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Abstract: Food-processing facilities harbor a wide diversity of microorganisms that persist and inter-
act in multispecies biofilms, which could provide an ecological niche for pathogens to better colonize
and gain tolerance against sanitization. Biofilm formation by foodborne pathogens is a serious
threat to food safety and public health. Biofilms are formed in an environment through synergistic
interactions within the microbial community through mutual adaptive response to their long-term
coexistence. Mixed-species biofilms are more tolerant to sanitizers than single-species biofilms or their
planktonic equivalents. Hence, there is a need to explore how multispecies biofilms help in protecting
the foodborne pathogen from common sanitizers and disseminate biofilm cells from hotspots and
contaminate food products. This knowledge will help in designing microbial interventions to miti-
gate foodborne pathogens in the processing environment. As the global need for safe, high-quality,
and nutritious food increases, it is vital to study foodborne pathogen behavior and engineer new
interventions that safeguard food from contamination with pathogens. This review focuses on the
potential food safety issues associated with biofilms in the food-processing environment.

Keywords: biofilm; microbial ecology; black queen hypothesis; adaptive response

1. Introduction

Our understanding of the microbial world has evolved from single-species existence
to highly complex and diverse microbial communities [1,2]. Previously, microbiological
studies have involved studying microorganisms in axenic stetting, overlooking the fact
that in many environments, microorganisms coexist [3]. With the recent shift in studying
microorganisms as a mixed community, there has been a surge of research focusing on
biofilms and cell–cell communication, thus sparking the importance of examining mul-
tispecies systems and their combined metabolic properties [4–8]. Biofilms are complex
communities that are anchored to a substratum and are enveloped in an extracellular poly-
meric substance (EPS) matrix [9,10]. The EPS layer in the biofilm provides higher resilience
to various environmental stress and resistance to antimicrobial, chemical, or sanitizer
treatments [11,12]. Biofilm formation is highly variable among different microorganisms,
thus adding complexity in understanding the mechanism of biofilm formation [10,13,14].
Biofilms are of high medical and economical significance, as they have been associated
with chronic illness, food contamination, antibiotic tolerance, plant health, bioremediation,
natural product discovery, and waste-water treatment [1,3,10,11,15,16].

In food-processing environments, biofilms have been a major cause for food spoilage
associated economic losses and food safety issues leading to number of outbreaks [16–19].
An estimated 9.4 million foodborne diseases due to known pathogens are reported each
year in the United States [20–22]. In the food industry, owing to high risk of food safety
and spoilage involving the persistence of biofilm, research has been directed towards better
understating of biofilm formation, interventions, and approaches to mitigate them.
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The aim of this review is to discuss the potential food safety issues associated with
biofilms in the food-processing environment.

2. Mechanisms for Biofilm Formation: Attachment, Maturation, and Dispersion of
Microorganisms to the Food-Processing Environment Surface

Formation of biofilms is a dynamic process and involves numerous steps that run in
tandem to form a highly structured community of microbial cells, which are enveloped
within a protective outer covering. The persistence of biofilms in a food-processing environ-
ment is closely associated with the response to several abiotic and biotic factors [12,18,23].
The biotic factors that are vital in biofilm formation are type of microorganism, cell–cell
communications, metabolic activity, growth phase, interactions with other microorganisms,
and gene regulation [10,20,24]. The abiotic factors that are fundamental in the formation of
biofilm in a food-processing environment are temperature, surface properties, nutrients,
pH, water activity, and stressing agents (disinfectants and antimicrobial agents) [9,18,19].
How microorganisms accomplish this complex intricate mechanism in the formation of
biofilms in food-processing facilities is explained below.

2.1. Attachment of Biofilm to the Substratum

Attachment of microorganism to a surface can be active or passive depending on
their solid–liquid interface between the surface and an aqueous medium [9], cell surface
properties of the microorganism [23], and motility of the microorganism or gravitational
transportation of their planktonic state [16]. Physical forces associated with bacterial
adhesion are collectively known as the DVLO (Derjaguin, Verwey, Landau, and Overbeek)
forces [24]. The DLVO theory [25,26] has been used to describe the net interaction between
a cell and substratum as a balance between two additive factors, resulting from attractive
and repulsive interactions from the overlap between the cell and the substratum [26]. An
extended DVLO theory takes into consideration hydrophobic/hydrophilic and osmotic
interactions [27] and has also been described in terms of thermodynamic interaction [28].

The first stage in biofilm formation is attachment of the microorganisms to the substra-
tum; attachment is a two-step process: first is reversible attachment followed by irreversible
attachment. The initial attachment of the microorganisms is reversible attachment, as the
microorganisms that initiated the process of biofilm formation are not yet committed to the
cell differentiation process that leads to the biofilm formation [12,23]. In the food-processing
facility, any surface is prone to formation of biofilm, such as stainless steel, wood, glass,
plastic, and also the food product itself. The surface properties, such as texture of the
surface—rough or smooth—, hydrophobicity, pH, nutrients, water activity, and stressing
agents, impact the attachment [17]. The biofilm attachment is increased on rough surfaces
when compared to smooth surfaces, and this is due to the decrease shear forces on rough
surfaces [9]. Stainless steel is one of the most used surfaces in food-processing facility,
as it is resistant to corrosion from cleaning agents and has high durability [29,30]. Due
to regular wear and tear, stainless steel surfaces develop cracks, and this encourages the
lodgment of organic materials in these cracks and crevices, thus attracting microorganisms
to gather [18]. These is an ideal habitat for microbial life for biofilm formation, as these
are hard-to-clean areas, and due to the continuous functioning of the processing facility,
deposition of organic material will be constant.

Cell surface property, such as hydrophobic and hydrophilic property, also plays a role
in bacterial attachment [19]. The microbial cell surfaces that are hydrophobic tend to attach
to surfaces with hydrophobic surfaces, while hydrophilic microbial cell surfaces attach
to hydrophilic surfaces [12]. Research has shown that attachment of microorganisms to
surfaces that are hydrophobic, such as plastic and Teflon, are stronger when compared to
glass or metals [12,30–33]. For example, Listeria and Salmonella form stronger biofilms on
hydrophobic surfaces than the hydrophilic surfaces [32,34]. Other than processing facility
surfaces, biofilms are formed on the incoming food materials [16].
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2.2. Maturation of Biofilm

Depending on the nutrient source for the biofilm, the biofilm shapes into a mush-
room (Figure 1) or flat shape [17]. The maturation can vary and can happen from 5 to
10 days [33]. During maturation, gene alteration takes place in genes encoding for transla-
tion, metabolism, membrane transport, and/or secretion and gene regulation [23].
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Figure 1. SEM image of the multilayer drain biofilm formation on a stainless steel chip, grown at
7 ◦C for five days under static conditions.

One of the regulators for maturation of biofilm is quorum sensing [35,36]. Quorum
sensing is a cell–cell communication strategy [36]. The mechanism of cell–cell communi-
cation is explained in the later part of the review. The matured biofilm can be composed
of multi-layers of micro-colonies or a monolayer of cells [10]. The monolayer or thin layer
of biofilm is due to the lack of las quorum sensing system, which initiates the biofilm
formation, and the thickness of the biofilm is determined by levels of las quorum sensing
system [35,36]. The complex architecture of the mature biofilm is actively maintained by
rhamnolipid surfactants [37], produced by cells within the biofilm, maintaining the open
spaces or channels surrounding macrocolonies by inhibiting colonization by invading
planktonic cells [36–38]. Figure 1 illustrates the multilayer drain biofilm formation on
a stainless steel chip, grown at 7 ◦C for five days under static conditions. Multispecies
biofilms contain specific subsets of species derived from the planktonic phase [38].

2.3. Dispersion

The last step in the biofilm formation is the dispersion of the cells, which allows the
cells to revert back to its planktonic state [39]. The stages of biofilm formation and disper-
sion of cell are illustrated in Figure 2. Bacterial cells in the biofilm adapt to their changing
environment by adjusting their Bis-(3′-5′)-cyclic dimeric GMP (c-di-GMP), which is an
essential secondary messenger the bacteria employ in the control of biofilm formation and
dispersal [39]. When the biofilm is exposed to adverse stress conditions and starvation, the
bacterial cells reduce their c-di-GMP and activate phosphodiesterase, resulting in dispersal
of biofilms [9,12,39]. Detachment is an active process, which allows for the colonization of
new niches and also starvation, which is considered as a reason of detachment and allows
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bacteria to search for a nutrient-rich environment [33,39]. The transition period in which a
dispersed cell reverts back to planktonic state is critical, as it can be highly virulent before
finding a new niche [39].
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Figure 2. Illustration of different stages of biofilm formation: (1) Attachment, (2) microcolony
formation, (3) maturation, and (4) dispersion.

Biofilm harborage in food-processing facilities, regardless of the food that is being
processed, has shared common areas that encourage the growth of biofilm. The areas of
a food-processing environment where biofilms are formed include floors, drains, water
distribution pipes, and difficult-to-clean surfaces, such as the back of the conveyor belts
coils on spiral freezers at frozen food plants [40]. These surfaces become hotspots that
attract biofilm development due to poor accessibility and difficulty for regular maintenance
of hygiene and sanitation maintenance [41].

The broiler slaughter industry generates residue rich in protein and lipids, which
are deposited on surfaces [42], such as stainless steel, aluminum, nylon, rubber, plastic,
polystyrene, and glass [42,43]. This favors the formation of biofilms becoming a potential
source of contamination that can be transferred to poultry products or to their packaging,
becoming a constant threat of recontamination [44]. Major pathogen contaminants of
poultry products are Salmonella and Campylobacter, which represents high-risk foodborne
infections to human and have been isolated from poultry environmental biofilms [42–45].

Ready-to-eat food (RTE) is well-processed food that requires no further processing
before consumption [46]. These are considered very high-risk foods, as they are consumed
without undergoing any bactericidal activity [47]. RTE foods could potentially be suscepti-
ble to cross-contamination during processing or post-processing [16,47]. Food-processing
facility environmental biofilm has been considered to a source of contamination, specifically
for delicatessen meat, an RTE food product, with E. coli, Salmonella spp., Campylobacter spp.,
and Listeria monocytogenes [47,48]. Presence of Vibrio cholerae, Pseudomonas spp., Bacillus sp.,
and L. monocytogenes in salmon and environmental biofilms in cold-smoked salmon pro-
cessing facilities has been a major food safety concern [49–53].

The bacterial contamination of fresh produce is a major issue in food-processing
environments and increases the risk of foodborne illness [54]. Fresh-produce-related
outbreaks have been reported in multiple states in the past couple of years [55–57]. Studies
show that the attachment and internalization of pathogenic enteric bacteria on plants
have caused many disease outbreaks due to consumption of fresh produce [54]. Pre-and
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post-processing of vegetables may lead to the transmission of pathogenic biofilms to food-
contact surfaces and can cause human health and food safety issues [54–58]. In fresh
produce processing, in addition to environmental biofilm harborage, interactions between
human pathogens and plant tissues have to be considered [59]. Human pathogens, such as
E. coli O157:H7 [60–62], L. monocytogenes [59], and S. enterica [62–64], have been found to
be capable of attaching to and colonizing the surfaces of growing plants. Once attached,
human pathogens can form biofilms on plant tissues [59]. The formation of biofilm within
the plant tissue could be attributed to the main failure of washing treatments of fresh
produce to remove or inactivate human pathogens on produce surfaces [54,59].

In the meat industry, Shiga-toxin producing Escherichia coli (STEC) O157:H7 is the most
commonly identified STEC serotype that causes foodborne outbreaks and multiple clinical
diseases, including bloody diarrhea and HUS. Cattle are a major reservoir for this pathogen,
and the harborage of STEC O157:H7 on animal hides has been identified as the major
source of meat carcass contamination during slaughtering and processing [65,66]. However,
the presence of STEC O157:H7 on meat-processing equipment, such as conveyor belts [67]
and other food-contact surfaces [68,69], has been detected, and the biofilm-forming ability
of this pathogen under various conditions is well related to its persistence in the meat-
processing environment. More importantly, a wide variety of materials commonly used in
the meat industry may become hosts of STEC biofilms, such as stainless steel, aluminum,
nylon, Teflon, rubber, plastic, glass, polyvinyl chloride, and polyurethane, etc. For instance,
STEC O157:H7 was able to attach and form biofilms on high-density polyethylene and
stainless steel surfaces within a wide temperature range (4 ◦C–15 ◦C), and the different
types of surface materials would affect bacterial biofilm-forming potency. Available studies
more relevant to the meat industry also suggest that the strong biofilm-forming ability by
certain STEC O157:H7 and Salmonella enterica strains as well as the resultant high sanitizer
tolerance might play important roles in meat contamination incidence at commercial plants,
such as the “High Event Period” (HEP) beef trim contamination by STEC O157:H7 [70–72].

The transition from reversible to irreversible attachment happens when the weak
interaction of the bacteria is transformed to strong permanent bond with favorable con-
ditions and enveloped in an EPS layer [33,73]. The EPS layer are biosynthetic polymers
that can be highly diverse in chemical composition and may include substituted and un-
substituted polysaccharides, substituted and unsubstituted proteins, nucleic acids, and
phospholipids [5]. EPS is highly hydrated, as it can incorporate large amounts of water into
its structure by hydrogen bonding [9,32]. Because EPS is highly hydrated, it prevents desic-
cation in some natural biofilms [34]. EPS may also contribute to the antimicrobial resistance
properties of biofilms by mass transport of antibiotics through the biofilm [9,19,74]. They
are resilient structures and resistant to surfactants, sanitizers, detergents, or use of high
temperature [23]. Removal of biofilms can require combinations of strong shear mechanical
force, high temperatures, detergents, and sanitizers [75–77].

3. Architecture of Biofilm

Biofilms can be composed of either a single species or a community derived from
multiple microbial species. Biofilm formation capacity varies between different microor-
ganism, and it is influenced by factors such that one type of bacteria can be a strong biofilm
producer under a certain environment and become weak in another environment [37].
There are various factors that determine the structure of the biofilm, such as surface and
interface properties, nutrient availability, the composition of the microbial community, and
hydrodynamics [78].

Biofilms in either single-species or multispecies consortia exhibit similar overall struc-
tural features [9]. The biofilm is initiated with the coaggregation with genetically distinct
bacteria attach to one another via adhesin and receptors present on the cell surface [79–81].
Coaggregation of cells to form biofilms has two possible routes: Route one is by single cells
in planktonic state specifically recognizing and adhering to genetically distinct cells in the
developing biofilm [38]. The second route is by the prior coaggregation in planktonic cells
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of secondary colonizers followed by the subsequent adhesion of this co-aggregate to the
developing biofilm [38,82]. In both cases, planktonic cells adhere to cells in the biofilm in a
process known as co-adhesion [38]; thus, the co-adhered cells become part of the biofilm
community [38,83].

Biofilms are separated by interstitial voids (fluid channels), and the whole structure
is encased in an EPS layer [12]. The interstitial voids form an integral part of the biofilm
structure [84]. Researchers have been able to demonstrate that water flow through these
interstitial voids [37,84]. Figure 3 illustrates the interstitial voids in a mixed-species drain
biofilm, developed on a stainless steel chip at 7 ◦C for five days under static conditions,
including the interstitial voids, transports nutrients, oxygen, metabolites, waste, and
antibiotics [37,73].
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The levels of oxygen distribution varied in the different layers of the biofilm, with
gradients of oxygen depletion towards the deeper parts of biofilms [83,84]. Researchers
found that anoxic areas exist within biofilms and that oxygen depletion extends beyond
the area of bacterial cells [84,85]. Oxygen-consuming bacteria through respiration may be
attributing to the anoxic regions resulting in rapid reduction in the oxygen concentration
from the surface to the interior of the microcolonies, and genes associated with anaerobic
respiration are induced in the interior of microcolonies [78,85]. The oxygen concentration in
the biofilm decreases with increasing depth. Similarly, the concentration of any nutrient that
is consumed in the biofilm will also decrease with depth into the biofilm and distance from
the nutrient source [86–88]. In addition, the characteristics of the nutrient accumulation
inside biofilm of natural microbial consortia changes in synchrony with the surrounding
nutrient sources [89].

4. Interactions of Microorganism in a Biofilm Community

Survival of an organism in the environment depends on its ability to sense and
respond to the changes in its surroundings. Cell-to-cell communication is key for social
construct of biofilm formed by different groups of microorganisms and to escape adverse
environmental conditions [1,23,88]. These communications are essential for cell attachment,
maturation, and detachment from biofilms [90]. The signals produced by microorganisms
vary among different groups [1]. In a multispecies biofilm, how these communication
signals are expressed and interpreted by other species are important in establishing a
successful biofilm.

4.1. Signaling in Interspecies, Intraspecies, and Cross-Kingdom Communication

Signaling molecules are often referred to as autoinducers; these are small, diffusible
molecules [88]. A number of microorganisms use diffusible signal molecules to monitor the
population density and to modulate their behavior in response to their environment [90]. At
low concentrations, some antibiotics also act as signaling molecules, and this may contribute
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to the antibiotic tolerance [90]. Cell–cell communication allows groups of microorganisms
to behave in a coordinated fashion to regulate biofilm formation [91,92].

Gram-positive and -negative bacteria produce and sense small diffusible compounds
called autoinducers in cell-to-cell communication. The mechanisms for producing and
detecting autoinducers is referred to as quorum sensing [91]. As the name suggests, quorum
sensing provides demographic information about the population level to other microbial
groups nearby that senses the autoinducer. Other than population sensing, these diffusing
autoinducers also provide information on spatial distribution of cells and conditions of
the local environment [91]. The production of autoinducers is directly proportional to cell
density, when the cell population increases, which in turn produces more of the autoinducer
molecules [13,14,88,91].

In gram-positive bacteria, the cell signaling system is composed of two component
systems: a membrane bound sensor kinase and cytoplasmic transcription factors [11].
Gram-negative bacteria are composed on LUX IR circuit [93]. Species–species communica-
tion allows recognition of self in a mixed population and also a mechanism to sense other
bacteria [11]. Gram-positive and gram-negative bacteria communicate with by producing a
signal molecule AI-2, which is common in both [16]. The signal molecule facilitates inter-
species communication to sense each other’s presence and enable the biofilm formation.

Cross-kingdom cell signaling occurs between both prokaryotes and eukaryotes. The
signaling involves small molecules, such as hormones by eukaryotes and hormones similar
to chemicals produced by bacteria [13,94]. The cross-kingdom communication helps in
establishing biofilms in animal and plant tissues. In food-processing facilities, the food
matrix can be of both plant and animal origin and introduction of biofilms through their
tissues can be a high food safety risk [12,13,93,95].

4.2. Metabolic Interactions

Microbial communities in the biofilm possess a combined metabolic activity or oblig-
atory mutualistic metabolism shared among all the species [37]. Metabolic interactions
among microorganisms leads to the success of the biofilm [96]. These interactions contribute
to division of labor among the different groups and lead to an increased virulence [11].
Combined metabolic activity of microorganisms enable a microbial community to survive
with minimal energy resources [11]. Successful establishment of multispecies biofilm can
result from an association between metabolically cooperative organisms that facilitates in-
terspecies substrate exchange and the removal or distribution of metabolic products [91,93].
Biofilms provide an ideal environment for the establishment of obligatory mutualistic
metabolism or syntrophic relationships [10]. Syntrophism is a special case of symbiosis in
which two metabolically distinct types of bacteria depend on each other to utilize certain
substrates, typically for energy production [10,93].

4.3. Enhanced Biofilm Formation through Microbial Interactions

Synergistic interactions can enhance the biofilm formation. In a study carried out by
Bharathi et al., 2011 [93], when four poor biofilm formers were cocultured, it enhanced
the potential to form strong multispecies biofilms [97]. Metabolic interactions that en-
hanced coaggregations and organized spatial distribution could be responsible for the shift
from weak biofilm formation to strong biofilm formers [2,98,99]. Species that do not form
biofilms as single strains may benefit from the advantages associated with biofilm forma-
tion, including enhanced protection from external stress and expanded niche availability,
through engagement with multispecies communities [78,99].

Enhanced biofilm formation and protection to less tolerant species with low ability to
form biofilms has been observed in multispecies biofilms [78,91,100]. This is achieved by
cooperative behavior between bacterial communities rather than competition among them.
With the higher the number of species, the complexity of interactions increases. The cooper-
ation in a multispecies biofilm is explained in the “Black Queen Hypothesis” [101]. This
hypothesis considers cooperation in complex bacterial communities as being a consequence
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of species adapting to the presence of each other [11,78]. Some species in the complex
community delete vital function or pathways that are provided by the surrounding bacteria,
leading to communal dependency [2,88] and thus leading to irreversible commitment to
coexistence [102].

5. Molecular Basis of Sanitizer Tolerance

Overall, the molecular mechanism of sanitizer tolerance has not been well character-
ized. Unlike bacterial antibiotic resistance, which is often based on one or more target
gene mutations against the drug’s selective toxicity, most of the disinfectants/sanitizer
reagents are complexes of antimicrobials inactivating multiple cellular components rather
than acting on a single and specific cell target; thus, one single mutation usually would not
be able to confer sufficient tolerance. However, bacterial tolerance to certain disinfectants,
such as triclosan, as a result of mutations altering bacterial target and specific cellular com-
ponents was also reported [102]. In addition, increased tolerance of Salmonella strains to
oxidizing biocides was found to be associated with the production of neutralizing enzymes
and DNA-repairing enzymes [103,104].

Non-specific alteration of bacterial cell envelop and cell wall structures that impact
cell permeability has been deemed as the common mechanism associated with sanitizer
tolerance [105]. Up-regulation of efflux pump activity that extrudes toxic substances, such
as sanitizers and antimicrobials, from the cells is another critical strategy. Sanitizer tolerance
associated with plasmids and integrons carrying efflux-related transporters, e.g., qacE, was
investigated [106]. Up-regulation of efflux pump-encoded genes Mar, Sox, and AcrAB-TolC
was observed in E. coli biofilm cells being treated with multiple antimicrobial agents [72].

Biofilms by E. coli O157:H7 strains isolated from HEP beef contamination exhibited
strong tolerance to common sanitizers, which was not solely dependent upon biofilm
mass development or bacterial EPS expression [68] but also positively correlated to the
strains’ high pO157 plasmid copy number [107], suggesting such high tolerance might
be related to the regulation mechanisms influenced by the presence of the plasmid. Even
though the role of the pO157 plasmid, that is, highly conserved in E. coli O157:H7 strains,
in bacterial survival capability under stressful and adverse circumstances has not been
well characterized, this plasmid was found encoding critical virulence factors required for
bacterial optimal survival and persistence in the environment and in the host [108–110].
The effects of the pO157 plasmid on bacterial colonization and survival capability might
take place either directly through increased gene expression on the pO157 plasmid or via
regulation of chromosomal gene expressions by the presence of the plasmid.

Since a wide variety of sanitizer reagents have been applied in food-processing en-
vironments in order to control and prevent biofilms, concerns have been raised over the
inappropriate use of these reagents that might result in the emergence of sanitizer tol-
erant isolates due to adaptive response or even strains with cross-resistance to clinical
antibiotics. A previous study showed that repeated exposure of E. coli strains to gradually
increasing concentrations of QAC could lead to reduced susceptibility to the sanitizer
and cross-resistance to phenicol compounds [111]. High tolerance was also observed in
Salmonella enterica strains after exposure to an active biocidal compound [111]. Further-
more, prolonged exposure of Salmonella strains to sanitizers at sub-lethal concentrations
could lead to selection of strains with reduced antibiotic susceptibility or even resistance
to multiple antibiotics [106], in part due to the fact that such exposure might potentially
select for strains with over-expressed efflux pumps. Interestingly, Salmonella serovar-related
variation of cross-resistance between sanitizers and antimicrobial agents was reported
previously [112,113]. On the other hand, available results have shown that bacterial an-
tibiotic resistant strains were not necessary to be more tolerant to sanitizers than their
antibiotic-sensitive counterparts [114]. In the future, the effect of sanitizer sub-lethal ex-
posure on bacterial sanitizer tolerance or antibiotic/sanitizer cross-resistance requires
further investigation.
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6. Biofilm Community and Genetic Element Exchange

Bacterial coexistence in natural environment could lead to the development of mixed
biofilms that constitute a reservoir to facility exchanges of genetic materials within the
biofilm community via physical contact. Higher levels of horizontal gene transfer promoted
within the biofilm community have been demonstrated in laboratories [115,116], and en-
hanced biofilm formation as a result of genetic material transfer has been observed as well.
For instance, conjugative transfer of the F-like plasmid R1drd19 in E. coli strains [117] and
transfer of plasmid RP4 between Pseudomonas species [118] were both shown to occur at sig-
nificantly higher frequencies in biofilms. Studies [119,120] using E. coli systems also demon-
strated horizontal transfer of non-conjugative plasmids and genetic elements. On the other
hand, transmission of conjugative plasmids R1drd19 [121] and pMAS2027/pOLA52 [122]
could induce greater biofilm development in E. coli cultures through pili and type 3 fim-
briae synthesis, respectively. More importantly, it has been shown that the E. coli plasmid
pOLA52 could retain its ability to induce biofilm development after it was transferred to
other bacterial species, including Salmonella Typhimurium strains [123]. Transformation
of non-conjugative plasmids pET28 and pUC8 could also increase biofilm cell growth in
E. coli cultures [124].

In addition to facilitate plasmid transfer, biofilm development could also affect plas-
mid copy-number control, which has been investigated with plasmids pBR322 and pCF10.
The copy-numbers of the two plasmids were both increased in biofilms compared to the
planktonic cells in E. coli [125] and E. faecalis [126] cultures, respectively. The higher copy
number of the plasmid pBR322, which encoded antibiotic resistance genes against ampi-
cillin and tetracycline, was also correlated with stronger antibiotic resistance phenotype,
as the presence of sub-lethal concentrations of the antibiotic increased the copy number
of the plasmid [125]. A recent report [107] showed that compared to the diversity con-
trol panel strains, HEP E. coli O157:H7 strains overall retained significantly higher copy
number of the pO157 plasmid, and a positive correlation was observed among the high
plasmid copy number, strong biofilm forming ability, low sanitizer susceptibility, and
high survival/recovery capability of the biofilm cells after sanitization. Since the highly
conserved pO157 plasmid has been associated with biofilm formation and bacterial optimal
survival/persistence in the environment [108–110], the high copy number of the pO157
plasmid might therefore constitute the genetic basis for the strong biofilm forming ability
and high sanitizer tolerance of these HEP E. coli O157:H7 strains that pose stronger survival
capability and higher potential of causing contamination at the meat plants.

Biofilm promoted horizontal gene transfer that might potentially lead to dissemination
of antibiotic resistance determinants is another concern to food safety and public health.
Increased transfer of multidrug resistance plasmids has been shown in E. coli [127,128] and
Staphylococcus aureus biofilms [115]. Resistance against oxyimino-cephalosporins encoded
by the bla CTX-M genes was investigated in E. coli, K. pneumoniae, and E. cloacae, and results
also showed that the transfer frequency of the bla CTX-M genes was higher in strains at
their biofilm stage than those at planktonic state [128]. In addition, it was reported that the
natural blaNDM-1 plasmids could be successfully transferred from E. coli trans-conjugants
to strong biofilm formers of P. aeruginosa and A. baumannii in dual-species biofilms, demon-
strating the potential spread of the blaNDM-1 carbapenemase gene conferring resistance to
carbapenem antibiotics within the multispecies biofilm community [129].

It is worthy to note that experiments performed under laboratory settings and lon-
gitudinal studies conducted at real commercial/industry environment involving animal
population movements and antimicrobial usage over time may provide different obser-
vations. For instance, transfer of bla CMY-2-carrying plasmids conferring cephalosporins
resistance was observed from E. coli donor strains to Serratia marcescens strains in biofilms,
and the recipient strains with the resistant phenotype as a result of bla CMY-2 acqui-
sition further acted as secondary plasmid donors [127]. However recently, a 24-month
longitudinal study [130] reported that the presence of third-generation cephalosporins
(3GC)-resistant Salmonella in commercial cattle feed yards was driven by the persistent
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pathogen subtypes instead of actively acquiring and maintaining the bla genes from the
more frequently isolated 3GC-resistant E. coli, which has been suggested as the reservoir of
3GC resistance. Such observation contradicts the traditional reservoir theory, which was
based on the isolation of Salmonella and E. coli harboring the IncA/C2 plasmids with similar
genetic structures, including the bla CMY-2 gene, that may facilitate horizontal gene trans-
fer between the two bacterial species. These various findings brought additional dimension
to biofilm research concerning genetic material exchange under real life conditions because
critical information, such as bacterial species, plasmid replicon profile, presence/location
of antibiotic resistant genes, as well as evolutionary relationships, should be all taken
into consideration when investigating biofilm related dissemination and persistence of
genetic elements.

7. Conclusions

In the food-processing environment, the coexistence of multiple bacterial species pro-
foundly affects biofilm structure, composition, and, more importantly, the tolerance levels
of the biofilm cells to sanitizers and other antimicrobial interventions. Understanding how
foodborne pathogens are protected and released into the food-processing environment from
biofilms will lead to new knowledge on sanitizer tolerance and recurrent contamination.
Studies related to foodborne pathogen or microbial interventions on biofilms are mostly
designed on single-species biofilms or planktonic cells in axenic settings, overlooking the
fact that in most environments, microorganisms coexist. Mixed-species biofilms are more
tolerant to sanitizers than single-species biofilms or their planktonic equivalents. Hence,
there is a need to explore how multispecies biofilms help in protecting the foodborne
pathogen from common sanitizers and disseminate biofilm cells from hotspots and con-
taminated food products. This knowledge will help in designing microbial interventions
to mitigate foodborne pathogens in the processing environment. As the global need for
safe, high-quality, and nutritious food increases, it is vital to study foodborne pathogen
behavior in a multi-partite interaction and engineer new interventions that safeguard food
from contamination with pathogens.
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