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To resistance to inhospitable environmental stresses bacteria have upgraded a variety of mechanisms such as biofilm
formation. This self-protection growth pattern of bacteria makes them more resistant to disinfectants and antimicrobial
agents since it provides a barrier which prevents or lessens the contact with antimicrobial agents. Formation of biofilms,
which acts as a contamination reservoir, is now regarded as a major concern in the food industry since biofilms may
contain potential spoilage and pathogenic bacteria including Listeria monocytogenes, Staphylococcus spp., Lactobacillus
spp., Clostridium spp., Bacillus spp., Salmonella spp., Escherichia coli O157: H7 and Campylobacter jejuni etc. Many
factors can be sorted for the formation and development of biofilms: specific bacteria strain, material surface properties
and environmental parameters such as pH, temperature and nutrient levels. Each biofilm is different due to the diversity of
biofilm-forming bacteria in various food industries, as a result, there is no unique system which can remove all biofilms.
The first and perhaps the most important thing to do is prevent biofilm formation by regularly cleaning and disinfecting
and biofilm problem should be well-analysed to determine an effective cleaning and disinfection operation.
Keywords: Food industry; bacterial biofilm; contamination reservoir

1. Introduction
Foodborne diseases are widespread and crucial public health threat which are the cause of hospitalisation, mortality or
significant impediment to socio-economic development. According to global estimates, thirty-one foodborne hazards
causing 32 diseases most of which are diarrhoeal disease agents particularly norovirus and Campylobacter spp.
According to World Health Organization 2015 reports the 31 hazards caused 600 million foodborne illnesses and
420,000 deaths in 2010 however, unfortunately, the real number is likely to be much higher. Foodborne diarrhoeal
disease agents caused 230,000 deaths most of whom are children [1]. The burden of foodborne diseases in industrialised
countries is still an imported challenge. In a recent report (2105) by the European Food Safety Authority (EFSA) and
the European Centre for Disease Prevention and Control (EDC) a total of 5196 foodborne outbreaks were reported in
the European Union (EU) in 2013 [2]. According to another statistics released by the United States Centre for Disease
Control and Prevention (CDC) emphasise that conjecturally, 48 million foodborne diseases reported resulting in
128,000 hospitalisations and 3000 deaths annually in the USA, with estimated money loss of billions dollar in a single
year [3]. Microbial contamination, both from microbiological or chemical, may occur at different steps of the food
chain: (1) cultivation environment such as farm, orchard, fishery or livestock farms (2) processing environment such as
slaughterhouse, cannery or packing plants (3) preparation, storage and even retail environments [4]. Members of EU
have adopted an approach to food safety from the farm to the fork for the protection of consumers against microbial
contamination throughout the food chain [5, 6]. Knowing main risks and contaminants in each food processing steps is
crucial for their control, prevention or elimination. In order to manage the production of safe and quality foods adoption
of risk assessment models such as Hazard Analysis Critical Control Points (HACCP) and Good Manufacturing
Practices (GMP) are essential, even though these systems have proven very effective for the control of food safety, it
must never be realized that they are designed on the basis of known hazards. Both human and microorganisms related
factors lead to evaluation of food safety which occurs on a molecular scale (point mutations or the acquisition of a
plasmid by microorganisms) and on short timescales. Innovations according to new validations and verifications are
necessary [6]. Furthermore, many bacteria have upgraded a variety of mechanisms such as biofilm formation to be
resistant to inhospitable environmental stresses. Formation of biofilms, which acts as a contamination reservoir, is now
regarded as a major concern in the food industry since biofilms may contain potential spoilage and pathogenic bacteria
including Listeria monocytogenes, Salmonella spp., Escherichia coli O157: H7, Campylobacter jejuni, Bacillus spp.,
Pseudomonas spp., even Lactobacillus curvatus, Lactobacillus fermentum etc. [7]. The biofilms increase the risk for
post-processing contamination and leading to lowered shelf life of the food product and/or transmission of diseases [8,
9, 10, 11]. Moreover, the formation of biofilms on industry surfaces leads to economic losses due to mechanical
blockage, impairment of heat transfer, increase in fluid frictional resistance and corrosion of equipment [12, 13].
In order to gain deeper information about biofilms, a large of number research has been performed in recent years
which are focused on both understanding of biofilm formation mechanisms and their effective and control strategies.
The main objective of this book chapter is to emphasise the challenges caused by biofilms in food industries and to
summarise the knowledge of biofilm formation of foodborne bacteria.

2. Bacterial Biofilm
Bacterial biofilms are defined by Costerton and Stewart [14] as an aggregation of microorganisms attached to and
growing on surfaces including plastic, glass, metal and wood which are a prevalent mode of growth for microorganisms
in nature [15]. The current description of bacterial biofilms is performed as an assemblage of surface-associated
microbial cells that are enclosed in hydrated (from 85% to 95%) extracellular polymeric substances (EPS) mainly
constituted of polysaccharides, proteins, phospholipids, teichoic and even nucleic acids [16, 17].
The first observation of bacterial biofilm dates back to 1684. Antonie van Leeuwenhoek, using his primitive light
microscope, found that microorganism attached to tooth surfaces, form a sessile community and called them as
‘animakuli’ [15, 17, 18]. According to the findings of light microscopy bacterial biofilm was observed first as marine
bacteria attached to the ships’ hulls in the 1920s [15]; Claude E. ZoBell also determined that some marine bacteria
could cling to surface of glass slides, form microcolonies and also these structures on the glass surfaces was not
distributed by washing or shaking [19]. In the 1980s, by the development of the microscopy techniques, bacteria were
observed on the solid surfaces of many ecological environments including wastewater, treatment systems, equipment
used to manufacture vinegar, industrial water systems, tooth decay, urinary tract and other implanted medical devices
[20, 15]. The first correct question to ask is why bacteria create a structure as a biofilm. This proper colonisation of
microorganisms on surfaces, embedded in the EPS, provides survival of bacteria under environmental stress conditions
such as ultraviolet radiation, physicochemical stresses or insufficient supply of nutritive resources. This self-protection
growth pattern also provides bacteria up 10 to 1000 times more resistance to disinfectants and antimicrobial agents than
planktonic bacterial cells [21, 22, 23]. The biofilm structure acts as a barrier and prevents or decreases contact of the
bacteria with antimicrobial agents. In order to make pathogens inactive and maintain safe and quality products,
chemical disinfectants such as peroxides, chloramines or hypochlorites are widely used in food industry. However, it
has been reported in the United States that around 80% of persistent bacterial infections are associated with biofilms
[24].
2.1 Biofilm formation and development steps
To explain this threatening issue in a broad range of food industries including brewing, seafood processing, dairy
processing, poultry processing and meat processing the second question to ask is which molecular mechanisms, factors
and bacteria are involved in biofilm formation.
The biofilm formation process that involves both physicochemical and biological factors starts with the initial
attachment of planktonic bacteria to solid surfaces and takes in a short time and it can be active (depend on bacterial
motility) or passive (gravitational transportation of planktonic cells) [17, 24, 25, 26]. The attached microorganisms may
detach from the surface and return to planktonic forms at any moment, it is considered as a reversible adhesion of the
bacteria and surface through van der Walls, electrostatic and Lewis acid-base interactions. The main determinant factor
is physiochemical properties of the bacterial surface – mostly negative charged- due to the presence of the proteins
anchored to the cell wall [25]. For example, the electrostatic charge of bacterial cell walls and cell surface
hydrophobicity of L. monocytogenes have been the determinate that govern its attachment to stainless steel [27], also
BapA surface protein has been found to be directly involved in biofilm formation at the liquid-air interface in S.
enterica [28]. The cell surface appendages such as flagella (present in both Gram-positive and Gram-negative bacteria),
pili (thinner and shorter than flagella, present in both Gram-positive and Gram-negative bacteria) or curli fibres
(amyloid like protein, present in only Gram-negative bacteria) not only the principal components for bacterial motility,
but also may play a crucial role (involved in cell-cell and cell-surface contacts) in the initial stages of biofilm formation
[29, 25].
The other important factors that influence the initial cell attachment are the physical characteristics of solid surfaces
such as texture (rough or smooth), surface charge, hydrophobicity and weather be covered by a film of organic
molecules (proteins or pre-existing polymeric substances). For instance, high free energy, wet surfaces promote
bacterial adhesion: Although hydrophilic surfaces (stainless steel, glass etc.) are more adherent than hydrophobic
surfaces (plastics) [17, 24, 30], rougher and hydrophobic surfaces are preferred attachment. According to findings of
research by Sinde and Carballo which shown that Salmonella and Listeria can attach in high numbers to hydrophobic
surfaces than the hydrophilic ones [31].
The production of EPS induces to turn weak interaction between bacteria and surface to a permanent bonding (by
dipole-dipole, hydrophobic, ion-ion, ion-dipole, covalent and hydrogen interactions); so this stage of biofilm formation
is called as an irreversible attachment. In the irreversible stage the biofilm grows through cell division and bacterial
cells upregulate the expressions of specific attachment-related genes [17, 23, 24, 26]. The microcolony formation in the
early development of biofilm architecture stage helps strengthen the bond between the bacteria and the substratum and
stabilises the colony from any environmental stress and also allows for interspecies substrate exchange [32].
The maturation stage usually has been characterised by developing of flat or mushroom shape which requires periods
of 10 days or more [17, 24, 26]. A mature biofilm is a highly organised ecosystem including heterogeneous complexenclosed microcolonies with water channels are dispersed and able to provide passages for the exchange of nutrients,
metabolites and waste products [33].

The third question to ask is how different bacteria microcolonies have attended to biofilm architecture. Although its
role has not been completely explained, Quorum Sensing (QS) which is a kind of communication between bacteria
responsible for heterogeneous biofilm architecture and provides information about cell density for adjusting their gene
expression [23]. QS includes production and sensing of signal molecules which regulate the behaviour and
physiological processes of bacteria such as growth, sporulation, pathogenicity or starting to biofilm formation [34, 35,
36]. There have been several studies emphasise effect of the QS molecules in different bacteria [25]: the second
messenger cyclic-di-GMP responsible from cellular transition between motility and sessility in S. enterica and many
other pathogens [37, 38]; the accessory gene regulator (agr) system plays a central role to mature biofilm phenotypes
and 3D architectures in S. aureus [39, 40]; the CodY regulator, induces both biofilm formation (under nutrient
starvation conditions) and expression of motility and virulence factors (under abundant nutrient conditions), controls the
multicellular behaviour in B. cereus [41].
The detachment of bacterial cells from biofilm architecture and revert to their planktonic form is the last stage in the
biofilm formation cycle, called as Dispersion. Both external and internal biofilm processes may lead to biofilm
detachment [24]. The dispersion stage is an active process which has been controlled by QS signals and allows for the
colonisation of new niches. Generally, the acly-homoserine lactones (AHLs) and oligopeptides are the extracellular
signalling molecules for Gram-negative and Gram-positive bacteria, respectively [42]. The agr system also controls
dispersion in S. aureus biofilm by the activation of protease production [43]. Sometimes some molecules produced by
biofilm cells disrupts other species’ biofilm architecture. For example, the polyamines as norspermidine and
norspermine produced by B. subtilis, disrupt the S. aureus and E. coli biofilm architecture [44].
Many effective factors can be sorted on the formation and development of biofilms: specific factors of bacterial
strain (Gram-positive/negative, microbial shape, structure, presence of flagella, pili, capsules or exopolymeric
substances molecular composition, species, growth phase and age), material surface properties (chemistry, topography,
physiochemistry) and environmental parameters such as pH, temperature, nutrient levels and fluid dynamics [15, 17,
23]. The factors grouped as environmental parameters may be considered to play a crucial role in the turning of
planktonic cells to the sessile form. There are several evidence demonstrate that the different adhesion levels of various
species at different pH, temperature and concentrations of phosphates or pH. Main effects of environmental parameters
on biofilm formation in the food industry can be summarized as follows: rough, hydrophobic and opposite charges of
surface favours biofilm initiation; lower temperatures either stimulate biofilm formation which leads to more uniform
properties of polysaccharides- or lower biofilm formation -decrease cell surface hydrophobicity levels; decrease of
oxygen inhibits biofilm initiation; higher shear rates decrease bacterial attachment but increase density and thinness of
biofilms; high osmolarity of food matrix inhibits biofilm formation; influence of pH and ionic strength on biofilm
formation through changes in surface hydrophobicity and charge [45]. In addition to abiotic environmental factors listed
above, one should consider that the effect of biotic factors is also decisive. Interactions between different microbial
populations, especially in multi species biofilms, could greatly impact the development of biofilm as far as the species
specific factors. Whereas these interactions mostly are beneficial for the partners, in some cases presence of a bacterial
species could inhibit biofilm formation. For example, while L. monocytogenes in a mixed biofilm with Lb. plantarum
exhibited higher resistance to benzalkonium chloride and peracetic acid than single species biofilm [46]; biofilm
formation of L. monocytogenes can be reduced by the presence of S. xylosus and P. fragi or bacteriocin-producing
Lactococcus lactis [29, 45, 47].

3. Biofilm formation in Gram-positive and negative bacteria
According to the nature of microorganisms and depending on the species-specific factors biofilms have displayed
diversity. Each biofilm is different due to the diversity of biofilm-forming bacteria in different food industries and also
same species can form different biofilm architecture under different grown conditions. According to evidence of SEM,
epifluorescence microscopy and confocal laser scanning microscopy (CLSM), biofilms of L. monocytogenes under
static conditions consist of a homogeneous layer of cells with a similar morphology to planktonic cells but, under
continuous flow conditions consist of spherically shaped microcolonies [7, 48]. The structural and developmental
features of bacteria such as motility and sporulation are eminent importance for the biofilm formation and are strictly
connected with each other. Formation of biofilms provides an optimal environment for sporulation of Bacilli spp.
Although, cells in biofilm architecture are not motile, in several bacteria such as L. monocytogenes and B. subtilis
motility has been found to be substantial for initial attachment of cells to a surface and formation of biofilm [7]. The
flagellar based motility appeared to be essential to propel cells towards the surface before attachment for static biofilm
formation but not for biofilm formation under continuous flow conditions in both L. monocytogenes and B. subtilis [49,
50]. In this situation evaluating biofilms according to the structural and developmental features of microorganisms,
growing conditions and food processing environments is a rational approach.

3.1 Biofilm forming Gram-positive bacteria
L. monocytogenes is a psychotropic bacterium which can lead to mild gastroenteritis or severe infections and mostly
transmitted to man through food. L. monocytogenes strains can grow between pH 4.6 and 9.5 and at 0.92 aw and are
recurrently found on floors, drains and equipment of the food industry, even in the cold and wet atmosphere of
refrigerated rooms where non-psychrotrophic can only survive. The studies focused on to understand why L.
monocytogenes persists in the food industry have found several reasons including adhesion potential, biofilm forming
ability, resistance to desiccation, acid and heat, tolerance or resistance to disinfectants[51]. It has been demonstrated
that L. monocytogenes can form a biofilm which protects cells from the action of antimicrobials and sanitizers and
allows long term persistence them on surfaces such as rubber, plastics, glass and stainless steel [52]. Having flagella,
QS and extracellular DNA (eDNA) may play a major role in the formation of listerial biofilm. The attachment of L.
monocytogenes has been governed by electrostatic charge of bacterial cell walls (conferred by peptidoglycan anionic
teichoic acids) and cell surface hydrophobicity (enhanced by the presence of lactic acid) [17]. PrfA flagellar
biosynthesis regulator, LuxS system, agr system have been shown to be involved in the QS systems of L.
monocytogenes biofilm. Alonso et al., [53] found that both disruptions in several purine biosynthesis genes and
mutation in flagella related genes at 30-35 oC caused reduced biofilm formation in L. monocytogenes. Piercey et al.,
[54] carried out that at a temperature common to food environments identified the involvement of nine genetic loci that
had not previously linked to biofilm formation in L. monocytogenes as well as ten genes also known to be associated
with L. monocytogenes biofilm temperatures. The role of eDNA has been described by Harmsen et al., [55] in the early
stages of cell attachment to surfaces, and also reported that N-acetylglucosamine acted as a co-factor and/or scaffolding
in eDNA formation.
As discussed above, the biofilm formation is strongly affected by the hydrophobic or hydrophilic interactions
between microbial cell charge and contact surfaces. For the risk assessment and reduction of biofilm production which
are a great expense for the enterprises, several measures should be taken as the choice of correct materials for
installations. Both the hydrophilic (stainless steel and glass) and the hydrophobic (polymeric) materials are the most
common materials used in the food industry [52]. According to several researchers who are investigating relationships
between biofilms and contact surfaces suggest that Listeria biofilms may adhere more tightly to hydrophobic surfaces
than hydrophilic surfaces at cellular level [56]; but some found that biofilm levels of L. monocytogenes were
significantly higher on glass at different temperatures compared to polystyrene and stainless steel [57]. By the same
researchers, a positive correlation between hydrophobicity and heat was suggested that the biofilm formation was
influenced by temperature due to modification of cell surface hydrophobicity. The presence of glucose or high
concentrations of NaCl (4% to 10%) may lead to an increased ability to self-aggregation and biofilm development in L.
monocytogenes [58, 59]. With regard to a study conducted on the influence of growth medium, surface and pH on the
initial 2D structure of static listerial biofilms, three of the tested strains were able to reach a honeycomb like structure
and could develop complex biofilms but only one could not enter to the second step. Time-shift differences according to
growth medium and surface have been observed on the plastic surface, except one strain. However, the first step of the
primary structure of L. monocytogenes which is a critical stage for the development of listerial biofilms, is impaired for
all strains in acidic conditions [60]. In accordance with this study, both Tresse et al., [61], and Smooth and Pirson [62]
observed a lower cell attachment at pH five than pH 7 or 8. The down-regulation of flagellin synthesis in acidic
conditions was also reported by Tresse et al., [63]. The dependency of L. monocytogenes biofilms on nutritional
conditions is one of the most studied subjects. Although most of the previous studies show that growth in rich media
(BHI or TSB) was not lead to switch cells from planktonic to sessile state [64], but growing in synthetic media
enhanced attachment to surfaces and biofilm formation [65].
Due to the contamination of food products by both pathogens and spoilage microorganisms is a crucial issue the
management of the food processing plant should consider the prevention strategies. The proper design of food contact
equipment as the primary strategy should be performed. This should never be disregarded that the most common
sources involved in biofilm accumulation are the floors, waste water pipes, bends in pipes, rubber seals, conveyor belts,
etc. Materials for industrial installations should be preferred with smooth, resistant to corrosion and damage, be free of
sharp edges, easily cleanable and allowing the ‘clean in place’ [17, 52].
Because of its rich nutrient content and high aw, milk is tremendously vulnerable to contamination against
microorganisms. Outbreaks of pathogens associated with biofilms in the dairy industry are including L. monocytogenes,
Bacillus spp., Pseudomonas spp., even Lactobacillus curvatus, Lactobacillus fermentum [17, 66, 67]. According to
results of a study aimed to evaluate the biofilm production of L. monocytogenes strains isolated from the environment of
cheese processing plants in Brazil, all isolates showed ability to produce biofilms on polystyrene microplates, also on
stainless steel (24.7% ) and 4.7% of the strains were classified as strong biofilm producer [68]. L. monocytogenes is
able to form multi-species biofilms with both Gram-positive and negative bacteria depending on the genera implicated
and the environmental conditions [69]. In a recent study which aimed to find out possible environmental relationships
among L. monocytogenes and other species, environmental samples belonging to work surfaces from fish, meat and
dairy industries were analysed by serotyping and PFGE. 12 samples were found positive for L. monocytogenes and
E.coli and Carnobacterium spp. were founded accompanying microbiota in fish and meat industry, respectively [70].
Although the quality of both equipment and water is the main cause of the risks in the fish processing industry, many

types of fish-contaminated-bacteria are found to be biofilm-forming, including Vibrio spp., also many other genera such
as L. monocytogenes, Salmonella spp., Bacillus spp., Aeromonas, and Pseudomonas spp., [17].
Mainly three conventional methods have been applied including physical, chemical and biological methods in order
to prevent or inhibit the biofilms in food-processing plants. The physical methods commonly used are mechanical
scrubbing, jet cleaning, ultrasonic cleaning and other ways [71]. The strong oxidising agents with a broad antimicrobial
spectrum such as hypochlorous acid, chlorine, iodine, ozone, hydrogen peroxide, peroxyacetic acid and quaternary
ammonium chloride and anionic acids are the most used chemical agents for sanitation procedures in food producing
plants [52]. Several comparative experimental studies have been performed in order to establish the most effective
treatment for eradication L. monocytogenes biofilm. The gaseous ClO2 [72]; aerosolised sanitizers [73] and
nanostructured titanium dioxide combined [74] have been effective on both L. monocytogenes planktonic cells and
biofilms. With the increasing consumer demand rather than chemicals preferring environment-friendly treatments
launch to researching new emerging strategies. These innovative strategies can be sorted as affecting cell adhesion by
modifying contact surface hydrophobicity [75], using different essential oils as anti-biofilms agents [76], using biosolutions such as probiotic [77], bacteriocin-producing strains [78] or phages [79] and using enzymes, antimicrobial
molecules from microbial origin [80]. In a study was conducted with a innovate approach, the methanol extracts of
several plants have been found out to be effective on L. monocytogenes and S. aureus biofilm formation [80].
Staphylococcus spp. is widely distributed in nature including air, water, body surfaces of skin which is bunch shaped
cocci without flagella, spore and capsule. The enterotoxin of S. aureus causes food poisoning which is a significant
concern in the food industry. There for the primary enterotoxigenic pathogenic carriers are humans, food handlers may
directly contaminate food. The presence of methicillin-resistance and ability to develop biofilms on different materials
also makes a serious risk for safety food production [71]. According to a comparative investigation on biofilm
formation capability of many common pathogenic bacteria indicated that Staphylococcus tend to develop more biofilm
than E.coli, Salmonella spp., and Bacillus cereus [81]. Among the Staphylococcal species S. aureus and S. epidermis
adhere to both biomaterials and food contact surfaces and form a biofilm in 24-48 hours at 37 oC. The process of
heterogeneous multi-layered S. aureus biofilm formation is regulated by multiple genes including expression of the PIA
by the icaADBC operon; release of eDNA; expression of numerous surface proteins (Bap, SasG, FnBPs or Spa) [82].
eDNA has been reported as a major component of biofilm which has roles in initial attachment and accumulative stages
of Staphylococcus spp. [83]. The PCR based analyses have shown that eDNA is similar to genomic DNA which
supports the hypothesis that eDNA originates from the lysis of a subpopulation of the bacteria [84]. According to results
of a study aimed to investigate the silico biofilm production ability of S. aureus from dairy environments, 31 S. aureus
were obtained and detected as producer of biofilm on stainless steel, rubber and silicon surfaces [85]. Lopez et al., [86]
reported that the glycone (myricitrin, hesperidin and phloridzin) and aglycone (myricetin, hesperetin and phloretin)
flavonoids inhibit biofilm formation by S. aureus strains by overexpressing the msrA and norA efflux protein genes.
Lactic acid bacteria (LAB) are non-motile bacteria which have been widely used for the fermentation of raw milk,
meat and vegetables. In spite of their role in the food industry, LAB -especially genus Lactobacillus- may lead to food
spoilage. Non-starter Lactobacillus spp. can produce biofilm on the both raw material and production environment
which acts as contamination reservoir [87]. Although many biofilm producer bacteria such as Listeria spp., Bacillus
spp. and Salmonella spp. have flagella which are necessary for initial attachment to surfaces, the adhesion of non-motile
bacteria to surfaces can be explained by the sedimentation processes, so the initiation of biofilm and maturation of nonmotile bacteria is different from the reported for motile bacteria [79, 88]. There is another risk for the fermented foods
and beverages that capacity of biogenic amine (BA) producers to form biofilms. The histamine, tyramine and putrescine
are low-molecular-weight organic compounds that may found in large quantities. However much BAs play a major role
in human physiology, ample consumption of food containing them may lead to toxicological effects. The aminoacyl
decarboxylase activity which mainly presents in Gram-positive bacteria of the LAB group is responsible for the
formation of BAs [89]. The formation of biofilms by both clinical and food-related Enterococcus spp. species have been
studied since their pathogenic potential [90, 91].
Pseudomonas spp. includes major proteolytic enzyme producer species including Pseudomonas aeruginosa which is
pathogenic and spoilage bacterium commonly found in food processing plants and has the tendency to form biofilms
[92]. So much so that Pseudomonas aeruginosa has demonstrated biofilm formation in the lungs of patients suffering
from cystic fibrosis which is noncurable and eventually results in death [93]. In order to inhibit biofilm formation, many
studies have been focused on the AHLs QS system which is involved in biofilm formation by knock-out AHLs synthase
genes [94]. Another biofilm producer Gram-positive bacteria is Clostridium perfringes which are aerotolerant
anaerobic, spore-forming and an opportunistic pathogen. Clostridium perfringes causes food poisoning both in human
and animals as result of its ability to produce many different toxins. The production mono- and dual- species biofilm
protects Clostridium perfringes cells from the action of potassium monopersulfate, quaternary ammonium chloride, and
hydrogen peroxide and glutaraldehyde solutions [95].
3.2 Biofilm forming Gram-negative bacteria
Salmonella spp. is one of the most important foodborne pathogens and cause of Salmonellosis. The dynamics of
Salmonella infection is variable and are effected mainly by contaminating food and water supplies –especially in

underdeveloped countries-, personal lifestyle, changes in the industry, technology, commerce and travel. [96].
Approximately 2500 Gram-negative Salmonella serovars have been reported and can be found in the intestinal tract of
both human and animals in nature. Salmonella spp. is the first reported biofilm producer foodborne pathogen. This
enteric pathogen follows a cyclic lifestyle in which host colonisation is alternated with periods of survival outside the
host. The ability of Salmonella to form biofilms both host colonisation and non-host conditions contributes to survival
and transmission to new hosts [97].
The abiotic surfaces such as plastic, rubber, cement, and stainless steel which are extensively used in farms, food
processing industry, kitchens, toilets and bathrooms are the well-documented surfaces on which Salmonella is able to
form biofilms. Several reports have demonstrated the Salmonella biofilms on these abiotic surfaces: According to
Stepanovic et al., [98] findings, there was no difference on the ability of biofilm formation on polystyrene microplates
of tested 122 Salmonella spp. isolates from both humans, animals and food. In accordance with this results, Vestby et
al., [99] also found biofilm formation capacity of 111 Salmonella isolates feed and fish meal factory environment. It
should never be forgotten that toilets and bathrooms in the houses even factories are the most common Salmonella
contamination source. This fact has been supported by a study [100] which detected survival of Salmonella in toilet and
bathroom in homes of salmonellosis patients. Salmonella spp., Campylobacter spp., and E. coli O157: H7 are
commonly found in meat, poultry and on contact surfaces of meat and ready-to-eat industry due to ample organic
residues which could be a niche for microorganism’s accumulation and biofilm formation. [17]. The study about
biofilm formation by poultry isolates of Salmonella on commonly used contact surfaces and their sensitivity to
sanitizers was detected [101]. Compatible with this study results Díez-García et al., [102] found the relationships
between biofilm formation and growth kinetic parameters of S. enterica isolates from poultry. Another study has
indicated that there is no significant difference in biofilm-forming ability among the Salmonella serotypes (S.
Typhimurium, S. Enteritidis, S. Typhi) from different sources or geographical regions [103]. According to a remarkable
study’s results which detect the effects of different temperature, pH and nutrient availability on S. Enteritidis biofilm
formation, the environmental stress conditions may alter biofilm resistance to sanitizers [104].
Salmonella is able to adhere to biotic surfaces such as epithelial cells, gallstones and even form biofilms which lead
to the development of chronic infections in hosts. Although plants are not considered as a host for enteric pathogens,
numerous Salmonella outbreaks reported in less developed countries due to contamination of water, soil with sewage.
Remarkably, several reports have demonstrated that S. enterica can colonise on plants such as sprouted seeds, fresh
vegetables and fruits, cilantro; are not killed by surface sterilisation methods [97].
The intrinsic and extrinsic mechanisms involve the biofilm establishment. The extracellular components of
Salmonella such as flagella, fimbriae (Pef), curli fimbria (Csg), long polar fimbriae (Lpf) and pili are essential
equipment for initial attachment, colonisation or cell invasion. The EPS fraction is primarily made by cellulose
(encoded by bcsABZC-bscEFG), O-antigenic capsule (O-Ag-capsule) and Lipopolysaccharide (LPS) are the sequent
fragments. CsgD is a major control and integration unit for Salmonella biofilm formation which regulates the
expression of specific matrix compounds; RpoS and Crl are the other two main regulators [97].
Another major contaminant in the poultry industry is Campylobacter spp. which has similar characteristics with the
presence of diarrhoea, cramps [105]. Since Campylobacter is present in the industry environment, it can easily form a
biofilm on foods, processing areas such as walls, floors, pipes and drains. After the irreversible fixation, Campylobacter
forms microcolonies which take approximately 4 hours and cells become sessile. The genes flaA, flaB, flaC, flhA, fliS
encode different flagellar proteins and cheA, cheY and CetB are the responsible for chemotaxis. The QS is activated by
the expression of the luxS gene which codes autoinducer-2 synthase. The extrinsic factors such as environmental
conditions, the type of available nutrients, and the attachment surface also have effects on the adhesion capacity of
Campylobacter [106].
E. coli can form biofilms by means of their surface structure as in all members of Enterobacteriaceae family. E. coli
O157: H7 is considered as an enteric pathogen which causes of serious diseases such as haemorrhagic colitis,
haemolytic uremic syndrome and thrombotic purpura in humans [107]. The lowest infectious dose (<100 cells) and
biofilm forming capacity are the major concerns about E. coli O157: H7, this means cross-contamination of foods by
food contact surfaces harbouring low numbers of the pathogen can potentially lead to outbreaks [108]. The biofilm
formation capacity and degree of E. coli O157: H7 on various types of food contact surfaces have been examined in
several studies. According to recent survey results, E. coli O157: H7 can attach and form a biofilm on wooden surfaces
at significantly higher levels compared with steel, glass and plastic and chlorine dioxide show greater lethal activity
than NaOCl against E. coli O157: H7 in a biofilm on the same surface [108]. Similar findings were demonstrated by
Adetunji and Isola [109]. E. coli O157: H7 is able to easily adhere and survive on meat contact surfaces even at low
temperatures. The presence of other microorganisms on the surfaces is a major factor for the initial attachment. Dourou
et al. [110] shown that contact surfaces in the beef fabrication facilities serve as a source of E. coli O157: H7 crosscontamination. The type of residual substrate and temperature effect the attachment and attachment occurred not only at
a temperature representative of beef fabrication areas during nonproduction hours (15 oC), but also during cold storage
(4 oC) temperatures.

4. Conclusion
Food preservation is an extensively studied topic in food science. According to these studies results, bacterial
elimination can occur either extrinsically or intrinsically. Both extrinsic –influence the food environment to make it
non-liveable for microorganisms- and intrinsic- limiting bacterial growth by the direct attack to bacterial- factors
contribute to eliminate the microorganisms throughout the food chain. In this respect, the prevalence of microorganisms
in biofilm architecture are the major contamination reservoir of both spoilage and pathogenic microflora in the food
industry. As discussed above, the ability of pathogenic biofilm formation mainly depends on genetic bases and their
regulation, but the properties of the substratum and bacterial cells, environmental conditions such as pH, temperature
and nutrient components are the other important factors lead to biofilm formation. As suggested by Meyer [111], there
is three significant points to prevent biofilm formation: (1) disinfection before biofilm formation, (2) disinfection
biofilm architecture by harsh disinfectants and (3) inhibition of initial attachment by choosing proper surfaces materials
which do not allow the bacterial attachment. Because of each biofilm is different due to the diversity of biofilm-forming
bacteria in various food industries, the biofilm architecture should be well-analysed to determine an effective cleaning
and disinfection operation. The chemical-based control [Sodium hypochlorite (NaClO), Hydrogen peroxide (H2O2),
Ozone, Peracetic acid], some physical processes such as Hurdle technology, ultrasonication and/or concept of green
technology by biological alternatives (natural antimicrobials, phages) are the promising options to inhibiting bacterial
quorum sensing and biofilm formation. In this concept, take into account the biofilms must form an essential
parameter, while developing the plans such as HACCP, GMP and ISO: 9000 specifications. In order to achieve biofilmfree processing systems, to perform an upgraded HACCP program is necessary for the food industries.
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