernatants of the biofilms of 12 wells were pooled together and centrifuged at 5225 g 

for 10 min at room temperature. The eDNA of the supernatant (200 μL) was measured with the 
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NanoDrop 2000 (Thermo Fisher, New Zealand) after using a commercially available kit (DNeasy 

blood and tissue kit, Qiagen) for extraction. 

6.2.5 Determination of surface charge 

6.2.5.1 MATH test 

The MATH (microbial adhesion to hydrocarbon) test evaluates the bacterial cell surface 

hydrophobicity through separation of bacterial cells to an aqueous phase and a hydrocarbon 

phase. A fresh colony of the mutants and the wild-type strains was picked from the TSAYE plates 

and used to inoculate 10 mL of TSBYE. The cultures were incubated overnight (18h) at 35°C 

under shaking (200 rpm, Orbit 19 Labshaker, Labnet, NJ). Five mL of each overnight culture was 

washed three times with PBS (2050 g, 10 min, 20°C) and then resuspended in the same volume 

of PBS. The optical density (600nm) was adjusted to 0.8. The culture (2.5 mL) was then mixed 

with 2.5 mL hexadecane (Fisher Scientific, UK), a non-polar solvent, and vortexed for one 

minute. The optical density at 600 nm of the aqueous phase was measured after 15 min 

incubation at room temperature with a microplate reader. The hydrophobicity was calculated 

using following equation: 

% ∗ 100  

with A0 being the OD of the bacterial suspension before addition of hexadecane and A1 the OD 

of the aqueous phase after mixing with hexadecane. 

6.2.5.2 Hydrophobic interactive chromatography 

As another method to evaluate hydrophobicity, cultures picked from a TSAYE agar plate were 

used to grow a liquid culture in TSBYE overnight at 37°C. The overnight cultures (100 μL) were 

used to inoculate 9.9 mL MWB and grown at 35°C under shaking (200 rpm, Orbit 19 Labshaker, 

Labnet, NJ) until mid-log phase. Cultures were centrifuged at 1000 g for 20 min and resuspended 

in 0.05 M phosphate buffer (pH 7.0) to an OD600nm of 0.5. Chromatography columns were 

created from pasteur pipettes. These were plugged with glass wool, filled with one 1 mL of the 

resin (Phenyl-sepharose fast flow (Sigma-Aldrich, USA)) and washed ten times with 0.05 M 

phosphate buffer (pH 7.0). The resuspended culture (300 μL) was loaded into each column and 

washed with 900 μL 0.05 M phosphate buffer. The absorbance of the eluent and of a ¼ dilution 

of the original culture were determined at 600 nm and the percentage of bacteria retained in 

the hydrophobic column was calculated as below. 
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%   ∗ 100  

A0= OD600nm of ¼ dilution of bacterial culture resuspended in phosphate buffer 

A1= OD600nm of the eluted bacterial suspension 

6.2.5.3 Cytochrome C binding assay 

Cytochrome C is a cationic polymer that will bind to anionic structures on the bacterial cell. 

Unbound cytochrome C can be assayed through optical density measurements. The cytochrome 

C assay was performed as described previously (Kang et al. 2015) with minor modifications. An 

aliquot of 100 μL of an overnight culture grown in TSBYE at 37°C was used to inoculate 10 mL 

of MWB. The culture was grown overnight at 30°C and cells were harvested by centrifugation 

at 2050 g for 10min. The obtained cells were washed twice with 20 mM MOPS (Sigma-Aldrich, 

USA) buffer, pH 7.1 and resuspended to an OD600nm of 0.7. The culture (1.5 mL) was transferred 

to a 2 mL Eppendorf tube and centrifuged (1485g, 10 min). The cells were then resuspended in 

half the volume of 0.5 mg/mL cytochrome C in MOPS buffer (20mM, pH 7.1) and incubated for 

10 min at room temperature. The cells were again centrifuged for 5 min (6000 g), the 

supernatant was transferred to a 96-well plate and the optical density measured at 410 nm. The 

bound cytochrome C amount was calculated using the following equation: 

   % 100 ∗ 100 

with A0 being the optical density measurement of the supernatant of the blank at 410 nm and 

A1 the optical density measurement of the supernatant of the sample at 410 nm. 

6.2.6 Microscopic analysis – Confocal laser scanning microscopy (CLSM) 

The biofilms were grown on glass-bottom dishes (35mm petri dish, 10mm Microwell No. 0 

coverglass, MatTek Corporation, USA). First, single colonies were used to inoculate TSBYE and 

then incubated overnight at 37°C. The glass-bottom dishes were filled with 2.97 mL MWB (Mg2+ 

concentration 1.67 mM or 5 mM) and inoculated with 30 μL of the overnight culture. After 7 d 

incubation at 30°C (or 37°C for 39G5), the medium was carefully removed and the biofilm on 

the plates washed twice with 0.8% NaCl solution. The fluorescent LIVE/DEAD BacLight bacterial 

viability kit (Life Technologies, Thermo Fisher, New Zealand) was used to stain the biofilms 

according to the manufacturer’s instructions. Three images (246.03x246.03 μm) per sample 

were taken with a Leica DM6000B scanning confocal microscope running LAS AF software 
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version 2.7.3.9723. Excitation and emission were as follows: Stains: SYTO9, excitation @ 488 

nm (argon laser), emission collection @ 498-550 nm; propidium iodide, excitation @ 561 nm 

(DPSS 561 laser), emission collection @ 571-700 nm. 

Images were analysed using ImageJ software and/or Imaris (Bitplane, Zurich). COMSTAT 

(available from www.comstat.dk) was used to calculate biomass, roughness, maximum and 

average thickness of the biofilms (Heydorn et al. 2000, Vorregaard 2008). 

6.2.7 Stress resistance 

Stress resistance was examined according to a method described previously (van der Veen et 

al. 2010). The wild-type and the mutants were grown overnight in TSBYE at 37°C. The overnight 

cultures (100 μL) were used to inoculate 9.9 mL BHI. The mid-exponential cultures were 

harvested after about 5-6 h growth (OD595nm ca. 0.4) and exposed to different stresses. H2O2 was 

added at a final concentration of 60mM to determine oxidative stress response and incubated 

for 1 h at room temperature. To determine acid resistance, the cultures were centrifuged (10 

min, 2050 g, room temperature) and resuspended in BHI, pH 3.4 (adjusted with concentrated 

HCl) and then incubated at room temperature for 1 h. Assessment of heat response was 

performed by exposing the cultures to 55°C in a water bath for 1 h. The untreated control was 

incubated at room temperature. All cultures were incubated under shaking (200 rpm, Orbit 19 

Labshaker, Labnet, NJ). After 1 h decimal dilutions were prepared in PBS and plated on BHI-

Agar. Surviving cells were enumerated after 24 h incubation at 30°C. 

6.2.8 Statistical analysis 

Statistical differences between the wild-type and the mutants was calculated using ANOVA. A 

significant difference was concluded for p˂0.05. Correlation analysis was performed using 

regression analysis (Pearson) and a significant difference was concluded for p˂0.05, two-tailed. 

Analyses were performed with Genstat version 17 (2016) and Microsoft Excel software.  

6.3 Results 

6.3.1 Biofilm formation does not correlate to surface properties 

The two high biofilm forming transposants with insertions in the genes encoding for a lysyl-

phosphatidyglycerol synthetase (mprF) and a cardiolipin synthetase (clsA) are both associated 

with membrane synthesis. Gene disruptions of the three low biofilm producer were located in 

uvrB (excinuclease B), mltD, which is associated with autolysis, and a gene encoding for Mg2+ P-

type ATPase (mgtB). 
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To elucidate biofilm formation and composition, three different biofilm formation assays were 

used (CV assay, cell enumeration by plate counting and metabolic activity (XTT assay)) (Table 

6.2). Koban et al. (2012) found that the cell counts need to be at least 4.5 log10 CFU/mL to detect 

metabolic activity with the XTT assay, which made this assay suitable for the present study as 

the cell counts measured were well above that limit. The XTT assay is based on reduction of the 

XTT to a water soluble formazan salt by dehydrogenases, which are present in metabolically 

active cells but not in dead cells.  

By plotting the obtained values for cell enumeration against the values for the CV staining, a 

significant correlation was found (0.98), indicating that biofilm mass highly correlates with 

viable cell numbers and both methods may be used interchangeably in our case. Furthermore, 

the XTT assay showed a significant correlation with the CV assay and the cell enumeration (0.89 

and 0.82, respectively).  

34F11 showed highest metabolic activity and also produced greater biofilm determined by CV 

and cell enumeration. The increased metabolic activity compared to the wild-type suggests that 

cells that were stained by propidium iodide (PI) in a previous study (Chapter 5) using the 

LIVE/DEAD stain were actually not dead but rather had a defect in their membrane allowing PI 

to penetrate the membrane. 6B4 showed greater biofilm formation in all three assays, 

suggesting that increased biofilm mass is likely due to increased cell numbers and hence higher 

metabolic activity (Table 6.2). Interestingly, 39G5 showed the same amount of metabolic 

activity compared with the wild-type but showed only low amounts of biofilm using the CV 

assay. Plate counts (6.087 log10 CFU/well) showed the presence of viable cells for 39G5 

indicating that CV has a lower detection limit. Kadam et al. (2013) evaluated the correlation 

between the CV assay and cell enumeration and found nearly no biofilm through the CV assay 

when viable cells of 6.5 log10 CFU/mL or lower were detected. which is in line with our 

observations. 33E11 showed lower metabolic activity, CV staining and plate counts compared 

with the wild-type. Reduction in biofilm formation compared to the wild-type is due to lower 

number of attached cells. 44D3 demonstrated higher metabolic activity, which is interesting 

considering it produced less biofilm when analysed with the CV assay and through plating 

compared to the wild-type. 

The amount of eDNA present in the biofilm and supernatant and the carbohydrate amount were 

standardized against the OD595 values obtained after crystal violet staining for all strains tested. 

Determination of eDNA in the biofilm and the supernatant of the wild-type and the mutants 

showed significant differences for the low biofilm producer 33E11 and 39G5: eDNA content of 
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the disrupted biofilm of 33E11 and 39G5 was higher compared to the wild-type and the high 

biofilm producer (Table 6.2). 33E11 and 39G5 are both low biofilm formers and involved in 

stress response or autolysis, respectively. The gene disruptions might have caused a 

dysfunctional stress response and autolysis regulation resulting in damage to the cell which 

could have induced an increase in eDNA. Furthermore, the gene disruption of uvrB might have 

also led to an increase in ssDNA which could have been detected as eDNA. The other low biofilm 

former 44D3 produced not significantly more eDNA compared with the wild-type (Figure 6.2), 

which rebuts the suggestion that the cloudy structure observed for this mutant with the 

fluorescence microscope using LIVE/DEAD stain was due to presence of eDNA. No difference in 

eDNA production was observed for the two high biofilm formers 6B4 and 34F11 compared to 

the wild-type (Figure 6.2). 

Determination of carbohydrates in the biofilm resulted in a significant difference for 39G5 

(Table 6.2). Defects in autolysis obviously affect carbohydrate production and eDNA presence 

significantly. Surprisingly, biofilm formation measured by the crystal violet assay did not 

correlate to the carbohydrates present in the biofilm. The crystal violet assay measures biofilm 

formation by staining any organic matter including carbohydrates. Greater biofilm formation 

should therefore result in higher carbohydrate amounts, however, this was not the case 

suggesting the involvement of the disrupted genes in carbohydrate production/metabolism. 
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Table 6.2. Composition of the biofilm determined through crystal violet assays (whole biofilm mass), cell count (viable 
cells) and metabolic activity (viable cells and viable but non culturable cells); eDNA amount was measured through 
ethanol precipitation and by NanoDrop after extraction with the DNeasy blood and tissue kit (Qiagen) and 
carbohydrate amount with the phenol sulphuric assay; means of three experiments with n=1 are shown for the eDNA 
and carbohydrate measurements and means of two experiments with n=5-6 are shown for the crystal violet assay, 
the XTT assay and the cell enumeration. The standard deviations are shown in brackets underneath the respective 
mean.  

 
wild-
type 

6B4 34F11 33E11 39G5 44D3 

CV [OD595nm] 1.205 

(0.079) 

1.921 

(0.266) 

1.762 

(0.020) 

0.263 

(0.022) 

0.153 

(0.116) 

0.756 

(0.017) 
 

Cell enumeration  
[log10 CFU/well] 

6.994 

(0.160) 

7.391 

(0.067) 

7.226 

(0.072) 

6.418 

(0.224) 

6.087 

(0.155) 

6.571 

(0.207) 

Metabolic activity [OD450nm] 0.079 

(0.018) 

0.217 

(0.084) 

0.201 

(0.002) 

0.055 

(0.036) 

0.070 

(0.014) 

0.178 

(0.012) 

eDNA biofilm [ng/OD595nm] 6.55c 

(0.29) 

4.87c 

(1.29) 

4.34c 

(1.15) 

38.34a,b 

(11.42) 

51.92a 

(17.74) 

14.62b,c 

(2.21) 

eDNA supernatant [μg/OD595nm] 1.24b 

(0.08) 

0.53b 

(0.06) 

0.58b 

(0.10) 

8.50a 

(2.76) 

12.23a 

(2.94) 

1.30b 

(0.28) 

carbohydrate content biofilm 
[μg/OD595nm] 

7.83c 

(0.96) 

5.19c 

(0.82) 

5.46c 

(0.72) 

35.04b 

(5.48)  

57.90a 

(9.88) 

10.38c 

(0.86) 

 

To identify surface characteristics and possible correlations to biofilm formation, the wild-type 

and the mutants were subject to the MATH test and the hydrophobic interchange 

chromatography, which both determine hydrophobicity, and the cytochrome C assay to 

measure surface charge of the bacterial cells. 

Hydrophobicity measured with the MATH test was highest for the wild-type and lowest for 

33E11 (Table 6.3). One way ANOVA revealed a significant difference for the strains (p=0.019) 

(Table 6.3). Di Bonaventura et al. (2008) classified L. monocytogenes strains with a value above 

50% as highly hydrophobic, between 20–50% as moderately hydrophobic and strains with a 

value of less than 20% are considered hydrophilic. Therefore, all strains tested in this study can 

be considered hydrophilic.  
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Hydrophobic interactive chromatography (HIC) revealed a hydrophobicity ranging between 

43.79% and 81.98% for the six strains. 39G5 was significantly different (p˂0.01) compared to 

the other strains. However, this result needs to be interpreted with caution- 39G5 is a low 

biofilm former with a long chain phenotype (Nowak et al. n.d.). Long chains might get caught in 

the resin and held back from elution causing a false high hydrophobic result. Excluding the result 

for 39G5, there was a significant negative correlation between the MATH test and HIC (-0.93). 

34F11, 39G5 and 44D3 had higher negative surface charge compared to the wild-type (p˂0.01) 

when measured with the cytochrome C assay (Table 6.3). clsA catalyses the formation of 

cardiolipin from phosphatidylglycerol (PG). The lack of clsA might result in higher amounts of 

PG and therefore a higher negative charge (PG is negatively charged). However, the increased 

negative surface charge cannot explain greater biofilm formation for the clsA mutant (34F11) 

as 39G5 and 44D3, both low biofilm formers, showed the highest negative surface charge. No 

correlation with biofilm formation could be observed for all surface property tests.  

Surface charge is especially important for the first steps of biofilm development as electrostatic 

attraction and repulsion will determine attachment. As surface characteristics are more likely 

to influence attachment than biofilm development, the attachment ability of the wild-type and 

the mutants was evaluated after 30 min in MWB (Figure 6.1a). No correlation between 

attachment and surface properties was observed, suggesting that both, attachment and biofilm 

formation, are independent of surface properties for the six examined strains. However, there 

was a significant correlation between cell enumeration and attachment (0.88), but not between 

attachment and the XTT or crystal violet assays.  
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Table 6.3. Surface properties of planktonic cultures of the wild-type and the mutants. The surface properties were 
determined with the MATH test, hydrophobic interaction chromatography and the cytochrome C assay. Tukey’s 95% 
confidence interval is indicated for each treatment in superscript. The cytochrome C assay was performed twice with 
n=3 and MATH and HIC was performed three times with n=1. Standard deviation is shown in brackets underneath its 
respective mean. 

Surface properties wild-
type 

6B4 34F11 33E11 39G5 44D3 

MATH test 

Hydrophobicity [%] 

18.96b 12.37a,b 9.14a,b 4.20a 9.22a,b 7.29a 

(6.49) (5.02) (1.24) (4.86) (3.48) (1.84) 

Hydrophobic interaction 
chromatography 

Hydrophobicity [%] 

43.79a 47.96a 48.49a 56.20a 81.98b 55.01a 

(5.08) (3.31) (5.78) (4.54) (1.30) (8.30) 

Cytochrome C assay 

bound cytochrome C [%] 

29.39a 33.26a,b 39.01b,c 38.20a,b,c 45.93c 47.14c 

(3.21) (1.62) (1.02) (11.98) (0.28) (1.19) 
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Figure 6.1. Attachment of the Listeria monocytogenes 15G01 (wt) strain and the five mutant strains on polystyrene 
after 30 min at 30°C in MWB (a) and attachment of L. monocytogenes 15G01 (wt) and the mutants in MWB (light 
grey bars) and in MWB-5mM Mg2+ (dark grey bars) (b). Error bars represent the standard deviation of two 
experiments with n=12. Letters in common indicate no significant difference. 

 

6.3.2 Magnesium increases biofilm production for the wild-type and the mgtB 

mutant (44D3), but decreases the biofilm mass for the mltD mutant (39G5) 

A transposon insertion in a Mg2+-ATPase gene led to reduced biofilm formation (44D3). To 

identify whether Mg2+ influences biofilm formation, the biofilm formation assay was performed 

with the wild-type in MWB at 30°C with final Mg2+ concentrations of 2.5, 5 and 10 mM. ANOVA 

revealed that biofilm formation of the wild-type in MWB with a concentration of 5mM Mg2+ 

was significantly increased compared to other Mg2+ concentrations (Figure 6.2). Therefore, the 

mutants were tested in MWB with a final concentration of 5mM Mg2+. Biofilm formation of the 

mutant 44D3 was greater in the presence of 5 mM Mg2+ (Figure 6.3 a) compared to the wild-

type level. 
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39G5 showed low biofilm formation at 30°C with a reduction in biofilm mass after magnesium 

addition (Figure 6.3a). At 37°C, 39G5 showed greater biofilm formation compared with the wild-

type, but the addition of magnesium reversed that effect, resulting in low biofilm mass (Figure 

6.3b). mltD is obviously temperature dependent and gene disruption exhibits a different 

phenotype (greater biofilm formation) when incubated at 37°C. The growth of the selected 

strains was tested in MWB with added magnesium and it was observed that growth in MWB 

with magnesium addition did not differ from growth without additional magnesium (data not 

shown). Therefore, the effect of magnesium on biofilm formation can be considered growth 

independent. 

Mg2+ addition did not increase attachment significantly for any of the tested strains (Figure 

6.1b). 39G5 showed no motility in previous experiments (Nowak et al. n.d.) and as flagella have 

been found to be influenced by the presence of Mg2+ (Robinson et al. 1992), the flaA mutant 

was tested under the same conditions. Flagella are generally produced at temperatures of 30°C 

and below but not at 37°C. Biofilm formation increased slightly at 37°C, supporting no 

involvement for flaA in biofilm reduction of 39G5 in the presence of 5mM Mg2+ (Supplementary 

Figure S6.1). 

 

 

Figure 6.2. Biofilm formation of Listeria monocytogenes 15G01 in MWB plus Mg2+ addition at 30°C after 48 h of 
incubation. Error bars represent standard deviation of 2 independent experiments with n=16. Letters in common 
indicate no significant difference. 
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Figure 6.3. Biofilm formation of the wild-type and selected mutants in MWB (light grey bars) and MWB with a Mg2+ 
concentration of 5 mM (dark grey bars) at 30°C (a) and 37°C (b) after 48 h of incubation. Error bars represent standard 
deviation of three independent experiments (n=6). Letters in common indicate no significant difference. 

 

6.3.3 Effect of calcium on biofilm formation at 30°C and 37°C  

To test the influence of calcium on biofilm formation, CaCl2 was also added to MWB in final 

concentrations of 2.5 mM, 5 mM and 10 mM. Biofilms were incubated for 48 h at 30°C and 37°C. 

All tested strains showed decreased biofilm formation in MWB after calcium addition. During 

preparation of MWB with calcium, a precipitate formed in the medium. Literature states that 

calcium phosphorus precipitation is a common method of phosphorus removal in wastewater 

systems (de-Bashan and Bashan 2004). According to de-Bashan and Bashan (2004) the calcium 

concentration must be at least 100 mg/L and the phosphate concentration at least 50 mg/L to 
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start precipitation at a neutral pH. As MWB is high in phosphate content (monopotassium 

phosphate 6.560 g/L; disodium phosphate *7H20 30.960 g/L), it is quite likely that the observed 

precipitation was due to formation of calcium phosphate. Calcium addition in MWB resulted in 

decreased biofilm formation which might either be due to the addition of calcium or phosphate 

depletion due to calcium phosphate formation and precipitation as phosphate has previously 

been found to be involved in biofilm formation (Jang et al. 2012). To minimise the influence of 

phosphate, the experiment was repeated using TSB instead of MWB. 

Biofilm formation in TSB increased significantly at a calcium concentration of 10 mM at 30°C for 

the wild-type and 39G5 (Figure 6.4 a) (p˂0.001) compared to no calcium presence. 6B4 and 

33E11 followed a similar pattern, but the difference were not significant; while 34F11 and 44D3 

showed no significant changes. At 37°C, biofilm formation was lower in the presence of 10 mM 

Ca2+ for all strains tested compared to TSB without calcium addition (p˂0.001) except for 44D3. 

Calcium addition led to a reduction in biofilm mass at 37°C for all strains.  

In conclusion, calcium had a similar effect on biofilm formation for the wild-type strain and the 

tested mutants. It therefore does not appear to have a specific role in the function of the 

disrupted genes of the mutants. 
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Figure 6.4. Biofilm formation of the wild-type and the selected mutant strains in TSB after 48 h incubation at 30°C (a) 
and 37°C (b) with increasing calcium concentration. Error bars represent standard deviation of n=3 

 

 
6.3.4 Confocal analysis reveals a unique sandwich structure for the biofilm of the 

mgtB mutant  

The influence of magnesium on the biofilm structure was investigated using confocal analysis. 

COMSTAT was used to calculate biomass, roughness and maximum and average thickness of 

the biofilms (Table 6.4). COMSTAT defines biomass as the volume of all voxels (the smallest 3D 

picture element with the base of a pixel (x and y) and a height of the slight distance) that contain 

biomass divided by the area. The number of voxels is multiplied by the height (z) and width (x) 

and length (y) in μm of a voxel (= Biovolume). The roughness coefficient ( ∗) is a measure for 
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the variability in the height of the biofilm and has no dimension. The maximum thickness is 

defined as the thickest piece of the biofilm taking holes and cavities in the structure into 

account.  

Isosurface images of the biofilms stained with SYTO 9 were generated with Imaris (Bitplane, 

Zurich, Switzerland). The wild-type formed microcolonies on glass after 7 d incubation in MWB 

at 30°C (Figure 6.5). In contrast to the CV assay, biomass was reduced in the presence of 5 mM 

Mg2+ for the wild-type, however, maximum thickness and average thickness of the biomass 

remained the same. Magnesium led either to increased production or stabilisation of 

extracellular polymeric substance (which is not detected by CLSM) and/or decreased 

attachment of bacterial cells. Furthermore, differences in methodology could have led to the 

observed differences: the biofilm was washed with a microplate washer for the crystal violet 

assay, whereas the biofilms grown for CLSM analysis were manually washed. This might have 

resulted in less disturbance of the biofilm produced. In addition, biofilms were formed on two 

different surfaces (polystyrene and glass), which could have also contributed to the observed 

differences.  

As the differences for the biofilm mass in the presence of 5 mM Mg2+ was greatest when 39G5 

was incubated at 37°C (Figure 6.3b), this temperature was used for the CLSM analysis. 

Magnesium presence led to a decrease in biofilm and attached cells for 39G5 after 7 d 

incubation at 37°C (Figure 6.5c and d). This was also observed with the CV assays after 48 h 

(Figure 6.3b). Maximum thickness and average thickness were more than halved in the presence 

of 5 mM Mg2+ (46.71% and 40.84% of the thicknesses without additional magnesium, 

respectively) (Table 6.4). 

44D3 produced more biofilm mass in the presence of 5 mM Mg2+ compared with 1.67 mM Mg2+ 

and less biomass than the wild-type in MWB (1.67 mM Mg2+) (Table 6.4), which is in line with 

the observations made with the CV assay (Figure 6.3a). Calculations with COMSTAT revealed 

double maximum thickness for the biofilm of 44D3 compared with biofilms formed by the wild-

type and 44D3 in the presence of 5mM Mg2+ (Table 6.4). This suggests that Mg2+ restored the 

wild-type phenotype for the mgtB mutant (44D3) (Figure 6.5f, Table 6.4). 44D3 produced a 

unique sandwich structure for the biofilm (Figure 6.6b) with monolayers of bacterial cells at the 

top and bottom and EPS or fluid in between. This structure has, to the best of our knowledge, 

not been reported for a biofilm before. In the presence of 5 mM Mg2+, 44D3 produced a biofilm 

similar in structure to the wild-type (Figure 6.6a and c) further strengthening the hypothesis of 

restoration of the wild-type’s phenotype. 
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Figure 6.5. Isosurface images of biofilms of the wild-type (a), 39G5 (c) and 44D3 (e) formed on glass after 7 d 
incubation in MWB at 30°C and in MWB with a final Mg concentration of 5 mM (wild-type (b), 39G5 (d) and 44D3 
(f)). The biofilms were stained with SYTO9.  

  

 

Figure 6.6. Orthogonal view of biofilms formed on a glass surface after 7 days at 30°C by the wild-type in MWB (a), 
by the mgtB mutant (44D3) in MWB (b) and by the mgtB mutant (44D3) in presence of 5 mM Mg2+ (c). Images were 
taken after removal of media and staining with the LIVE/DEAD BacLight kit with a confocal laser scanning microscope 
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Table 6.4. Biomass, roughness coefficient, maximum thickness and average thickness of biofilms formed by the wild-
type (wt) and the mutants 39G5 and 44D3 in MWB and MWB with a final concentration of 5mM Mg2+ after incubation 
at 30°C for 7 d calculated using COMSTAT. The standard deviation was calculated from three analysed images taken 
of each sample and are shown in brackets. 

 

wt wt-Mg2+ 39G5 
39G5-
Mg2+ 44D3 

44D3-
Mg2+ 

Biomass (μm3/μm2) 1.145 
(0.054) 

0.497 
(0.409) 

1.813 
(1.620) 

0.191 
(0.043) 

0.841 
(1.130) 

1.626 
(0.950) 

Roughness coefficient 
(Ra*) 

0.639 
(0.074) 

1.515 
(0.256) 

0.891 
(0.750) 

1.787 
(0.009) 

1.284 
(0.874) 

0.654 
(0.455) 

Maximum thickness  
(μm) 

4.784 
(1.452) 

4.951 
(0.317) 

9.162 
(3.767) 

4.280 
(0.00) 

10.966 
(6.764) 

5.077 
(0.262) 

Average thickness  
(Entire area) (μm) 

2.295 
(0.776) 

0.840 
(0.561) 

4.063 
(2.399) 

0.320 
(0.089) 

3.107 
(4.807) 

2.398 
(1.340) 

Average thickness 
(Biomass) (μm) 

3.357 
(1.377) 

3.281 
(0.533) 

7.408 
(2.243) 

3.026 
(0.913) 

4.904 
(4.283) 

3.238 
(1.082) 

 

6.3.5 Oxidative stress significantly reduces survival of 34F11 compared to the wild-

type 

Planktonic cultures were exposed to a variety of stresses to determine the involvement of 

biofilm-related genes in stress response. All cultures showed a reduction in cell numbers after 

stress exposure compared to the untreated counterparts (Table 6.5). 39G5 was the most stable 

strain, exhibiting only slight reduction in cell numbers (maximum reduction of 1 log10 CFU/mL 

after heat treatment). 34F11 and 44D3 were most affected by the oxidative reagent (reduction 

of 4.25 log10 CFU/mL and 1.81 log10 CFU/mL, respectively), but only 34F11 was significantly 

different as determined by the post-hoc Tukey’s test after 2-way ANOVA. Hydrogen peroxide is 

cytotoxic due to the formation of hydroxyl radicals, therefore the membrane structure of 34F11 

must be more susceptible to oxidative reagents. A possible reason for the higher susceptibility 

might be enhanced membrane permeability. However, staining the cultures of the wild-type 

and 34F11 after oxidative stress exposure with propidium iodide did not reveal any difference 

(data not shown). 

Interestingly, the wild-type exhibited the highest reduction in cell numbers after heat-

treatment, which was significantly different from the untreated culture of the wild-type 
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(p˂0.001). None of the other strains showed a significant difference, sugges ng that the genes 

might be involved in heat resistance. All treatments resulted in a significant decrease in cell 

numbers for all strains tested (p˂0.001). 

Table 6.5. Cell enumeration of surviving cells after treatment with an oxidiser, acid and heat for 1 h at room 
temperature. Means and standard deviations (in brackets) of three independent experiments are shown in log10 
CFU/mL. Superscript letters in common indicate no significant difference. 

 wt 6B4 34F11 33E11 39G5 44D3 

Untreated  
9.41c 
(0.23) 

9.26b,c 
(0.21) 

9.13b,c 
(0.13) 

9.24b,c 
(0.11) 

9.02b,c 
(0.41) 

9.24b,c 
(0.17) 

60mM H
2
O

2  
8.81b,c 
(0.25) 

8.41b,c 
(0.69) 

4.88a 
(0.85) 

8.53b,c 
(0.55) 

8.58b,c 
(0.26) 

7.43b,c 
(1.75) 

PH 2.5  
8.11b,c 
(1.02) 

8.05b,c 
(1.16) 

8.63b,c 
(0.79) 

8.79b,c 
(0.62) 

8.45b,c 
(0.27) 

8.64b,c 
(0.31) 

55°C  
7.12b 
(0.17) 

8.34b,c 
(0.41) 

7.32b,c 
(0.22) 

8.06b,c 
(0.35) 

8.03b,c 
(0.59) 

8.07b,c 
(0.64) 

 

6.4 Discussion 

Mg2+ presence (5 mM) enhanced biofilm formation for the mutant 44D3 above the wild-type 

level when measured by the CV assay as well as by CLSM which could either be due to 

restoration of the wild-type phenotype or to stabilisation of the biofilm matrix due to binding 

to negatively charged surface molecules, such as eDNA. Previous experiments with the 

LIVE/DEAD stain showed a cloudy structure stained in red by PI for the biofilm of the mgtB 

mutant, which was thought to be eDNA (Chapter 5). However, the eDNA measurements in this 

study could not confirm this. The restoration of the mgtB mutant (44D3) to the wild-type 

phenotype with the addition of Mg2+demonstrates the putative function of this gene. 

Confocal analysis was used to observe the influence of magnesium on biofilm production. Of 

particular interest was the observed sandwich structure of the biofilm formed by 44D3. The 

CLSM exposed a biofilm with static monolayers at the top and bottom and movement in the 

fluid in between (Figure 6.6). Guilbaud et al. (2015) also observed movement in the fluid in 

hollow structures of the honeycomb-like structured biofilm of L. monocytogenes when 

analysing it with CLSM. Furthermore, it is possible that the observed structure in the present 
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study is rather a mushroom-like structure with the top layer connected to the bottom layer by 

a strand of biofilm. This is the first time that such a biofilm structure has been reported.  

Expression of mgtB, a gene encoding for a Mg2+ transport ATPase, is induced upon Mg2+ 

deprivation sensed by the PhoP/PhoQ two component systems (Chamnongpol and Groisman 

2002, Groisman et al. 2006) in Gram-negative bacteria. The magnesium transporter system is 

well studied in Gram-negative organisms (Groisman et al. 2013), however little is known about 

its function and involvement in biofilm formation in Gram-positive bacteria, especially in L. 

monocytogenes. Previous research has found that mgtB is regulated by CesR (Nielsen et al. 

2012) in L. monocytogenes. The two component system CesRK also regulates genes involved in 

virulence (Kallipolitis et al. 2003) and is involved in ethanol and antibiotic sensitivity (Gottschalk 

et al. 2008).  

In the present study, the mltD mutant, 39G5, produced less biofilm than the wild-type at 30°C 

but more than the wild-type at 37°C. At both temperatures the presence of magnesium (5 mM) 

reduced biofilm production to a minimum when measured with the CV assay and by CLSM. 

Attachment studies revealed that the presence of magnesium did not alter the attachment 

ability of 39G5, suggesting that magnesium influences the biofilm maturation process rather 

than surface characteristics or initial attachment. Another study has found that autolysin is 

involved in biofilm formation of S. epidermidis through autolysin-mediated release of 

extracellular DNA (Qin et al. 2007). It is known that eDNA plays a role in biofilm formation in 

several bacterial species including L. monocytogenes (Harmsen et al. 2010, Okshevsky and 

Meyer 2015). Harmsen et al. (2010) showed that high molecular weight DNA it is essential for 

attachment to surfaces. In the present study it was found that the mltD mutant produced more 

eDNA possibly due to disruption of the autolytic process. However, this cannot explain the low 

biofilm formation of this mutant. Further research needs to be conducted to elucidate the exact 

role of mltD in biofilm formation. 

The eDNA concentration and the biofilm formation measured by the crystal violet assay did not 

correlate. This can either be due to the genes being involved in carbohydrate metabolism or to 

the method itself. In this study the concentration of the extracellular DNA was measured with 

the NanoDrop, which calculates nucleic acid conenctrations in a range of 2 – 15000 ng/μL and 

determines its purity by measuring the absorbance ratios at 260/230nm and 260/280nm. The 

eDNA concentrations were in the lower detection range, so the results may not be accurate. To 

further clarify the eDNA involvement, other measurements, such as Qubit or fluorescent 

marking are advised. 
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Magnesium has been shown to influence biofilm formation in other bacterial species (Mulcahy 

and Lewenza 2011, Oknin et al. 2015), where high magnesium concentrations (50 mM and 

higher) led to reduced biofilm formation in Bacillus subtilis and Bacillus cereus (Oknin et al. 

2015) without affecting the growth. However, lower concentration of 5 mM and 10 mM led to 

an increase in biofilm formation of B. subtilis in the same study, whereas Ca2+ presence had no 

significant effect on biofilm formation and growth. These results are in line with our findings. 

Other studies showed that the presence of Mg2+ led to increased attachment of P. fluorescence 

cells to glass (Song and Leff 2006). In contrast, limiting Mg2+ resulted in increased biofilm 

formation in Pseudomonas aeruginosa through repression of retS, a gene responsible for EPS 

biosynthesis (Mulcahy and Lewenza 2011). Although the findings are contradictory, it is clear 

that magnesium plays a vital role in biofilm formation and should be focus of further 

investigations. 

Interestingly, the two genes influenced by magnesium in this study (mgtB and mltD) are both 

situated in very close proximity on the genome only 1282 base pairs apart. The coding region 

for mltD is situated on the positive strand and for mgtB on the negative strand. A gene encoding 

for a transcriptional regulator of the TetR family is situated between these two genes. mltD is 

suggested to be regulated by this gene (Chatterjee et al. 2006), which is known to be influenced 

by magnesium (Leypold et al. 2004, Scholz et al. 2000, Werten et al. 2014). The mgtB mutant 

(44D3) showed a low biofilm phenotype which was reversed to the wild-type level upon 

magnesium addition, whereas the mltD mutant (39G5) showed a further reduction in biofilm 

mass upon magnesium addition. This and the close proximity of the genes suggest a common 

regulative mechanism, possibly through TetR, although different regulative systems for the two 

genes have been suggested (Chatterjee et al. 2006, Nielsen et al. 2012). The hypothesis of a 

common regulative mechanism is strengthened by the association with cell division for both 

genes: mltD in a previous study (Machata et al. 2005) and mgtB being part of an operon which 

also encodes for cell division proteins. In addition, both mutants showed enhanced cell 

aggregation when grown in liquid culture (data not shown), further reinforcing the link between 

both genes.  

Poimenidou et al. (2016) investigated the correlation of the CV assay and cell enumeration of 

12 L. monocytogenes strains and they showed a significant correlation upon exclusion of two 

outliers, which is in line with our findings. Furthermore, they found no correlation between cell 

surface properties and biofilm formation in L. monocytogenes (Poimenidou et al. 2016), which 

was also observed in this study. Surface properties depend on environmental conditions, as 
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shown by Di Bonaventura et al. (2008) who found that hydrophobicity increased with increasing 

temperature for 44 L. monocytogenes strains. Out of those 44 strains (including animal, human, 

food and environmental origin), four were highly hydrophobic, 32 moderately hydrophobic and 

eight hydrophilic. Hydrophobicity was significantly increased at 37°C compared to 4°C, 12°C and 

22°C in their study. They showed a positive correlation between biofilm formation on glass and 

hydrophobicity level at 12°C, but not for the other temperatures tested. In the present study 

hydrophobicity was tested at 30°C to identify a possible correlation between hydrophobicity 

and biofilm formation or attachment. However, no correlation could be observed between 

surface properties and attachment and biofilm formation, which is consistent with the findings 

of Chae et al. (2006) who also found no correlation between hydrophobicity and bacterial 

attachment (3h) or biofilm formation (24h). 

The influence of Ca2+ was examined in the present study, however, MWB was not suitable as 

the medium to test Ca2+ influence as a precipitate formed upon addition of Ca2+. Therefore, TSB 

was used and this showed an influence of Ca2+ on biofilm formation for all six strains tested. 

However, biofilm formation is highly dependent on nutrient availability and using the nutrient-

rich medium TSB instead of MWB might mask effects that would have been observed in MWB.  

clsA seems to not only play a role in biofilm formation but also in stress response, as observed 

upon exposure to an oxidative reagent. Oxidative reagents can lead to DNA damage and heat 

stress to replication fork stalling (van der Veen et al. 2010). A previous study showed that clsA 

is susceptible to damage caused by ROS (reactive oxygen species) in human mitochondria 

(Paradies et al. 2014), which supports the observations made in this study. The reason for 

enhanced susceptibility of the clsA mutant remains unclear as staining with the LIVE/DEAD stain 

did not reveal an enhanced membrane permeability.  

A recent publication found an interesting link between cardiolipin and MgtA (which belongs to 

the same transporter class as MgtB) in E. coli: both MgtA and cardiolipin were found together 

in the bacterial membrane (Subramani et al. 2016). Subramani et al. (2016) suggested that the 

head group of cardiolipin contributes to MgtA activation by possibly acting as a chaperone for 

MgtA. Whether a similar link is present in Gram-positive bacteria will need further investigation. 

In conclusion, the results of this study show that Mg2+ is an influencing factor for biofilm 

formation in L. monocytogenes, and this appears to be linked to two closely located genes (mltD 

and mgtB) on the chromosome involved in Mg2+ transport and cell autolysis, respectively.  
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Supplementary Figure S6.1. Biofilm formation of the flaA mutant (41H7) after 48 h incubation at 30°C and 37°C with 
and without magnesium addition. Error bars represent the standard deviation of 1 experiment n=3 
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Chapter 7 

Overall Summary and Outlook 

7.1 Introduction 

Listeria monocytogenes is a food borne pathogen that may cause listeriosis in 

immunocompromised people (Rocourt et al. 2000). Listeriosis is a severe bacterial infection 

which can lead to death in up to 30% of the cases (Rocourt et al. 2000). In 2015, 26 cases of 

listeriosis were reported in New Zealand (The Institute of Environmental Science and Research 

Ltd. 2016). Although it is a small number in comparison to other food-related illnesses, L. 

monocytogenes is a major concern for the New Zealand food export industry as some countries 

have a zero-tolerance policy (US Food and Drug Administration 2015) for L. monocytogenes in 

food. The seafood industry and especially aquaculture, is a growing industry with increasing 

value for the New Zealand economy (Seafood New Zealand n.d.) and most of the produce is 

exported to countries such as China, Japan, Australia and the USA. Biofilms and persistence are 

thought to be the major reasons for food contamination with L. monocytogenes. 

The literature review highlights the risks of L. monocytogenes and biofilm formation for the 

seafood industry and summarises genes that are associated with biofilm formation of L. 

monocytogenes. So far, several genes with different functions have been found to influence 

biofilm formation, however, there is still lack of knowledge about its mechanism. To investigate 

the major factors contributing to persistence and biofilm formation, this study focused on a 

selection of sporadic and persistent strains obtained from mussel-processing facilities. L. 

monocytogenes 15G01, a persistent strain, which showed great biofilm formation in a nutrient-

rich medium using a simple monoculture assay, was selected for detailed studies. A transposon 

library was screened and five selected mutants, including two high and three low biofilm 

formers, were subjected to phenotypic assays to identify the genes’ involvement in biofilm 

formation. 

7.2 Highlights 

 Biofilm formation was greater for persistent strains compared to sporadic strains 

 Biofilm formation increased with extended incubation time in nutrient-rich media (up 

to 48 h), but reached its maximum after 24 h in defined minimal media 

 Three different assays for biofilm determination (crystal-violet assay, cell enumeration 

and XTT assay) correlated highly with each other supporting the reliability of the crystal 

violet assay 
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 Transposon insertions in 27 genes and two intergenic regions resulted in altered biofilm 

formation  

 Two novel genes involved in biofilm formation of L. monocytogenes were identified: 

clsA and mgtB 

 SEM analysis showed two different types of biofilm for 34F11 and 44D3: single cells 

attached by thread-like structures and cells embedded in extracellular polymeric 

substance 

 Gene disruption of mltD and uvrB resulted in elongated cells and coccoid-shaped cells 

respectively 

 Confocal analysis revealed a unique sandwich structure for the biofilm of 44D3 (mgtB 

mutant) 

 Magnesium reduced biofilm formation for 39G5 at 37°C 

7.3 Summary of performed studies 

7.3.1 Differences between sporadic and persistent L. monocytogenes strains 

isolated from mussel-processing plants  

Through studying a selection of 16 L. monocytogenes strains, including eight persistent and 

eight sporadic isolates for differences in phenotypic behaviour that might help the bacteria to 

persist and contaminate mussels in the seafood-processing industry, attributes that favour 

persistence were identified. Biofilm formation measured by cell enumeration was significantly 

greater for persistent strains compared with sporadic strains after 48 h incubation at 30°C, 

although differences were small (average of 6.68 log10 CFU/well compared to 6.33; p = 0.031). 

Reduced temperature and incubation time did not result in any significant differences.  

It is known that biofilm formation protects cells from environmental threats and this impedes 

the control and/or eradication of the cells. This study showed that persistence is linked to 

biofilm formation. Whether biofilm formation causes persistence or whether persistence 

causes enhanced biofilm formation is yet to be determined. Biofilm formation alone is unlikely 

to account for persistence, but might be a contributing factor. Regardless, biofilm formation 

and persistence are probably the main reasons for the problem of L. monocytogenes in food-

processing plants. 

Heat treatment for 5 min at 58°C did not show a significant difference between persistent and 

sporadic strains, but two of the three most heat-resistant strains were persistent as determined 
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by plate counts. Interestingly the three most heat-resistant strains had not been directly 

exposed to heat in the process line. Therefore, heat resistance is independent of the site of 

isolation.  

By evaluating the ability of planktonic and biofilm cells to survive on dry surfaces this study 

hoped to identify traits that favour persistence. The cell numbers recovered decreased with 

increased storage time. Biofilm cells survived better than the planktonic cells for persistent 

isolates after 7 d and 14 d, but no difference was observed for the biofilm and planktonic cells 

of the sporadic isolates. Biofilm cells showed a steady decline, whereas planktonic had a bigger 

drop on day 5 and declined faster overall. It is probable that not just one factor alone causes 

persistence but rather a combination of events.  

As persistence was found to be linked to biofilm formation, the L. monocytogenes isolate 15G01 

was selected for further analysis. Of the 16 isolates, 15G01 showed the greatest biofilm 

formation in the crystal violet assays at both temperatures tested. Even though cell numbers 

remained the same at 30°C after 24 and 48 h, the absorbance measured in the crystal violet 

assay continued to increase, indicating production of an extracellular matrix. Furthermore, this 

strain was one of the three strains exhibiting high heat resistance.  

7.3.2 Optimum conditions for biofilm formation of L. monocytogenes 15G01 

Biofilm formation of L. monocytogenes 15G01 was tested under different environmental 

conditions to determine the optimum conditions for a transposon mutant library screen. 

Growth and biofilm formation were investigated at three different temperatures (20°C, 30°C, 

37°C) in seven different media, including nutrient-rich, nutrient-deficient and minimal media. 

Lack of biofilm formation in nutrient-deficient media seemed to be due to poor growth. 

Nutrient-rich media favoured growth and biofilm formation at 37°C, however, greatest biofilm 

formation at 30°C was formed in MWB when incubated dynamically rather than statically or 

anaerobically. 

In conclusion, it was found that biofilm formation of L. monocytogenes depends on 

environmental factors with growth medium (nutrients) and temperature having the biggest 

influence. When grown in nutrient-rich media, the amount of biofilm formed increased with 

increasing incubation time at 30°C and 37°C. However, when grown in minimal medium, biofilm 

mass decreased after about 24 h. This highlights the importance of nutrient availability for 

biofilm formation. When nutrients are exhausted, the biofilm may start to disperse, releasing 

cells to contaminate new surfaces. In the food-processing environment, nutrient availability is 
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quite likely scarce, so if strains persist and manage to establish as a biofilm, the risk of food 

contamination could be higher due to dispersal taking place earlier. 

Studying biofilm formation remains a challenge as no universal mechanism but rather a cascade 

of factors is involved.  

7.3.3 Identification of genes that are associated with biofilm formation by 

screening a mutant library of the persistent strain L. monocytogenes 15G01 

A transposon mutant library of L. monocytogenes 15G01 was screened for altered biofilm 

formation using the crystal violet assay.  

Thirty-six mutants were selected for the identification of the transposon insertion site. 

Insertions were detected in 27 genes, with some genes hit multiple times and two insertions in 

intergenic regions. The biofilm-associated genes were found across multiple functional groups 

across the genome. 

Four mutants, including one high biofilm former (34F11) and three low biofilm formers (33E11, 

39G5 and 44D3), were selected for SEM and epifluorescence microscopy. Criteria for selecting 

these genes were that some of them have not been associated with biofilm formation in L. 

monocytogenes before (clsA, mgtB) or have not been extensively studied (uvrB and mltD). SEM 

images showed two different types of biofilm: single cells held together by thread-like 

structures and cells embedded in extracellular polymeric substance. Changes in the phenotype 

due to gene disruption were observed for 33E11 and 39G5 with coccoid-shaped cells and 

elongated cells, respectively. The microscopy analysis confirmed the results observed with the 

crystal violet assay used for the initial screen, confirming the crystal violet assay as a reliable 

and economical way to screen large numbers of strains despite its drawbacks.  

All four mutants were complemented with the wild-type gene, however, only one of the four 

mutants showed full restoration (39G5-C) of the biofilm phenotype and one partial restoration 

(33E11-C). Complementation was carried out with the plasmid (pIMK), which induces the 

insertion of the introduced gene at the tRNAArg locus of the L. monocytogenes genome. The 

partial restoration and the inability to restore the other two mutants’ biofilm phenotype may 

be due to differential expression of the genes upon site-specific integration or due to altered 

regulatory mechanisms. Other possibilities include changes in enzyme levels as well as protein 

folding or even polar effects upon insertion of the transposon. However, the two genes, whose 

function could not be complemented, were hit multiple times in the screen and the transposon 

insertions were identified to be at different spots. In addition, mutants with the insertion in the 
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same gene showed the same phenotype, further suggesting the involvement of the particular 

gene in biofilm formation. Although phenotypic restoration could not be demonstrated after 

complementation, the above-mentioned reasons support the genes’ involvement in biofilm 

formation.  

7.3.4 The involvement of the selected genes in biofilm formation  

L. monocytogenes 15G01 and five selected mutants (6B4, 34F11, 33E11, 39G5 and 44D3) were 

subject to three different assays for biofilm formation. The crystal violet assay was used to 

determine the whole biofilm mass produced, including live and dead cells and the matrix, the 

number of viable cells of a biofilm was determined by plating; and the metabolic activity was 

tested with the XTT assay. All three assays showed a significant correlation (p≤0.05), which again 

confirms the reliability of the crystal violet assay. Although it has been subject to criticism 

(Lourenco et al. 2012, Pantanella et al. 2013) as biofilm can only be measured indirectly, it 

remains a valuable tool to study large numbers of strains. In general, researchers should not 

rely on one method only – it is always advisable to add at least another method for 

confirmation. To reinforce the findings of the crystal violet assay, the two other mentioned 

assays were used, which identified viable cells (plate counts) and metabolically active cells (XTT 

assay) in the biofilms. Cell surface characteristics were measured by combining three different 

assays (MATH test, hydrophobic interaction chromatography (HIC) and cytochrome C assay). No 

correlation with biofilm formation was observed by any of the surface tests. Having performed 

surface analysis with three different assays strengthens the conclusion that biofilm formation 

is, in this study, not related to cell surface characteristics.  

Moreover, attachment after 30 min could not be linked to cell surface characteristics, although 

attachment was correlated (0.88; p≤0.05) with cell enumeration.  

The influence of cations on biofilm formation was investigated and it was found that magnesium 

was able to alter biofilm mass of two mutants. 39G5, a low biofilm former, formed less biofilm 

in presence of 5mM compared to 1.67 mM Mg2+ at 37°C, whereas 44D3, another low biofilm 

former, produced more biofilm mass in presence of Mg2+ (5 mM) compared with 1.67 mM Mg2+. 

When observed through the CLSM, 44D3 formed a sandwich structure with static monolayers 

at the top and bottom and fluid movement in between under low Mg2+ presence. This biofilm 

structure has not been reported before. In the presence of 5 mM Mg2+, this phenotype was 

reversed and 44D3 showed a monolayer comparable to the wild-type, suggesting restoration of 

the original phenotype through Mg2+. Both mutants affected by magnesium formed cell 
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aggregates when grown in liquid culture. The findings in this study and the close proximity of 

the two genes on the genome of L. monocytogenes suggest a common regulative mechanism 

triggered by magnesium, which will need further investigation. 

By exposing all mutants and the wild-type for 1 h to heat (55°C), acid (pH 2.5) and an oxidative 

reagent (60 mM H2O2), this study aimed to identify a link between stress response and biofilm 

formation. Unexpectedly, there was no significant difference between 33E11 (stress response 

gene) and the wild-type. However, 34F11, the high biofilm former, showed increased sensitivity 

to oxidative reagents. The cause and mechanism for increased oxidiser sensitivity is unknown. 

7.4 Conclusions 

There are significant differences in biofilm formation between persistent and sporadic L. 

monocytogenes strains isolated from mussel-processing facilities. Although differences were 

small, they indicate a relationship between persistence and biofilm formation. The persistent 

strain 15G01 showed the greatest biofilm formation of all 16 strains tested with increased 

production of extracellular polymeric substance when incubated for 48 h compared to 24 h.  

Temperature and nutrient content have the biggest influence on biofilm formation of L. 

monocytogenes 15G01 compared with other environmental factors.  

Two novel genes, clsA, a cardiolipin synthetase, and mgtB, a Mg2+ P-type ATPase, are involved 

in biofilm formation of L. monocytogenes. 

A gene disruption of mgtB results in a unique biofilm structure producing a sandwich-like biofilm 

which is restored to the wild-type phenotype upon magnesium addition. 

The two mutants with transposon insertions in mgtB and mltD, a gene encoding for an autolytic 

enzyme, are both affected by magnesium presence resulting in increased and decreased biofilm 

production when higher magnesium amounts are present. 

A common regulative mechanism triggered by magnesium presence is suspected for both genes 

due to the observed effects of magnesium and the close proximity of both genes on the Listeria 

genome. 

Restricting magnesium availability may be a useful strategy to reduce biofilm formation in food-

processing plants.  

Calcium reduces biofilm formation of strain 15G01 only at mammalian temperature but 

increases biofilm formation at 30°C, making this unsuitable for biofilm control. 
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7.5 Future Work 

Based on the findings of this thesis, it is recommended that future research include the 

following: 

 Evaluate the influence of magnesium in different media including mussel juice to 

identify whether magnesium presence is a medium/nutrient-dependent effect 

 Evaluate the influence of increasing magnesium concentration on biofilm formation of 

44D3 and the wild-type to identify any further influence on biofilm formation 

 Evaluate the influence of magnesium and calcium together on biofilm formation 

 Identify the mechanism of biofilm increase for 44D3 in the presence of magnesium by 

gene expression profile 

 Identify the mechanism of biofilm reduction for 39G5 in the presence of magnesium by 

gene expression profile 

 Identify the mechanism and possible co-regulation of biofilm formation for 39G5 and 

44D3 in the presence of magnesium by gene expression profile by creating single and 

double gene deletion mutants 

 Identify the regulatory mechanism that triggers 39G5 to produce less biofilm than the 

wild-type at 30°C and more biofilm at 37°C by gene expression profile 

 Identify the attachment and surface characteristics of 39G5 in the presence of Mg2+ to 

determine whether changes in surface charge inhibit biofilm production 

 Prepare a gene expression profile of the wild-type and 34F11after exposure to oxidative 

stress to identify the mechanism of the oxidative stress response 

 Identify and compare the membrane composition of the wild-type and 34F11 to help 

elucidate the mechanism of biofilm formation 

 Identify the membrane composition of 34F11 before and after oxidative stress 

exposure to help elucidate the mechanism of oxidative stress response 

 Examine the growth and biofilm formation of the wild-type and the mutants in co-

cultures to simulate industrial conditions 
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