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A B S T R A C T

Salmonella represents an important global public health problem and it is an emerging zoonotic bacterial threat
in the poultry industry. Diverse registered human cases of salmonellosis shown poultry origins. Various control
measures have been employed both at the farming and processing levels to address it. This review focuses on
traditional and new detection techniques of biofilm formation by Salmonella spp. and different approaches that
can be used to prevent and/or control biofilm formation by these bacteria. A number of methodologies based on
different approximations have been recently employed to detect and evaluate bacteria attached to surfaces,
including real-time polymerase chain reaction (PCR), confocal laser scanning microscopy and Optical Coherence
Tomography. Due to persistence of Salmonella biofilm in food processing environments after cleaning and sa-
nitation, control and eradication strategies in poultry industry should be constantly studied. In this sense, the use
of several alternatives to control Salmonella biofilm formation, such as lactic acid bacteria, phagetherapy, ex-
tracts from aromatic plants, quorum sensing inhibitors, bacteriocins and nanomaterials, have been successfully
tested and will be reviewed.

1. Introduction

Chicken meat and eggs are the best source of high quality protein,
and are much needed by the many millions of people living in poverty
(Farrell, 2013). The increase in meat consumption over the past decade
has been driven mainly by the poultry meat sector, which represented
two-thirds of the additional meat consumed. Poultry will account for
the largest share of growth of meat consumed over the next decade to
2025 (Conway, 2016a). On the other hand, world egg production hit a
significant milestone in 2015, when it reached more than 70 million -
metric tons for the first time in its history, the equivalent of 1338 billion
eggs. The increase in world egg production between 2000 and 2015 was
38.7%, an average rate of 2.2% per year (Conway, 2016b).

The marked increase in poultry meat and egg production can be
affected by contamination caused by different microorganisms that
produce biofilms. For most of the history of microbiology, micro-
organisms have primarily been characterized as planktonic, freely
suspended cells and described on the basis of their growth character-
istics in nutritionally rich culture media. The discovery of a micro-
biologic phenomenon, first described by van Leeuwenhoek, that

microorganisms attach to and grow universally on exposed surfaces led
to studies that revealed surface-associated microorganisms (biofilms)
exhibited a distinctive phenotype with respect to gene transcription and
growth rate. These biofilm microorganisms have been shown to elicit
specific mechanisms for initial attachment to a surface, development of
a community structure and ecosystem, and detachment (Donlan, 2002).

Furthermore, biofilms are becoming one of the buzzwords of the
food industry. Various definitions exist but biofilm is an assemblage of
microbial cells that is irreversibly attached (not removed by gentle
rinsing) to a surface and enclosed in a matrix of primarily poly-
saccharide material. Non cellular materials such as mineral crystals,
corrosion particles, clay or silt particles, or blood components, de-
pending on the environment in which the biofilm has developed, may
also be found in the biofilm matrix. Biofilm-associated organisms also
differ from their planktonic counterparts with respect to the genes that
are transcribed. Biofilms in nature usually persist attached to some
surface and not as pure cultures of unattached. In this context, bacterial
cells in a biofilm have the ability to exchange genetic components at an
increased rate and this may facilitate the acquisition of new genes for
virulence and environmental survival (Donlan, 2002; Giaouris et al.,
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2015).
Bacterial cells often appear to be more resistant to against physical

and chemical agents in a biofilm. The cleaning process can influence the
‘food source’ left on a surface and this, in turn, can influence the bac-
terial flora on that surface. In addition, it is suspected that bacteria in
the film ‘communicate’ with each other by releasing specific chemicals.
As the bacteria population increases, the concentration of these che-
micals increases in their micro-environment and, at a certain con-
centration, specific genes in bacteria are turned on or off (Anonymous,
2008).

Removing the biofilm becomes more difficult due to its interaction
with the chemical components of food (carbohydrates, fats, proteins,
salts and even spices). Cleaning is the main way to control biofilms but,
unfortunately, many of the cleaning compounds used in the food sector
are not primarily designed to remove biofilms (Anonymous, 2008).

Salmonella (of the family Enterobacteriaceae) is a genus of rod-
shaped (bacillus) gram-negative bacteria that represents an important
global public health problem, causing substantial morbidity, and thus
also has a significant economic impact (Sharma & Carlson, 2000). It
consists of more than 2500 serologically distinguishable variants (or
serotypes) that are frequently named for the place of initial isolation. In
poultry, the numerous motile and non-host-adapted Salmonella ser-
otypes, referred as paratyphoid Salmonella, are found nearly ubiqui-
tously in wild and domestic animals. This diverse group of serotypes is
principally of concern as a cause of food-borne disease in humans (Gast,
2008). The distribution of Salmonella serotypes from poultry sources
varies geographically and changes over time, although several ser-
otypes are consistently found at a high incidence (Gast, 2013). Con-
tamination with this bacteria in poultry meat/eggs and poultry pro-
ducts can occur at multiple stages along the food chain, which includes
production, processing, distribution, retail marketing, handling and
cooking (Dookeran, Baccus-Taylor, Akingbala, Tameru, & Lammerding,
2012). The modernization of poultry farms and globalization of the bird
breeding trade have also played a key role spreading the infection
(Velge, Cloeckeart, & Barrow, 2005).

Salmonella adhesion to food surfaces was the first phenomena re-
ported and published on foodborne bacterial biofilm (Duguid,
Anderson, & Campbell, 1966). Studies have found that bacterial cell
surface components such as cellulose, flagella and fimbriae are im-
portant for the attachment of Salmonella to different surfaces
(Kroupitski et al., 2009).Biofilms may play a crucial role in the survival
of Salmonella under unfavorable environmental conditions, such as
poultry farms and chicken slaughterhouses (Wang et al., 2013). Ap-
proximately, 50% of the Salmonella strains isolated on poultry farms
were able to produce biofilms (Marin, Hernandez, & Lainez, 2009). This
bacteria can form biofilms on produced food, and also in processing
areas of poultry farms such as walls, floors, pipes, and drains, and in
contact surfaces, such as stainless steel, aluminum, nylon, rubber,
plastic, polystyrene, and glass (Schonewille, Windhorst, & Bräuni,
2012; Wang et al., 2013).

The poultry industry is intensive and consistently applies an all-in,
all-out system with the aim of minimizing infection pressure and tar-
geting specific organisms like Salmonella. Therefore, disinfecting during
production break is a routine part of the management of poultry houses.
Several chemical agents are commercially available for the elimination
of Salmonella. However, different studies showed high prevalence of
Salmonella in environment samples after cleansing and disinfecting in
broilers and laying hen houses, proving that disinfection was ineffective
against the bacteria in a field situation (Davies & Breslin, 2003; Rose
et al., 2000).

Despite the possibilities of combating Salmonella spp., it is important
to understand that the biofilm-building property is a function of
adaptation to the host's environment. Since biofilm can also form a
habitat for Salmonella in farm environments and not only in laboratory
conditions, its control is of paramount importance to the overall im-
provement of food safety. Early detection and management of

potentially pathogenic Salmonella spp. is an essential step toward pre-
vention and management of salmonellosis (Peng et al., 2016). Fur-
thermore, special attention must be paid to environments that are no-
toriously difficult to decontaminate, for example, feed mills and
primary poultry production (Schonewille et al., 2012).

In this review, we focus on traditional and new detection techniques
of biofilm formation by Salmonella spp., which are important in poultry
industry. Moreover, we present approaches that can be used to not only
prevent but also control biofilm formation by these bacteria.

2. The detection and quantification methods of microorganisms in
biofilms

Numerous methodologies based on different approximations have
been developed for the phenotypic and genotypic detection and ana-
lysis of biofilm formation by microorganisms. These techniques aim to
evaluate viability (quantification of viable cells), components of extra
polymeric matrix (specific detection of extra polymeric substances,
EPS) or biomass (evaluation of EPS and bacteria, both alive and dead).

2.1. Phenotypic identification of biofilm-producing strains

Three methods broadly used for the phenotypic identification of
biofilm-producing strains are the test tube method (Karaca, Akcelik, &
Akcelik, 2013), the microtitre-plate test (MtP; Christensen et al., 1985)
and the Congo red agar (CRA) test (Freeman, Falkiner, & Keane, 1989).
The first is a qualitative method, which studies the biofilm formation in
a glass tube without staining. The pellicle is a biofilm structure that is
observed in a liquid air interface. The strains are visually examined
every day and classified according to their formation of a pellicle
structure, the physical differences of the pellicle and any changes in the
media related to pellicle formation (Solano et al., 2002).

The MtP was developed to replace the test tube method, which was
the first method used for macroscopic estimation of bacterial biofilm on
the surface of plastic tubes. The microtitre-plate technique uses a 96-
well-plate spectrophotometer to measure the optical density (O.D.) of
stained bacterial biofilms found on the bottom of tissue culture plates
and produces quantitative results of total biofilm, without distin-
guishing dead and alive cells. The adherent biofilms are stained with
crystal violet. This is a basic protein dye that stains negatively charged
surface molecules and extracellular matrix of polysaccharides from
both EPS on viable and dead cells (Pitts, Hamilton, Zelver, & Stewart,
2003). This staining has been shown to be a simple, fast and cheap
technique to routinely study the biofilm formation. However, the
principal disadvantage is its low replicability, mostly due to the de-
tachment and removal of biomass during washing steps seeking to
eliminate cells and dye not bonded to the biofilm (Gómez-Suárez,
Busscher, & van der Mei, 2001). This loss of biomass can be reduced by
fixations using absolute ethanol, methanol or heating (1 h at 60 °C)
before staining (Stepanović et al., 2007).

The CRA plate test uses a solid medium, namely Congo red agar.
This is not a quantitative assay because it is based on a subjective
chromatic evaluation. This method allows for the direct analysis of the
colonies and the identification of slime (exopolysaccharides)-forming
strains (which appear as black colonies on the red agar with a dry
crystalline consistency) and non-slime-forming strains (pink-colored
colonies, occasional darkening at the center). An indeterminate result
was indicated by a darkening of the colonies but with the absence of a
dry crystalline colonial morphology (Freeman et al., 1989). A mod-
ification of this method, adding Coomassie brillant blue, permits to
determine 5 biofilm morphotypes for each strain according to mor-
phological colony characteristics (Karaca et al., 2013; Malcova,
Hradecka, Karpiskova, & Rychlik, 2008). These morphotypes are: (i)
rdar (red, dry and rough; indicating curli fimbriae and cellulose); (ii)
bdar (brown, dry and rough; indicating only curli fimbriae); (iii) pdar
(pink, dry and rough; indicating only cellulose); (iv) sbam (smooth,
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brown, and mucoid; lack of cellulose synthesis, but overproduced
capsular polysaccharide); (v) saw (smooth and white; indicating neither
cellulose nor fimbriae). The rdar morphotype is the best characterized
biofilm state, coordinating multicellular behavior and provide a sur-
vival advantage through enhanced resistance to desiccation and disin-
fection (White, Gibson, Kim, Kay, & Surette, 2006).

The colony count enumeration method (CCEM) is the most ex-
tensively used technique to evaluate live cells and is based on the
ability of bacteria to initiate cell division and form colonies on agar
media (Donlan & Costerton, 2002). However, this technique presents
certain limitations: 1) fractions of cells detached from the biofilm to
make numeration might not be representative of viable cells in the
biofilm and 2) environmental stress may induce a viable-but-non-cul-
turable state (VBNCS) on the bacteria, due to alterations on its meta-
bolism (Shen, Stojicic, Qian, Olsen, & Haapasalo, 2010). The metabolic
activity of cells (MCs) has been used as a quantitative indirect measure
of biofilm formation. Through respiratory chain enzymes, active cells
are capable of reducing certain chemicals substances and producing
changes on optical properties easily detected by spectrophotometry
(Riss et al., 2004).

The most used substrate to evaluate biofilm formation is tetrazolium
salts as 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-
Carboxanilide (XTT). The XTT is reduced to formazan, a purple dye
soluble in water which concentration on solution is directly propor-
tional to the quantity of metabolically active cells (Roehm, Rodgers,
Hatfield, & Glasebrook, 1991; Xu et al., 2016).

Other colorimetric assay used is based on resazurin (Ahmed, Gogal,
& Walsh, 1994), which is reduced to resorufin (color pink), a fluor-
escent substance (Alamar Blue, color blue). This makes it possible to
evaluate resazurin levels by mean spectrophotometry or spectro-
fluorometry, which increases sensibility (Peeters, Nelis, & Coenye,
2008). Both, XTT and resazurin techniques have shown similar re-
sponses to those of planktonic cells with detection linear range
~105–108 CFU/well (Peeters et al., 2008). As these techniques present
a good correlation with the CCEM method, they could also be used to
evaluate anti-biofilm effects by different treatments (Field, O'Connor,
Cotter, Ross, & Hill, 2016; Hu et al., 2017). The addition of resazurin in
fresh media on mature biofilm has reduced the detection limit to
1000 CFU/biofilm with a good correlation with CCEM method (Van den
Driessche, Rigole, Brackman, & Coenye, 2014).

Different microscopy techniques for the visualization and study of
biofilms are used. The Confocal Laser Scanning Microscopy (CLSM) is
probably the most widely used fluorescence microscopy to study bio-
film, which allows evaluating spatial structure of biofilm and visua-
lizing cell distribution on biofilm matrix (Neu & Lawrence, 2014).
CLSM is capable of acquiring planes of fluorescence at different depths
on the biofilm, integrating these planes in a 3D image and obtaining
parameters such as biofilm bio-volumen, thickness and roughness
(Bridier, Dubois-Brissonnet, Boubetra, Thomas, & Briandet, 2010). To
visualize components of EPS by CLSM: 1) carbohydrates can be stained
using lectins labelled with fluorocroms to detect glycoconjugates within
the biofilm, where the patrons of stains obtained depend on the spe-
cificity of the lectins utilized; 2) proteins present can be stained using
SUPRO red, and 3) eDNA can be stained using TOTO1. The combination
of these techniques with those described before to bacterial staining,
represents an interesting tool to study the biofilm architecture and or-
ganization of bacteria and the EPS components participating in the
formation of the biofilm (Dominiak, Nielsen, & Nielsen, 2011).

Scanning electron microscopy (SEM) is based on surface scattering
and absorption of electrons achieving high depth yielding a 3-D ap-
pearance, and allows the visualization special of the biofilm and to
know the distribution of bacteria and EPS dispersed on biofilms
(Clayborn, Adams, Baker, & Ricke, 2015). SEM has been used to study
the ability of bacteria to develop biofilms on different substrates and
several environmental conditions (De Oliveira et al., 2014; Pande,
McWhorter, & Chousalkar, 2016). It allows the quantification of area,

volume and thickness of the biofilm (Azeredo et al., 2017) with a high
resolution (50 to 100 nm) and depth of field with a wide range of
magnifications (20 to 30,000×). Atomic force microscopy (AFM) is a
characterization tool that measures the topology and material proper-
ties of surfaces by recording the deflection of a metallic “tip” as it moves
over the target surface (Ozkan, Topal, Dana, Guler, & Tekinay, 2016).
The non-invasive AFM technique allows not only to obtain 3D topo-
graphic views and structural details, but also to measure the bacterial-
surface interaction forces from biofilms. Compared with SEM, AFM
offers a spatial resolution of 1–10 nm (Müller & Engel, 2007).

Optical Coherence Tomography (OCT) is a methodology based on
interference produced among light reflected and scattered from sample
(biofilm) and reference light. It has been the first non-invasive metho-
dology used for in situ visualization of biofilm with potential for its
detection in the industry (Nguyen et al., 2012) and OCT could be di-
gitalized to obtain a biofilm image (Wagner & Horn, 2017). Another
methodology, hyperspectral imaging technique, is based on the in-
tegration of spectral fluorescence signals obtained after UV-radiation of
the sample and it has been used for E. coli O157:H7 and Salmonella
biofilm detection on several surfaces (Jun et al., 2010). Based on this
technology, handheld hyperspectral imaging systems that detect flor-
escence at 3 wavelengths have been used to monitor surface sanitiza-
tion in the industry (Wiederoder, Liu, Lefcourt, Kim, & Martin, 2013).

Different commercial products exist to detect biofilms in open sur-
faces and they are an effective tool for hygiene monitoring. For ex-
ample, BioFinder (Itram Higiene®), TBF® 300 and TBF® 300S are spe-
cialized products for the detection of biofilm by simple visual inspection
based on the selective dying of the biofilm exopolymeric matrix pro-
duced by different type of microorganisms. Thanks to its simple ap-
plication and response type, handling by technical staffs is not required
(Betelgeux, 2016; Itram Higiene, 2012).

2.2. Genotypic identification of biofilm-producing strains

The relative expression of genes involved on curli, fimbriae and
cellulose production (csgD, csgB, adrA and bapA) has permitted to de-
tected biofilm formation by Salmonella on eggshells (Pande et al.,
2016). However, expression of these gens and subsequent biofilm for-
mation is influenced by growth media, indicating a strong dependence
of environmental conditions on biofilm formation (Wang, Dong, Wang,
Xu, & Zhou, 2016).

Other approaches have been proposed to evaluate viable cells, based
on molecular techniques such as quantitative PCR (qPCR) (Yoshida
et al., 2003). However, this methodology failed to discriminate sub-
populations with different viability state or extra cellular DNA (eDNA)
present on the biofilm matrix (Ben-Amor et al., 2005; Kruger et al.,
2014). The propidium monoazide (PMA) is a propidium iodide (IP)
derivative that binds to free DNA or to DNA from cells with a damaged
membrane rendering their amplification by PCR technique not possible
(Nocker, Cheung, & Camper, 2006). The PMA used before DNA ex-
traction has been utilized to evaluate viable cells on biofilm and avoids
quantification of eDNA or DNA from non-viable cells (Yasunaga et al.,
2013). The utilization of fluorescence-staining techniques, based on
membrane permeability or metabolic activity, in combination with
fluorescence-microscopy techniques allows not only to evaluate live/
dead cells, but also their distribution on biofilm matrix (Pan, Harper,
Ricci-Nittel, Lux, & Shi, 2010; Shapiro, 2008). Fluorescein diacetate
(FDA), carboxy-fluorescein diacetate (CFDA) and calcein acetox-
ymethyl (AM) are non-fluorescents dyes capable of crossing the cellular
membrane and modified by the esterase enzyme of metabolically active
cells. The modification of substrates produces a green fluorescent dye,
which accumulates inside the cells and is easily detected by fluores-
cence microscopy (Breeuwer et al., 1995). Syto9 is a green fluorgenic
dye able to cross bacterial membranes of both alive and dead cells, and
bind not only to intracellular DNA (Boulos, Prévost, Barbeau, Coallier,
& Desjardins, 1999), but also to free nucleic acids on the biofilm matrix.
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Staining of viable cells could be combined with propidium iodide, a red
fluorgenic dye able to cross the damaged membrane of injured cells and
intercalate into DNA (Sachidanandham, Gin, & Poh, 2005).

3. Strategies to prevent and control biofilm formation

Because of Salmonella biofilms' resistance to disinfectants and anti-
biotics, it is important to evaluate and develop alternative strategies to
prevent their formation. The best strategy to eradicate bacterial bio-
films from food-related environments is to prevent their formation
(Coughlan, Cotter, Hill, & Alvarez-Ordóñez, 2016).The facility and
equipment design, and the choice of the materials and coatings used in
the industry are extremely important to prevent biofilm formation. This
is because even adopting the most effective cleaning and sanitizing
programs, it is not possible to compensate for problems caused by faulty
equipment, which have inaccessible corners, cracks, crevices, valves,
and joints, which are vulnerable points for biofilm accumulation
(Chmielewski & Frank, 2006). The use of well-designed equipment as-
sociated with the adoption of effective hygiene measures allows for the
removal of unwanted materials from surfaces, including microorgan-
isms, foreign materials, and residues of cleaning products (Dosti, Guzel-
Seydim, & Greene, 2005; Simões, Simões, Machado, Pereira, & Vieira,
2006).

Furthermore, it was demonstrated for S. ser. Typhimurium that is
best to use an electro-polished surface for surfaces, which are routinely
being cleaned. In contrast, for surfaces, which are not accessible to
regular cleaning, it is logical to consider mechanically sanded surface.
Careful selection of the material used for the surfaces of the production
lines would improve product safety and quality, particularly when
bacteria develop resistance to antimicrobials (Schlisselberg & Yaron,
2013).

Once the biofilm is already established, mechanical action is one of
the main measures for its elimination or controls (Maukonen et al.,
2003), because the friction acts on the matrix disruption, exposing
deeper layers and making the microorganisms more accessible. Gen-
erally, disinfectants do not penetrate the biofilm matrix after an in-
efficient cleaning procedure and, therefore, do not destroy all the bio-
film cells (Simões et al., 2006), reaching only the outer layers.
Therefore cleaning is the first step to improve the sanitation of equip-
ment and facilities (Hayes & Forsythe, 1998).

Although the use of high temperatures may reduce the need for
application of mechanical forces, such as turbulence in the wash water
(Maukonen et al., 2003), it was reported that treatments performed at
high temperature did not increase the efficacy of biofilm removal
(Marion-Ferey et al., 2003). In addition to the mechanical action, other
measures must be taken to prevent and control microbial adhesion
(Table 1). The eradication of biofilms could be achieved through the
combined use of treatments with different spectra and modes of action
(Bridier, Briandet, Thomas, & Dubois-Brissonnet, 2011). With this ob-
jective, numerous processes have been evaluated, associating chemical,
natural or physical treatments. For example, a combination of triclosan
and quaternary ammonium salts or halogenated furanones, antibiotics/

disinfectants, and nano- and micro-emulsions has been able to inhibit
Salmonella biofilm formation (Steenackers, Hermans, Vanderleyden, &
De Keersmaecker, 2012). Recently, Miladi et al. (2017) evaluated the
antibacterial susceptibility and the biofilm eradication of nalidixic acid
(NA) in combination with three natural compounds carvacrol (CAR),
thymol (TH) and eugenol (EUG), against twelve S. ser. Typhimurium
strains and showed an eradication of biofilm formed. On the other
hand, physical treatments can also be employed in association with
chemical disinfectants; low-intensity ultrasonic or sonic agitation en-
hances the action of chlorhexidine against biofilm bacteria (Shen et al.,
2010) and a combination of ultraviolet light with chlorine dioxine was
shown to be more effective in eradicating drinking water biofilms than
the two treatments applied separately (Rand et al., 2007). An important
point to be analyzed for the elimination of bacteria in mature biofilms is
the involvement of strain-dependent characteristics, since there are
molecular intrinsic factors that may act by preventing the effectiveness
of the agents, hindering their penetration depending on the composi-
tion of the matrix, and also the mechanism of action of the applied
agent (Rossi, Melo, Mendonça, & Monteiro, 2017).

3.1. Disinfectants

Disinfectants must be effective, safe, and easy to handle. They
should be easily removed from surfaces, using water, leaving no residue
in the final product that may affect the consumer (Simões, Simões, &
Vieira, 2010a). The chemicals currently used in the disinfection pro-
cesses belong to the following types: acidic compounds, biocides, al-
dehyde-based disinfectants, caustics, chlorine, hydrogen peroxide, io-
dine, isothiazolinones, ozone, peracetic acid, phenols, biguanides, and
surfactants (Bremer, Fillery, & McQuillan, 2006; Simões et al., 2006).
Ziech et al. (2016) reported that treatment with peracetic acid was not
considered efficient to eliminate biofilms formed in polypropylene and
polyurethane. Recently, Sarjit and Dykes (2017) reported that triso-
dium phosphate was more effective against biofilms than sodium hy-
pochlorite and has strong potential as a sanitizer to reduce biofilm
formation by Salmonella spp. on abiotic surfaces during poultry pro-
cessing. However, studies show that even using the recommended
concentration of sanitizer, resistance of bacteria in biofilms still exists.
One strategy to prevent the induction of bacterial adaptation to disin-
fectants within biofilm structures could be to substantially increase the
concentration of the antimicrobial agent. However, this approach might
not guarantee biofilm eradication and it would be costly and not en-
vironmentally-friendly.

Several studies have been performed to compare the susceptibility
between biofilm and planktonic Salmonella cells against chemical dis-
infectants. Salmonella biofilms on plastic, cement and stainless steel
surfaces are much more resistant to the sanitizers chlorine and iodine as
compared to planktonic cells (Joseph, Otta, Karunasagar, &
Karunasagar, 2001). Exposure to a solution of 100 ppm chlorine or
50 ppm iodine for at the least 15 min (depending on the surface) is
needed to completely remove the biofilms, while planktonic cells are
completely killed after exposure to a solution of 10 ppm of chlorine or

Table 1
Overview of current and prospective anti-biofilm strategy.
(Koo, Allan, Howlin, Stoodley, & Hall-Stoodley, 2017 modified).

Types Biofilm component Biofilm phase Examples

Disinfectants Microbial cell All stages Hydrogen peroxide, iodine, isothiazolinones, ozone, peracetic acid, phenols
Antibiotics Microbial cell All stages Enrofloxacin, ampicillin and ciprofloxacin
Natural antimicrobials Microbial cell, EPS All stages Carvacrol, casbane and diterpene
Enzymes EPS Early/mature biofilm Cellulase, lipase
Quorum sensing inhibitors Microbial cell All stages Brominated furanones and acylhomoserine lactones (AHLs)
Nanoparticles Microbial cell, EPS All stages Zinc oxide, poly (DL-lactide-co-glycolide) (PLGA)
Lactic acid bacteria Microbial cell Initial attachment, early biofilm Lactobacillus plantarum, Lactobacillus rhamnosus
Bacteriophages Microbial cell Early/mature biofilm Phage P22
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iodine for 10 or 5 min, respectively. These results have been corrobo-
rated by Møretrø et al. (2009), who found that disinfectants based on
hypochlorite (approximately 400 ppm), glutaraldehyde and cationic
tensides (alkylamino acetate, didecylmethylammonium chloride and
benzalkonium chloride) did not show a sufficient effect on Salmonella
biofilms on stainless steel surfaces at the recommended user con-
centrations after 5 min of exposure, while they were effective against
Salmonella in suspension. However, exposure to acidic peroxygen-based
disinfectants and a product containing 70% ethanol was found to
eliminate the biofilms after 5 min. Wong et al. (2010) described that
Salmonella biofilms on polystyrene pegs are also less susceptible to the
disinfectants chlorhexidine gluconate, citric acid, benzalkonium
chloride and other quaternary ammonium compounds, compared to
planktonic cells. However, sodium hypochlorite was found to com-
pletely eradicate biofilms on polystyrene pegs after 1 min of exposure at
concentration of approximately 1300 ppm, whereas 70% ethanol failed
to eliminate the biofilms after 5 min of exposure. Ramesh, Joseph, Carr,
Douglass, and Wheaton (2002) concluded, from a comparative study of
the effect of different classes of disinfectants (sodium hypochlorite,
sodium chlorite, quaternary ammonium, iodine, enzymes, and phenol)
on Salmonella biofilms in galvanized steel surfaces, that a hypochlorite
based disinfectant with a sodium hypochlorite concentration of
500 ppm was the most effective biofilm inhibitor.

Several studies have been performed in order to unravel the me-
chanistic basis of the increased resistance of Salmonella to disinfectants
in biofilms as compared to planktonic cells. Solano et al. (2002) com-
pared the influence of 30 ppm of sodium hypochlorite on the survival of
biofilms of wild-type S. ser. Enteritidis and cellulose mutants formed on
glass. The 75% of the wild-type cells survived a 20 min exposure to the
disinfectant, while only 0.3% of the cellulose-deficient mutant cells
survived, which clearly indicates the protective function of cellulose.
Furthermore, Scher, Römling, & Yaron, 2005 reported an enhanced
resistance to hypochlorite of pellicle forming S. ser. Typhimurium cells
as compared to a bcsA csgBA double mutant. Cellulose and curli also
seem to play a role in the protection of these bacteria on parsley against
chlorination. Other mechanisms such as the ability to penetrate the
plant tissue or preexisting biofilms and the production of different
polysaccharides other than cellulose, possibly also provide and/or en-
hance protection against this treatment (Lapidot, Römling, & Yaron,
2006; Lapidot & Yaron, 2009). These results were further corroborated
by White et al. (2006), who investigated the influence of 60 ppm of
sodium chlorite on stationary phase planktonic cells and S. ser. Ty-
phimurium rdar colonies that had been stored for 3 months on plastic.

Dried colonies of wild-type S. ser. Typhimurium and a curli deficient
csgA mutant strain were found to be highly resistant (less than 1-log
reduction after treatment) as compared to planktonic cells (6-log re-
duction), while mucoid colonies of the cellulose deficient bcsA strain
were found to be susceptible (4-log reduction). Remarkably, csgD co-
lonies were even more susceptible (6-log reduction), indicating that
next to cellulose, additional components regulated by CsgD, other than
curli, confer protection against sodium hypochlorite. The finding of
Stocki et al. (2007) that CsgD also mediates resistance of dried rdar
colonies to a peroxygen based disinfectant, a quaternary ammonium
sanitizer and chlorophenol, indicates that protection by CsgD regulated
matrix components appears to be a general resistance mechanism.

Consistent results were found by Tabak et al. (2007), who studied
the effect of the disinfectant triclosan on planktonic Salmonella (log and
stationary phases), on biofilm-associated cells and on bacteria derived
from disrupted biofilms. While a strong effect of triclosan (1000 μg/mL)
on log phase cells was observed, a smaller and identical effect was
found on stationary phase and biofilm derived cells, and only a weak
effect was found on biofilm-associated cells. The higher resistance of
biofilm-associated cells as compared to biofilm-derived cells suggests
that the matrix also plays a significant role in the resistance against
triclosan. This was corroborated by the finding that deletions in the
genes coding for curli and cellulose synthesis makes the biofilm more

susceptible. Furthermore, resistance to triclosan was attributed to a
biofilm-specific adaptive response which was obtained by an enhanced
expression of acrAB (encoding an efflux pump) and marA (activator of
acrAB), resulting in an increased efflux of triclosan and the cellulose
synthesis genes bcsA and bcsE, resulting in enhanced EPS production.

Several studies found that adaptive resistance also plays a role in the
resistance of Salmonella biofilms against benzalkonium chloride
(Mangalappalli-Illathu & Korber, 2006; Mangalappalli-Illathu, Vidovic,
& Korber, 2008). Indeed, biofilms adapted to benzalkonium chloride,
by exposure to subinhibitory concentrations over a certain time period,
acquired the ability to survive a normally lethal exposure of this dis-
infectant and then resume growth. Adaptation occurred concurrently
with the up-regulation of key proteins involved in the cold shock re-
sponse, stress response, detoxification and an overall increase in protein
biosynthesis, explaining the mechanisms responsible for adaptive re-
sistance (Steenackers et al., 2012).

3.2. Antibiotics

Salmonella biofilms also confer resistance to antibiotics. Olson, Ceri,
Morck, Buret, and Read (2002) compared the effect of the antibiotics
enrofloxacin, gentamicin, erythromycin, tilmicosin, ampicillin, oxyte-
tracycline and trimethoprim-sulfadoxine on planktonic cells and on pre-
established biofilms on polystyrene pegs of clinical Salmonella ser. Ty-
phimurium and Salmonella ser. Bredeney isolates. Planktonic popula-
tions were found to be sensitive (Minimal Inhibitory Con-
centration–MIC- ˂20 μg/mL for at least 1 of the isolates) to all
antibiotics except for erythromycin and tilmicosin, whereas Salmonella
biofilms are only sensitive to enrofloxacin and ampicillin (S. ser. Bre-
deney only). Furthermore, Tabak, Scher, Chikindas, and Yaron (2009)
reported that S. ser. Typhimurium biofilms pre-formed on microplates
are up to a 2000-fold more resistant to ciprofloxacin as compared to
planktonic cells. This is particularly concerning as ciprofloxacin, to-
gether with third generation cephalosporins, such as ceftriaxone and
cefotaxime, is commonly used to treat non-typhoid Salmonella infec-
tions (Parry & Threlfall, 2008). In a different setup, Majtan, Majtánová,
Xu, and Majtán (2008) tested the effect of subinhibitory concentrations
of gentamicin, ciprofloxacin and cefotaxime on the amount of biofilm
formed on polystyrene microtiter plates by clinical Salmonella isolates.
While sub-MICs of gentamicin and ciprofloxacin reduced the amount of
biofilm formed by all isolates tested, a significant increase in biofilm
formation and EPS production was observed by cefotaxime at ½ MIC in
three isolates. These results support the notion that antibiotics are not
only bacterial weapons for fighting competitors, but also signaling
molecules that may regulate microbial communities (Linares,
Gustafsson, Baquero, & Martinez, 2006).

On the other hand, Papavasileiou et al. (2010) investigated 194 S.
enterica strains, isolated from infected children, for their ability to form
biofilms on silicone disks and compared the biofilms of the isolated
strains to their corresponding planktonic forms with respect to sus-
ceptibility to 9 antimicrobial agents. About 56% of the strains were able
to form biofilms. The biofilms showed increased antimicrobial re-
sistance to all antibiotics as compared to the planktonic bacteria, with
the highest resistance rates for gentamicin (90%) and ampicillin (84%).

3.3. Natural antimicrobials

The emergence of studies on the use of natural antimicrobials as
anti-biofilm compounds has been seen in recent years. Plants make over
100,000 small-molecule compounds, many if not most of which have
antimicrobial activity (Lewis & Ausubel, 2006). Some compounds ex-
tracted from aromatic plants, which are natural and generally re-
cognized as safe (GRAS), have demonstrated their antimicrobial activity
on planktonic bacteria. Some of them are now being evaluated for their
potential to eradicate biofilms. Examples include carvacrol, a natural
terpene extracted from thyme or oregano (Knowles, Roller, Murray, &

L. Merino et al. Food Research International xxx (xxxx) xxx–xxx

5



Naidu, 2005), casbane diterpene, isolated from the ethanolic extract of
Croton nepetaefolius, a Brazilian native plant (Carneiro et al., 2011),
thymoquinone, an active principle of Arabian Nigella sativa seed
(Chaieb, Kouidhi, Jrah, Mahdouani, & Bakhrouf, 2011), and a naph-
thalene derivative isolated from Trachyspermum ammi seeds (Khan,
Zakir, Khanam, Shakil, & Khan, 2010), which limit the formation of
biofilms of various bacterial species. Some of these compounds have
been tested for their bactericidal activity on established biofilms. A
promising method for the application of anti-biofilm essential oils is to
vaporize these volatile compounds to enhance their access to the bio-
logical targets (Bridier et al., 2011). Valeriano et al. (2012) evaluated
the anti-biofilm effect of disinfectant solutions formulated with pep-
permint (Mentha piperita) and lemongrass (Cymbopogon citratus) against
biofilm formation by S. ser. Enteritidis S64, and found that after 20 and
40 min of treatment the biofilm was totally eliminated.

3.4. Enzymes

The use of enzymes may be useful to improve the cleaning process
and are a viable option to overcome the biofilm problem in the food
industry (Meireles, Borges, Giaouris, & Simões, 2016). Enzymes can
target cells in the biofilm matrix and can cause the matrix to become
looser and break up. They can also trigger cell release actions in the
biofilm enveloped cells, causing an amount of cells to break off from the
biofilm. Enzymes have some role in targeting the bacterial cells encased
within a biofilm, however the main function of enzymes is to degrade
the lipid, carbohydrate and DNA components of the extracellular ma-
trix, severing the links between cells and subsequently separating them,
allowing rapid deterioration of the biofilm integrity (Coughlan et al.,
2016). Nonetheless, limited studies have been carried out on Salmonella
biofilm. Wang et al. (2016) studied the action of several surfactants and
bio-enzymes individually and conjunctively to remove the Salmonella
biofilm formed and showed that cetyltrimethyl ammonium bromide
combined with cellulase drastically remove mature biofilm of Salmo-
nella exposed to meat processing environments. However, due to the
heterogeneity in biofilm matrices, it is necessary to know the precise
composition at which suitable enzymatic treatments can be applied
(Bridier et al., 2011), so that a mixture of different enzyme, can increase
its action spectrum on biofilm degradation. These enzymatic processes
have the advantage of disaggregating biofilm agglomerates, rather than
just removing them from the surface, as in the case of mechanical action
(Rossi et al., 2017).

The application of enzymes (alone or in combination with other
compounds) for the control of bacterial biofilms in food environments
provide an interesting alternative when the classical treatments invol-
ving chemical agents do not give satisfactory results in terms of hy-
giene.

3.5. Quorum sensing inhibitors

The discovery that many bacteria use quorum sensing (QS) circuits
to develop biofilms makes it an attractive target for their control and
have been proposed as promising antibiofilm agents (Brackman &
Coenye, 2015; Irie & Parsek, 2008; Lazar, 2011). QS includes a density-
dependent recognition of signaling molecules that results in the mod-
ulation of gene expression (Skandamis & Nychas, 2012). Regulation of
gene expression have been proposed as essential components of biofilm
physiology (Parsek & Greenberg, 2005) and some authors believed that
quorum sensing inhibition may represent a natural, widespread, anti-
biofilm strategy (Simões, Simões, & Vieira, 2010b). Several quorum-
sensing inhibitors, such as brominated furanones, have succeeded in
interfering with biofilm formation (Ni, Li, Wang, & Wang, 2009; Sintim,
Al Smith, Wang, Nakayama, & Yan, 2010). Chorianopoulos, Giaouris,
Kourkoutas, and Nychas (2010) demonstrated that acyl homoserine
lactones (AHLs), a molecule involved in the QS signal in Gram-negative
bacteria, present in the cell-free supernatant of a Hafnia alvei culture

had a negatively influence of the biofilm development by Salmonella
enterica ser. Enteritidis on stainless steel. Interestingly, Dheilly et al.
(2010) reported the inhibitory activity of supernatant from marine
bacterium Pseudoalteromonas sp. strain 3J6 against biofilm formation
on glass flow cells by three strains belonging to the human-pathogenic
species Pseudomonas aeruginosa, S. ser. Enteritidis, and Escherichia coli.
A deep understanding of the QS phenomenon in bacteria relevant to
food processing may be used to control their biofilm formation through
the identification of products that could affect QS and as thus biofilm
formation (Lazar, 2011). However, it should be noted that the practical
application of such products in real food processing environments may
encounter non-manageable problems, such as the inability QS in-
hibitors to be effective against food relevant biofilms, which may in-
corporate a high amount of food residues and mineral components
(Brackman & Coenye, 2015).

3.6. Nanoparticles

Nanoparticles were proposed as an interventional strategy for the
controlling biofilm formation due to versatility, temperature stability,
low cost and their high surface area to volume ratio and unique che-
mical and physical properties (Liu et al., 2016; Pezzoni et al., 2017). For
some time, these particles have been used to deliver drug compounds to
targeted sites in the human body, and this technology could be applied
to the food industry (Das, Ansari, Tripathi, Dwivedi, & Premendra,
2011; Gangadoo, Stanley, Hughes, Moore, & Chapman, 2016). Zinc
oxide quantum dots (ZnO nanoparticles) inhibit biofilm formation
through the production of oxygen radicals, and can also be used to coat
surfaces in the food manufacturing and packaging processes (Eshed,
Lellouche, Matalon, Gedanken, & Banin, 2012). ZnO nanoparticles are
generally regarded as safe for consumption and inhibit the growth of L.
monocytogenes, Salmonella enteritidis, and E. coli O157:H7 (Jin, Sun, Su,
Zhang, & Sue, 2009; Tayel et al., 2011). Antibacterial activity of ZnO
NP recommends its possible application as a potent sanitizing agent for
disinfecting and sterilizing food industry equipment and containers
against the attack and contamination with foodborne pathogenic bac-
teria (Tayel et al., 2011). Hill, Taylor, and Gomes (2013) used poly (DL-
lactide-co-glycolide) (PLGA) nanoparticles with encapsulated cinnamon
bark extract (CBE) against S. ser. Typhimurium and L. monocytogenes.
CBE contains antibacterial compounds (possibly QS inhibitors) and
these nanoparticles effectively delivered CBE to the biofilm to inhibit its
growth. Therefore, nanoencapsulation of chemical compounds could be
a novel means of targeting biofilms in the food industry. Recently,
Gkana, Doulgeraki, Chorianopoulos, and Nychas (2017) studied anti-
biofilm potential of commercial nanoparticle compounds based on or-
ganofunctionalized silanes and found to eliminate adherence of S. ser.
Typhimurium and E. coli on modified glass surfaces, but this effect was
not evident on stainless steel surfaces.

Nanoparticles appear as a current strategy for the removal of bio-
mass of biofilms since they are stable at high temperature and pressures
and can easily penetrate the matrix. However, more work is necessary
for an effective application of nanomaterials under more realistic con-
ditions of a poultry farm (Liu et al., 2016). Future research addressing
cost, economics, and safety is likely to overcome many of the current
limitations and create more opportunities for biofilm control by this
technology.

3.7. Lactic acid bacteria and bacteriocins

In order to reduce Salmonella in poultry, some studies have in-
vestigated the use of lactic acid bacteria (LAB) and/or probiotic bac-
teria. Actually, probiotics were defined as living microorganisms that,
when administered in adequate amounts, confer a health benefit to the
host and many LAB are considered probiotics (Hill et al., 2014). The
LAB are characterized by the production of lactic acid as a major
catabolic end product from glucose. Lactic acid bacteria include various
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major genera: Lactobacillus, Lactococcus, Carnobacterium, Enterococcus,
Lactosphaera, Leuconostoc, Melissococcus, Oenococcus, Pediococcus,
Streptococcus, Tetragenococcus, Vagococcus and Weissella. Other genera
are: Aerococcus Microbacterium, Propionibacterium and Bifidobacterium.
Recent work has shown that certain LAB strains are able to reduce the
formation of biofilms by Salmonella spp. (Chapman, Gibson, & Rowland,
2014; Das et al., 2013; Gómez, Ramiro, Quecan, & de Melo, 2016; Woo
& Ahn, 2013). This effect could be explained by its ability to coag-
gregate with potential pathogens and/or produce antimicrobial sub-
stances (such as hydrogen peroxide) and bio-surfactants that inhibit
bacterial adhesion (Cadieux, Burton, Devillard, & Reid, 2009). Das et al.
(2013) reported that Lactobacillus plantarum strain KSBT 56, isolated
from a traditional food product of India, effectively inhibited the
growth, invasion and biofilm forming ability of Salmonella ser. En-
teritidis.

Biofilm-forming LAB have been used as a strategy for the competi-
tive exclusion of foodborne pathogens in food processing environments.
Ait Ouali et al. (2014) showed that several biofilm forming LAB bacteria
isolated from milk tanks functioned as a natural barrier or competitive
exclusion organism in the food processing, including Salmonella among
them. Gómez et al. (2016) reported that LAB strains could be excellent
candidates to form protective biofilms formations for the control of S.
ser. Typhimurium biofilm - forming through exclusion mechanisms. On
the other hand, Petrova et al. (2016) reported that isolated lectin-like
molecules from probiotic strain Lactobacillus rhamnosus GG possess a
pronounced inhibitory activity against biofilm formation by various
pathogens, including clinical Salmonella species.

The poultry industry has also investigated the use of bacteriocins
and/or bacteriocin-producing bacteria for their ability to control
Salmonella (Joerger, 2003; Vandeplas, Dubois Dauphin, Beckers,
Thonart, & Thewis, 2010). Bacteriocins are ribosomally synthesized
antimicrobial peptides that are active against other bacteria, either of
the same species (narrow spectrum), or across genera (broad spectrum)
(Cotter, Hill, & Ross, 2005). Bacteriocins may be produced by both
gram negative and gram positive bacteria (Hassan, Kjos, Nes, Diep, &
Lotfipour, 2015). In recent years, bacteriocin producing LAB have at-
tracted significant attention because of their GRAS status and potential
use as safe additives for food preservation (De Vuyst & Leroy, 2007).
Nisin is an extracellular protein produced by some strains of Lactococcus
lactis and has been employed as an antibiofilm agent (Bower, Daeschel,
& McGuire, 1998). More recently, Mahdavi, Jalali, and Kermanshahi
(2007) demonstrated that nisin was mainly effective against of Salmo-
nella ser. Enteritidis biofilm.

3.8. Bacteriophages

There is also renewed interest in controlling biofilms through the
use of bacteriophages. Phages are viruses that infect and lyse bacteria
and due to the emergency resistance to antibiotics, use of bacter-
iophage-derived tools as disinfectants is an important research field
(Gutiérrez, Rodríguez-Rubio, Martínez, Rodríguez, & García, 2016).
Bacteriophages are currently considered an alternative adjunct to an-
tibiotics for bacterial infections, especially for biofilm inhibition or
disruption. These easily diffuse through the EPS (Briandet et al., 2008)
and are active on established biofilms (Donlan, 2009). Moreover, many
phages produce depolymerases that hydrolyze the extracellular poly-
mers in a biofilm and trigger its disruption. The drawbacks of phages
are their narrow host ranges, but phage mixtures or engineered phages
could provide interesting solutions. Numerous studies have been re-
ported on the biocontrol or elimination of Salmonella in poultry with
phage. Andreatti Filho et al. (2007) have reported a decrease between
45 and 70% of S. ser. Enteritidis in previously infected chickens,
compared with the untreated control. Atterbury et al. (2007) reported a
decrease in the count of S. ser. Enteritidis and S. ser Typhimurium by 2
to 4 logs units compared to the untreated control. In contrast, there are
many studies that demonstrate that phage treatment is almost null or

null (Borie et al., 2008; Callaway et al., 2011; Capparelli et al., 2010;
Gebru et al., 2010; Higgins et al., 2008; Hurley, Maurer, & Lee, 2008;
Johnson et al., 2008; Sillankorva et al., 2010; Vandeplas et al., 2010;
Wall, Zhang, Rostagno, & Ebner, 2010). Abedon (2015) proposed,
through a microbial ecology approach, various aspects to consider for
effective application of phages on biofilms. This includes the applica-
tion moment, the use of phage mixtures and the environment where
phages are employed. According to this author, other authors point out
the need to optimize the conditions of application of the phages
(Endersen et al., 2014; Pérez Pulido, Grande Burgos, Gálvez, & Lucas
López, 2016).

To date, few papers have focused on evaluating the effectiveness of
phage on the formation of Salmonella biofilms. Karaca, Akcelik, and
Akcelik (2015) showed that phage P22 can reduce the biofilm forming
capacity of S. ser. Typhimurium, significantly at early stages and to a
lesser extent in mature biofilms. Recently, Gong and Jiang (2017) de-
monstrated that bacteriophages were effective on reducing Salmonella
attachment and biofilms formation on hard surfaces under both la-
boratory and greenhouse conditions. Furthermore, Garcia et al. (2017)
reported the efficacy of a bacteriophage pool to control established
Salmonella biofilm on surfaces present in chicken slaughterhouses.

3.9. Others

The surfactants and biosurfactants are also alternatives that can be
used in combating biofilm formation. The surfactants are compounds
that lower the surface tension between liquids and solids. In order for
surfactants to be effective in removing biofilms, they would have to
penetrate into the interface between the solid substrate and the biofilm
so they could adsorb at the interface and reduce the interfacial tension.
Consequently, the attractive interactions between the bacterial surfaces
and the solid surface may be decreased, which would ease lead to the
removal of the film (McLandsborough, Rodriguez, Perez-Conesa, &
Weiss, 2006). Some biofilm bacteria produce their own surfactants in
order to disperse from a surface. The surfactin is a cyclic heptapeptide
that is considered an anionic surfactant due to aspartic and glutamic
acid residues that are negatively charged at neutral pH (Shen, Lin,
Thomas, Taylor, & Penfold, 2011). Rhamnolipids are also anionic sur-
factants owing to the presence of carboxyl and rhamnosyl groups
(Ishigami, Gama, Ishii, & Choi, 1993). Rhamnolipids and surfactin were
able to control the attachment and to disrupt biofilms of individual and
mixed cultures of Staphylococcus aureus, Listeria monocytogenes and S.
ser. Enteritidis (Gomes & Nitschke, 2012).

On the other hand, Salmonella regulates expression of many viru-
lence- and biofilm-related processes using kinase-driven pathways
(Latasa et al., 2012). Recently, Koopman et al. (2015) used small mo-
lecule adenosine mimetics [3-(2-furylmethyl)-2-[[(5-hydroxy-1H-pyr-
azol-3-yl)methyl]thio]-3,5,6,7-tetrahydro-4H-cyclopenta[4,5]thieno
[2,3-]pyrimidin-4-on], which was not bactericidal or bacteriostatic to-
ward S. ser. Typhimurium or cytotoxic to mammalian cells, to decrease
biofilm formation produced by S. ser. Typhimurium and S. ser. Typhi.
The identification of a lead compound with biofilm-inhibiting cap-
abilities toward Salmonella provides a potential new avenue of ther-
apeutic intervention against Salmonella biofilm formation, with ap-
plicability to biofilms of other bacterial pathogens.

4. Final considerations

Salmonella is a major pathogen commonly associated with food-
borne diseases and it is mainly related to the poultry industry.
Contamination with these bacteria in poultry meat/eggs and poultry
products can occur at multiple stages through the food chain, which
include production, processing, distribution, retail marketing, handling
and preparation. Salmonella spp. is able to adhere and form biofilms and
this action constitutes a direct link between contamination in food
processing environments and contamination of food products.
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Numerous methodologies based on different approximations have been
developed for the phenotypic and genotypic detection and analysis of
biofilm formation by microorganisms. These techniques aim to evaluate
viability (quantification of viable cells), components of extra polymeric
matrix (specific detection of extra polymeric substances, EPS) or bio-
mass (evaluation of EPS and bacteria, both alive and dead).

It is necessary to develop a control strategy to reduce the impact of
biofilm formation by Salmonella spp. on public health and avian pro-
duction. Different commercial products exist to detect biofilms in open
surfaces and they are an effective tool for hygiene monitoring. Once the
biofilm is already established, emphasis should be put on the use of
cleaning processes using mechanical action, which are one of the most
effective measures for their control or elimination, because the friction
produces the matrix disruption, exposing deeper layers and making the
microorganisms more accessible. Researches about alternatives com-
pounds, which may be used as a routine procedure for replacement of
chemical sanitizers in the poultry industry in the future to combat
biofilms, should be continued. Nanotechnology has emerged up as a
new promising technology and an alternative to antibiotics to control
Salmonella biofilm.
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