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ABSTRACT

Biofilms are surface-attached microbial communities with distinct properties, which have a tremendous impact on public
health and food safety. In the meat industry, biofilms remain a serious concern because many foodborne pathogens can form
biofilms in areas at meat plants that are difficult to sanitize properly, and biofilm cells are more tolerant to sanitization than their
planktonic counterparts. Furthermore, nearly all biofilms in commercial environments consist of multiple species of
microorganisms, and the complex interactions within the community significantly influence the architecture, activity, and
sanitizer tolerance of the biofilm society. This review focuses on the effect of microbial coexistence on mixed biofilm formation
with foodborne pathogens of major concern in the fresh meat industry and their resultant sanitizer tolerance. The factors that
would affect biofilm cell transfer from contact surfaces to meat products, one of the most common transmission routes that could
lead to product contamination, are discussed as well. Available results from recent studies relevant to the meat industry,
implying the potential role of bacterial persistence and biofilm formation in meat contamination, are reviewed in response to the
pressing need to understand the mechanisms that cause ‘‘high event period’’ contamination at commercial meat processing
plants. A better understanding of these events would help the industry to enhance strategies to prevent contamination and
improve meat safety.
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Bacterial biofilm formation was first described in 1943
(73), and since then, it has been considered one of the major
challenges for public health and food safety. The complex
mechanism of this microbial community has been increas-
ingly better defined with research efforts over the years;
however, its potential risk and impact is by no means
resolved. Many foodborne pathogens, such as Escherichia
coli O157:H7, Salmonella enterica, and Listeria monocyto-
genes, are able to develop biofilms in many areas of food
processing plants, including floors, walls, and pipes, etc.
(54). Food contact surfaces and processing equipment made
of various materials, including stainless steel, rubber,
plastic, and Teflon, etc., may be subject to biofilm
formation. In particular, areas such as floor drains and the
backside of conveyor belts, as well as other contact and
noncontact surfaces in the processing environment, are hot
spots that attract biofilm development due to poor
accessibility and the resultant difficulty for regular hygiene
maintenance.

Because biofilm cells are much more tolerant to
physical and chemical treatments, including sanitization,
than are free-flowing cells of the same species, bacterial
biofilms remain a serious safety concern for the food
industry. In addition, bacteria in natural environments most

frequently coexist in multispecies communities to form
mixed biofilms, and the coexistence of multiple bacterial
species significantly affects mixed biofilm structure,
activity, and sanitizer tolerance. As a result, the complete
inactivation and removal of mature biofilms formed by or
mixed with foodborne pathogens on processing equipment
and contact surfaces is difficult to achieve; thus, any viable
pathogens in detached biofilms may lead to cross-contam-
ination of food products. This review, with an emphasis on
meat safety, will focus on the research findings about major
foodborne pathogens in mixed biofilms, their sanitizer
tolerance, biofilm cell transfer to meat products, and the
potential involvement of biofilms in high event period
(HEP) contamination incidences at commercial meat plants.

FOODBORNE PATHOGENS IN MIXED BIOFILMS

A wide variety of foodborne pathogens are able to
attach, colonize, and form biofilms, such as the O157- and
non-O157 Shiga toxin–producing E. coli (STEC), S.
enterica, and L. monocytogenes, etc. In contrast to the
single-strain biofilm studies often performed in laboratories,
the microbial society in commercial environments is heavily
biased toward multispecies communities. Numerous studies
have shown the coexistence of STEC O157 and non-O157
serotypes as well as S. enterica on veal hides, lamb fleece,
and carcass samples in commercial meat plants (1, 4, 10–12,
22, 27, 47, 66). Furthermore, available results also show
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that multiple bacterial species, including E. coli, Salmonel-
la, Staphylococcus, Bacillus, and Pseudomonas, could
coexist and form biofilms in meat processing plants (39).
Even though, in reality, it is more likely that one particular
type of pathogen would form mixed biofilms with
commensal or spoilage bacteria that are more commonly
present in the environment, a severe outbreak by multiple
foodborne pathogens, such as virulent STEC serotypes
O157:H7 and O111:H8, causing serious public health
consequences has been reported (69).

Biofilm-forming ability is known to be mostly strain
dependent and closely related to bacterial strain properties
of cell surface structures that are expressed at various levels
dependent upon the environmental conditions the bacteria
encounter. Among those, the importance of extracellular
polymeric substances (EPS), such as curli fimbriae,
cellulose, capsular polysaccharide, lipopolysaccharide, and
outer membrane proteins, for biofilm formation has been
well appreciated. The EPS structures also are associated
with bacterial capability to compete and establish them-
selves during mixed biofilm development; Wang et al. (65)
showed that the EPS-producing strains with higher biofilm-
forming abilities were able to efficiently outcompete their
EPS-negative companion strains in dual-species mixed
biofilms formed by STEC O157:H7 and Salmonella
Typhimurium. Available studies also have shown that
coexistence of multiple bacterial species could increase
biofilm development and enhance pathogen persistence by
promoting EPS production. For instance, Rieu et al. (46)
showed that biofilm cell density of a L. monocytogenes
strain was increased when cocultured with a S. aureus
strain, and certain peptide molecules produced by the S.
aureus strain might stimulate higher biofilm development
by L. monocytogenes compared with its single-strain
biofilm. In addition, multiple microorganisms could interact
synergistically to promote biofilm formation; Burmølle et
al. (15) showed that the coexistence of Microbacterium
phyllosphaerae, Shewanella japonica, Dokdonia donghaen-
sis, and Acinetobacter lwoffii in a four-strain mixture
increased biofilm development compared with biofilm mass
formed by each single strain. Similarly, the level of L.
monocytogenes cells colonized on a stainless steel surface
was significantly higher in dual-strain mixed biofilms with
Flavobacterium spp. compared with L. monocytogenes
single-strain biofilms (13). Studies focusing on STEC
O157:H7 also have shown that surface attachment of an
O157:H7 strain unable to form single-strain biofilms was
enhanced when mixed with an E. coli O-:H4 companion
strain (57), and preformed Acinetobacter calcoaceticus
biofilms enhanced O157:H7 colonization on solid surfaces
under both static and dynamic growth conditions (20).

The potential risk of mixed biofilms containing
foodborne pathogens to food safety and public health is
largely influenced by the dominant species in the mixtures,
which is the result of interactions among the multiple
microorganisms competing for essential nutritional resourc-
es and colonization space. The competition results are
related to a variety of factors, such as the combination of
bacterial species in the mixture, contact surface materials,
the sequence of colonization, and the age of biofilms, etc.

For instance, biofilm cell density of L. monocytogenes
varied in dual-species biofilms cocultured with Pseudomo-
nas, Staphylococcus, or Flavobacterium, and the increase or
decrease of the Listeria biofilm cell level was dependent
upon its companion strain in the mixtures (13, 16, 37, 46).
By contrast, STEC serotype-related ability to outcompete
companion strains in dual-serotype cultures was observed in
a study by Wang et al. (63); they showed that STEC O26:
H11 strains were able to outgrow STEC O157:H7
companion strains in both planktonic and biofilm phases.
Furthermore, STEC O26:H11 strains could also effectively
compete with precolonized O157:H7 cells to establish
themselves in mixed biofilms, but STEC O157:H7 strains
were unable to displace preformed O26:H11 biofilms,
which appeared to be a serotype-related phenomenon rather
than strain dependent. Such serotype- or species-related
outcompeting capability also was illustrated in studies that
investigated mixed biofilm formation by STEC serotypes
O157:H7 and O111:H8 (62), as well as dual-species
planktonic growth competition between Salmonella Typhi-
murium and STEC O157:H7 (65).

Biofilm formation by certain pathogens on contact
surfaces with the presence of preexisting biofilms formed by
commensal or spoilage bacteria or other pathogens is a
likely event in commercial meat plants (39, 54, 62); thus,
the sequence of bacterial colonization could play a critical
role in determining the composition and dominant species
of the mixed biofilms. For instance, early-stage precoloni-
zation was found to significantly affect the competition
results between STEC serotypes O157:H7 and O111:H8
while forming mixed biofilms. The precolonizer of either
serotype was able to outgrow the other serotype in both
planktonic and biofilm phases (62). Similarly, in the
presence of the preformed Salmonella Typhimurium
biofilms, STEC O157:H7 strains were unable to compete
efficiently with the precolonized Salmonella Typhimurium
cells and replace the preexisting Salmonella biofilms.
Conversely, early-stage precolonization by STEC O157:
H7 strains also enhanced their establishment in mixed
biofilms while competing with the Salmonella Typhimu-
rium companion strains. Again, during the sequential
colonization and competition process, bacterial EPS ex-
pression appeared to benefit the EPS-producing strains,
providing them with stronger ability to compete with the
precolonized cells of the other species (65).

BIOFILM SANITIZER TOLERANCE

Studies have shown that biofilm sanitizer tolerance was
mainly correlated to the biofilm mass development and cell
surface expression of the EPS structures (61, 64, 65, 68).
Compared with freshly formed biofilms, mature biofilms are
generally more tolerant to stressful conditions due to the
strong 3D structure composed of the adhered multiple layers
of bacterial cells, which constitutes a physical barrier that
limits and obstructs the penetration of sanitizers or other
harmful chemicals. Lee et al. (35) reported that L.
monocytogenes biofilms formed on a stainless steel surface
for 8 days were twice as tolerant to hypochloride treatment
as biofilms of 4 days, and 100-fold more tolerant than 4-h-
old biofilms. Yang et al. (71) also observed, while testing
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the effectiveness of commercial sanitizer products, greater
reductions of L. monocytogenes and background bacteria in
7-day-old biofilms compared with the 21-day-old biofilms
formed by a L. monocytogenes strain or by background
microorganisms from ham homogenates.

Bacterial EPS structures, such as curli fimbriae,
cellulose, capsular polysaccharide, and lipopolysaccharide,
have been reported to not only increase bacterial biofilm-
forming ability, but also to enhance biofilm survival
capability and stress tolerance. For instance, strong biofilm
formers of S. enterica strains with positive EPS expression
could survive under dry conditions much longer than the
weak biofilm formers with negative EPS expression (25).
Furthermore, scanning electron microscope analysis re-
vealed that the EPS structure could directly protect the cells
from desiccation because its barrier function could help
maintain moisture for the viable cells within the biofilm
structure. The EPS protective effect under dry conditions
also has been observed in biofilms formed by Pseudomonas
and Enterobacter species (30, 48). More importantly, EPS
structure can protect cells by blocking the penetration of
sanitizers (55, 74). Curli production was found to increase
tolerance of E. coli O157:H7 biofilms to chlorine treatment
(51) and also helped E. coli cell survival in the presence of
toxic compounds, such as nickel (23). Tolerance of biofilms
formed by E. coli O157:H7, as well as by the major non-
O157 STECs and Salmonella Typhimurium, to common
sanitizer treatments also was found to be highly strain
dependent and closely associated with bacterial curli and
cellulose expression (56, 61, 65, 68).

Multispecies biofilm formation commonly observed in
the environment also would have profound impact on
biofilm sanitizer tolerance and antibiotic resistance. For
instance, the abovementioned four-species mixed biofilms
formed by Microbacterium phyllosphaerae, Shewanella
japonica, Dokdonia donghaensis, and Acinetobacter lwoffii
exhibited not only an increased total biomass matrix but
also a substantially higher tolerance to treatments with
hydrogen peroxide or tetracycline (15). Similarly, compared
with single-species biofilms, mixed biofilms formed by P.
aeruginosa, P. protegens, and Klebsiella pneumoniae were
more resistant to sodium dodecyl sulphate and tobramycin
(34), and L. monocytogenes in mixed biofilms with
Lactobacillus plantarum was more tolerant to benzalko-
nium chloride and peracetic acid (58). Significantly
enhanced survival of L. monocytogenes cells on a stainless
steel surface after prolonged storage at low temperature also
was observed in mixed biofilms with Flavobacterium spp.
compared with L. monocytogenes single-strain biofilms
(13).

However, enhanced tolerance of mixed biofilms was
not solely dependent upon total biofilm mass development;
a previous study (57) demonstrated that the hydrogen
peroxide tolerance of E. coli O157:H7 cells in dual-strain
biofilms was influenced more by the type of the companion
strains rather than the total biomass of the mixed biofilms.
Studies have shown that such enhanced survival capability
involved strain combination of the mixed biofilms, EPS
expression of companion strains, and the spatial organiza-
tion of the species in the mixture. Furthermore, the

enhanced tolerance against treatments usually benefits the
entire mixed biofilm community rather than just the specific
strains with higher tolerance. For instance, Leriche et al.
(36) showed that Staphylococcus sciuri could be protected
against chlorine treatment by aggregating within microcol-
onies formed with a Kocuria sp. strain that was more
tolerant to such exposure. In addition, research on dual-
species biofilm formation by Salmonella Typhimurium and
E. coli O157:H7 strains found that, in comparison to each
single-strain biofilm, Salmonella Typhimurium or E. coli
O157:H7 strains with negative EPS expressions obtained
significantly enhanced tolerance to sanitization by forming
mixed biofilms with an EPS-producing companion strain of
the other species. This indicates that the bacterial EPS
components not only enhanced sanitizer tolerance of the
EPS-producing strains but also rendered protections to their
companion strains, regardless of the species (65). Such
spatial protection by sharing EPS structures within mixed
biofilms was illustrated in more detail in 3D confocal
images that showed that a S. aureus strain obtained higher
tolerance against peracetic acid treatment by forming mixed
biofilms with a B. subtilis strain, within which the S. aureus
cells were protected by entrapment in bacterial surface
structures that the B. subtilis strain produced (14).

The molecular mechanisms of sanitizer tolerance
mostly involve bacterial cell envelope and cell wall
structure changes that impact cell permeability (17). By
extruding sanitizers from bacteria to prevent the accumu-
lation of toxic agents, the upregulation of efflux pump
activity also confers tolerance to biofilm cells; efflux pumps
have been shown to play a critical role as a nonspecific
defense system in the tolerance of E. coli and S. enterica
strains to quaternary ammonium chloride and triclosan
treatments (38). Sanitizer tolerance associated with the
presence of quaternary ammonium chloride resistance genes
(75) and high copy numbers of virulent plasmids (67) in E.
coli strains was reported previously. In addition, bacterial
quorum sensing systems are profoundly involved in biofilm
development and sanitizer tolerance by facilitating bacterial
intraspecies and interspecies communications via the
production and secretion of signaling molecules called
autoinducers. Among these, the AI-2 system has been
identified in several gram-negative and gram-positive
bacterial species that were able to mediate interspecies
communication. For instance, AI-2 produced by E. faecalis
was able to enhance the aggregation of E. coli cells and co-
aggregation of the two species, and the resultant mixed
dual-species biofilm formation increased stress tolerance of
both E. coli and E. faecalis (33). Farnesol, another quorum
sensing molecule secreted by Candida albicans, signifi-
cantly enhanced antimicrobial tolerance of S. aureus in
mixed biofilms with C. albicans, and such enhanced
tolerance was related to the upregulation of efflux pump
activity, which was triggered by the farnesol-induced
oxidative stress (31). Understanding the mechanisms
underlying interspecies communications in multispecies
biofilms and the specific tolerance responses to the secreted
signaling molecules may lead to the identification of novel
intervention targets for product development.
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BIOFILM CELL TRANSFER FROM CONTACT
SURFACE TO FOOD PRODUCT

The most common transmission route reported (44) to
lead to cross-contamination in the food processing envi-
ronment is transfer of bacteria from contact surfaces to food
products via direct contact. Thus, considerable research has
been directed at understanding and preventing such cross-
contamination, including attention to bacterial biofilms on
contact surfaces as a potential contamination source. Many
factors could potentially affect the transfer efficiency of
biofilm cells to food products. For instance, bacterial
surface EPS structures, such as curli, flagella, fibrillae,
capsular polysaccharides, lipopolysaccharides, and outer
membrane proteins, etc., could assist cell adhesion and
affect the degree of attachment strength between bacteria
and the contact surface. Other specific properties of the
biofilms, such as biofilm cell density, the 3D structure, and
the coexistence of other bacterial species in the mixed
biofilm community, also would affect bacterial transfer
efficiency.

Numerous studies have investigated the transferability
of biofilms by common foodborne pathogens such as STEC
O157:H7 and L. monocytogenes using various model
systems to simulate dynamic (slicing) or static contact
between food products and contact surfaces colonized with
biofilms. Biofilm cell density was found to have the greatest
influence on bacterial transfer efficiency. Studies investi-
gating L. monocytogenes biofilm transfer showed that the
strong biofilm-forming strains could transfer a significantly
higher number of bacteria to beef food products (40), roast
turkey breast (28), salmon products (21), and Genoa hard
salami (29). Likewise, the number of food samples that
could be contaminated by the biofilm-colonized contact
surface was found to be proportional to the biofilm cell
density as well. For instance, Vorst et al. (60) studied L.
monocytogenes transfer to turkey breast and salami sliced
with inoculated stainless steel knives. They observed that L.
monocytogenes transfer was enumerable up to 30 slices with
an initial inoculum of 108 CFU bacteria per blade, whereas
blades inoculated with 105 and 103 CFU bacteria yielded
enumerable L. monocytogenes counts only up to 20 and 5
slices, respectively. The potential for strong biofilm formers
to contaminate high numbers of food samples was due to the
general decrease of biofilm cell population after each
transfer. Keskinen et al. (28), in an investigation of the
effect of Listeria biofilm-forming ability on bacterial
transfer rate during slicing of delicatessen turkey meat,
found that Listeria biofilm populations decreased 3 to 5 log
CFU per slice after 16 slices. Thus, the decrease of biofilm
cell population after each transfer event, the so-called self-
cleaning process, would limit the number of food samples
being contaminated by the biofilm-colonized contact
surface.

Meanwhile, the material types of food contact surfaces
could influence the adhesion (attachment strength) between
biofilms and contact surfaces, which would, in turn, affect
biofilm detachment and bacterial transfer. The attachment
strength of L. monocytogenes biofilms on polyvinylchloride
or polyurethane surfaces was found to be significantly

greater than that on stainless steel surfaces (40), and such a
difference could substantially affect the detachment process
and the transfer efficiency of the biofilm cells. Similarly,
Rodríguez and McLandsborough (50) observed that L.
monocytogenes biofilms on stainless steel transferred more
bacteria to food surfaces than those on high-density
polyethylene surfaces. Contact time and pressure were
two other factors that could affect the translocation of the
biofilms; the same study also showed that the number of
Listeria biofilm cells transferred from a stainless steel
surface to bologna increased with longer contact time and
higher pressure. However, such proportional relationships
were observed only while transfer events took place within
the low ranges of these two parameters (1 to 15 s at 2 to 24
kPa), and bacterial transfer efficiency became independent
of both factors after they were increased beyond certain
levels (.30 s and .24 kPa).

Previous studies have also shown that the hydration
level of the contact surfaces was important for biofilm cell
transfer that required capillary effect or liquid bridge
between the cells and the moisture content of the food
products. One study found that the transfer of S. aureus
biofilms was more efficient when the contact surfaces were
wetted (52). Likewise, food composition could also play a
role in the dissemination and transfer of biofilm cells;
enhanced fat and moisture contents have been shown to
increase the transfer of L. monocytogenes biofilm cells to
salmon products (21). Rodríguez et al. (49, 50) showed that
L. monocytogenes biofilms could be transferred more
efficiently to chicken or pork bologna than to cheese or
hard salami; they suggested that the difference in fat globule
size and the variations in carbohydrate, protein, and
moisture composition of the different food products could
affect the transfer efficiency. Bacterial transfer efficiency
from a stainless steel surface was observed to be dependent
on water activity of the food products because certain
produce products with high water content, such as
cantaloupe, were highly susceptible to cross-contamination
by STEC O157:H7 biofilm-forming strains (53). In
addition, nutritional factors could enhance biofilm attach-
ment strength; calcium promoted the development of
calcium bridges, and the addition of glucose could increase
synthesis of bacterial exopolysaccharides (41), thus affect-
ing the cohesion and detachment of the biofilms on contact
surfaces.

POTENTIAL INVOLVEMENT OF BIOFILMS
IN MEAT CONTAMINATION AT

COMMERCIAL PLANTS

Due to the strong sanitizer tolerance and the high
potential of bacterial transfer from biofilms to meat products
via direct contact, one serious concern for meat safety is that
when viable bacteria in mature biofilms become detached as
the meat products pass over the area, random occasions of
product contamination could occur. It would be difficult to
trace the contaminating source in this case because such
occasions would usually exhibit no apparent temporal and
spatial patterns or associate with specific process control
failures because biofilms are often randomly and unevenly
distributed on contact surfaces or in the environment. Thus,
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research efforts are much needed to investigate the potential
involvement of biofilm formation in product contamination
incidence at commercial meat plants.

Currently, in the meat industry, pathogens on animal
hides have been deemed to be the main source of carcass
contamination during processing when the incoming
pathogen load on hides exceeds the capacity of the in-plant
antimicrobial interventions (5, 32, 42, 70). However, recent
studies have noted other pathogen sources involving
bacterial biofilms existing in commercial establishments,
which might also contribute to meat product contamination.
For instance, Yang et al. (72) investigated the possible
origin of E. coli strains on cuts and trimmings in a beef
packing plant and found that these strains mainly originated
from the conveyor belt, suggesting that certain E. coli
strains might survive the daily cleaning and sanitation
process and, thus, persist in the plant. In another study (59),
this research group investigated the immediate source of E.
coli on beef trim; they observed low genomic diversity of
the E. coli strains, again suggesting that the majority of
these isolates might originate from common sources, most
likely from contact surfaces during the fabrication process.

Studies focusing on specific foodborne pathogens
isolated from contamination incidents at meat processing
plants had similar observations. Among those, Arthur et al.
(2) analyzed STEC O157:H7 strains isolated from beef trim
contaminations during HEPs; the term ‘‘HEP’’ refers to a
short time period during which commercial meat plants
experience a higher than usual occurrence of product
contamination by STEC O157:H7. Results of genomic
typing by pulsed-field gel electrophoresis indicated that the
STEC O157:H7 strains isolated from each HEP always
consisted of a singular predominant O157 strain type, even
though these strains were collected across multiple product
lots and harvested over time spans representing more than
1,000 head of processed cattle. That finding disagreed with
the traditional meat contamination model, which stated that
contamination originated from incoming pathogens on
animal hides, which always consisted of highly diverse
strain types of STEC O157:H7 (3, 5, 6). Further analysis of
the HEP strains (64, 67) showed that, compared with the
diversity control panel strains, the STEC O157:H7 strains
isolated from HEPs had significantly higher potency of
biofilm formation on contact surface, had lower suscepti-
bility to common sanitizers, and formed biofilms that
exhibited significantly stronger tolerance to sanitization.
These findings suggested that biofilm formation and
sanitization tolerance might contribute to HEP beef trim
contamination by STEC O157:H7 at meat processing
plants.

Furthermore, a recent study by Wang et al. (68)
characterized a diverse group of S. enterica strains isolated
from contaminated beef trim. These strains, collected from
various commercial meat plants located in the 50 U.S. states
and the country's territories and insular areas, represent the
breadth of Salmonella strains and serovars causing meat
contamination under the current industrial and commercial
settings. The vast majority of these Salmonella strains were
found to be able to develop strong biofilms that exhibited
high tolerance to common sanitizers, including quaternary

ammonium chloride and chlorine dioxide (ClO2), suggest-
ing that the strong biofilm formers of certain S. enterica
strains and serovars might pose significant potential for
causing product contamination in the meat processing
environment. Taken together, these studies suggest one
alternative meat contamination model at commercial plants:
certain bacterial strains might be better able to survive
exposure to sanitizers and daily cleaning procedures
through the formation of biofilms, which would, in turn,
persist in the plants and serve as reservoirs for product
contamination. Such biofilm-related contamination events
would have no apparent temporal and spatial patterns to
trace, and owing to the abovementioned ‘‘self-cleaning’’
phenomenon, in which the biofilm cell population decreases
after each transfer, such contamination could be resolved
without notable corrective actions being taken, which has
been the case for most of the HEP contaminations observed
at commercial plants (2).

Note that, to date, there is still a lack of direct evidence
that the persistence of biofilms at processing plants directly
causes HEP or other types of trim contamination; such
evidence is difficult to obtain because of the nature of the
incidence and the feasibility of the monitoring and sampling
procedures that target the randomly and unevenly distrib-
uted biofilms. However, the industrial and research field
certainly requires continuous effort to better understand the
pathogen source and transmission route responsible for such
product contamination events.

CONCLUDING REMARKS AND NOVEL
APPROACHES FOR BIOFILM CONTROL

AND PREVENTION

The fact that foodborne pathogen biofilms and their
high sanitizer tolerance present a serious public health risk
highlights the importance of properly sanitizing food
processing equipment and contact surfaces to control and
inactivate biofilms. The current sanitization methods mostly
rely on the application of chemical disinfectants; however,
studies have shown that many common and traditional
sanitizers were not able to completely eradicate mature
biofilms on food contact surfaces. In particular, those
treatments that use individual sanitizer products exhibit
limited effectiveness on biofilms, even with prolonged
exposure time (18, 26). Therefore, the meat industry needs
safe and efficient sanitizer products, as well as practical,
cost-effective protocols to control, remove, and prevent
biofilms. Thus, novel approaches have been designed and
evaluated; among these, treatments that use multiple
sanitizer products or that combine sanitizer usage with
other cleaning methods have shown enhanced effectiveness
on biofilm control due to the synergistic effect. For instance,
Ban and Kang (8) demonstrated that sanitizer treatment
combined with steam heating significantly enhanced levels
of inactivation of E. coli O157:H7, Salmonella Typhimu-
rium, and L. monocytogenes biofilm cells even with
decreased sanitizer concentration and exposure time period.
DeQueiroz and Day (19) also showed that the combination
of sodium hypochlorite and hydrogen peroxide was more
effective in controlling and removing P. aeruginosa biofilms
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compared with each sanitizer applied individually at the
same concentrations.

There also have been growing concerns over the
widespread use of chemical reagents due to the potential
issues, such as contact surface corrosion, distribution of
residual biocides in the environment, and increase of
antibiotic-sanitizer cross-resistance, among others. There-
fore, novel alternatives have been proposed to be applied as
cleaning agents and disinfectants or to complement regular
sanitizing processes in the food industry. Among those,
antibiofilm enzyme-based treatment, which targets the
integrity of bacterial EPS structures, has been recently
evaluated using a variety of commercial enzymatic
products; the results showed that such treatment could
greatly weaken the structure of multispecies biofilms
containing L. monocytogenes and, thus, significantly
enhance biofilm removal (45). In addition, certain members
of the antimicrobial peptide family with the functions of
permeabilizing cell membranes and inhibiting cell wall–
nucleic acid–protein biosynthesis also have displayed
broad-spectrum antibiofilm activities. A recent study with
bactericidal assays and scanning electron microscope
analysis demonstrated that peptide treatment effectively
inactivated L. monocytogenes biofilm cells, as evidenced by
a large amount of posttreatment extracellular debris or
biofilm cells with disrupted or irregular morphologies (43).

Moreover, because complete inactivation and removal
of surface-bound biofilms can be very challenging,
prevention of biofilm formation would be an ideal and
cost-effective solution for the meat industry. As such,
nonbiocidal antibiofilming surfaces have been designed
with reduced adhesive forces and improved heat transfer
efficiency to be applied as food contact surfaces to suppress
bacterial colonization and biofilm formation (9, 24).
Furthermore, because one critical factor that would promote
bacterial colonization is contact surface roughness and the
presence of microscale cavities, such as scratches and
grooves frequently seen on processing equipment, an
inexpensive and scalable method of food-safe oil-based
slippery coatings was recently tested on stainless steel
surface, and the results showed that the surface-retained oil
could effectively reduce stainless steel roughness and
inhibit biofilm formation by blocking the surface defects
such as scratches and grooves as significant sites for initial
bacterial attachment (7). Such an approach was designed to
optimize contact surface hydrophobicity and use food-grade
cooking oil lubricant to limit not only bacterial adherence
but also food residue accumulation and, thus, provide a low-
cost and practical option for the food industry to enhance
cleanability of contact surface and prevent biofilm forma-
tion. However, potential concerns such as the impact of oil
coating on food quality, bacterial survival in oil layers, and
the feasibility of this approach being applied at large-scale
manufacturing operations still require further investigation
and evaluation.

In summary, the effective control and prevention of
biofilm-associated pathogen persistence as a potential
contamination source in the meat industry demands a good
understanding of the complexity of multiple species
biofilms as well as the ecological niches and reservoirs that

facilitate biofilm stress tolerance, survival, and efficient
transfer to meat products. Expanding our knowledge in
these areas would help the meat industry to develop novel
strategies and implement the most effective sanitation
operations.

ACKNOWLEDGMENTS

This work was supported in part by the Beef Checkoff (Nebraska
Beef Council grants 58-5438-2-406 and 58-5438-4-014) and by the North
American Meat Institute (grant 58-3040-5-003).

REFERENCES

1. Aidar-Ugrinovich, L., J. Blanco, M. Blanco, J. E. Blanco, L. Leomil,
G. Dahbi, A. Mora, D. L. Onuma, W. D. Silveira, and A. F. Pestana
de Castro. 2007. Serotypes, virulence genes, and intimin types of
Shiga toxin-producing Escherichia coli (STEC) and enteropathogen-
ic E. coli (EPEC) isolated from calves in São Paulo, Brazil. Int. J.
Food Microbiol. 115:297–306.

2. Arthur, T. M., J. L. Bono, and N. Kalchayanand. 2014. Character-
ization of Escherichia coli O157:H7 strains from contaminated raw
beef trim during ‘‘high event periods.’’ Appl. Environ. Microbiol.
80:506–514.

3. Arthur, T. M., J. M. Bosilevac, D. M. Brichta-Harhay, M. N. Guerini,
N. Kalchayanand, S. D. Shackelford, T. L. Wheeler, and M.
Koohmaraie. 2007. Transportation and lairage environment effects
on prevalence, numbers, and diversity of Escherichia coli O157:H7
on hides and carcasses of beef cattle at processing. J. Food Prot.
70:280–286.

4. Arthur, T. M., J. M. Bosilevac, D. M. Brichta-Harhay, N.
Kalchayanand, D. A. King, S. D. Shackelford, T. L. Wheeler, and
M. Koohmaraie. 2008. Source tracking of Escherichia coli O157:H7
and Salmonella contamination in the lairage environment at
commercial U.S. beef processing plants and identification of an
effective intervention. J. Food Prot. 71:1752–1760.

5. Arthur, T. M., J. M. Bosilevac, D. M. Brichta-Harhay, N.
Kalchayanand, S. D. Shackelford, T. L. Wheeler, and M. Koohmar-
aie. 2007. Effects of a minimal hide wash cabinet on the levels and
prevalence of E. coli O157:H7 and Salmonella on the hides of beef
cattle at slaughter. J. Food Prot. 70:1076–1079.

6. Arthur, T. M., J. M. Bosilevac, X. Nou, S. D. Shackelford, T. L.
Wheeler, and M. Koohmaraie. 2007. Comparison of the molecular
genotypes of Escherichia coli O157:H7 from the hides of beef
cattle in different regions of North America. J. Food Prot. 70:1622–
1626.

7. Awad, T. S., D. Asker, and B. D. Hatton. 2018. Food-safe
modification of stainless steel food-processing surfaces to reduce
bacterial biofilms. ACS Appl. Mater. Interfaces 10:22902–22912.

8. Ban, G. H., and D. H. Kang. 2016. Effect of sanitizer combined with
steam heating on the inactivation of foodborne pathogens in a biofilm
on stainless steel. Food Microbiol. 55:47–54.

9. Barish, J. A., and J. M. Goddard. 2013. Anti-fouling surface modified
stainless steel for food processing. Food Bioprod. Process. 91:352–
361.

10. Barkocy-Gallagher, G. A., T. M. Arthur, M. Rivera-Betancourt, X.
Nou, S. D. Shackelford, T. L. Wheeler, and M. Koohmaraie. 2003.
Seasonal prevalence of Shiga toxin-producing Escherichia coli,
including O157:H7 and non-O157 serotypes, and Salmonella in
commercial beef processing plants. J. Food Prot. 66:1978–1986.

11. Bosilevac, J. M., T. M. Arthur, J. L. Bono, D. M. Brichta-Harhay, N.
Kalchayanand, D. A. King, S. D. Shackelford, T. L. Wheeler, and M.
Koohmaraie. 2009. Prevalence and enumeration of Escherichia coli
O157:H7 and Salmonella in U.S. abattoirs that process fewer than
1000 head of cattle per day. J. Food Prot. 72:1272–1278.

12. Bosilevac, J. M., R. Wang, B. E. Luedtke, S. Hinkley, T. L. Wheeler,
and M. Koohmaraie. 2017. Characterization of enterohemorrhagic
Escherichia coli on veal hides and carcasses. J. Food Prot. 80:136–
145.

BIOFILM-RELATED CONTAMINATION IN MEAT INDUSTRY 125



13. Bremer, P. J., I. Monk, and C. M. Osborne. 2001. Survival of Listeria
monocytogenes attached to stainless steel surfaces in the presence or
absence of Flavobacterium spp. J. Food Prot. 64:1369–1376.

14. Bridier, A., P. Sanchez-Vizuete Mdel, D. Le Coq, S. Aymerich, T.
Meylheuc, J. Y. Maillard, V. Thomas, F. Dubois-Brissonnet, and R.
Briandet. 2012. Biofilms of a Bacillus subtilis hospital isolate protect
Staphylococcus aureus from biocide action. PLoS One 7(9):e44506.

15. Burmølle, M., J. S. Webb, D. Rao, L. H. Hansen, S. J. Sørensen, and
S. Kjelleberg. 2006. Enhanced biofilm formation and increased
resistance to antimicrobial agents and bacterial invasion are caused
by synergistic interactions in multispecies biofilms. Appl. Environ.
Microbiol. 72:3916–3923.

16. Carpentier, B., and D. Chassaing. 2004. Interactions in biofilms
between Listeria monocytogenes and resident microorganisms from
food industry premises. Int. J. Food Microbiol. 97:111–122.

17. Condell, O., C. Iversen, S. Cooney, K. A. Power, C. Walsh, C.
Burgess, and S. Fanning. 2012. Efficacy of biocides used in the
modern food industry to control Salmonella enterica, and links
between biocide tolerance and resistance to clinically relevant
antimicrobial compounds. Appl. Environ. Microbiol. 78:3087–3097.

18. Corcoran, M., D. Morris, N. De Lappe, J. O'Connor, P. Lalor, P.
Dockery, and M. Cormican. 2014. Commonly used disinfectants fail
to eradicate Salmonella enterica biofilms from food contact surface
materials. Appl. Environ. Microbiol. 80:1507–1514.

19. DeQueiroz, G. A., and D. F. Day. 2007. Antimicrobial activity and
effectiveness of a combination of sodium hypochlorite and hydrogen
peroxide in killing and removing Pseudomonas aeruginosa biofilms
from surfaces. J. Appl. Microbiol. 103:794–802.

20. Habimana, O., E. Heir, S. Langsrud, A. W. Asli, and T. Møretrø.
2010. Enhanced surface colonization by Escherichia coli O157:H7 in
biofilms formed by an Acinetobacter calcoaceticus isolate from
meat-processing environments. Appl. Environ. Microbiol. 76:4557–
4559.

21. Hansen, L. T., and B. F. Vogel. 2011. Desiccation of adhering and
biofilm Listeria monocytogenes on stainless steel: survival and
transfer to salmon products. Int. J. Food Microbiol. 146:88–93.

22. Harhay, D. M., M. N. Guerini, T. M. Arthur, J. M. Bosilevac, N.
Kalchayanand, S. D. Shackelford, T. L. Wheeler, and M. Koohmar-
aie. 2008. Salmonella and Escherichia coli O157:H7 contamination
on hides and carcasses of cull cattle presented for slaughter in the
United States: an evaluation of prevalence and bacterial loads by
immunomagnetic separation and direct plating methods. Appl.
Environ. Microbiol. 74:6289–6297.

23. Hidalgo, G., X. Chen, A. G. Hay, and L. W. Lion. 2010. Curli
produced by Escherichia coli PHL628 provide protection from Hg
(II). Appl. Environ. Microbiol. 76:6939–6941.

24. Huang, K., and J. M. Goddard. 2015. Influence of fluid milk product
composition on fouling and cleaning of Ni-PTFE modified stainless
steel heat exchanger surfaces. J. Food Eng. 158:22–29.

25. Iibuchi, R., Y. Hara-Kudo, A. Hasegawa, and S. Kumagai. 2010.
Survival of Salmonella on a polypropylene surface under dry
conditions in relation to biofilm-formation capability. J. Food Prot.
73:1506–1510.

26. Joseph, B., S. K. Otta, I. Karunasagar, and I. Karunasagar. 2001.
Biofilm formation by Salmonella spp. on food contact surfaces and
their sensitivity to sanitizers. Int. J. Food Microbiol. 64:367–372.

27. Kalchayanand, N., T. M. Arthur, J. M. Bosilevac, D. M. Brichta-
Harhay, M. N. Guerini, S. D. Shackelford, T. L. Wheeler, and M.
Koohmaraie. 2007. Microbiological characterization of lamb car-
casses at commercial processing plants in the United States. J. Food
Prot. 70:1811–1819.

28. Keskinen, L. A., E. C. Todd, and E. T. Ryser. 2008. Transfer of
surface-dried Listeria monocytogenes from stainless steel knife
blades to roast turkey breast. J. Food Prot. 71:176–181.

29. Keskinen, L. A., E. C. Todd, and E. T. Ryser. 2008. Impact of
bacterial stress and biofilm-forming ability on transfer of surface-
dried Listeria monocytogenes during slicing of delicatessen meats.
Int. J. Food Microbiol. 127:298–304.

30. Kim, H., J. Bang, L. R. Beuchat, and J. H. Ryu. 2008. Fate of
Enterobacter sakazakii attached to or in biofilms on stainless steel

upon exposure to various temperatures or relative humidities. J. Food
Prot. 71:940–945.

31. Kong, E. F., C. Tsui, S. Kucharíková, P. Van Dijck, and M. A. Jabra-
Rizk. 2017. Modulation of Staphylococcus aureus response to
antimicrobials by the Candida albicans quorum sensing molecule
farnesol. Antimicrob. Agents Chemother. 61(12)pii:e01573-17.

32. Koohmaraie, M., T. M. Arthur, J. M. Bosilevac, D. M. Brichta-
Harhay, N. Kalchayanand, S. D. Shackelford, and T. L. Wheeler.
2007. Interventions to reduce/eliminate Escherichia coli O157:H7 in
ground beef. Meat Sci. 77:90–96.

33. Laganenka, L., and V. Sourjik. 2017. Autoinducer 2-dependent
Escherichia coli biofilm formation is enhanced in a dual-species co-
culture. Appl. Environ. Microbiol. pii:AEM.02638-17.

34. Lee, K. W., S. Periasamy, M. Mukherjee, C. Xie, S. Kjelleberg, and
S. A. Rice. 2014. Biofilm development and enhanced stress
resistance of a model, mixed-species community biofilm. ISME J.
8:894–907.

35. Lee, S., and J. F. Frank. 1991. Inactivation of surface-adherent
Listeria monocytogenes using hypochlorite and heat. J. Food Prot.
54:4–6.

36. Leriche, V., R. Briandet, and B. Carpentier. 2003. Ecology of mixed
biofilms subjected daily to a chlorinated alkaline solution: spatial
distribution of bacterial species suggests a protective effect of one
species to another. Environ. Microbiol. 5:64–71.

37. Leriche, V., and B. Carpentier. 2000. Limitation of adhesion and
growth of Listeria monocytogenes on stainless steel surfaces by
Staphylococcus sciuri biofilms. J. Appl. Microbiol. 88:594–605.

38. Levy, S. B. 2002. Active efflux, a common mechanism for biocide
and antibiotic resistance. J. Appl. Microbiol. 92(Suppl.):65S–71S.

39. Marouani-Gadri, N., G. Augier, and B. Carpentier. 2009. Character-
ization of bacterial strains isolated from a beef-processing plant
following cleaning and disinfection—influence of isolated strains on
biofilm formation by Sakaï and EDL 933 E. coli O157:H7. Int. J.
Food Microbiol. 133:62–67.

40. Midelet, G., and B. Carpentier. 2002. Transfer of microorganisms,
including Listeria monocytogenes, from various materials to beef.
Appl. Environ. Microbiol. 68:4015–4024.

41. Midelet, G., A. Kobilinsky, and B. Carpentier. 2006. Construction
and analysis of fractional multifactorial designs to study attachment
strength and transfer of Listeria monocytogenes from pure or mixed
biofilms after contact with a solid model food. Appl. Environ.
Microbiol. 72:2313–2321.

42. Nou, X., M. Rivera-Betancourt, J. M. Bosilevac, T. L. Wheeler, S. D.
Shackelford, B. L. Gwartney, J. O. Reagan, and M. Koohmaraie.
2003. Effect of chemical dehairing on the prevalence of Escherichia
coli O157:H7 and the levels of aerobic bacteria and Enterobacteri-
aceae on carcasses in a commercial beef processing plant. J. Food
Prot. 66:2005–2009.

43. Palmieri, G., M. Balestrieri, F. Capuano, Y. T. R. Proroga, F. Pomilio,
P. Centorame, A. Riccio, R. Marrone, and A. Anastasio. 2018.
Bactericidal and antibiofilm activity of bactenecin-derivative pep-
tides against the food-pathogen Listeria monocytogenes: new
perspectives for food processing industry. Int. J. Food Microbiol.
279:33–42.

44. Pérez-Rodríguez, F., A. Valero, E. Carrasco, R. M. García, and G.
Zurera. 2008. Understanding and modelling the bacterial transfer to
foods: a review. Trends Food Sci. Technol. 19:131–144.

45. Puga, C. H., P. Rodríguez-López, M. L. Cabo, C. SanJose, and B.
Orgaz. 2018. Enzymatic dispersal of dual-species biofilms carrying
Listeria monocytogenes and other associated food industry bacteria.
Food Control 94:222–228.

46. Rieu, A., J. P. Lemaître, J. Guzzo, and P. Piveteau. 2008. Interactions
in dual species biofilms between Listeria monocytogenes EGD-e and
several strains of Staphylococcus aureus. Int. J. Food Microbiol.
126:76–82.

47. Rivera-Betancourt, M., S. D. Shackelford, T. M. Arthur, K. E.
Westmoreland, G. Bellinger, M. Rossman, J. O. Reagan, and M.
Koohmaraie. 2004. Prevalence of Escherichia coli O157:H7, Listeria
monocytogenes, and Salmonella in two geographically distant

126 WANG



commercial beef processing plants in the United States. J. Food Prot.
67:295–302.

48. Robertson, E. B., and M. K. Firestone. 1992. Relationship between
desiccation and exopolysaccharide production in a soil Pseudomonas
sp. Appl. Environ. Microbiol. 58:1284–1291.

49. Rodríguez, A., W. R. Autio, and L. A. McLandsborough. 2007.
Effect of biofilm dryness on the transfer of Listeria monocytogenes
biofilms grown on stainless steel to bologna and hard salami. J. Food
Prot. 70:2480–2484.

50. Rodríguez, A., and L. A. McLandsborough. 2007. Evaluation of the
transfer of Listeria monocytogenes from stainless steel and high-
density polyethylene to bologna and American cheese. J. Food Prot.
70:600–606.

51. Ryu, J. H., and L. R. Beuchat. 2005. Biofilm formation by
Escherichia coli O157:H7 on stainless steel: effect of exopolysac-
charide and curli production on its resistance to chlorine. Appl.
Environ. Microbiol. 71:247–254.

52. Sattar, S. A., S. Springthorpe, S. Mani, M. Gallant, R. C. Nair, E.
Scott, and J. Kain. 2001. Transfer of bacteria from fabrics to hands
and other fabrics: development and application of a quantitative
method using Staphylococcus aureus as a model. J. Appl. Bacteriol.
90:962–970.

53. Silagyi, K., S. H. Kim, Y. M. Lo, and C. I. Wei. 2009. Production of
biofilm and quorum sensing by Escherichia coli O157:H7 and its
transfer from contact surfaces to meat, poultry, ready-to-eat deli, and
produce products. Food Microbiol. 26:514–519.

54. Sofos, J. N., and I. Geornaras. 2010. Overview of current meat
hygiene and safety risks and summary of recent studies on biofilms,
and control of Escherichia coli O157:H7 in nonintact, and Listeria
monocytogenes in ready-to-eat, meat products. Meat Sci. 86:2–14.

55. Somers, L. B., J. L. Schoeni, and A. C. L. Wong. 1994. Effect of
trisodium phosphate on biofilm and planktonic cells of Campylo-
bacter jejuni, Escherichia coli O157:H7, Listeria monocytogenes and
Salmonella typhimurium. Int. J. Food Microbiol. 22:269–276.

56. Uhlich, G. A., P. H. Cooke, and E. B. Solomon. 2006. Analyses of
the red-dry-rough phenotype of an Escherichia coli O157:H7 strain
and its role in biofilm formation and resistance to antibacterial
agents. Appl. Environ. Microbiol. 72:2564–2572.

57. Uhlich, G. A., D. P. Rogers, and D. A. Mosier. 2010. Escherichia coli
serotype O157:H7 retention on solid surfaces and peroxide resistance
is enhanced by dual-strain biofilm formation. Foodborne Pathog.
Dis. 7:935–943.

58. van der Veen, S., and T. Abee. 2011. Mixed species biofilms of
Listeria monocytogenes and Lactobacillus plantarum show enhanced
resistance to benzalkonium chloride and peracetic acid. Int. J. Food
Microbiol. 144:421–431.

59. Visvalingam, J., H. Wang, M. K. Youssef, J. Devos, C. O. Gill, and
X. Yang. 2016. Spatial and temporal distribution of Escherichia coli
on beef trimmings obtained from a beef packing plant. J. Food Prot.
79:1325–1331.

60. Vorst, K. L., E. C. Todd, and E. T. Ryser. 2006. Transfer of Listeria
monocytogenes during slicing of turkey breast, bologna, and salami
with simulated kitchen knives. J. Food Prot. 69:2939–2946.

61. Wang, R., J. L. Bono, N. Kalchayanand, S. D. Shackelford, and D.
M. Harhay. 2012. Biofilm formation by Shiga toxin–producing
Escherichia coli O157:H7 and non-O157 strains and their tolerance
to sanitizers commonly used in the food processing environment. J.
Food Prot. 75:1418–1428.

62. Wang, R., N. Kalchayanand, and J. L. Bono. 2015. Sequence of
colonization determines the composition of mixed biofilms by
Escherichia coli O157:H7 and O111:H8 strains. J. Food Prot.
78:1554–1559.

63. Wang, R., N. Kalchayanand, J. L. Bono, J. W. Schmidt, and J. M.
Bosilevac. 2012. Dual-serotype biofilm formation by Shiga toxin-
producing Escherichia coli O157:H7 and O26:H11 strains. Appl.
Environ. Microbiol. 78:6341–6344.

64. Wang, R., N. Kalchayanand, D. A. King, B. E. Luedtke, J. M.
Bosilevac, and T. M. Arthur. 2014. Biofilm formation and sanitizer
resistance of Escherichia coli O157:H7 strains isolated from ‘‘high
event period’’ meat contamination. J. Food Prot. 77:1982–1987.

65. Wang, R., N. Kalchayanand, J. W. Schmidt, and D. M. Brichta-
Harhay. 2013. Mixed biofilm formation by Shiga toxin–producing
Escherichia coli and Salmonella enterica serovar Typhimurium
enhanced bacterial resistance to sanitization due to extracellular
polymeric substances. J. Food Prot. 76:1513–1522.

66. Wang, R., M. Koohmaraie, B. E. Luedtke, T. L. Wheeler, and J. M.
Bosilevac. 2014. Effects of in-plant interventions on reduction of
enterohemorrhagic Escherichia coli and background indicator
microorganisms on veal calf hides. J. Food Prot. 77:745–751.

67. Wang, R., B. E. Luedtke, J. M. Bosilevac, J. W. Schmidt, N.
Kalchayanand, and T. M. Arthur. 2016. Escherichia coli O157:H7
strains isolated from ‘‘high-event period’’ beef contamination have
strong biofilm-forming ability and low sanitizer susceptibility, which
are associated with high pO157 plasmid copy number. J. Food Prot.
79:1875–1883.

68. Wang, R., J. W. Schmidt, D. M. Harhay, J. M. Bosilevac, D. A. King,
and T. M. Arthur. 2017. Biofilm formation, antimicrobial resistance,
and sanitizer tolerance of Salmonella enterica strains isolated from
beef trim. Foodborne Pathog. Dis. 14:687–695.

69. Watahiki, M., J. Isobe, K. Kimata, T. Shima, J. Kanatani, M.
Shimizu, A. Nagata, K. Kawakami, M. Yamada, H. Izumiya, S.
Iyoda, T. Morita-Ishihara, J. Mitobe, J. Terajima, M. Ohnishi, and T.
Sata. 2014. Characterization of enterohemorrhagic Escherichia coli
O111 and O157 strains isolated from outbreak patients in Japan. J.
Clin. Microbiol. 52:2757–2763.

70. Wheeler, T. L., N. Kalchayanand, and J. M. Bosilevac. 2014. Pre-
and post-harvest interventions to reduce pathogen contamination in
the U.S. beef industry. Meat Sci. 98:372–382.

71. Yang, H., P. A. Kendall, L. C. Medeiros, and J. N. Sofos. 2009.
Efficacy of sanitizing agents against Listeria monocytogenes biofilms
on high-density polyethylene cutting board surfaces. J. Food Prot.
72:990–998.

72. Yang, X., F. Tran, M. K. Youssef, and C. O. Gill. 2015.
Determination of sources of Escherichia coli on beef by multiple-
locus variable-number tandem repeat analysis. J Food Prot.
78:1296–1302.

73. Zobell, C. E. 1943. The effect of solid surfaces upon bacterial
activity. J. Bacteriol. 46:39–56.

74. Zogaj, X., M. Nimtz, M. Rohde, W. Bokranz, and U. Romling. 2001.
The multicellular morphotypes of Salmonella typhimurium and
Escherichia coli produce cellulose as the second component of the
extracellular matrix. Mol. Microbiol. 39:1452–1463.

75. Zou, L., J. Meng, P. F. McDermott, F. Wang, Q. Yang, G. Cao, M.
Hoffmann, and S. Zhao. 2014. Presence of disinfectant resistance
genes in Escherichia coli isolated from retail meats in the USA. J.
Antimicrob. Chemother. 69:2644–2649.

BIOFILM-RELATED CONTAMINATION IN MEAT INDUSTRY 127


