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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$1.71B and growth in aquaculture is expected to reach NZ$S1B
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

e Biofilm formation of L. monocytogenes is linked to persistence.

e Biofilm formation of L. monocytogenes is influenced by a number of unidentified genes
belonging to different functional groups.

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

e 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)



Chapter 2 — Literature Review

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 | and Il (Orsi et al. 2011). The majority of human
listeriosis cases are caused by three different serovars: 1/2a (lineage I1), 1/2b and 4b (lineage 1)
(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 km?
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 1° 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, Gudbjornsdoéttir 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 20103, 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 (Al-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 /uxS 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 Al-2 to the mutant did not restore the wild-type function, which indicated
that another substance associated with /uxS must have an influence on biofilm formation. SRH
as well as SAH were present in higher amounts in the cell supernatant of the /uxS 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 Al-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 /uxS mutant is still capable of becoming

sessile (Bonsaglia et al. 2014).

10
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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, agrCand 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 agrCand 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

11
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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 (Grindling 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.

12
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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 AdIP (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. AdIP is furthermore involved in regulation of expression of
flagellar motility genes and in stress resistance shown through treatment with H,0, 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 Imo01386 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 | 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 Imo2504 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 inIB 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 Stressresponse

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 | heat-shock system is regulated by the autoregulatory
repressor HrcA, which regulates genes encoding chaperones. The class Il 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 | heat-shock response, an autoregulatory repressor, which
regulates 56 genes, among those its regulon member dnaKk. The dnak gene encodes a class |

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 20104, 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 (Im.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. Im.G_1771 negatively
regulates biofilm formation through the expression of SOD (Zhu et al. 2008, Zhu et al. 2011).
The Im.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 Im.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 Il 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 g/tB and g/tC (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 g/tB (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 g/tC 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 K., and Hgprt is present to
maintain that K, 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 ImG1497, 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 dIitABCD 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 (Gudbjérnsdéttir 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
(Mgretrg 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-

22



Chapter 2 — Literature Review

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 1) 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 | form better biofilms than lineage
Il, whereas other studies showed enhanced biofilm formation for lineage Il 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 Il 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. mo